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A B S T R A C T

Critically ill patients have a high risk of sepsis. Various studies have demonstrated that propofol has anti-in-
flammatory effects that may benefit critically ill patients who require anesthesia. However, the mechanism and
therapeutic effect remain incompletely understood. Our previous data suggest that propofol can act as a formyl
peptide receptor 1 (FPR1) antagonist. Here, we hypothesize that propofol mitigates sepsis-induced acute lung
injury (ALI) by inhibiting mitochondria-derived N-formyl peptide-mediated neutrophil activation. Oxidative
stress caused by activated neutrophils is involved in the pathogenesis of ALI. In human neutrophils, propofol
competitively reduced the release of superoxide and associated reactive oxygen species induced by fMMYALF, a
human mitochondria-derived N-formyl peptide, suggesting that propofol effectively suppresses neutrophilic
oxidative stress. In addition, propofol significantly inhibited fMMYALF-induced elastase release, chemotaxis,
calcium mobilization, and phosphorylation of protein kinase B and mitogen-activated protein kinases. These
results indicate that propofol suppresses neutrophil activation by blocking the interaction between endogenous
N-formyl peptide and its receptor, FPR1, thus inhibiting downstream signaling. Furthermore, propofol alleviated
alveolar wall disruption, edematous changes, and neutrophil infiltration in lipopolysaccharide-induced ALI in
mice. Noticeably, propofol improved the survival of sepsis mice. This study indicates that the anti-neutrophil
effects of propofol may benefit critically ill septic patients.

1. Introduction

Propofol (2,6-Diisopropylphenol) is a commonly used anesthetic
drug that is administered intravenously for the induction and main-
tenance of anesthesia. The favorable pharmacokinetic characteristics of
propofol make it a rapid-onset and short-acting agent. In addition, the
anti-inflammatory and antioxidant effects of propofol [1–3] increase
the advantage of its use in clinical practice. Several studies have in-
dicated that propofol can moderate many aspects of inflammatory

responses. Propofol suppresses the immune activities of monocytes/
macrophages [2–7] and neutrophils [2,8–10], including chemotaxis,
extravasation, migration, phagocytosis, and production of reactive
oxygen species (ROS). Moreover, propofol attenuates proinflammatory
cytokine generation [2,3,11,12] and reduces the biosynthesis of nitric
oxide [2–4,13–15] both in vitro and in vivo.

The risk of systemic inflammatory response syndrome (SIRS) and
infection is higher among critically ill patients who have experienced
trauma or cardiac arrest or have undergone surgery. Endogenous
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damage-associated molecular patterns (DAMPs), which are released in
large amounts from damaged cells or tissues in critically ill patients,
activate the innate immune system, and make a contribution to the
pathogenesis of septic shock, acute lung injury (ALI), and multi-organ
failure. Moreover, once the immune system cannot restrain an invading
pathogen sufficiently, the overwhelming inflammatory responses may
further deteriorate the immune system's antimicrobial function, en-
gendering a vicious cycle. Recently published protocols for managing
critically ill patients proposed that continuous or intermittent sedation
should be minimized [16]. However, treating some critically ill pa-
tients, such as those who suffer from hypersensitive airway or increased
intracranial pressure, requires the use of sedatives for providing
bronchodilation [17,18] and neuroprotective effects [19,20] as well as
minimizing stress responses. Moreover, anesthesia is an essential mea-
sure for inducing unconsciousness and analgesia in critically ill patients
who required surgery. In summary, sedative agents should be selected
cautiously for anesthetizing patients who are severely ill and at high
risk of secondary infection and sepsis. The antioxidant and anti-in-
flammatory properties of propofol may benefit critically ill patients
with SIRS.

Our previous study demonstrated that propofol is a competitive
inhibitor of formyl methionyl-leucyl phenylalamine (fMLF) that func-
tions by blocking formyl peptide receptor 1 (FPR1) [8]. In this study,
we hypothesized that propofol has a therapeutic effect through com-
petitive inhibition of human neutrophil activation induced by an en-
dogenous N-formylated peptides. Mitochondria-derived N-formylated
peptides are quickly released following tissue or cell damage [21–23].
These N-formylated peptides are strong chemoattractants and can in-
itiate and aggravate inflammation, resulting in SIRS; thus, they can be
considered as DAMPs. We executed the current study with the aim of
ascertaining whether propofol inhibits fMMYALF, a human mitochon-
dria-derived N-formylated peptide [21,23], induced neutrophil activ-
ities, including respiratory burst, degranulation, and chemotaxis. Ad-
ditionally, the pharmacological effects of fMMYALF were analyzed to
evaluate whether the inhibitory effects of propofol are attributable to
blocking of the interaction between fMMYALF and its receptor, FPR1,
which interrupts receptor-mediated downstream signaling. Sepsis is the
most common cause of ALI [24], which results in increased lung per-
meability, enhanced neutrophil recruitment, respiratory failure, and
mortality. We further investigated the protective effects of propofol in a
murine model of ALI induced by endotoxin.

2. Material and methods

2.1. Reagents

Propofol (2,6-Diisopropylphenol) was obtained from Sigma–Aldrich
(St. Louis, MO, USA). Dihydrorhodamine 123 (DHR 123) and fluo-3
acetomethoxyester (fluo-3/AM) were purchased from Molecular Probes
(Eugene, OR). Antibodies directed against phospho-extracellular-signal-
regulated kinase (ERK), ERK, phospho-c-Jun N-terminal kinase (JNK),
JNK, phosphor-protein kinase B (AKT) (ser-473), and AKT were pur-
chased from Cell Signaling (Beverly, MA, USA). An anti-p38 antibody
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All
other pharmacologic agents were purchased from Sigma–Aldrich.

2.2. Preparation of human neutrophils

The research protocol was granted approval by the institutional
review board of Chang Gung Memorial Hospital. After obtaining
written informed consent, human neutrophils were isolated from he-
parinized venous blood donated by healthy participants aged 20–30
years who had reported no systemic disease within 1 week before blood
collection. The procedures used for human neutrophil isolation have
been described previously [8]. Briefly, the blood samples were sub-
jected to dextran sedimentation and Ficoll–Hypaque centrifugation,

followed by hypotonic lysis of contaminating red blood cells. The seg-
regated neutrophils were suspended and stored in pH 7.4 Ca2+-free
Hank's balanced salt solution (HBSS) at 4 °C prior to the experiments.
We employed the Wright–Giemsa stain to confirm the purity of neu-
trophil suspension. Trypan blue exclusion was applied, and a viability
of> 98% was established.

2.3. Assessment of the elastase release

We measured elastase release to determine the degranulation
function of activated neutrophils [25]. The elastase substrate was
methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide. Human neutrophils
(6× 105 cells/mL) were mixed with the substrate (0.1 mM) in HBSS
with CaCl2 (1 mM) at 37 °C. The neutrophils were treated with di-
methylsulfoxide (DMSO) or propofol (5–100 μM) for 5min. They were
then activated by different concentrations of fMMYALF (30–30,000 nM)
in pretreatment with cytochalasin B (0.5 μg/mL). A spectrometer (Hi-
tachi U-3010, Tokyo, Japan) was employed to continuously record the
change in absorbance at 405 nm.

2.4. Determination of superoxide release

We used ferricytochrome c, which can be reduced by superoxide, to
evaluate the superoxide release in human neutrophils [26]. Briefly,
neutrophils (6× 105 cells/mL) were incubated in HBSS containing
ferricytochrome c (0.5 mg/mL) and CaCl2 (1 mM) at 37 °C. Afterward,
they were treated with DMSO or propofol (5–100 μM) for 5min. Neu-
trophils activation was achieved by adding fMMYALF (0–30,000 nM)
with pretreatment of cytochalasin B (1 μg/mL). We continuously
monitored the changes in absorbance at 550 nm resulting from a fer-
ricytochrome c reduction with a double beam spectrophotometer (Hi-
tachi U-3010) with stirring. We calculated the superoxide release as the
difference between the reaction with superoxide dismutase (100 U/mL)
and that without superoxide dismutase divided by the extinction coef-
ficient for ferricytochrome c's reduced form [26].

2.5. Assay of intracellular ROS production

Nonfluorescent DHR 123 can be converted to fluorescent rhodamine
123 by ROS; therefore, we determined the intracellular ROS con-
centration by measuring the fluorescence of rhodamine 123. We mixed
human neutrophils (1× 106 cells/mL) with DHR 123 (2 μM) at 37 °C
for 15min. They were subsequently treated with DMSO or propofol
(50 μM) for 5min. Activation of neutrophils was performed by adding
fMMYALF (30–3000 nM) for another 5min with pretreatment of cyto-
chalasin B (0.5 μg/mL). Subsequently, the reaction was terminated by
putting the samples on ice. Flow cytometry was applied to ascertain the
change in fluorescence.

2.6. Measurement of total ROS release

We used the luminol-enhanced chemiluminescence method to
measure the total ROS concentration. We incubated human neutrophils
(7× 105 cells/mL) with luminol (37.5 μM) and horseradish peroxidase
(6 U/mL) for 5min at 37 °C. Subsequently, they were treated with
DMSO or propofol (50 μM) for 5min. Activation of neutrophils was
executed using fMMYALF (30–3000 nM). Chemiluminescence was de-
tected using a Tecan Infinite F200 Pro 96-well chemiluminometer
(Tecan Group, Männedorf, Switzerland).

2.7. Determination of lactate dehydrogenase (LDH) release

In order to exclude the possible cytotoxic effect of the combination
of propofol and fMMYALF, LDH activity was assessed with a commer-
cial LDH assay kit (Promega, Madison, WI, USA). Briefly, human neu-
trophils (6× 105 cells/mL) were treated with propofol (50 μM) for
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5min and fMMYALF (10–3000 nM) for another 10min. The LDH assay
reagents were then added to the supernatant and incubated for another
30min. The OD490 signal was assessed and compared with the total
LDH activity, which was defined by measuring the OD490 of lysed
neutrophils treated with lysing solution (0.1% Triton X-100) for 30min.

2.8. Evaluation of cell migration

The chemotaxis of human neutrophils was evaluated using a mi-
crochemotaxis chamber with a 3-μm filter (Millipore, Darmstadt,
Germany). Neutrophils (2.5× 106 cells/mL) were treated with DMSO
or propofol (50 μM) for 5min at 37 °C in the upper chamber. The lower
chamber contained various concentrations of fMMYALF (30–300 nM).
After incubation in 5% CO2 for 120min, a cell counter (Moxi, Orflo,
Ketchum, ID, USA) was used to ascertain the number of migrating
neutrophils.

2.9. Determination of intracellular calcium concentration

We cocultured neutrophils (3× 106 cells/mL) with fluo-3/AM
(2 μM) for 45min at 37 °C. The neutrophils were then centrifuged and
resuspended in HBSS with CaCl2 (1 mM). We then treated these labeled
cells with DMSO or propofol (50 μM) for 5min. The cytosolic calcium
levels in response to fMMYALF (10–300 nM) were obtained using a
spectrophotometer (Hitachi F-4500). The excitation and emission wa-
velengths were 488 and 520 nm, respectively. In each experiment,
20 mM ethylene glycol tetraacetic acid and 0.05% Triton X-100 were
added to obtain the minimum and maximum fluorescence values, re-
spectively.

2.10. Immunoblotting analysis

Human neutrophils were treated with DMSO or propofol (50 μM) for
5min and subsequently stimulated with fMMYALF (10–300 nM) for
30 s, followed by placing the cells on ice to stop the reaction. Cells were
then centrifuged at 4 °C, and the precipitated pellet was lysed in lysis
buffer (150 μL) containing NaCl (100mM), EDTA (1mM), HEPES
(50mM, pH 7.4), Na3VO4 (2mM), p-nitrophenyl phosphate (10mM), 2-
mercaptoethanol (5%), phenylmethanesulfonyl fluoride (1mM), pro-
tease inhibitor cocktails (1%, Sigma–Aldrich), and Triton X-100 (1%).
Following sonication, the lysates underwent centrifugation (14,000 rpm
at 4 °C for 20min) and were subjected to sodium dodecyl sulfate–po-
lyacrylamide gels (12%) to separate the proteins. The proteins sepa-
rated through electrophoresis were transferred onto nitrocellulose
membranes, followed by blocking the membrane with 5% nonfat milk
in a mixture of Tris-buffered saline and Tween 20. The membranes were
incubated in solution containing relevant primary and horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling
Technology, Beverly, MA). An enhanced chemiluminescence solution
(Amersham Biosciences) was added to the membranes, and proteins
were detected and quantified using the BioSpectrum Imaging System
(UVP, Upland, CA, USA).

2.11. Lipopolysaccharide (LPS)-induced sepsis model

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Chang Gung University. BALB/c mice
(male, 20–25 g, 7–8 weeks old) were acquired from BioLASCO (Taipei,
Taiwan). They were housed in an air-conditioned room under a 12-h
light–dark cycle. They were provided with 1 week to adapt to the
housing environment prior to the experiment. Mice were randomly
divided into four groups as follows: Group 1, sham-operated mice
treated with DMSO (50 μL, 10%); Group 2, sham-operated mice treated
with propofol (50 μL, 20 mg/Kg and 40mg/Kg); Group 3, septic mice
treated with DMSO (50 μL, 10%); and Group 4, septic mice treated with
propofol (50 μL, 20mg/Kg and 40mg/Kg). Propofol was dissolved in

DMSO and then diluted 10-fold using normal saline. Three doses of
DMSO or propofol were administered to the mice intraperitoneally
every 30min. Following the second administration of DMSO or pro-
pofol, the mice were challenged with a single 200-μL dose of LPS
(10mg/Kg, Escherichia coli, serotype O111:B4, Sigma–Aldrich, USA) or
0.9% saline (sham operation) administered intraperitoneally. The mice
were humanely sacrificed under isoflurane inhalation–administered
anesthesia 20 h after LPS administration. Two segments of the right
upper lobe of the lung were fixed in 10% neutral buffered formalin.
They were subsequently set in paraffin blocks, and then cut into 5-μm-
thick sections for histological and immunohistochemical analysis. The
other tissues were frozen at −80 °C until the assay. In survival study,
septic mice were challenged with a single 200-μL dose of LPS (10mg/
kg) with or without three doses of 50 μL propofol (10, 20, or 40mg/kg).
The survival rate was monitored for 7 days.

2.12. Myeloperoxidase (MPO) activity assay

To measure the MPO activity, lung tissues were homogenized in
phosphate buffered saline containing 0.5% hexadecyl-
trimethylammonium bromide (Sigma–Aldrich, USA) by using the
MagNA Lyser Instrument (Roche, Germany). After being centrifuged
(12,000×g) at 4 °C for 20min, the supernatant fluids were incubated
with 0.2 mg/mL o-dianisidine dihydrochloride containing 0.001%
H2O2. The absorption was spectrophotometrically determined at
405 nm. The MPO activity was normalized to the protein concentration.
The total protein concentration in the homogenate was ascertained by
employing the Bradford method (Bio-Rad, USA).

2.13. Histology and immunohistochemistry

The paraffin-embedded sections were deparaffinized and stained
using hematoxylin and eosin (HE). For immunohistochemical staining,
the sections were incubated with a Ly6G antibody (eBiosciences, USA)
and MPO antibody (Abcam, UK). Secondary labeling was achieved
using the SuperPicture Polymer Detection kit (Thermo Fisher, USA). We
observed the sections by using an Olympus BX51 microscope.
Additionally, a DP12 digital camera was used to record images.

2.14. Statistical analysis

Data are presented from four to seven samples used for each specific
experiment. The data are expressed as means ± standard error of the
mean. Statistical analysis was executed using Student's t-test. The
SigmaPlot (Systat Software, San José, CA, USA) software was used for
all computation. A p-value of 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Propofol competitively inhibits fMMYALF-induced elastase and
superoxide release in human neutrophils

To assess whether propofol affects neutrophil function and in-
flammatory activities induced by endogenous mitochondrial-derived
formyl peptide, we first evaluated its effect on elastase and superoxide
release in fMMYALF-activated human neutrophils. Our results revealed
that propofol (5–100 μM) dose-dependently reduced elastase release
and superoxide release with IC50 values of 6.00 ± 1.02 μM and
15.09 ± 3.65 μM, respectively (Figs. 1A and 2A). Furthermore, the
addition of propofol caused a parallel right shift in the dose–response
curves of fMMYALF for elastase and superoxide release (Figs. 1B and
2B), suggesting that propofol has a competitive effect with endogenous
mitochondrial-derived formyl peptide.
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3.2. Propofol competitively reduces fMMYALF-induced ROS release in
human neutrophils

In human neutrophils, the NADPH-oxidase-produced superoxide
anion can be converted to many ROS that have strongly germicidal
effects but are concomitantly harmful to tissues. Our results revealed
that intracellular ROS production in fMMYALF-activated neutrophils
was inhibited by propofol (50 μM). Propofol (50 μM) did not affect the
basal ROS production in unstimulated neutrophils (Fig. 3). Moreover,
our data showed that propofol reduced the level of total ROS, which
was measured using luminol-enhanced chemiluminescence method
(Fig. 4). Furthermore, the mixture of fMMYALF and propofol (50 μM)
did not increase the release of LDH (data not shown), which suggests
that the combined use of fMMYALF and propofol was not cytotoxic to
human neutrophils.

3.3. Propofol inhibits chemotaxis of human neutrophils

The extravasation and migration of neutrophils into inflammatory
sites is a critical response in FPR1-mediated immunological events. For
investigating whether propofol reduces neutrophil migration, we ex-
amined the chemotactic response of neutrophils to fMMYALF. Our re-
sults demonstrated that propofol (50 μM) significantly reduced the
fMMYALF-stimulated migration of neutrophils (Fig. 5).

3.4. Propofol decreases intracellular Ca2+ mobilization and
phosphorylation of protein kinase B and MAPKs

Notably, Ca2+ acts as an essential second messenger in neutrophil

activations. Neutrophil stimulation with fMMYALF resulted in a prompt
increase in the intracellular Ca2+ concentration ([Ca2+]i). Our results
showed that propofol (50 μM) reduced the magnitude of the increase in
[Ca2+]i (Fig. 6). The activation of phosphatidylinositol 3-kinase (PI3K)
and subsequent triggering of AKT and mitogen-activated protein kinase
(MAPK) pathways are involved in the FPR1 downstream signaling [27].
Propofol (50 μM) significantly reduced the phosphorylation of ERK,
p38, JNK, and AKT in human neutrophils treated with various

Fig. 1. Propofol competitively inhibits fMMYALF-induced elastase release
in human neutrophils. Human neutrophils (6× 105 cells/mL) were pre-in-
cubated with dimethylsulfoxide (0.1% DMSO) or propofol and then activated
with fMMYALF. (A) The concentration of propofol ranged from 5 to 100 μM,
and the concentration of fMMYALF was 100 nM. Elastase release were detected
spectrophotometrically using elastase substrate. (B) As the concentration of
fMMYALF increased (30–30,000 nM), the inhibition effect of propofol (50 μM)
decreased. The addition of propofol causes a parallel right shift in the dose–r-
esponse curves of fMMYALF for superoxide release. Data are expressed as the
mean ± standard error of the mean, n= 5–7, *p < 0.05, **p < 0.01,
***p < 0.001, as compared to the control assay.

Fig. 2. Propofol competitively inhibits fMMYALF-induced superoxide re-
lease in human neutrophils. Human neutrophils (6× 105 cells/mL) were pre-
incubated with dimethylsulfoxide (DMSO) or propofol and then activated with
fMMYALF. (A) The concentration of propofol ranged from 5 to 100 μM, and the
concentration of fMMYALF was 100 nM. Superoxide release were detected
spectrophotometrically using ferricytochrome c. (B) As the concentration of
fMMYALF increased (30–30,000 nM), the inhibition effect of propofol (50 μM)
decreased. The addition of propofol causes a parallel right shift in the dose–r-
esponse curves of fMMYALF for superoxide release. Data are expressed as the
mean ± standard error of the mean, n= 6, **p < 0.01, ***p < 0.001, as
compared to the control assay.

Fig. 3. Propofol inhibits fMMYALF-induced intracellular reactive oxygen
species (ROS) production in human neutrophils. Human neutrophils (1×
106 cells/mL) were labeled with DHR 123 (2 μM) and then were treated with
DMSO or propofol (50 μM). The neutrophils were activated with fMMYALF
(30–3000 nM). Intracellular ROS was determined as intracellular fluorescence
intensity measured by flow cytometry. Data are expressed as the mean ±
standard error of the mean, n=6, *p < 0.05, **p < 0.01, as compared to the
control group.
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Fig. 4. Propofol reduces total ROS release in fMMYALF-induced human neutrophils. Total ROS formation was induced by fMMYALF and measured using the
luminol–peroxidase system. Human neutrophils (7× 105 cells/mL) were incubated with 37.5 μM luminol and 6 U/mL horseradish peroxidase and subsequently
treated with DMSO or propofol (50 μM). Cells were activated using fMMYALF (30–3000 nM). The chemiluminescence was detected with a 96-well chemilumin-
ometer. Representative images from one of five independent experiments are shown in (A). Data are expressed as the mean ± standard error of the mean, n= 5,
**p < 0.01, ***p < 0.001, as compared to the control group.
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concentrations of fMMYALF (Fig. 7). Moreover, the reduction effect of
propofol was reversed when the concentration of fMMYALF was in-
creased.

3.5. Propofol attenuates sepsis-induced ALI and improves survival of septic
mice

We used a sepsis-induced ALI murine model to evaluate whether
propofol reduces the inflammation-associated lung impairment during
sepsis. The lungs of mice with sepsis induced by intraperitoneally ad-
ministered LPS were collected and subjected to HE staining, im-
munohistochemical staining with MPO and Ly6G, and an assay for MPO
activity. The results of the lung injury assessment are presented for
sham-operated mice treated with DMSO; 50 μL, 10%, Group 1) or
propofol (50 μL, 20 mg/Kg and 40mg/Kg, Group 2), and mice with
sepsis-induced ALI treated with DMSO (Group 3) or propofol (Group 4).
As shown in Fig. 8, sepsis resulted in alveolar wall disruption and
edematous changes, which were alleviated by propofol. Sepsis also in-
creased neutrophil infiltration, as evidenced by an increase in im-
munohistochemical MPO and Ly6G expression. Intraperitoneal admin-
istration of propofol effectively reduced the increase in pulmonary
neutrophil infiltration (Fig. 8). Additionally, MPO activity, which is a
quantitative indicator of neutrophil infiltration, exhibited a sig-
nificantly increased in the lungs of septic mice. Administration of in-
traperitoneal propofol (20 and 40mg/kg) significantly inhibited the
rise in MPO activity in the lungs of septic mice (Fig. 8A). Furthermore, a
survival study was conducted, in which septic mice were challenged
with 10mg/kg LPS with or without propofol (50 μL; 10, 20 or 40mg/
kg). The survival rate was monitored for 7 days to evaluate overall
survival (n= 6 for each group). Ultimately, within 3 days of the LPS
challenge, all mice in control group perished; by contrast, 80% of mice
treated with propofol (40mg/kg) survived more than 7 days after the
LPS challenge (Fig. 9).

4. Discussion

Propofol is commonly used in operation rooms or intensive care
units (ICUs) for critically ill patients. Various clinical trials have de-
monstrated that the antioxidant, anti-inflammatory, and free-radical-
scavenging properties of propofol can provide clinical benefits. For
examples, the use of propofol has been reported to reduce the incidence
of postoperative cognitive dysfunction, maintain an appropriate he-
modynamic status, shorten ICU stays, and increase the lung compliance
of patients who underwent major surgery or cardio-pulmonary bypass
[28–32]. Nevertheless, the detailed molecular mechanism that governs
these protective effects of propofol is still incompletely understood. In a

previous study, we demonstrated that propofol inhibits fMLF-induced
neutrophil activation by blocking FPR1 [8]. However, fMLF, which is
an exogenous bacterial formylated peptide, is rarely involved in the
early stage of sterile tissue injury. The present study illustrated that
propofol competitively inhibits the interaction between FPR1 and
fMMYALF, which is a mitochondria-derived DAMP released from da-
maged cells [22,33,34]. Therefore, propofol can reduce superoxide
production and associated ROS formation, elastase release, and cell
migration, which are all inflammatory responses of neutrophils that can
be observed in critically-ill patients caused by traumatic or surgical-
associated injury.

The human immune is a complex system whose primary aim is to
protect human the body from invading pathogens. To achieve this aim,
recognition of pathogenic microbes is the first and most critical step,
followed by the initiation of a series of responses required for elim-
inating the invading pathogens. Nevertheless, while invading patho-
gens that cause tissue injury must be eliminated, the commensal mi-
croorganisms that are required for host survival should be tolerated. In
addition, the immune system plays a crucial role in maintaining he-
mostatic tissue function. Sterile tissue injury arising from traumatic or
surgery-associated injury must be detected and repaired. In other
words, with the emergence of the “danger model” in the scientific
community, researchers have come to understand that the immune
system depends on various pattern-recognition receptors to distinguish
danger and nondanger patterns, rather than self and nonself patterns
[35]. The common causes of critical illness, including sepsis, trauma,
surgery-related cell damage, hypoxia, and ischemia, also cause un-
controlled cell or tissue damage. Consequently, intracellular molecules,
some of which are considered as DAMPs, are either actively or passively
discharged into the surrounding tissue and circulation [35,36]. More-
over, because critically ill patients exhibit immune-associated compli-
cations, DAMPs have crucial implications in the prognosis of these
patients and are considered possible therapeutic targets for anti-in-
flammatory compounds.

In the past decade, studies have demonstrated that the mitochon-
drial molecules released into circulation act as DAMPs [37]; therefore,
they contribute to DAMP-mediated immune stimulation [22,33,37].
Mitochondria originated from engulfed prokaryotic cells [38,39]. Mi-
tochondrial protein synthesis is similar to that of their prokaryotic an-
cestor and begins with the N-formyl methionine residue [22,40], which
is absent in the cytosol. The fMMYALF is an N-formyl peptide that
corresponds to the N terminus of mitochondrial NADH dehydrogenase
subunit 6. Prior studies have reported that fMMYALF, similar to fMLF of
prokaryotic origin, is a portent activator that stimulates immune ef-
fector cells via FPRs [21,22,41]. It induces p38, p44, and p42 MAPK
phosphorylation, resulting in the release of proinflammatory signals,
including matrix metalloproteinase-8 and interleukin 8 [22,37].
Moreover, recent studies found that the level of mitochondria-derived
formylated peptides is increased in bronchoalveolar lavage fluid and
serum of patients with acute respiratory distress syndrome (ARDS)
[23]. Considering the importance of mitochondrial N-formylated pep-
tides in ARDS, we used the fMMYALF for human neutrophil stimulation
in this study. Our results suggest that propofol may have therapeutic
benefits to attenuate endogenous N-formylated peptides-mediated in-
flammatory diseases.

The receptor binding assay used in our previous study demonstrated
that propofol competitively binds to FPR1, thus blocking the down-
stream signal transduction of FPR1 and inhibiting neutrophil immune
activities [8]. In this study, we assessed the pharmacological action of
fMMYALF in the presence of propofol. Cellular inflammatory responses,
including ROS generation, elastase release, and cell migration were
assessed at different concentrations of the stimulant (fMMYALF) and
constant concentration of the inhibitor (propofol). The addition of
propofol (50 μM) causes a parallel rightward shift of the fMMYALF
response curve, which represents an increase in the EC50 of the agonist
(fMMYALF). In other words, propofol reduces the potency but not the

Fig. 5. Propofol reduces fMMYALF-induced neutrophil migration. Human
neutrophils (2.5× 106 cells/mL) were pre-incubated with DMSO or propofol
(50 μM) in the upper chamber. The lower chamber contained various con-
centrations of fMMYALF (30–300 nM). Migrated neutrophils were counted after
120min. Data are expressed as the mean ± standard error of the mean, n=5,
**p < 0.01, as compared to the control group.
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maximal response of fMMYALF. In clinical condition, the plasma con-
centration of propofol is kept between 1 μg/mL to 30 μg/mL [42]. the
dosage of propofol used in our in vitro studies ranges from are 5 μM
(about 0.891 μg/mL) to 100 μM (about 17.83 μg/mL). Therefore, the

propofol dosage used in our in vitro studies are corresponding to clin-
ical practice.

FPRs is a member of Gi/o protein-coupled receptor. Ligand inter-
action with FPRs initiates the dissociation of the Gα subunit from the

Fig. 6. Propofol competitively reduces Ca2+ mobilization in fMMYALF-activated human neutrophils. Fluo 3-loaded neutrophils were incubated with DMSO
(as control) or propofol (50 μM) for 5 min. Cells were then activated by fMMYALF. Mobilization of Ca2+ was determined in real time in a spectrofluorometer. (A)
Data are expressed as the mean± standard error of the mean, n= 7, **p < 0.01, ***p < 0.001 as compared with the corresponding control. (B) Representative
traces are shown.
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Gβγ subunit. Intracellular Ca2+ mobilization occurs downstream of G-
protein activation and is crucial to respiratory burst in human neu-
trophils [43,44]. Our data demonstrated that propofol reduced the
fMMYALF-induced mobilization of intracellular Ca2+. The activation of
PI3K and the subsequent production of phosphatidylinositol (3,4,5) P3
(PIP3) and AKT are other major signal transduction event associated
with FPRs and mediated by Gβγ dimers [45]. Furthermore, the p38 and
ERK MAPKs are downstream mediators of the FPR signaling pathway
[46,47]. They are strongly activated on neutrophil stimulation with
FPR1 agonists. The p38 promotes the chemotactic migration of neu-
trophils [48]. Western blot analysis in our experiments revealed that
propofol reduced fMMYALF-induced phosphorylation of ERK, p38,
JNK, and AKT. Taken together, the preceding evidence demonstrates
that propofol can effectively reduce fMMYALF-induced human neu-
trophil inflammatory responses by directly interfering with the binding
of fMMYALF to FPR1, thereby blocking the subsequent signal trans-
duction.

Despite considerable progress in elucidating the mechanisms of
sepsis and sepsis-associated ALI as well as the development of novel
intervention therapies in ICUs, sepsis and sepsis-induced ALI remain
leading causes of mortality in critically ill patients [49]. Oxidative
stress is a dangerous pathogenic factor in sepsis and sepsis-associated
ALI [50]. Oxidative burst by neutrophil NADPH oxidase can produce
huge amounts of superoxide and associated ROS at the site of in-
flammation. Prolonged and uncontrolled oxidative stress by activated
neutrophils impairs surrounding cells and results in inflammatory dis-
orders [51]. Recruitment and infiltration of neutrophils is considered as
a critical process in ALI [52,53]. Because FPR1 plays a vital role in the
process of neutrophil migration during acute and chronic inflammation
[54], researchers have carefully investigated the importance of FPR1 in
neutrophil recruitment during the development of LPS-induced ALI
[55]. Specifically, a prior study demonstrated that the lung infiltration
of neutrophils was markedly reduced in the FPR1−/− mice [56].
Moreover, we and other researchers have shown that cyclosporine H, an

Fig. 7. Propofol inhibits the phosphorylation of protein kinase B (AKT) and mitogen-activated protein kinases in fMMYALF-activated human neutrophils.
Human neutrophils were pre-incubated with DMSO or propofol (50 μM) before stimulation with fMMYALF (10–300 nM). All the Western blotting experiments were
performed under the same condition. After transferring the blots onto nitrocellulose membranes, we immediately cropped the targeted blots according to referenced
indicating markers, and then targeted proteins were immunoblotted with its specific monoclonal antibody. Representative images from one of four independent
experiments of Western blotting using anti-phospho antibodies directed against extracellular-signal-regulated kinase (ERK), p38, c-Jun N-terminal kinase (JNK), and
AKT were shown. Bands on the blots were analyzed using a densitometer, and the quantitative ratios for all samples were normalized to the corresponding total
protein. Data are expressed as the mean± standard error of the mean, n= 6, *p < 0.05, **p < 0.01, ***p < 0.001, as compared to the control group.
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FPR1 antagonist, can pharmacologically reduce the neutrophils re-
cruitment, thus affording protection effect against LPS-induced ALI
[56,57]. In the present study, propofol was shown to reduce pulmonary
edema, neutrophil infiltration, and MPO activity in our experimental

murine model of LPS-induced ALI. Additionally, propofol reduces the
mortality rate of mice with endotoxemic ALI. Taken together, this
evidence shows that FPR1 is an important target of anti-inflammatory
strategies and provides protection against LPS-induced ALI. We suggest
that the mechanism of action of propofol in animal model is mediated
through blocking the interaction of mitochondria formylated peptide

Fig. 8. Effects of propofol on myeloperox-
idase (MPO) level and histopathologic ex-
amination of mouse lungs in sepsis-induced
acute lung injury (ALI). Mice were pretreated
with three doses of DMSO (50 μL, 10%) or
propofol (50 μL, 20mg/Kg and 40mg/Kg) in-
traperitoneally. Following the second admin-
istration of DMSO or propofol, the mice were
challenged with single dose of 200 μL of LPS
(10mg/Kg) or 0.9% saline (sham operation)
administered intraperitoneally. Twenty hours
after LPS or 0.9% saline administration, mouse
lungs were resected and subjected to (A) an
assay for MPO activity, (B, upper) hematoxylin
and eosin (HE) staining, (B, middle) im-
munohistochemical detection for neutrophilic
Ly6G proteins, and (B, lower) MPO proteins.
All sections were observed at an original
magnification of ×200. Data are expressed as
the mean ± standard error of the mean,
n= 7, *p < 0.05, **p < 0.01, ***p < 0.001,
as compared to the control group.

Fig. 9. Propofol ameliorates LPS-induced mortality in mice. Mice were
challenged with LPS (10mg/kg) with or without propofol (10, 20 or 40mg/kg).
The survival rate was monitored for 7 days to evaluate overall survival (n= 6
for each group). 100% of the mice died within 3 days after the LPS challenge,
whereas 80% of mice treated with propofol survived for 7 days after the LPS
challenge.

Fig. 10. Schematic diagram illustrating the therapeutic effects of propofol
in human neutrophils and sepsis-induced acute lung injury (ALI). Propofol
inhibits superoxide production and associated ROS release in fMMYALF-acti-
vated human neutrophils. Propofol also suppresses elastase release and che-
motactic migration in fMMYALF-induced human neutrophils. The anti-in-
flammatory effects of propofol in human neutrophils are mediated by
interfering with the binding of fMMYALF to FPR1, which inhibits the down-
stream signaling of receptors. Furthermore, propofol attenuates sepsis-induced
ALI and mortality in mice.
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and FPR.

5. Conclusions

We concluded that the inhibitory effects of propofol on fMMYALF-
induced neutrophil activation are mediated by competition with FPR1,
which inhibits receptor-mediated downstream signaling and in-
flammatory responses such as oxidative burst, elastase release, and
chemotactic migration (Fig. 10). Our experiments performed using a
septic mouse model revealed that propofol, an FPR1 antagonist, may be
beneficial for treating patients who are critically ill with sepsis and
sepsis-associated ALI.
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Background: Acute lung injury (ALI) is a severe life-threatening inflammatory disease. Neutrophil activation is a
major pathogenic factor in ALI. Protein kinase B (PKB)/AKT regulates diverse cellular responses, but the signifi-
cance in neutrophilic inflammation and ALI remains unknown.
Methods: Human neutrophils and neutrophil-like differentiated HL-60 (dHL-60) cells were used to examine the
anti-inflammatory effects of 5,7-dimethoxy-1,4-phenanthrenequinone (CLLV-1). The therapeutic potential of
CLLV-1 was determined in a mouse model of lipopolysaccharide (LPS)-induced ALI.
Findings: CLLV-1 inhibited respiratory burst, degranulation, adhesion, and chemotaxis in human neutrophils and
dHL-60 cells. CLLV-1 inhibited the phosphorylation of AKT (Thr308 and Ser473), but not of ERK, JNK, or p38. Fur-
thermore, CLLV-1 blocked AKT activity and covalently reacted with AKT Cys310 in vitro. The AKT309–313 peptide-
CLLV-1 adducts were determined by NMR or mass spectrometry assay. The alkylation agent-conjugated AKT
(reduced form) level was also inhibited by CLLV-1. Significantly, CLLV-1 ameliorated LPS-induced ALI, neutrophil
infiltration, and AKT activation in mice.
Interpretation: Our results identify CLLV-1 as a covalent allosteric AKT inhibitor by targeting AKT Cys310. CLLV-1
shows potent anti-inflammatory activity in humanneutrophils and LPS-inducedmouse ALI. Ourfindings provide
a mechanistic framework for redox modification of AKT that may serve as a novel pharmacological target to al-
leviate neutrophilic inflammation.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Neutrophils are the first line of host defense in the innate immune
response. They are chemoattracted to inflammatory regions in response
to infection, and they subsequently eliminate invading pathogens

through respiratory burst, degranulation, and neutrophil extracellular
traps (NETs). However, overwhelming neutrophil activation plays a
critical role both in infective and sterile inflammation [1–4]. The reactive
oxygen species (ROS) and proteases released by activated neutrophils
can damage healthy surrounding tissues, resulting in deleterious
inflammatory lung diseases, such as acute lung injury (ALI), chronic
obstructive pulmonary disease, or asthma [5–8].

Pathogen recognition or an inflammatory environment triggers
many critical intracellular signal processes through surface receptors
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in neutrophils [9–12]. The serine/threonine-specific protein kinase,
protein kinase B (PKB)/AKT, has been reported to regulate the neu-
trophil immune responses, including respiratory burst, degranulation,
and chemotaxis [13–15]. In human neutrophils, activated AKT phos-
phorylates p47phox, a component of nicotinamide adenosine dinucle-
otide phosphate (NADPH) oxidase, to initiate respiratory burst
[16–18]. Pharmacological inhibition of phosphoinositide 3-kinase
(PI3K)/AKT signaling reduces leukocyte degranulation [19,20]. AKT
also stabilizes F-actin polymerization to enhance the chemotaxis of
activated neutrophils [18,21,22]. Therefore, AKT may be a potential
pharmacological target to treat neutrophilic inflammation. In addition
to the well-known regulatory phosphorylation, AKT is inactivated
through an intra-disulfide bond between Cys296 and Cys310 in the
catalytic domain to cause misleading conformation along with de-
phosphorylation [23–26]. However, the mechanistic details of
whether redox-controlled AKT activity contributes to neutrophilic in-
flammation remains to be explored.

In this study, we identified that 5,7-dimethoxy-1,4-
phenanthrenequinone (CLLV-1) (Fig. 1a) is a AKT inhibitor via a redox
reaction with the Cys310 residue of AKT to block its kinase activity.
CLLV-1 has been shown to exhibit anti-cancer activity and anti-
vascular cell migration effect [27,28]. However, the underlying mecha-
nism and direct target of CLLV-1 are unknown. Here, we found that
CLLV-1 has an anti-inflammatory potential to impede respiratory
burst, degranulation, and chemotaxis in activated human neutrophils
or neutrophil-like differentiated HL-60 (dHL-60) cells. Moreover,
administration of CLLV-1 ameliorated the inflammatory lung injury in
lipopolysaccharide (LPS)-induced ALI in mice. Our findings demon-
strate that redox modification of AKT may be a novel pharmacological
strategy for suppressing neutrophil-dominant lung disorders. We also
suggest that CLLV-1 has the potential to be developed as an anti-
inflammatory drug.

2. Materials and methods

2.1. Reagents

CLLV-1 was synthesized by Dr. Chia-Lin Lee, Dr. Fang-Rong Chang,
and Dr. Yang-Chang Wu [28]. The CLLV-1 structure was determined
by 1H nuclear magnetic resonance (NMR) spectrum analysis (Fig. 6c).
The purity of CLLV-1 was higher than 96% as determined by high-
performance liquid chromatography. MK-2206 was purchased from
Selleckchem (Houston, TX, USA).WKYMVmwas purchased from Tocris
Bioscience (Ellisville, MO, USA). FITC-labeled anti-CD11b, anti-Ly-6G,
and anti-myeloperoxidase (MPO) antibodies were purchased from
eBioscience (San Diego, CA, USA). The antibodies against p38 or
p47phox and protein G beads were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Anti-phospho-p47phox antibodies were
purchased from Abcam (Cambridge, MA, USA). Anti-PIP3 antibodies
were purchased from Echelon Biosciences (Salt Lake City, UT, USA).
Nonradioactive AKT kinase assay kit, anti-Akt (pan), anti-phospho-Akt
(Ser473), anti-phospho-Akt (Thr308), and other antibodies were pur-
chased from Cell Signaling (Beverly, MA, USA). RPMI 1640, DMEM, L-
glutamine, Antibiotic-Antimycotic, dihydrorhodamine 123 (DHR123),
N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys (fNLFNYK), Alexa Fluor 594
Phalloidin, andHoechst 33342were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Fetal bovine serum (FBS) was purchased
from Biological Industries (Beth Haemek, Israel). Other regents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Neutrophil isolation and cell culture

The procedure of neutrophil isolation was approved by the Institu-
tional Review Board at Chang Gung Memorial Hospital. Neutrophils
were isolated by dextran sedimentation and Ficoll-Hypaque centrifuga-
tion. Blood was obtained from healthy volunteers (20–35 years old),
and written informed consent was obtained from every volunteer. The
purified neutrophils contained N98% viable cells, determined by trypan
blue exclusion assay [29].

bEnd.3 endothelial cells (ECs) were obtained from the Bioresource
Collection and Research Centre (Hsinchu, Taiwan) and cultured in
DMEM media supplemented with 10% FBS and 1× Antibiotic-
Antimycotic. The human promyelocytic leukemic HL-60 cell line was
purchased from ATCC and cultured in RPMI 1640 medium supple-
mented with 20% FBS, 2 mM L-glutamine, and 1× Antibiotic-
Antimycotic. Both cell lines were grown in a humidified atmosphere
(37 °C, 5% CO2). The HL-60 cells were differentiated to neutrophil-like
cells (dHL-60 cells) by a 5-day treatmentwith 1.3%DMSO in the growth
medium.

2.3. Extracellular superoxide anion production

Human neutrophils (6 × 105 cells/mL) or dHL-60 cells (1 × 106 cells/
mL) were equilibrated with 0.5 mg/mL ferricytochrome c and 1 mM
Ca2+ at 37 °C for 5 min. The cells were then preincubated with DMSO,
CLLV-1, or MK-2206 and stimulated with N-Formyl-Met-Leu-Phe
(fMLF), sodium fluoride (NaF), or WKYMVm before being primed
with cytochalasin B (CB; 1 or 2 μg/mL) for 3 min. The superoxide
anion was determined using a spectrophotometer (Hitachi, Tokyo,
Japan) at 550 nm.

2.4. Intracellular ROS formation

DHR123 (2 μM)-labeled human neutrophils or dHL-60 cells (1 × 106

cells/mL) were incubated at 37 °C for 10 min. Subsequently, the cells
were pretreated with DMSO or CLLV-1 for 5 min and activated by
fMLF (0.1 μM)/CB (1 μg/mL) for another 5min. The intracellular ROS for-
mation was determined using a flow cytometer (BD Bioscience).

Research in context

Evidence before this study

Acute lung injury (ALI) is a severe life-threatening disease with
high mortality. Neutrophil infiltration and activation play a critical
role in ALI. Protein kinase B (PKB)/AKT controls diverse cellular re-
sponses. However, the role of AKT in regulating neutrophil func-
tions is not well understood, and the targeting AKT for ALI
remains unknown.

Added value of this study

We identify that 5,7-dimethoxy-1,4-phenanthrenequinone (CLLV-
1) acts as a covalent allosteric AKT inhibitor by targeting AKT
Cys310. CLLV-1 showed anti-inflammatory effects by suppress-
ing neutrophil respiratory burst, degranulation, adhesion, and che-
motaxis. Significantly, CLLV-1 ameliorated neutrophil infiltration,
AKT activation, and lung injury in LPS-induced mouse ALI
model. These results demonstrated that the targeting AKT in
human neutrophils has the potential to treat ALI, and CLLV-1
may serve as a novel AKT inhibitor by targeting redox regulatory
site of AKT.

Implications of all the available evidence

This study has provided evidences that AKT Cys310 is a pharma-
cological target for treating neutrophilic inflammatory diseases.
CLLV-1 is a novel allosteric AKT inhibitor. CLLV-1 could act as a
lead compound for treating ALI.
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2.5. Elastase release

Human neutrophils (6 × 105 cells/mL) were equilibrated with an
elastase substrate (MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide; 100 μM)
at 37 °C for 5 min and then incubated with DMSO, CLLV-1, or MK-
2206 for 5 min. The cells were then activated by fMLF, NaF, WKYMVm,
interleukin-8 (IL-8), or leukotriene B4 (LTB4) for a further 10 min. CB
(0.5 or 2 μg/mL) was added 3 min before stimulation. Elastase release
was determined by spectrophotometry at 405 nm.

2.6. CD11b expression

Neutrophils (5 × 106 cells/mL) were preincubated with DMSO or
CLLV-1 for 5 min and activated by fMLF (0.1 μM)/CB (0.5 μg/mL) for

another 5 min. The cell pellets were then resuspended in 5% bovine
serum albumin (BSA) containing FITC-labeled anti-CD11b antibodies
(1 μg) at 4 °C for 90 min. The fluorescence intensity was measured by
flow cytometry.

2.7. Western blotting

Human neutrophils were preincubated with DMSO or CLLV-1 at 37
°C for 5 min and then activated by fMLF, NaF, WKYMVm, IL-8, or LTB4
before being primed with CB. The reaction was stopped using the sam-
ple buffer (62.5 mM pH 6.8 Tris-HCl, 4% SDS, 5% β-mercaptoethanol,
2.5 mM Na3VO4, 0.00125% bromophenol blue, 10 mM di-N-pentyl
phthalate, and 8.75% glycerol) at 100 °C for 15 min. The cell lysates
were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel

Fig. 1. CLLV-1 attenuates superoxide anion generation, ROS formation, and p47phox phosphorylation in fMLF-activated human neutrophils. (a) The chemical structure of CLLV-1. (B–C)
Human neutrophils were preincubated with DMSO or CLLV-1 (0.03–3 μM) and then activated with or without fMLF (0.1 μM)/CB (1 μg/mL). (b) Superoxide anion generation was
detected using cytochrome c reduction by a spectrophotometer at 550 nm. (c) The intracellular ROS was monitored by flow cytometry, using cell-permeable DHR123.
(d) Phosphorylation of p47phox was analyzed by immunoblotting, using antibodies against the phosphorylated (S304) and total p47phox. All data are expressed as mean values ± SEM
(n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO + fMLF group (Student's t-test).

3P.-J. Chen et al. / EBioMedicine xxx (2019) xxx

Please cite this article as: P.-J. Chen, I.-L. Ko, C.-L. Lee, et al., Targeting allosteric site of AKT by 5,7-dimethoxy-1,4-phenanthrenequinone
suppresses neutrophilic in..., EBioMedicine, https://doi.org/10.1016/j.ebiom.2019.01.043 14

https://doi.org/10.1016/j.ebiom.2019.01.043


electrophoresis (PAGE), and assayedby immunoblottingwith the corre-
sponding antibodies, followed by incubation with horseradish
peroxidase-conjugated secondary anti-rabbit or anti-mouse antibodies.
The labeled proteins were measured using an enhanced chemilumines-
cence system (Amersham Biosciences, Piscataway, NJ, USA).

2.8. Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and F-actin
expression

Neutrophils or dHL-60 cells (5 × 106 cells/mL) were preincubated
with DMSO or CLLV-1 for 5 min and then activated by fMLF (0.1 μM)/
CB (1 μg/mL). The reaction was stopped by 4% paraformaldehyde at
25 °C for 20 min and then permeabilized with 0.1% Triton-X-100. For
F-actin staining, cells were incubated with Alexa Fluor 594 Phalloidin
in Hank's balanced salt solution (HBSS) containing 2% BSA at 25 °C for
60 min. For PIP3 expression, cells were incubated with anti-PIP3 anti-
bodies and FITC-labeled anti-mouse IgG antibodies in HBSS containing
2% BSA at 25 °C for 60 min, respectively. The fluorescence intensity
was monitored using flow cytometry.

2.9. AKT kinase assay

The AKT activity was determined using the non-radioactive AKT ki-
nase assay kit according to themanufacturer's protocol. In brief, dHL-60
cells were activated by fMLF (0.1 μM)/CB (1 μg/mL), and the active AKT
in the cell lysate was immunoprecipitated with immobilized AKT
primary antibodies. The precipitated AKT was treated with DMSO,
CLLV-1, or MK-2206 at 30 °C for 15 min and then incubated with ATP
and GSK-3 fusion protein as a kinase substrate at 30 °C for 30 min. The
reaction was stopped by 3 × SDS sample buffer at 100 °C for 5 min.
The phosphorylation of the GSK-3 fusion protein was determined by
western blot.

2.10. Molecular docking

CLLV-1 was docked on AKT proteins by docking optimization
(CDOCKER) and optimized with the CHARMm force field using Discov-
ery Studio 4.1 (DS) (BIOVIA, San Diego, CA). The binding of CLLV-1 and
AKT1 with the most favorable energy was estimated with -CDOCKER
(−kcal/mol). The crystal structure of AKT1 was obtained from the Pro-
tein Data Bank (PDB; accession code 4ekl). The 3D structure of CLLV-1
was drawn using ChemDraw Ultra 9.0.

2.11. NMR spectrum analysis

CLLV-1 (1 mg) or synthetic AKT peptides (1 mg) were dissolved in
0.5 mL DMSO‑d6. The mixtures of CLLV-1 (0.5 mg) and AKT peptides
(1 mg) were vigorously mixed in 0.6 mL DMSO‑d6 and incubated at
25 °C for 1 h. The 1H NMR spectra were acquired using a Bruker
AVANCE-400MHz FT-NMR spectrometer (Bruker BioSpin GmbH, Biller-
ica, MA).

2.12. Mass spectrometer (MS) analysis

Synthetic AKT peptides were dissolved in PBS. The mixtures of AKT
peptides (120 μM) and CLLV-1 (60 μM) were incubated at 25 °C for
2 h. The AKT peptides and their CLLV-1 adducts were detected using
matrix-assisted laser desorption/ionization time of flight mass spec-
trometer (MALDI-TOF MS). The AKT peptides and their CLLV-1 adducts
were mixed with α-Cyano-4-hydroxycinnamic acid (CHCA) matrix
(2 mg/mL in 80% acetonitrile containing 0.1% trichloroacetic acid) and
loaded onto an MTP AnchorChip™ 600/384 TF (Bruker Daltonics
GmbH, Bremen, Germany). After the crystallization of the peptides
and the matrix, the samples were analyzed by an Ultraflex™ MALDI-
TOF MS (Bruker Daltonics GmbH), controlled by the FlexControl
software (v.2.2; Bruker Daltonics GmbH). Data processing was

performed and monoisotopic peptide mass was acquired using the
FlexAnalysis 2.4 peak-picking software (Bruker Daltonics GmbH).

2.13. 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS) label-
ing assay

The redox states of the proteins were examined by conjugating free
thiol with AMS [23]. The cells were lysed in the buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 0.5% Triton-X-100, and 1× protease inhibitor
cocktail) and centrifuged at 12,000g for 10 min. The supernatants
were incubated with 30 mM AMS at 4 °C for 24 h and then mixed
with non-reducing sample buffer (62.5 mM pH 6.8 Tris-HCl, 4% SDS,
0.00125% bromophenol blue, and 8.75% glycerol) at 37 °C for 10 min.
The redox states of the proteins were determined by immunoblotting.

2.14. Immunoprecipitation

Cells were lysed in the buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
0.5% Triton X-100, 1× protease inhibitor cocktail) and centrifuged at
12,000g for 10min. The supernatantswere incubatedwithAKT antibod-
ies bound to protein G beads. The beads were washed with buffer and
the precipitated proteins were assayed by immunoblotting.

2.15. Neutrophil adhesion and chemotactic migration assays

The bEnd.3 ECs were activated with LPS (2 μg/mL) for 4 h. Hoechst
33342-labeled neutrophils were preincubated with DMSO or CLLV-1
for 5 min and activated by fMLF (0.1 μM)/CB (1 μg/mL) for another
5 min. Activated neutrophils were then co-cultured with LPS-pre-acti-
vated bEnd.3 ECs for 30min. After gentlywashing, neutrophils adhering
to bEnd.3 ECs were randomly counted in 4 fields by microscopy (IX81;
Olympus, Center Valley, PA, USA) [29].

DMSO- or CLLV-1-pretreated neutrophils in the top
microchemotaxis chamber (Merck Millipore, Darmstadt, Germany)
were placed into the bottom well containing 0.1 μM fMLF. After
90 min, the migrated neutrophils were counted.

2.16. LPS-induced ALI

ALI was induced by intra-tracheal spray of 2 mg/kg LPS (Escherichia
coli 0111:B4) in seven to eight weeks old C57BL/6 male mice, according
to the guidelines and approved by Institutional Animal Care and Use
Committee of Chang Gung University, Taiwan. Mice were fasted over-
night and then intraperitoneally injected with CLLV-1 (10 mg/kg),
MK-2206 (10mg/kg) or an equal volume of DMSO (50 μl). After 1 h, tra-
cheostomy was performed under anesthesia (30 mg/kg Zoletil 50 and
6 mg/kg xylazine). Mice were instilled with an intra-tracheal spray of
2 mg/kg LPS (dissolved in 40 μl 0.9% saline) or 0.9% saline and kept in
a warm chamber to keep body temperature. After 6 h, the lungs were
fixed in 10% formalin for immunohistochemistry or frozen for MPO
activity.

2.17. MPO activity

The lung tissues were immersed in 10 mM PBS, pH 6.0, with 0.5%
hexadecyltrimethylammonium bromide and sonicated by a homoge-
nizer. The MPO activity was determined using MPO substrate buffer
(PBS, pH6.0, 0.2mg/mL o-dianisidine hydrochloride, and 0.001%hydro-
gen peroxide) and monitored the absorbance at 405 nm by a spectro-
photometer. The serial concentration of human MPO was used as a
standard curve to calculate the MPO activity. Total protein levels were
measured by the Bradford protein assay (Bio-Rad, Hercules, CA, USA).
The final MPO activity was normalized to the corresponding protein
concentration (U/mg).
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2.18. Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded tissue sections were used for
IHC. All slides were stained with hematoxylin and eosin (H&E) for mor-
phologic determination. The anti-MPO antibodies, anti-Ly6G antibodies,
anti-pAKT (S473) antibodies, or the SuperPicture kit (Thermo Fisher
Scientific) were used as the primary or secondary antibodies, following
a previously published protocol by Pathology Core of Chang Gung
University [30].

2.19. Statistical analysis

Data are presented as means ± SEM. Statistical analysis was per-
formed with SigmaPlot (Systat Software) using Student's t-test. P b .05
was considered statistically significant.

3. Results

3.1. CLLV-1 suppresses the inflammatory responses in fMLF-activated hu-
man neutrophils

To investigate the anti-inflammatory ability of CLLV-1, we first ex-
amined the effects of CLLV-1 on fMLF-induced respiratory burst, includ-
ing superoxide anion production, ROS formation, and NADPH oxidase
activation (p47phox phosphorylation) in human neutrophils. CLLV-1
dose-dependently inhibited superoxide anion generation and ROS for-
mationwith IC50 values of 0.058± 0.006 and 0.106± 0.022 μM, respec-
tively (Fig. 1b and c). Importantly, it did not induce LDH release,
suggesting that it did not cause membrane damage and cytotoxicity
(Fig. S1a). We further evaluated how CLLV-1 inhibited the superoxide
anion generation in fMLF-activated human neutrophils. In a cell-free
xanthine/xanthine oxidase system, CLLV-1 (0.1–3 μM) did not exhibit
a superoxide anion-scavenging ability. Superoxide dismutase (SOD)
was a positive control. Superoxide anion is produced byNADPHoxidase
in human neutrophils [17]. The isolated neutrophil membrane
and cytosol fractions were used to examine the inhibitory effect of
CLLV-1 onNADPHoxidase: CLLV-1 (0.3 and 3 μM)did not reduce super-
oxide anion production in SDS-reconstituted NADPH oxidase.
Diphenyleneiodonium (DPI; 10 μM), an NADPH oxidase inhibitor, was
a positive control (Fig. S1b-c). The phosphorylation of p47phox, a compo-
nent of NADPH oxidase, was repressed by CLLV-1 in fMLF-activated
human neutrophils (Fig. 1d), suggesting that the anti-inflammatory ef-
fect of CLLV-1 on respiratory burst may be through modulating up-
stream signaling of NADPH oxidase in human neutrophils.

Next, the effects of CLLV-1 on human neutrophil degranulation and
chemotaxis were determined. CLLV-1 repressed fMLF-induced elastase
release with an IC50 value of 0.172 ± 0.011 μM (Fig. 2a). In contrast, it
failed to alter the activity of elastase in a cell-free assay (Fig. S1d), sug-
gesting that it inhibited human neutrophil degranulation via the regula-
tion of intracellular signaling pathways. In addition, integrin CD11b
activation leads to neutrophils adhering to endothelial cells and subse-
quently induces neutrophil migration and infiltration. F-actin polymer-
ization at the leading edge in polarized neutrophils governs the
chemotaxis [22]. CLLV-1 decreased CD11b expression and F-actin as-
sembly in fMLF-activated human neutrophils and suppressed fMLF-
induced neutrophil adhesion to bEnd.3 ECs and migration (Fig. 2b-e
and Fig. S2). Together, CLLV-1 exhibits an anti-inflammatory potential
to alleviate neutrophilic inflammation, including respiratory burst, de-
granulation, and chemotaxis.

3.2. CLLV-1 ameliorates AKT activation in response to various stimuli in hu-
man neutrophils

This study aimed to identify the target protein of CLLV-1 in human
neutrophils. The fMLF mainly binds to formyl peptide receptor 1
(FPR1) to activate neutrophils through multiple intracellular signaling

pathways such as AKT and mitogen-activated protein kinases
(MAPKs) [31,32]. CLLV-1 (0.1–3 μM) did not compete with the fluores-
cently labeled fMLF analog fNLFNYK for FPR1 binding (Fig. S1e), ruling
out the effect of CLLV-1 on FPR1. Therefore, the activation of AKT, ERK,
JNK, and p38 was examined in fMLF-activated human neutrophils.
CLLV-1 inhibited the phosphorylation of AKT (Thr308 and Ser473),
but not of ERK, JNK, or p38 (Fig. 3). Because CLLV-1 selectively re-
strained AKT activation, we wondered whether CLLV-1 suppressed
AKT activation and inflammatory responses in different stimuli-
activated human neutrophils, includingNaF (direct G protein activator),
WKYMVm (FPR2 agonist), IL-8, and LTB4 [33]. Further, CLLV-1 signifi-
cantly inhibited NaF- andWKYMVm-induced superoxide anion genera-
tion in human neutrophils. It also showed an inhibitory effect on
elastase release in NaF-, WKYMVm-, IL-8-, and LTB4-activated human
neutrophils (Fig. S3). Notably, it significantly suppressed the activation
of AKT in human neutrophils activated by all tested stimuli (Fig. S4),
suggesting that AKT may be the target of CLLV-1 in human neutrophils.
Another potent AKT inhibitor, MK-2206 [34], also inhibited the super-
oxide anion generation and elastase release in fMLF-activated human
neutrophils (Fig. S5), supporting that inhibition of AKT is a potential
strategy to attenuate neutrophilic inflammation.

3.3. CLLV-1 inhibits the inflammatory responses and AKT activation in
fMLF-activated dHL-60 cells

HL-60 cells were exposure to DMSO for 5 days to differentiate into
neutrophil-like cells (dHL-60 cells). Usage of dHL-60 cells provided
enough cells for several biochemical experiments instead of limited pri-
mary human neutrophils. The increased FPR1 expression and cellular
morphology of dHL-60 were observed to represent the neutrophil-like
status (Fig. S6). CLLV-1 diminished superoxide anion generation and
intracellular ROS formation in fMLF-induced dHL-60 cells. It also
repressed the p47phox phosphorylation and F-actin polymerization in
fMLF-activated dHL-60 cells (Fig. S7), suggesting that dHL-60 cells
provide a good inflammatory model and that CLLV-1 still restrains the
respiratory burst and chemotaxis in fMLF-activated dHL-60 cells.
Importantly, CLLV-1 also attenuated fMLF-induced activation of AKT in
dHL-60 (Fig. 4f).

3.4. CLLV-1 directly alleviates AKT activity

We tested whether the CLLV-1-inhibited AKT activation is based on
altering the upstream kinases of AKT, including phosphoinositide-
dependent protein kinase 1 (PDK1), mammalian target of rapamycin
C2 (mTORC2), and PI3K [35,36]. CLLV-1 (0.3–3 μM) failed to affect the
phosphorylation of PDK1 (S241), mTORC2 (S2481), and PI3K (Y199 of
p85 subunit) in fMLF-activated dHL-60 cells and human neutrophils
(Fig. 5a and Fig. S8). The level of PI3K-generated PIP3 was also not
changed by CLLV-1 in fMLF-activated dHL-60 cells (Fig. 5b and
Fig. S7c). Protein kinase A (PKA) has been shown to attenuate neutro-
philic inflammation through inhibiting AKT activation [37,38]. How-
ever, CLLV-1 did not increase the level of cAMP. The PKA inhibitor,
H89, did not reverse the CLLV-1-inhibited superoxide anion generation
and elastase release in activated human neutrophils (Fig. S9).

We suggest that CLLV-1may directly target AKT per se to repress in-
flammation in human neutrophils. To explore this hypothesis, the non-
radioactive AKT kinase assay was performed in vitro. Clearly, our data
showed that CLLV-1 (0.3–3 μM) blocked the kinase activity of AKT
in vitro. MK-2206 was used as a positive control to inhibit AKT activity
(Fig. 5 and Fig. S5c). Therefore, CLLV-1 acts as a novel AKT inhibitor to
restrict the enzymatic activity of AKT.

3.5. CLLV-1 covalently reacts with AKT Cys310

To determine how CLLV-1 blocked the AKT activity, the molecular
docking of CLLV-1 with AKT was performed. Based on CDOCKER and
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Fig. 2. CLLV-1 inhibits elastase release, CD11b/F-actin expression, and neutrophil adhesion/migration in fMLF-activated human neutrophils. (a-c) Human neutrophils were incubatedwith
DMSO or CLLV-1 (0.3–3 μM) for 5min before stimulation with or without fMLF (0.1 μM)/CB (0.5 or 1 μg/mL). (a) Elastase release wasmeasured by a spectrophotometer at 405 nm, using
elastase substrate. (b) The CD11b levels on cell surface were detected by flow cytometry, using FITC-labeled anti-CD11b antibodies. (c) The F-actin levelswere assayed by flow cytometry,
using Alexa Fluor 594 Phalloidin. (d) Hoechst 33342-labeled neutrophils were pretreated with DMSO or CLLV-1 (0.1–3 μM) for 5 min and stimulated with fMLF (0.1 μM)/CB (1 μg/mL).
Sequentially, neutrophilswere incubatedwith LPS-preactivated ECs for another 30min. After gentlywashing, EC-associatedneutrophilswere counted under amicroscope. (e)Neutrophils
were preincubatedwith DMSO or CLLV-1 (0.3–3 μM) for 5min in the top chamber.Migrated neutrophils in the bottomwells with orwithout fMLFwere counted after 90min. All data are
expressed as mean values ± SEM (n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO+ fMLF group (Student's t-test).
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the CHARMm force field, the CLLV-1-AKT binding modes were gener-
ated in receptor cavities with 10 poses. The binding of CLLV-1 and AKT
with the most favorable energy was estimated with -CDOCKER
(−474.532 kcal/mol). The p-benzoquinone, aromatic ring, or carboxyl
group of CLLV-1 were proposed to interact with the R273, D274, L275,
C310, G311, A317, L316, Y315, V320, or V330 residues of AKT (Fig. 6a–
b), suggesting that CLLV-1 may preferably and specifically associate
with this proposed “pocket” of AKT. Interestingly, the Cys310 residue
of AKT was appeared in the predicted CLLV-1-binding site, and the
redox modification of Cys310 in AKT is important for AKT enzymatic
activity [23,39]. Hence, CLLV-1 may bind to the thiol group of Cys310
to interfere with the AKT activity. To address this hypothesis, the reac-
tion between CLLV-1 and synthetic AKT peptides, AKT304–308
(ATMKT), AKT309–313 (FCGTP), AKT314–318 (EYLAP), and AKT307–328
(KTFCGTPEYLAPEVLEDNDYGR) were determined by NMR or MS
(Fig. 6c–e): CLLV-1 covalently reacted with the AKT309–313, exhibiting
a new singlet peak at δ 7.00, but did not react with the adjacent
AKT304–308 and AKT314–318, which lacked cysteine residues according
to the 1H NMR analysis (Fig. S10a). The AKT peptide-CLLV-1 adducts
were also examined by MS (Fig. S10b): the molecular masses of
AKT309–313, AKT307–328, and CLLV-1 were 524, 2389, and 268 Da, respec-
tively. If CLLV-1 reacted with the AKT peptides, the proposed molecular
masses of the adducts would be 792 Da (AKT309–313-CLLV-1) and
2657Da (AKT307–328-CLLV-1). The corresponding signalswere observed
by MS, including AKT309–313 ([M + H]+; 524.079), AKT307–328 ([M
+ H]+; 2389.124), AKT309–313-CLLV-1 ([MCLL + H]+; 792.244), and
AKT307–328-CLLV-1 ([MCLL + H]+; 2655.102). In addition, the sodium

adducts (plus 23 Da) were also found, AKT309–313-Na ([M + Na]+;
546.145), AKT307–328-Na ([M + Na]+; 2411.258), and AKT309–313-
CLLV-1-Na ([MCLL + Na]+; 812.264). Similarly, the results of MS con-
firmed that CLLV-1 did not react with the adjacent peptides
AKT304–308 and AKT314–318, which do not contain Cys310. These results
suggested that CLLV-1 covalently reacted with Cys310 in AKT via an
electrophilic addition.

To confirm the effect of CLLV-1 on AKT redox status in cells, we used
the alkylation agent, AMS, to label reduced form of protein along with
increasing molecular weight [23]. The level of AMS-labeled AKT (re-
duced form) was increased in fMLF-activated dHL-60 cells. CLLV-1
(0.3–3 μM) dose-dependently decreased the levels of AMS-labeled
AKT in fMLF-activated dHL-60 cells (Fig. 7a). It has been reported that
oxidization of Cys310 residue in AKT diminished its enzymatic activity
and increased the AKT-protein phosphatase 2A (PP2A) interaction
along with inhibition of AKT phosphorylation [23,24]. CLLV-1 induced
the AKT-PP2A interaction in fMLF-activated dHL-60 cells (Fig. 7b).
These results suggest that CLLV-1 covalently targets Cys310 of AKT to al-
leviate AKT activity as well as phosphorylation.

3.6. CLLV-1 attenuates LPS-induced ALI in mice

LPS/endotoxin is a critical pathogen to trigger ALI [40,41]. However,
the role of AKT as a potential drug target in ALI needs to be studied. To
examine the anti-inflammatory potential of CLLV-1 in vivo, the protec-
tive effects of CLLV-1 on LPS-induced ALI was tested in mice.
Intratracheal instillation of LPS showed an increase in pulmonary

Fig. 3. CLLV-1 decreases the phosphorylation of AKT but not MAPKs in fMLF-activated human neutrophils. Human neutrophils were incubated with CLLV-1 (0.3–3 μM) for 5 min before
stimulation with or without fMLF (0.1 μM)/CB (1 μg/mL). Phosphorylation of (a) AKT, (b) ERK, (c) JNK, or (d) p38 MAPK was analyzed by immunoblotting using antibodies against the
phosphorylated form and the total of each protein. All data are expressed as mean values ± SEM (n = 3); ***p b .001 compared with the DMSO+ fMLF group (Student's t-test).
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MPO, which was inhibited by intraperitoneal injection of CLLV-1
(10 mg/kg) or MK-2206 (10 mg/kg) (Fig. 8a). The total protein levels
were measured to represent the severity of pulmonary edema. Both
CLLV-1 and MK-2206 effectively attenuated the LPS-induced increase
of protein levels in the lungs (Fig. 8b). The histopathological features
of the lungs showed that LPS triggered inflammatory cell infiltration,
inter-alveolar septal thickening, and interstitial edema. Moreover, LPS
induced the infiltration of cells positive for Ly6G, a specific neutrophil
marker, as well as AKT activation in the lungs. Noticeably, administra-
tion of CLLV-1 andMK-2206 ameliorated LPS-induced distortion of pul-
monary architecture, Ly6G-positive infiltrated neutrophils, and AKT
phosphorylation (Fig. 8c), suggesting the therapeutic potential of
CLLV-1 in neutrophil-dominant lung diseases. Together, CLLV-1 and

MK-2206 successfully impeded the inflammatory ALI in vivo, supporting
that pharmacologically targeting redox modification of AKT is a poten-
tial strategy for treating neutrophilic lung injury.

4. Discussion

Neutrophils play a significant role in innate immunity; however, en-
hanced ROS generation and protease release by activated neutrophils
can cause cell and tissue damage [5,42]. Neutrophilic inflammation
has been found to play a central role in the pathogenesis of ALI/acute re-
spiratory distress syndrome (ARDS). The AKT pathway is known to be
involved in many neutrophil responses, including respiratory burst, de-
granulation, and chemotaxis [13–15,43]. However, the regulatory

Fig. 4. CLLV-1 suppresses fMLF-induced inflammatory responses in differentiated HL-60 (dHL-60) cells. (a) The HL-60 cells were exposed to 1.3% DMSO for 5 days. The differentiation of
HL-60 cells by DMSOwas examined by flow cytometry, using anti-FPR1 antibodies. (B–F) The dHL-60 cells were preincubatedwith DMSO or CLLV-1 (0.03–1 μM) and then activatedwith
or without fMLF (0.1 μM)/CB (1 μg/mL). (b) Superoxide anion generation was detected by spectrophotometry at 550 nm, using cytochrome c reduction. (c) The intracellular ROS was
monitored by flow cytometry, using cell-permeable DHR123. (d) Phosphorylation of p47phox was analyzed by immunoblotting, using antibodies against the phosphorylated (S304)
and total p47phox. (e) F-actin levels were assayed by flow cytometry, using Alexa Fluor 594 Phalloidin. (f) Phosphorylation of AKT was analyzed by immunoblotting, using antibodies
against the phosphorylated (S473 and T308) and total AKT. All data are expressed as mean values ± SEM (n = 3); *p b .05, **p b .01, and ***p b .001 compared with the DMSO
+ fMLF group (Student's t-test).
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mechanisms of AKT in humanneutrophils are still elusory. Furthermore,
the potential of AKT as a therapeutic target in ALI remains unknown.
Herein, we show that a synthetic phenanthrenequinone compound,
CLLV-1, inhibits inflammatory responses in human neutrophils or
neutrophil-like dHL-60 cells triggered by various stimuli. CLLV-1 selec-
tively blocked AKT activity through covalently targeting the Cys310 res-
idue of AKT. Moreover, CLLV-1 attenuated the inflammatory responses
in LPS-induced ALI in mice, indicating that it is a potential anti-
inflammatory compound and providing an example of disruption of
the redox modulation of AKT for treating neutrophil-dominant lung
diseases.

AKT-mediated cellular signaling is significantly responsible for in-
flammatory responses in neutrophils [13,14]. With stimulation, AKT
translocated to the leading edge in polarized neutrophils and induced
p47phox phosphorylation and F-actin polymerization to trigger respira-
tory burst and chemotaxis in neutrophils, respectively [17,18,21]. It
may be a preferentially remedial strategy to ameliorate the overwhelm-
ing neutrophilic inflammation via pharmacologically targeting of AKT.
In the present study, we identified that CLLV-1 significantly abrogated
AKT activation in response to various stimuli in human neutrophils
(Fig. 3 and S4). As well, CLLV-1 dose-dependently restricted AKT-
mediated p47phox phosphorylation and F-actin levels in activated
human neutrophils and dHL-60 cells (Figs. 1, 2, and 4), confirming
that CLLV-1-inhibited AKT activation is critical for halting inflammatory
activation in human neutrophils.

AKT is composed of the pleckstrin homology (PH), catalytic kinase,
and regulatory domains and its kinase activity is regulated through con-
formational dynamics. With stimulation, AKT is phosphorylated at
Thr308 and Ser473 residues, leading to the PH domain becoming
more distant from the kinase domain as “active” form.When AKT is de-
phosphorylated by PP2A, the catalytic domain would be interfered by
more closed PH domain as “inactive” form [35,36]. Thus far, emerging
evidence has supported the important role of redox modification of

AKT in conformational dynamics [25]. An intramolecular disulfide
bond between Cys296 and Cys310 in the catalytic domain of AKT that
prompts dephosphorylation by associating with PP2A has been identi-
fied; oxidized and dephosphorylated AKT is considered to have lost its
kinase activity [23,24,39]. In thepresent study,we found that CLLV-1 co-
valently reacted with Cys310 of AKT in vitro and repressed the alkyl-
ation agent-labeled AKT levels (reduced form) in cells (Figs. 6 and 7),
supporting that CLLV-1 brings about AKT oxidation. The AKT-PP2A in-
teraction was also increased by CLLV-1 along with dephosphorylation
of AKT (Fig.7b) that was not modulated through AKT upstream kinases,
including PDK1, mTORC2, and PI3K (Fig. 5a-b). Accordingly, CLLV-1-
blocked AKT kinase activity may be dependent on redox modification
of AKT.

CLLV-1 was proposed to interact with Cys310 of AKT by themolecu-
lar docking model (Fig. 6a–b). The adduct of AKT309–313 peptides and
CLLV-1 exhibited a new singlet peak at δ 7.00 in the 1H NMR spectrum
(Fig. 6c). The molecular masses of AKT peptide-CLLV-1 adducts (AKT
peptide + CLLV-1 – 2H+ Da) were also detected in MALDI-TOF MS,
AKT309–313-CLLV-1-Na, and AKT307–328-CLLV-1 (Fig. 6d-e), suggesting
that the reaction between AKT and CLLV-1 is an electrophilic addition.
It has been reported that thiol-based association between electrophilic
compounds and proteins possessed selectivity and specificity. The
structural characteristic of proteins and stereochemical structures of
electrophiles results in their targeting selectivity [44,45]. The redox
modulations of ERK, JNK, or p38 have been characterized in response
to intracellular ROS. The cysteines of ERK2 (Cys38 and Cys214), JNK2
(Cys41) and p38 (Cys162) are responsible for their activity and phos-
phorylation [25,46,47]. However, CLLV-1 only repressed AKT, but not
ERK, JNK, or p38 activation in human neutrophils (Fig. 3), implying its
specificity. Using molecular docking model, the most favorable CLLV-
1-binding pocket of AKT was determined, including R273, D274, L275,
C310, G311, A317, L316, Y315, V320, or V330 residues (Fig. 6a–b). Im-
portantly, another critical Cys296 of catalytic region was not proposed

Fig. 5. CLLV-1 blocks AKT enzymatic activity but does not affect the AKT upstream kinases. (A-B) dHL-60 cells were preincubated with DMSO or CLLV-1 (0.03–1 μM) and then activated
with or without fMLF (0.1 μM)/CB (1 μg/mL). (a) Phosphorylation of AKT upstream kinases, PDK1, mTORC2, and PI3K was determined by immunoblotting, using antibodies against the
phosphorylated form and normalized to GAPDH. (b) PIP3 levels were assayed using anti-PIP3 antibodies by flow cytometry. (c) The active AKT proteins were immunoprecipitated
using anti-phospho-AKT antibodies and treated with DMSO or CLLV-1 (0.3–3 μM) for 15 min at 30 °C. Subsequently, the GSK-3 fusion protein (AKT substrate) was added for another
30 min. The phospho-GSK-3 fusion protein was examined by immunoblotting. (d) The phosphorylation of the GSK-3 fusion protein was quantified and expressed as a percentage to
represent AKT activity. All data are expressed as mean values ± SEM (n = 3); *p b .05 and ***p b .001 compared with the DMSO+ AKT group (Student's t-test).
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as CLLV-1-targeting site (data not shown), suggesting that CLLV-1 ex-
hibits target-site selectivity in AKT.

Developed AKT inhibitors are classified as ATP-competitive and allo-
steric inhibitors [48,49]. However, the off-target effect of ATP-
competitive inhibitors is still of concern because of the ATP-binding
site being highly conserved among members of the AGC kinase family
such as PKA and PKC [50]. A growing number of allosteric inhibitors

with higher efficacy and specificity, such as MK-2206, are being devel-
oped [34]. Recently, the development of structure-based covalent-
allosteric AKT inhibitors has been mentioned because of their high po-
tency and selectivity to stabilize AKT as inactive conformation [51,52].
The Cys296 and Cys310 residues in the catalytic domain of AKT were
identified as allosteric sites for regulating AKT activity [49,53,54]. There-
fore, the Cys296 and Cys310 residues of AKT are potential therapeutic

Fig. 6. CLLV-1 covalently reacts with the thiol group of an AKT cysteine in vitro. (a-b) Docking models of CLLV-1-targeted AKT. Surface presentation demonstrates the structure of AKT
(gray). CLLV-1 moieties are colored green and rendered in stick representation (a). Close-up of CLLV-1 docking site (best energy mode) (b). The figures were prepared using Discovery
Studio 4.1. The crystal structure of AKT was downloaded from PDB (accession code 4ekl). The chemical structure of CLLV-1 was drawn by ChemDraw Ultra 9.0. (c) 1H NMR spectra of
CLLV-1 (upper panel), synthetic AKT peptide (AKT309–313; FCGTP) (middle panel), and mixtures of CLLV-1 and AKT309–313 (lower panel). (d-e) The synthetic AKT peptides AKT309–313
and AKT307–328 (KTFCGTPEYLAPEVLEDNDYGR) were incubated in the presence or absence of CLLV-1. The molecular mass of the synthetic AKT peptides and their CLLV-1 adducts were
detected using MALDI-TOF MS. M, molecular mass of AKT peptides; MCLL, molecular mass of adducts of AKT peptides and CLLV-1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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targets in AKT-associated disorders. In this study, CLLV-1 was found to
be an allosteric inhibitor of AKT through covalently binding to Cys310
in vitro (Fig. 6). This is the first example of restraining neutrophilic in-
flammation by pharmacologically targeting the redox regulatory site
of AKT. LPS-induced ALI is an important in vivomodel to mimic clinical
pulmonary destruction, such as pulmonary edema, alveolar-capillary

barrier loss or inflammatory cell infiltration [38,40]. The novel covalent
allosteric AKT inhibitor, CLLV-1, showed its anti-inflammatory effects to
ameliorate LPS-primed ALI in mice, including neutrophils infiltration,
pulmonary protease release, inter-alveolar septal thickening, interstitial
edema, and AKT activation (Fig. 8). It proves the therapeutic potential
for curing neutrophilic lung damage, ALI/ARDS, via pharmacological

Fig. 7.CLLV-1 decreases theAMS-labeled reduced form of AKT and increases the AKT-PP2A interaction in fMLF-activateddHL-60 cells. dHL-60 cellswere incubatedwith CLLV-1 (0.3–3 μM)
for 5min before stimulationwith or without fMLF (0.1 μM)/CB (1 μg/mL). (a) The cell lysateswere incubatedwith the thiol-alkylating agent AMS for 12 h on ice and analyzed byWestern
blotting under reducing (total lysate) or non-reducing conditions (AMS-labeledAKT). The AMS-labeled reduced formof AKT (Red) had a highermolecularweight than oxidizedAKT (Oxi).
(b) The cell lysates were immunoprecipitated with control (Ctrl) or AKT IgG. The precipitated substances were used for Western blotting of AKT and PP2A. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. CLLV-1 attenuates LPS-induced ALI inmice. C57BL/6 mice were intraperitoneally injected with CLLV-1 (10mg/kg), MK-2206 (10 mg/kg), or an equal volume of DMSO for 1 h, and
subsequently instilled 2 mg/kg LPS from E. coli 0111:B4 or 0.9% saline via tracheostomy. (a-b) Six hours later, lungs were collected and assayed for MPO activity (a) and protein levels (b).
(c) Histological examination of lungs. The lung sections were stained with hematoxylin and eosin (H&E), anti-Ly6G antibodies, or anti-pAKT (S473) antibodies by IHC. All data are
expressed as mean values ± SEM (n = 6); **p b .01 and ***p b .001 compared with the LPS + DMSO group; ###p b .001 compared with the DMSO control (Student's t-test).

11P.-J. Chen et al. / EBioMedicine xxx (2019) xxx

Please cite this article as: P.-J. Chen, I.-L. Ko, C.-L. Lee, et al., Targeting allosteric site of AKT by 5,7-dimethoxy-1,4-phenanthrenequinone
suppresses neutrophilic in..., EBioMedicine, https://doi.org/10.1016/j.ebiom.2019.01.043 22

https://doi.org/10.1016/j.ebiom.2019.01.043


inhibition of AKT. Accordingly, anti-inflammatory drugs that target the
redox modification of AKT could potentially be developed.

In summary, we demonstrate that AKT activation plays a critical role
in neutrophilic lung injury. Targeting AKT Cys310 using drugs can regu-
late AKT enzymatic activity. Our findings also provide an important ex-
ample of how a derivative of phenanthrenequinone, CLLV-1, restrains
neutrophil-dominant inflammatory lung injury by inhibiting AKT activ-
ity in a redox-dependent manner (Fig. 9).
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NK Cell–Derived IFN-g Protects against Nontuberculous
Mycobacterial Lung Infection

Hsin-Chih Lai,*,†,‡,x,{,‖,#,**,†† Chih-Jung Chang,*,†,‡,x,{ Chuan-Sheng Lin,*,†,‡,x,{

Tsung-Ru Wu,* Ya-Jing Hsu,* Ting-Shu Wu,‖,‡‡ Jang-Jih Lu,*,‖ Jan Martel,‡,‖

David M. Ojcius,‡,‖,xx Cheng-Lung Ku,‖,‡‡,{{ John D. Young,‡,‖,‖‖ and Chia-Chen Lu##

In developed countries, pulmonary nontuberculous mycobacteria (NTM) infections are more prevalent than Mycobacterium

tuberculosis infections. Given the differences in the pathogenesis of NTM and M. tuberculosis infections, separate studies are

needed to investigate the pathological effects of NTM pathogens. Our previous study showed that anti–IFN-g autoantibodies are

detected in NTM-infected patients. However, the role of NK cells and especially NK cell–derived IFN-g in this context has not been

studied in detail. In the current study, we show that NK1.1 cell depletion increases bacterial load and mortality in a mouse model

of pulmonary NTM infection. NK1.1 cell depletion exacerbates NTM-induced pathogenesis by reducing macrophage phagocytosis,

dendritic cell development, cytokine production, and lung granuloma formation. Similar pathological phenomena are observed in

IFN-g–deficient (IFN-g2/2) mice following NTM infection, and adoptive transfer of wild-type NK cells into IFN-g2/2 mice

considerably reduces NTM pathogenesis. Injection of rIFN-g also prevents NTM-induced pathogenesis in IFN-g2/2 mice. We

observed that NK cells represent the main producers of IFN-g in the lungs and production starts as soon as 1 d postinfection.

Accordingly, injection of rIFN-g into IFN-g2/2 mice 1 d (but not 2 wk) postinfection significantly improves immunity against

NTM infection. NK cells also stimulate mycobacterial killing and IL-12 production by macrophages. Our results therefore

indicate that IFN-g production by NK cells plays an important role in activating and enhancing innate and adaptive immune

responses at early stages of pulmonary NTM infection. The Journal of Immunology, 2018, 201: 000–000.

N
ontuberculous mycobacteria (NTM) are ubiquitous en-
vironmental bacteria that cause severe diseases in humans
(1, 2). In recent years, pulmonary NTM infections have

been increasingly encountered in developed countries, even sur-
passing the prevalence of Mycobacterium tuberculosis infections
(3, 4). Emergent NTM species, including Mycobacterium kansasii
and Mycobacterium abscessus, have been implicated in pulmonary
diseases in many countries (3, 5, 6). The pathogenesis and treatment
of NTM infections and the host immune response against these
pathogens differ from those associated with M. tuberculosis infec-
tions (7). Determining the factors that affect host immunity during
NTM infections is therefore essential for the development of new
strategies to prevent and treat these conditions.
M. kansasii has emerged as a prevalent NTM that causes

severe pulmonary infections in both immunocompetent and

immunocompromised patients (8). M. kansasii causes diseases
ranging from mild, self-limiting infections to a chronic, progres-
sive disease resembling tuberculosis (9), producing symptoms that
include acute suppuration, nonnecrotic tubercles, and caseous
necrosis in the lungs (10). M. kansasii also infects other organs
and may cause a systemic infection (11). Even though many
studies have been performed to understand the pathogenesis of
NTM infection, little is known about the pathogenesis of
M. kansasii–related diseases. Although the symptoms caused by
M. kansasii in the lungs are like those produced byM. tuberculosis
(12), the host immune response against M. kansasii differs from
that observed during M. tuberculosis infection (13, 14). Accord-
ingly, previous studies have shown that CD4+ lymphocytes protect
against M. tuberculosis because CD4+ knockout mice display re-
duced levels of pulmonary inflammation, adaptive Th1 cells,

*Department of Medical Biotechnology and Laboratory Science, College of Medi-
cine, Chang Gung University, Gueishan, Taoyuan 33302, Taiwan; †Graduate Institute
of Biomedical Sciences, College of Medicine, Chang Gung University, Gueishan,
Taoyuan 33302, Taiwan; ‡Center for Molecular and Clinical Immunology, Chang
Gung University, Gueishan, Taoyuan 33302, Taiwan; xMicrobiota Research Center,
Chang Gung University, Gueishan, Taoyuan 33302, Taiwan; {Research Center for
Emerging Viral Infections, Chang Gung University, Gueishan, Taoyuan 33302,
Taiwan; ‖Chang Gung Immunology Consortium, Linkou Chang Gung Memorial
Hospital, Gueishan, Taoyuan 33305, Taiwan; #Department of Laboratory Medicine,
Linkou Chang Gung Memorial Hospital, Gueishan, Taoyuan 33305, Taiwan;
**Research Center for Chinese Herbal Medicine, College of Human Ecology, Chang
Gung University of Science and Technology, Gueishan, Taoyuan 33303, Taiwan;
††Research Center for Food and Cosmetic Safety, College of Human Ecology, Chang
Gung University of Science and Technology, Gueishan, Taoyuan 33303, Taiwan;
‡‡Division of Infectious Diseases, Department of Internal Medicine, Linkou Chang
Gung Memorial Hospital, Gueishan, Taoyuan 33305, Taiwan; xxDepartment of Bio-
medical Sciences, Arthur A. Dugoni School of Dentistry, University of the Pacific,
San Francisco, CA 94103; {{Laboratory of Human Immunology and Infectious
Diseases, Graduate Institute of Clinical Medical Sciences, Chang Gung University,
Gueishan, Taoyuan 33302, Taiwan; ‖‖Laboratory of Cellular Physiology and Immu-
nology, Rockefeller University, New York, NY 10021; and ##Department of Respi-
ratory Therapy, Fu Jen Catholic University, Xinzhuang, New Taipei City 24205,
Taiwan

ORCID: 0000-0003-1461-4495 (D.M.O.).

Received for publication January 31, 2018. Accepted for publication July 5, 2018.

This work was supported by Grants MOST105-2320-B-182-032-MY3, MOST106-
2320-B-030-004, MOST106-2320-B-182-028-MY3, MOST107-2320-B-030-002, and
MOST107-2321-B-182-002 from the Ministry of Science and Technology of
Taiwan and by Grants CMRPD1E0071-3, CORPD1F0011-3, CMRPD1F0121-3,
QZRPD142, and BMRPA04 from Chang Gung Memorial Hospital and Chang Gung
University.

Address correspondence and reprint requests to Dr. Chia-Chen Lu, Department of
Respiratory Therapy, College of Medicine, Fu Jen Catholic University, 510 Zhong-
Zheng Road, Xinzhuang, New Taipei City 24205, Taiwan. E-mail address:
082385@mail.fju.edu.tw

The online version of this article contains supplemental material.

Abbreviations used in this article: AAGM-1, anti–asialo-GM1 Ab; BALF, bronchoal-
veolar lavage fluid; DC, dendritic cell; MHCII, MHC class II; NK2 mice, NK1.1
cell–depleted mice; NTM, nontuberculous mycobacteria; pNK, primary NK.

Copyright� 2018 by TheAmerican Association of Immunologists, Inc. 0022-1767/18/$35.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1800123

 Published July 30, 2018, doi:10.4049/jimmunol.1800123
 by guest on July 30, 2018

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

25

http://orcid.org/0000-0003-1461-4495
http://orcid.org/0000-0003-1461-4495
mailto:082385@mail.fju.edu.tw
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800123/-/DCSupplemental
http://www.jimmunol.org/


granuloma formation, and lymphocyte infiltration in the lungs
(13, 14). However, CD4+ knockout mice do not show impaired
M. kansasii clearance compared with wild-type mice (13), sug-
gesting that other immune cells and processes are involved in the
host immune response against M. kansasii.
Autosomal and X-linked mutations conferring susceptibility to

disseminated NTM infection have been observed in human pa-
tients (4, 15, 16). These mutations affect the interaction between
IL-12–producing mononuclear phagocytes and NKT cells that
secrete IFN-g. Production of anti–IFN-g autoantibodies has also
been found to confer susceptibility to disseminated NTM in-
fection, whereas these autoantibodies are rarely detected in
M. tuberculosis infection (17). Many cases of severe and dis-
seminated NTM infection in which tuberculosis symptoms are
absent also frequently occur in immunocompetent individuals of
all ages (18), suggesting the existence of distinct but partially
overlapping roles for IFN-g–related immunity in the control of
infection caused by M. tuberculosis and NTM (17, 19). Although
the effects of NK cells and IFN-g in the immune response
against Mycobacterium avium infection have been studied in the
past (20–22), the role of IFN-g and NK cells in response to
M. kansasii at early stages of NTM infection remains unclear.

NK cells represent 10–20% of the total lymphocyte population,
and these cells play a pivotal role in the effector arm of the host
innate immune system (23). NK cells defend the host against
cancer, viruses, and bacteria (24–26). NK cells also show diverse
functional activities, including “natural” (immediate) cytotoxicity
and the capacity to produce cytokines (e.g., IFN-g and TNFs) and
chemokines (e.g., MIP-1a and MIP-1b), which generate and
sustain a proinflammatory environment (27). NK cells display
activating and inhibitory surface receptors that recognize various
molecular determinants on the surface of infected cells (28). In-
tegration of these activating and inhibitory signals determines the
nature and intensity of NK cell activities. Interactions between
NK cells and dendritic cells (DCs) influence activation of both
cells and lead to confinement and killing of M. tuberculosis,
subsequently affecting the adaptive immune response (29). In
addition to interacting with DCs, NK cells regulate the activity of
T cells and participate directly in the adaptive immune response
(30). Even though many studies have examined the role of
NK cells in defense against M. tuberculosis and viral infections
(31–35), the role and activities of NK cells against NTM lung
infection have not been studied in detail.
Our previous study showed that NK cells can directly kill

M. tuberculosis and M. kansasii by releasing the cytolytic proteins
perforin and granulysin (36). We also reported that anti–IFN-g
autoantibodies associated with specific MHC haplotypes play a
crucial role in patients with mycobacterial infection (37). In the
current study, we characterized the role of NK cells and IFN-g
during early stages of M. kansasii infection in the lungs. In this
context, NK cells act as the main producer of IFN-g, which ac-
tivates innate and adaptive immune responses leading to eradi-
cation of mycobacteria and survival of the host. Our results
provide important insights regarding the role of NK cells and
IFN-g in early defense against NTM infection.

Materials and Methods
Mice

All experimental procedures were approved by the Institutional Animal
Care and Use Committee of Chang Gung University. The experiments were
performed in accordance with the guidelines. Eight- to ten-week-old,
specific pathogen-free, C57BL/6 or IFN-g–deficient female mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were
fed ad libitum with chow and water. Animals were housed in a specific

pathogen-free facility and were treated in accordance with guidelines from
the National Institutes of Health (Bethesda, MD).

Experimental infection

Lung infection was performed as described before (13). Briefly, mice
were anesthetized with isoflurane (Halocarbon 1216400210) and in-
fected intratracheally with 50 ml of saline containing 1 3 106 CFUs of
M. kansasii or saline alone as negative control. At the indicated time
points, eight mice per group were killed, and the lungs were removed
aseptically and homogenized in 1 ml of PBS.

NK cell depletion

C57BL/6 and IFN-g–deficient mice were treated every 5 d i.p. with 100 mg
of rabbit AAGM1 Ab (Wako Chemicals USA, Richmond, VA) or rabbit
isotype IgG as negative control. Two weeks after the initiation of AAGM1
treatment, mice were infected intratracheally with M. kansasii or bacteria-
free saline. Ab treatment continued for the duration of the experiment.
Noninfected mice that had received AAGM1 or saline were included for
each experimental time point. Flow cytometry analysis of lung, spleen, and
liver cells was used to monitor the efficacy of NK1.1+ cell depletion.
Following depletion, NK cells represented ,0.5% of lymphocytes in the
three organs examined. Alternatively, mice were treated with anti-NK1.1
Ab (clone PK136; BD Biosciences, San Jose, CA), which produced similar
results (data not shown).

Culture of mycobacteria

M. kansasii type strain (ATCC 12478) was obtained from the American
Type Culture Collection (Manassas, VA). Bacteria were grown at 37˚C
on Middlebrook 7H11 agar or in 7H9 broth (Difco Laboratories, Franklin
Lakes, NJ) supplemented with 0.5% glycerol and 10% oleic acid-bovine
albumin-dextrose-catalase (Becton Dickinson, Franklin Lakes, NJ).
Bacteria were transferred into 7H9 broth media (Difco Laboratories)
containing 10% glycerol, adjusted to an OD of 0.8 (absorbance was
measured at a wavelength of 600 nm using a spectrophotometer) and
stored at 280˚C.

Mycobacterial killing assay

Lungs were perfused with saline, and the right lung was excised. Special
care was taken to exclude hilar tissues or proximal bronchi. The right lung
was minced, suspended in 1 ml of PBS, and homogenized. CFUs were
determined by preparation of serial bacterial dilutions in 7H9 broth, fol-
lowed by plating onto Middlebrook 7H11 agar plates. Bacterial colonies
were counted after incubation at 37˚C for 14–18 d.

Histological analysis

Lungs were fixed in buffered formalin and embedded in paraffin. Thin
sections (4 mm) were prepared and stained with H&E. Stained sections
were examined under an optical light microscope (Olympus, Tokyo,
Japan). To quantify the surface of granulomas, histological images were
analyzed using the ImageJ software (National Institutes of Health). The
threshold was set to discriminate between granuloma and alveolae, and the
percentage of granulomatous area was calculated using the Analyze Par-
ticle command. Two randomly selected fields from each 10–15 section
were analyzed. Cryosections were stained as previously described (38).
Briefly, sections were stained with PE-conjugated anti-CD11b mAb (red)
and FITC-conjugated anti-CD3 mAb (green). Sections were analyzed us-
ing an LSM 510 Zeiss Confocal Laser Scanning Microscope (ZEISS, Jena,
Germany).

Lung single-cell preparation

Lung single cells were prepared as described by Ichinohe et al. (39) with
minor modifications. Briefly, the right lung was perfused with 2 ml of
sterile PBS (pH 7.4) and minced to ∼1 mm pieces. Lung tissues were
incubated in 10 ml of RPMI 1640 liquid culture medium (Life Technol-
ogies, Carlsbad, CA) containing HEPES (2.5 mM; Life Technologies) and
EDTA (1.3 mM; Invitrogen) at 37˚C for 30 min, followed by incubation in
RPMI 1640 medium containing HEPES (2.5 mM), 5% FBS (Life Tech-
nologies), and collagenase (1 mg/ml; Sigma-Aldrich) at 37˚C for 1 h.
Single-cell suspension was collected after RBC lysis and mesh filtration.

Flow cytometry analysis

Abs used for flow cytometry analysis were as follows: CD3-FITC (145-2C11),
NK1.1-PE (PK136), CD11c-PE (HL3), F4/80-PE (BM9), Ly6G-PE (1A8),
CD19-PE (1D3), CD4-PE (GK1.5), gd TCR-FITC (GL3), CD80-FITC
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(16-10A1), CD86-allophycocyanin, IL-6–allophycocyanin (MP5-20F3), IL-10–
allophycocyanin, IL-12–allophycocyanin (p40/p70), TNF-a–allophycocyanin,
IFN-g–allophycocyanin, IL-17A–Alexa Fluor 647 (TC11-18H10), NKp46–Alexa
Fluor 647 (29A1.4), and CD69-allophycocyanin (H1.2F3) (BD Pharmingen).
Perforin-allophycocyanin (eBioOMAK-D) and NKG2D-allophycocyanin (CX5)
were purchased from eBioscience (San Diego, CA). IL-1b–allophycocyanin and
IL-23–allophycocyanin were purchased from R&D Systems (Minneapolis, MN).
Rabbit IgG-FITC was purchased from Beckman Coulter (Brea, CA). For surface
staining, the single-cell suspension was directly stained with surface Ab, washed
once with cold PBS containing 2% FBS, and resuspended in cold PBS. For
surface and intracellular staining, cells were incubated in RPMI 1640 liquid
medium containing PMA (25 ng/ml; Sigma-Aldrich) and ionomycin (1 mg/ml;
Sigma-Aldrich) for 1 h, followed by addition of BD GolgiPlug (BD Biosciences)
for 3 h at 37˚C under 5% CO2. Stimulated cells were stained with surface Ab
and fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences)
according to the manufacturer’s instructions, followed by intracellular staining.
Stained cells were detected using BD FACSCalibur (BD Biosciences), and data
were analyzed using the Kaluza software (Beckman Coulter).

Cell isolation and purification

C57BL/6 lungs were harvested, and single-cell suspensions were prepared in
PBS containing 10% FBS. NK cells were negatively selected from lung
single-cell suspensions using the EasySep NK Cell Depletion Kit (Stemcell
Technologies, Grenoble, France). The negatively selected NK cells were
subjected to flow cytometry cell sorting to increase cell purity (NK1.1+ CD32).
Cell purity was determined to be .95%. Lung macrophages were collected
from lung single-cell suspensions. Briefly, lung single cells were resus-
pended in regular RPMI 1640 medium containing 100 U/ml penicillin,
100 mg/ml streptomycin, 10% FBS, and 2 mM L-glutamine. Single cells
were seeded in 24-well plates (1.5 3 106 cells per well), and lung macro-
phages could adhere for 2 h at 37˚C under 5% CO2, followed by removal of
the medium and washing three times with culture medium to remove
nonadherent cells. TCR gd T cells were purified using a two-step procedure
using MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Briefly, B cells and macrophages were depleted using biotin-conjugated
anti-B220 and anti-CD11b mAbs and streptavidin microbeads. TCR gd
T cells were positively selected using PE-conjugated anti-TCR gd mAb (BD
Biosciences) and anti-PE microbeads with autoMACS (Miltenyi Biotec).

Cytokine measurements

IFN-g, IL-12, and IL-17A were measured from lung homogenates using
commercial ELISA kits (R&D Systems) according to the instructions
from the manufacturer. For multiplex cytokine assays, lung homogenates
from mice were evaluated for cytokine and chemokine levels using mul-
tiplex bead-based immunoassay kits (Bio-Plex Cytokine Assay; Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions.

Adoptive transfer of NK cells

NK cells were isolated from the spleen of C57BL/6 mice, and 1 3 106 NK
cells in 30 ml of sterile PBS were transferred i.v. to NK1.1 cell–depleted
mice (NK2 mice), IFN-g–deficient mice, or naive control recipients. Re-
cipient mice were intratracheally instillated with 1 3 106 CFUs of
M. kansasii 24 h after NK cell adoptive transfer or i.p. administration of
rIFN-g (5 mg in 100 ml of 0.9% saline).

Statistical analysis

Data are shown as mean 6 SD for parametric analysis. Differences be-
tween two groups were assessed using parametric unpaired two-tailed
Student t test. Data sets involving more than two groups were assessed
using one-way ANOVA. Animal survival rates were evaluated using
Kaplan–Meier survival analysis with the log-rank test. The p values ,0.05
were considered statistically significant.

Results
NK1.1 cells prevent mycobacteria dissemination and prolong
survival in mice

To examine whether NK cells protect the host against NTM lung
infection, we treated C57BL/6 mice i.p. with anti–asialo-GM1 Ab
(AAGM-1) to deplete NK1.1 cells. NK1.1 cell depletion efficacy
was verified using flow cytometry analysis of bronchoalveolar la-
vage fluid (BALF; Fig. 1A). NK1.1+ CD32 NK cells represented
3.41% of BALF cells in control IgG-treated mice, whereas the cells
decreased to 0.94% in AAGM-1–treated mice (Fig. 1A, week 2).

After 4 wk of AAGM-1 Ab treatment, NK1.1+ CD32 cells repre-
sented only 0.78% of BALF cells (Fig. 1A, week 4). In contrast,
NK1.1+ CD3+ NKT cells were not affected by AAGM-1 Ab
treatment (Fig. 1A).
Mice were infected intratracheally with M. kansasii at a dose of

1 3 106 CFUs using established procedures (13), and survival was
monitored (Fig. 1B, n = 10/group). All control mice and NK2

mice that were not infected with M. kansasii were alive at 10 wk
(Fig. 1B). In contrast, only 50% of control mice were still alive 10
wk after M. kansasii infection, whereas all infected NK2 mice
were dead within 8 wk (Fig. 1B).
As early as 1 d after M. kansasii infection, mycobacterial load

increased in the lungs of NK2 mice compared with control mice,
but the difference was not statistically significant (Fig. 1C, left
panel, day 1). Although bacterial load remained relatively constant
for 4 wk in the lungs of NK2 mice, bacteria levels decreased in a
time-dependent manner in the lungs of control mice (Fig. 1C).
Notably, 2 wk postinfection, dissemination of M. kansasii bacteria
to the spleen and liver occurred in NK2 mice, whereas bacterial
dissemination did not occur in control mice (Fig. 1C). Examina-
tion of NK2 mice 4 wk postinfection revealed signs of spleno-
megaly, with the spleen of these mice being 10–20% larger than
that of control mice (Supplemental Fig. 1A). These results suggest
that NK1.1 cells protect the host against NTM lung infection.

NK2 mice show defective early innate immune responses
against mycobacteria

We examined the effects of NK1.1 cell depletion on immune cells
and cytokines found in lung tissues of M. kansasii–infected mice.
Flow cytometry analysis of BALF from NK2 mice revealed re-
duced levels of DCs (CD11c+), TCR gd T cells (CD3+, TCR gd+),
and B cells (CD19+) as early as 1 d after mycobacteria infection,
whereas the level of neutrophils increased (Ly6G+) (Fig. 2A, day 1,
NK2 mice versus control). No significant difference was noted for
macrophages (F4/80+) or NKT cells (NK1.1+ CD3+) in control and
NK2 mice (Supplemental Fig. 1B). Similar trends were observed
at weeks 2 and 4 postinfection, with minor variations (Fig. 2A,
Supplemental Fig. 1B; for instance, CD4+ T lymphocytes were
reduced in NK2 mice at weeks 2 and 4, but no reduction of B cells
was observed at week 2).
Robust immunity against mycobacteria depends on efficient

cytokine production upon interactions between bacteria and innate
immune cells (40–42). One day postinfection, the level of many
cytokines and chemokines, including IL-1b, IL-6, IL-10, IL-12,
IL-17A, IL-23, TNF-a, macrophage-derived chemokine, MIP-3a,
keratinocyte chemoattractant (also known as IL-8), and IFN-g,
was reduced in the lungs of NK2 mice (Fig. 2B, Supplemental
Fig. 1C, NK2 mice versus control). In contrast, chemokines and
cytokines such as RANTES, MIP-1a, MCP-1, LIX, MIP-2, and
G-CSF increased in the lungs of NK2 mice (Supplemental Fig.
1C), consistent with the observation that many neutrophils had
infiltrated lung tissues in NK2 mice (Fig. 2A, Ly6G+). Other
cytokines such as GM-CSF and IL-1a showed no variation be-
tween control and NK2 mice on day 1 (Supplemental Fig. 1C).
Similar results were obtained at weeks 2 and 4; however, RANTES
showed a large reduction in NK2 mice, whereas MIP-1a, MCP-1,
keratinocyte chemoattractant, and G-CSF increased in NK2 mice
(Fig. 2B, Supplemental Fig. 1C, NK2 mice versus control).
To further confirm that altered cytokine response occurred in

mycobacteria-infected NK2 mice, we performed flow cytometry
analysis to examine the level of macrophages and DCs producing
specific cytokines. One day postinfection, the levels of DCs
(Fig. 2C) and macrophages (Fig. 2D) producing various cytokines
(i.e., IL-1b, IL-6, IL-10, IL-12, IL-23, and TNF-a) were reduced
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in NK2 mice compared with control mice. Similar trends were
observed at weeks 2 and 4 (Fig. 2C, 2D). Thus, NK2 mice display
an altered profile of innate immune cells and cytokine production
as early as 1 d after mycobacteria infection.

Impaired adaptive T cell response in NK2 mice

After engulfment of mycobacteria, activated macrophages produce
IL-12, which induces the secretion of IFN-g and other cytokines,
eventually leading to differentiation of naive T cells toward the Th1
adaptive immunity pathway (43, 44). During lymphocyte activation,
costimulation by APCs is crucial for the development of an effective
immune response (45). In addition to the altered cytokine production
noted above, we observed a decreased production of mycobacteria-
induced costimulatory molecules (i.e., MHC class II [MHCII],
CD80, CD40, and CD86) on DCs and macrophages isolated from
the lungs of NK2 mice 4 wk postinfection (Fig. 2C, 2D).
Given that reduced levels of costimulatory molecules on DCs and

macrophages may lead to attenuated adaptive T cell response fol-
lowingmycobacteria infection, we examined the population of CD4+

T cells using flow cytometry. As shown in Supplemental Fig. 2A,
CD4+ T cells were significantly reduced in BALF of NK2 mice 2
and 4 wk postinfection. Consistent with these results, CD4+ T cells
producing IFN-g and IL-17A were also reduced 2 and 4 wk post-
infection (Supplemental Fig. 2B). We also monitored TCR gd

T cells, which have been identified as a major producer of IL-17A
within mycobacteria-induced lung granulomas (38). As shown
in Supplemental Fig. 2C, TCR gd T cells producing IFN-g
and IL-17A were also considerably reduced 2 wk postinfection in
NK2 mice compared with control mice. These results suggest that
NK1.1 cell deficiency affects adaptive T cell response during
mycobacteria infection.

Impaired granuloma formation in lungs of NK2 mice

Granuloma formation in the lungs plays an important role in limiting
mycobacteria dissemination and tissue damage (46). Previous
studies of M. tuberculosis infection showed that granuloma for-
mation requires integration of many innate and adaptive immune
activities controlled by NK cells (47). We therefore examined
whether NK cell deficiency may impair lung granuloma formation
following M. kansasii infection. Two weeks after mycobacteria
infection, the granuloma structure was affected, and granuloma
surface area was reduced in the lungs of NK2 mice compared with
the control mice (Fig. 3A, 3B). Granuloma surface area gradually
increased with time in control mice; however, granulomas did not
progress in NK2mice (Fig. 3B, week 4 versus week 2). By contrast,
no significant pathological differences were observed in the lungs of
control and NK2 mice in the absence of mycobacterial infection
(Supplemental Fig. 3).

FIGURE 1. NK cells restrict mycobacterial lung infection and improve survival in mice. NK cells were depleted by i.p. injections of AAGM1 Ab

(100 mg) every 5 d in C57BL/6 mice. Isotype IgG (100 mg) was used as negative control. (A) NK cell level in BALF was monitored by flow cytometry at

the time indicated after injection. (B) After injection of AAGM1 or IgG for 4 wk, mice were infected intratracheally withM.k (13 106 CFUs) or a bacteria-

free saline as negative control, and survival was monitored. (C) Bacterial growth was measured in the lungs, spleen, and liver at the time indicated

postinfection. In (B), the animal survival rate was evaluated using Kaplan–Meier survival analysis with the log-rank test (n = 10 mice per group). In (C), the

data represent mean 6 SD from three independent experiments (n = 10) using the unpaired Student t test. ¥p , 0.001. CTL, control IgG-treated mice

(containing NK cells); M.k, M. kansasii; ND, not detected.
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Lung granuloma structure was examined following staining with
fluorescent Abs that react against CD3+ T cells or CD11b+ DCs.
A compact granuloma structure showing abundant CD3+ T cells

and CD11b+ DCs was observed in control mice 2 and 4 wk
postinfection (Fig. 3C). In contrast, granulomas failed to form
properly in mycobacteria-infected NK2 mice (Fig. 3C). These

FIGURE 2. NK2 mice show defective innate immune response against mycobacteria. (A) Immune cell markers and (B) cytokines were analyzed in CTL

and NK2 mice at the time indicated postinfection. Immune cells and cytokines were examined using flow cytometry and ELISA, respectively. Levels of (C)

CD11c+ DCs and (D) F4/80+ macrophages harboring the indicated cytokines or costimulatory markers were analyzed using flow cytometry 1 d, 2 wk, or

4 wk postinfection. The data represent mean 6 SD from three independent experiments (n = 10) using the unpaired Student t test. *p , 0.05, #p , 0.01,
¥p , 0.001. CTL, control IgG-treated mice; M.k, M. kansasii.
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results suggest that NK1.1 cells are required for lung granuloma
formation in response to NTM infection.

Interactions between NK cells and macrophages are required
for the anti-NTM immune response

We examined the possibility that the aberrant antimycobacterial
response observed in NK2 mice may be related to IFN-g pro-
duction, as NK cells have been shown to produce this cytokine
(48). In noninfected control mice, CD4+ T cells, TCR gd T cells,
and NK cells producing IFN-g represented 0.58, 0.09, and 0.27%
of BALF cells, respectively (Fig. 4A, 4B). One day postinfection
with M. kansasii, the levels of CD4+ T cells, TCR gd T cells, and
NK cells producing IFN-g increased to 2.03, 0.34, and 25.15%,
respectively (Fig. 4A, 4B), indicating that NK cells represent the
main producer of IFN-g in this context.

We reasoned that lung NK cells may work in concert with
macrophages to enhance mycobacterial killing. To address this
possibility, we isolated primary NK (pNK) cells and alveolar
macrophages from lung tissues and measured the effects of pNK
cells on mycobacterial killing by macrophages. As shown in
Fig. 4C, macrophages significantly reduced the levels of live
mycobacteria in vitro and pNK cells further enhanced the killing
activity of macrophages. Moreover, pNK cells alone could kill
mycobacteria (Fig. 4C).
We then measured the effect of pNK cells on production of IL-12

by macrophages. As shown in Fig. 4D, unstimulated macrophages
produced ∼3.5 pg/ml IL-12. Incubation of macrophages with
mycobacteria significantly enhanced IL-12 production to 45 pg/ml
(Fig. 4D). Incubation of macrophages, mycobacteria, and pNK
cells further enhanced IL-12 production (Fig. 4D; 70 pg/ml).

FIGURE 3. NK2 mice show impaired

lung granuloma formation. (A) Histopa-

thology analysis of H&E-stained lung tissue

sections from CTL and NK2 mice was

performed at the time indicated postinfec-

tion with M.k. Scale bars: low magnifica-

tion, 100 mm; inset, 25 mm. (B) Lung

granuloma area in tissue sections was de-

termined using ImageJ at the time indicated

postinfection. (C) Immunofluorescence

staining of frozen lung sections was per-

formed 2 and 4 wk postinfection. Anti-CD3

(green) and anti-CD11b (red) Abs were

used and sections were observed under

confocal laser scanning microscopy at an

original magnification of 3200. Scale bar,

25 mm. Two different fields of the same

sample from at least three tissue sections

per group were analyzed. Representative

slides are shown. In (B), the data represent

mean 6 SD from three independent ex-

periments (n = 10) using the unpaired Stu-

dent t test. *p , 0.05, ¥p , 0.001. CTL,

control IgG-treated mice; M.k, M. kansasii.
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FIGURE 4. NK cells produce high levels of IFN-g and interact with macrophages following mycobacterial infection. (A) Percentage of IFN-g production

by lymphocytes 1 d postinfection. IFN-g production by CD4 T cells, TCR gdT cells, and NK cells was measured in BALF using flow cytometry. (B)

Quantitative analysis of flow cytometry data shown in (A). (C) Mycobacterial killing by macrophages incubated with pNK cells. Macrophages (1 3 105

cells per well) were incubated with pNK cells (1 3 105 cells per well) and/or M.k (1 3 104 CFUs) at a multiplicity of infection (MOI) of 0.1 for 24 h. An

effector/target ratio of 10:1 was used. (D) Production of IL-12 by macrophages. Conditions were similar to (C). (E) Effects of macrophages and M.k on

IFN-g production by pNK cells. Conditions were similar to (C). In (B), data represent mean 6 SD from three independent experiments (n = 10)

using the unpaired Student t test. In (C)–(E), data represent mean 6 SD from three independent experiments (n = 6) using one-way ANOVA analysis.

*p , 0.05, #p , 0.01, ¥p , 0.001. MF, macrophage; M.k, M. kansasii.
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These results indicate that pNK cells and mycobacteria induce
bacterial killing by macrophages.
To determine whether pNK cells may reciprocally interact with

macrophages in response to NTM infection, we measured the effect

of macrophages on pNK cell activity. Although incubation of

macrophages with mycobacteria produced little or no IFN-g,

pNK cells alone produced ∼22 pg/ml IFN-g (Fig. 4E). When pNK

cells were mixed with mycobacteria, 300 pg/ml IFN-g was

produced (Fig. 4E). In contrast, incubation of pNK cells with

mycobacteria and macrophages increased IFN-g production to

750 pg/ml (Fig. 4E), indicating that IFN-g production by pNK

cells is enhanced by infected macrophages.

NK cells and IFN-g reduce NTM-induced pathogenesis in
NK2 mice and IFN-g knockout mice

We examined the effects of adoptive NK cell transfer and IFN-g on
bacterial load and macrophage phagocytosis activity during the

early infection stage. One day after M. kansasii infection, adoptive

transfer of NK cells significantly reduced bacterial load in lung

tissues of NK2 mice (Fig. 5A, NK2 mice + NK versus NK2 mice).

FIGURE 5. Adoptive transfer of NK cells improves immune response against mycobacteria in NK2 mice. (A) One day after mycobacteria infection,

bacterial load and macrophage phagocytosis activity were analyzed. (B) Levels of macrophages (F4/80+) producing the cytokines indicated or MHCII

were measured using flow cytometry. CTL mice and NK2 mice were treated with adoptive transfer of NK cells derived from untreated mice or

IFN-g2/2 mice. Mice were infected intratracheally with 1 3 106 CFUs of M.k. Adoptive transfer of NK cells (1 3 106 cells) or IFN-g–deficient

(IFN-g2/2) NK cells (1 3 106 cells) into NK2 mice was performed to evaluate the role of IFN-g from NK cells during the antimycobacteria immune

response. rIFN-g (5 mg) was used for injection. The data represent mean 6 SD from two independent experiments (n = 6) and were analyzed using

one-way ANOVA analysis. *p , 0.05, #p , 0.01, ¥p , 0.001. CTL, control IgG-treated mice; IFN-g2/2 NK, NK cells isolated from IFN-g2/2 mice;

M.k, M. kansasii.
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Adoptive transfer of NK cells also increased macrophage phago-
cytosis activity in NK2 mice (Fig. 5A, right panel). By contrast, no
significant improvement of bacterial load or macrophage phago-
cytosis was observed in mice that had received an adoptive transfer
of NK cells derived from IFN-g2/2 mice (Fig. 5A, NK2

mice + IFN-g2/2 NK versus NK2 mice). These results further
support the concept that NK cells enhance macrophage killing
activity and mycobacteria eradication at the early stage of myco-
bacterial infection. Consistent with these observations, the level of
macrophages producing IL-1b, IL-10, IL-12, IL-23, TNF-a, and
MHCII was also enhanced following adoptive transfer of NK cells
compared with NK2 mice, whereas no effects were produced by

transfer of NK cells from IFN-g–deficient mice (Fig. 5B). In
addition, a similar trend in the production of IL-17A and IFN-g
by TCR gd T cells was observed following adoptive transfer
of NK cells and IFN-g–deficient NK cells into NK2 mice
(Supplemental Fig. 4A).
We examined the effects of IFN-g in this context using

IFN-g2/2 mice and rIFN-g (49). One day after mycobacterial
infection, adoptive transfer of NK cells or injection of rIFN-g
into IFN-g2/2 mice reduced lung bacterial load and enhanced
macrophage phagocytosis activity (Fig. 6A). In addition, lev-
els of macrophages producing IL-1b, IL-10, IL-12, IL-23,
TNF-a, or MHCII were also enhanced following adoptive

FIGURE 6. Adoptive transfer of NK cells and IFN-g treatment at the early stage of infection improves antimycobacteria activity in IFN-g knockout

mice. (A) One day after mycobacteria infection, lung bacterial load and macrophage phagocytosis activity were measured. (B) Production of cytokines and

MHCII in F4/80+ macrophages were measured using flow cytometry. WT mice and IFN-g2/2 mice received adoptive transfer of NK cells (13 106 cells) or

injection of rIFN-g (5 mg), 1 d after mycobacteria infection. Mice were infected intratracheally with 1 3 106 CFUs of M.k. Data represent mean 6 SD

from two independent experiments (n = 6) and were analyzed using one-way ANOVA analysis. *p , 0.05, #p , 0.01, and ¥p , 0.001. IFN-g2/2,

IFN-g–deficient mice; M.k, M. kansasii; NK, NK cells isolated from WT mice; WT, wild-type.
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transfer of NK cells or rIFN-g treatment in IFN-g2/2 mice
(Fig. 6B). Furthermore, production of IL-17A and IFN-g from
IFN-g–deficient TCR gd T cells was also significantly enhanced
following adoptive transfer of NK cells or rIFN-g treatment in
IFN-g2/2 mice (Supplemental Fig. 4B). These results indicate
that NK cells and IFN-g play an important role at the early stage
of the immune response against mycobacteria.

Early IFN-g treatment protects against mycobacteria infection

We investigated whether the timing of IFN-g treatment may affect
protection against mycobacteria infection. Two weeks after
infecting NK2 mice with M. kansasii, bacterial load in lung tis-
sues significantly increased in contrast to control mice (Fig. 7A).
This phenomenon was still evident 4 wk postinfection (Fig. 7A).
By contrast, daily injection of rIFN-g into NK2 mice, starting on
day 1 postinfection, significantly reduced lung bacterial load, as
assessed 2 or 4 wk postinfection (Fig. 7A, NK2 mice + rIFN-g
Day 1). By contrast, daily injection of rIFN-g, starting 2 wk
postinfection, failed to reduce bacterial load (Fig. 7A, NK2

mice + rIFN-gWeek 2). Similarly, early rIFN-g treatment restored
macrophage phagocytosis activity in NK2 mice, whereas late
treatment was ineffective (Fig. 7A, right panel).
We also examined the effects of IFN-g treatment timing on lung

granuloma formation following M. kansasii infection. Although
control mice produced compact and well-formed lung granulomas
following mycobacterial infection, NK2 mice produced loosely
formed granulomas and showed signs of necrotic inflammation in
lung tissues (Fig. 7B, 7C). Notably, rIFN-g treatment at the early
stage of infection, starting on day 1 postinfection, improved the
structure of granulomas and increased their surface area (Fig. 7B,
7C, NK2 mice + rIFN-g Day 1). In contrast, rIFN-g treatment
at a later stage of infection, starting 2 wk postinfection, failed
to improve the structure or area of granulomas (Fig. 7B, 7C,
NK2 mice + rIFN-g Week 2). Taken together, these results in-
dicate that early IFN-g production following NTM infection
plays a crucial role in the host immune response.

Discussion
Previous studies of the immune response of the host against
mycobacteria have focused on the effects of M. tuberculosis in
tuberculosis. Clearance of M. tuberculosis by lung alveolar mac-
rophages and DCs is usually poor. In response to TLR signaling,
activated DCs and macrophages secrete IL-12 and IL-18 to
activate lymphocytes. During the early immune response, medi-
ators such as IFN-g and TNF-a further activate macrophages and
promote bacterial clearance. IFN-g induces the production of
many other proinflammatory cytokines, chemokines, and defen-
sins, which help to recruit innate immune cells to the site of in-
fection. However, because of factors related to host immunity and
mycobacteria virulence, several M. tuberculosis strains are not
completely eradicated by macrophages and even survive and
proliferate within these cells (50). This phenomenon leads to the
establishment of acquired T cell immunity and formation of
granulomas, which confine bacteria and aim to prevent systemic
dissemination.
In contrast, the immune response against NTM lung infection

differs from that produced by M. tuberculosis (8). Previous studies
showed that anti–IFN-g autoantibodies are detected in patients
that suffer from disseminated NTM infection in Taiwan, Thailand,
and Southeast Asia, thus highlighting the importance of optimal
IFN-g production and activity against NTM infection (17, 37). For
reasons that remain unclear, few cases of M. tuberculosis infec-
tion were identified among the autoimmune patients harboring
anti–IFN-g autoantibodies (37). Thus, the role and underlying

molecular mechanism of IFN-g in defense against M. tuberculosis
and NTM pathogens warrant further studies. Using an animal model
of NTM lung infection, we report in this study that early production
of IFN-g plays an important role to eradicate NTM from the lungs.
Although CD4+ T cells may secrete IFN-g during mycobacte-

rial infection, emerging evidence indicates that NK cells and other
T cell subsets, including TCR gd T and CD8+ T cells, play a
critical role in this process (51). NK cells have been shown to
represent a major source of early IFN-g production in pleural
fluid lymphocytes challenged with M. tuberculosis, and direct
interaction between NK cells and APCs is important for subse-
quent activation of proinflammatory pathways (52, 53). During
this process, robust innate immune activation involving NK cell
activation and IFN-g secretion may be essential for efficient my-
cobacterial clearance, especially at the early infection stage (54).
Furthermore, secretion of IFN-g and TNF-a from NK cells was
strongly enhanced by IL-12 upon challenge with Mycobacterium
bovis bacillus Calmette–Guérin (55). These results suggest that
early IFN-g production from NK cells is required to eradicate
M. tuberculosis during lung infection.
In the current study, we describe the role of NK cells and IFN-g

produced by these cells in the immune response againstM. kansasii
infection. We show that NK cells act as the main producer of IFN-g
in lung tissues at the early stage of mycobacterial infection. As early
as 1 d after mycobacterial infection, NK cells produce significant
amounts of IFN-g, which subsequently activates macrophages and
DCs and enhances the antimycobacterial effects of these cells.
Reciprocally, activated macrophages and DCs also produce IL-12 to
stimulate NK cell activity. Some mycobacteria may survive these
killing processes, and granulomas form in the lungs to prevent
bacterial dissemination to distant organs. We observed that NK1.1
cell depletion reduces IFN-g production in lung tissues as early as
1 d after mycobacteria infection, a phenomenon associated with
reduced mycobacteria killing by macrophages and NK cells. In
addition, reduced Ag presentation to CD4+ T cells and aberrant
granuloma formation was observed in NK2 mice. These results
indicate that environmental and host genetic factors that interfere
with early IFN-g production by NK cells may prevent efficient
interactions among NK cells, DCs, and macrophages and lead to
severe mycobacteria infection.
It is interesting to note that adoptive transfer of NK cells or

rIFN-g treatment fails to prevent mycobacteria-induced pathogen-
esis at a late stage of infection (2 wk) in IFN-g–deficient mice,
whereas the same treatments are effective at the early stage of
infection (day 1). These results highlight the important role of NK
cells and IFN-g in activating innate and adaptive immunity
immediately after NTM infection. Upon NK cell depletion, the
immune response of the host seems to be significantly reduced.
After a long period of infection in immunocompromised pa-
tients, mycobacteria may have resisted the early immune response
observed in the lungs and spread to other organs of the body. Our
results suggest that adoptive transfer of NK cells or rIFN-g treat-
ment may not be efficient to confine and eradicate NTM pathogens
from the lungs at a late stage of infection. In contrast, early inter-
ventions that stimulate the immune response may be effective for
the prevention and control of NTM infections.
The effects of NK cells and IFN-g may not be specific to

M. kansasii infection. A previous study on the environmental op-
portunistic NTM pathogen Mycobacterium massiliense indicates
that infection by this bacterium causes a granulomatous inflam-
matory reaction that involves activation of macrophages, DCs, and
NK cells induced by IFN-g, IL-12, and IL-17 in soft tissues (56).
Furthermore, NK cell depletion leads to a disseminated lethal lung
infection by Bordetella pertussis, and this response is associated
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with reduced Ag-specific Th1 response and enhancement of Th2
response (57). In this previous study, following respiratory chal-
lenge with B. pertussis, NK cells were also the primary producers of
IFN-g in the lungs, and NK cells’ IFN-g production was mediated
by B. pertussis–induced IL-12 or IL-23 production from DCs.

Consistent with the results obtained in the current study,
NK cells confer resistance to B. pertussis infection by activating
IL-12–mediated production of IFN-g, which enhances the anti-
bacterial activity of macrophages and promotes the differentiation
of Th1 cells.

FIGURE 7. Early in vivo IFN-g treatment protects NK2 mice against mycobacteria pathogenesis. CTL and NK2 mice were intratracheally infected with

13 106 CFUs ofM. kansasii. NK2mice were injected with rIFN-g (5 mg), starting either 1 d or 2 wk postinfection. (A) Two and four weeks postinfection, lung

bacterial load and macrophage phagocytosis activity were monitored. (B) Histological examination of lung tissues was performed and (C) granuloma surface

area was measured. Scale bars, low magnification, 100 mm; inset, 25 mm. In (A) and (C), data represent mean 6 SD from three independent experiments

(n = 10) and were analyzed using one-way ANOVA analysis. *p , 0.05, #p , 0.01, ¥p , 0.001. CTL, control IgG-treated mice; M.k, M. kansasii.
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The important roles of NK cells and IFN-g have also been
studied in response to respiratory infection with the bacterium
Francisella tularensis, in which NK cells are the early responders
responsible for IFN-g secretion. F. tularensis is a Gram-negative
intracellular bacterium that may induce lethal pneumonic tulare-
mia after inhalation (58). Significant increase in the number of
cells secreting IFN-g was observed 72 h after intranasal infection,
and CD11b+ DX5+ NK cells were primarily responsible for such
production. In addition, NK cell depletion decreases the percent-
age of IFN-g–secreting cells, indicating that NK cells produce
IFN-g and protect the host against intracellular pathogens (58).
Besides lung infection, IFN-g and hepatic NK cells are also in-
volved in F. tularensis–induced hepatic granuloma formation and
in the subsequent pathological changes occurring in the liver (59).
The important role of NK cells and IFN-g derived from these

cells was also highlighted by a study that assessed the functions of
DCs in a murine model of Chlamydia muridarum infection (60).
NK cell–depleted mice showed exacerbated infection and patho-
genesis, reduced levels of IL-12 and IL-10, and reduced ability to
direct primary and established Ag-specific Th1 CD4+ T cell re-
sponses in respiratory tract infection caused by C. muridarum.
Consistent with the results reported in this study, adoptive transfer
of DCs from control mice, but not from NK cell–depleted mice,
improves type 1 protective immunity in recipients postinfection
(60). Furthermore, in this infection model, NK cells strongly en-
hance IL-12 production by DCs in an NK–DC coculture sys-
tem, and this phenomenon is abolished by neutralizing IFN-g
activity (60).
In addition to bacterial infection, NK cells were also reported to

represent the major population of cells producing IFN-g during
early infection in the lungs of neutropenic mice with invasive
aspergillosis (61). Depletion of NK cells reduces lung IFN-g
levels and increases lung fungal load, and these phenomena ap-
pear to be independent of T and B cell subsets. Depletion of NK
cells and the absence of IFN-g result in a similar increased
susceptibility to aspergillosis infection, but NK cell depletion in
IFN-g–deficient hosts does not further increase the severity of the
infection (61). NK cell–derived IFN-g enhances macrophage an-
timicrobial effects in vitro and results in greater expression of
IFN-g–inducible chemokines in the lungs. Finally, transfer of
activated NK cells from wild-type mice, but not IFN-g–deficient
hosts, results in greater pathogen clearance from the lungs in both
IFN-g–deficient and wild-type recipients. Taken together, these
data indicate that NK cells are also responsible for the early
production of IFN-g in the lungs in response to bacterial and
fungal pathogens.
In addition to immunity against bacteria and fungus, NK cells

and IFN-g are also involved in early virus infection. Interaction
between monocytes and NK cells and production of IFN-g and
TNF-a during the innate immune response are also shown to be
important for host innate immunity (62). Within a day or so after
mouse CMV infection, NK cells are activated to produce IFN-g
and attack pathogen-infected cells (63). A similar observation on
the role of NK cells was also reported following i.p. infection with
Toxoplasma gondii cysts, in which NK cell–derived IFN-g was
required for local differentiation of monocytes into inflammatory
macrophages and DCs (64). In this context, the newly generated
DC population may serve as the major source of IL-12 at the site
of infection.
Taken together, these observations indicate that NK cell–derived

IFN-g is important to regulate immune cell activities and the
differentiation of monocytes into the immune cells required for
initiating the response to intracellular bacterial, viral, and parasite
infections. Our results highlight the important role of NK cells and

IFN-g in early defense against NTM lung infection in vivo. Fur-
ther studies are needed to develop new strategies to modulate NK
cell activity to enhance the efficacy of anti-NTM treatments
against lung infections.
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Abstract
Background  Gastric cancer has a poor outcome and identifying useful biomarkers from peripheral blood or tissue could 
allow its early detection, or potentially precancerous changes, thus improving the curative rates. MicroRNAs (miRNAs) have 
been shown to offer great potential in cancer diagnosis and prediction.
Aim  Here, we investigated the role of plasma miRNAs in the natural course of gastric cancer, from intestinal metaplasia to early 
cancer. The findings were used to understand whether patients at a high risk of malignancy could be given appropriate interven-
tions in the early disease process, such as using endoscopic submucosal dissection to treat gastric dysplasia or early gastric cancer.
Methods  Participants were divided into healthy control, intestinal metaplasia (IM), and dysplasia/early cancer (pT1a/b) 
groups. Microarray was used to select potential markers in tissue.
Results  Quantitative real-time polymerase chain reaction data showed circulating miRNA-22-3p had significantly different 
expression in patients with precancerous lesions or gastric adenocarcinoma. The areas under the curve of incomplete IM 
versus healthy control, low-grade/high-grade dysplasia, early gastric cancer, and GED were 0.8080, 0.8040, 0.8494, and 
0.8095, respectively (all P values < 0.05).
Conclusions  Circulating miRNA-22-3p could be a potential biomarker for gastric precancerous dysplasia and early cancer 
detection.

Keywords  Gastric epithelial dysplasia · miRNAs · Endoscopic submucosal dissection · Liquid biopsy · Intestinal 
metaplasia · Dysplasia

Introduction

Gastric cancer (GC) is a leading cause of cancer death 
worldwide, with a poor 5-year survival rate in its advanced 
stage [1, 2]. However, the high mortality rate can be miti-
gated by detecting precancerous lesions and GC in their 
early stages.

Esophagogastroduodenoscopy screening for GC is an 
invasive and costly procedure that often fails to detect pre-
cancerous lesions and GC in their early stages, even when 
image enhancement endoscopy (IEE) is used. IEE means 
using dye, optical, and/or electronic methods to provide eas-
ier assessment of lesion’s morphology, mucosal microstruc-
ture and microvasculature features for adequate and accurate 
GED diagnosis. Here, we used the Olympus NBI system and 
linked color imaging technology (LASEREO system; Fuji-
film, Tokyo, Japan) [3, 4]. Furthermore, molecular typing of 
precancerous gastric changes has not been developed satis-
factorily. For this reason, molecular typing is not considered 
as a part of the strategy to prevent gastrointestinal cancer [5].

Although the pepsinogen I/II ratio, and carcinoembryonic 
antigen and carbohydrate antigen (CA) 19-9 levels have been 
used as noninvasive markers for GC screening and prog-
nostic grading, the results have been disappointing [6, 7]. 
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The positivity rates for carcinoembryonic antigen, CA 19-9, 
and CA 72-4 were 20.9, 34.6, and 28.1%, respectively. The 
sensitivity of serum pepsinogen testing was 77%, and the 
specificity was 73%. Hence, more useful biomarkers and 
noninvasive screening tools are required.

Several studies have reported that miRNAs play an 
important role in carcinogenesis, acting as either oncogenes 
or tumor suppressors. The expression patterns of miRNAs 
are believed to regulate tumor development and may clearly 
differentiate normal versus cancerous tissues [8]. Recent 
findings have revealed that circulating miRNAs may com-
prise a new class of biomarkers for GC [9–13]. A few stud-
ies have focused on miRNAs in early GC or precancerous 
lesions (including intestinal metaplasia (IM)) using tissue 
samples, but none has used plasma samples, especially in 
patients with IM, which is regarded as a “breaking point” 
[14–16].

IM is classified as complete or incomplete. Multivari-
ate analysis revealed that incomplete IM has the highest 
risk of developing into GC (hazard ratio: 11.3, 95% con-
fidence interval: 3.8–33.9) [14–17]. Despite the lack of 
clearly defined surveillance guidelines or a widely accepted 
surveillance program for gastric IM, early detection of GC 
may be accomplished by an annual surveillance program to 
improve the survival rates. Furthermore, endoscopic submu-
cosal dissection (ESD) preserves the stomach and provides 
good quality of life for patients with early cancer (EC) or 
precursor lesions [18, 19].

In the light of this knowledge, the present study was 
designed to evaluate the expression of miRNAs from IM 
to EC and select potential plasma biomarkers for detecting 
precancerous dysplasia and early GC, so-called gastric epi-
thelial dysplasia (GED).

Materials and Methods

Subjects

Tissue samples were collected from 55 patients [10 women 
and 45 men (Table 1)], and plasma samples were collected 
from another 75 patients, pathologically proven [21 women 
and 54 men (Table 2)] from 2014 to 2016 at the Chang Gung 
Memorial Hospital. The tissue samples were divided into four 
subgroups: IM, low-grade dysplasia (LGD), high-grade dys-
plasia (HGD), and early cancer (EC). In our study, we used 
incomplete IM to compare with other stages because of its’ 
highest risk of developing into GC. We excluded diffuse-type 
gastric cancer owing to its’ different pathway and with a poor 
5-year survival rate [20–22]. Endoscopic biopsies were done 
from the abnormal lesion (T) and its adjacent normal area (N) 
located > 5 cm distal to the tumor site under the guidance of 
IEE from the same patient. EC specimens were obtained by 

ESD and immediately stored in RNAlater (Qiagen, Hilden, 
Germany) until use. All specimens were inspected by two 
pathologists at two separated specimens and regions, except 
for definite carcinoma, to avoid inter-observer errors. All tis-
sue samples used in this study were fresh.

Blood samples (without tissue samples) were collected 
from 26 healthy volunteers (H), from the health checkup 
center and used as the control group. These volunteers were 
confirmed to be healthy by negative results of a routine 
blood test, chest X-ray, endoscopy inspection (white light 
endoscopy), ultrasonography, cancer screening pilot study, 
and computed tomography/positron emission tomography 
scan. The study was approved by the Institutional Review 
Board (IRB No. 103-2095C) of the Chang Gung Memorial 
Hospital, and all participants gave their informed consent. 
All methods were performed in accordance with relevant 
guidelines and regulations.

Table 1   Tissue sample characteristics

Induction fold: abnormal/normal; normalized with U6 of miR-22-3p

Parameters Cohort 
(n = 55)

Mean induction fold ± SE

Gender
Female 10 0.7442 ± 0.08726
Male 45 1.057 ± 0.1069
Age
≦ 60 17 1.164 ± 0.1779
> 60 38 0.9264 ± 0.1027
Pathological stage
Intestinal metaplasia 23 1.254 ± 0.1788
Low-grade dysplasia 9 0.7373 ± 0.1134
High-grade dysplasia 6 1.065 ± 0.2941
Early cancer (pT1a/b) 17 0.7722 ± 0.07182

Table 2   Plasma sample characteristics

ΔCt values for miRNA-22-3p were normalized with cel-miRNA39 
spike-in

Parameters Cohort (n = 75) Mean ΔCt ± SE

Gender
Female 21 34.22 ± 0.3369
Male 54 34.72 ± 0.2135
Age
≦ 60 29 35.07 ± 0.2395
> 60 46 34.27 ± 0.2449
Pathological stage
Intestinal metaplasia 38 35.25 ± 0.2272
Low-grade dysplasia 10 33.78 ± 0.5426
High-grade dysplasia 7 34.21 ± 0.4124
Early cancer (pT1a/b) 20 33.84 ± 0.3243
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Identification of Potential Markers

We identified potential markers from tissue microarray and 
plasma quantitative real-time polymerase chain reaction 
(qRT-PCR) and then confirmed these results by the qRT-
PCR in tissue and plasma.

Microarray Analysis

Thirteen independent pairs (T and N) of specimens from the 
study group were used to screen for miRNA expression in 
precancerous gastric stages: three pairs of intestinal metas-
tasis, four pairs of LGD, three pairs of HGD, and three pairs 
of EC. The Agilent (Santa Clara, CA, USA) Human miRNA 
Microarray V21.0 was used. This microarray contains 
probes for 2549 unique human miRNAs. The microarray 
was generated using known miRNA sequence information 
compiled in the Sanger miRBASE database v21.0. About 
100 ng of total RNA was labeled with Cy3 and hybridized 
to the Agilent miRNA Microarray and then analyzed with an 
Agilent SureScan microarray scanner. Data were extracted 
from the scanned images using Agilent Feature Extract soft-
ware v.10.5.1.1. Data were required to pass stringent quality 
control parameters established by Agilent that included tests 
for excessive background fluorescence, excessive variation 
among probe sequence replicates on the array, and measures 
of the total gene signal on the array to assess low signal [23].

Pathologic Definition of IM

IM was classified into complete and incomplete subtypes 
according to histological features. Complete IM is charac-
terized by the presence of both goblet and absorptive cells 
with a brush border. Incomplete IM lacks absorptive cells 
and is characterized by columnar cells with variably sized 
mucus vacuoles.

Pathologic Definition of Dysplasia

Dysplasia and carcinoma were diagnosed according to the 
WHO Classification of Tumors of the Digestive System [24]. 
Dysplasia was defined as intraepithelial neoplastic prolifera-
tion with cytologic and architectural atypia, but without evi-
dence of invasive growth. Carcinoma was diagnosed when 
there was convincing evidence of stromal invasion.

Analysis of Tissue and Plasma miRNAs by qRT‑PCR

Total RNA was extracted from fresh tissue using the TRIzol 
reagent kit (Life Technologies Inc., Carlsbad, CA, USA) and 
then converted to cDNA using reverse transcriptase (Life 
Technologies). SYBR Green mix (Applied Biosystems) 
was used for the qRT-PCR. Primer sequences used in the 

qRT-PCR are shown in Supplemental Table 1. U6 was used 
as the internal control, as described previously [25].

Plasma miRNA was purified using the miRCURY RNA 
Isolation Kit (Exiqon, Woburn, MA, USA). Before the 
purified samples were mixed with isopropanol, we added 
sDNA of cel-miRNA-39 as a spike-in control. The sam-
ples were eluted with 20 μL of nuclease-free water (Life 
Technologies). The purified plasma miRNA was con-
verted to cDNA in 10 μL of reaction mixture containing 
miRNA-specific stem-loop RT primers, dNTPs, reverse 
transcriptase (Life Technologies), and 20 ng miRNA. The 
qRT-PCR conditions were the same for plasma and tissue 
samples. The ABI Prism 7500 Fast Real-Time PCR system 
(Life Technologies) was used for the qRT-PCR. For tissue 
analysis, fold changes in gene expression of T relative to 
N specimens were calculated with the 2−ΔΔCt method and 
transformed to log 2, whereby ΔΔCt = ΔCt abnormal − ΔCt 
adjacent normal [25, 26]. For plasma analysis, after nor-
malization to the spike-in control, we calculated 39-ΔC 
to compare the values between patients and healthy vol-
unteers [27].

Statistical Analyses

The t test and one-way analysis of variance (ANOVA) were 
used to pairwise compare plasma miRNA-22-3p expres-
sion in each stage. The Shapiro–Wilk test with P = 0.05 was 
used to test the normality of samples. The receiver operat-
ing characteristic curve and area under the curve were used 
to assess the potential of using the plasma expression of 
miRNA-22-3p as a diagnostic tool for GED. Descriptive data 
analyses were done using Prism 5 (GraphPad Software, San 
Diego, CA, USA). Statistical analyses, including receiver 
operating characteristic and signal detection theory, were 
conducted using SAS 9.4 (SAS Institute, Cary, NC, USA).

Results

To identify the miRNAs involved in precancerous changes, 
13 pairs of tissues representing IM, LGD, HGD, and EC 
were examined with microarray for miRNA expression pro-
filing. Using tissue analysis, miRNA-22-3p and miRNA-
22-5p were found to have significantly different expres-
sion (P < 0.05) in all stages except EC (Fig. 1). To verify 
miRNA-22 expression, 55 pairs of tissue samples (Table 1) 
were used for qRT-PCR. The results indicated that miRNA-
22-3p was downregulated 69% in abnormal lesions com-
pared with normal tissue. Meanwhile, miRNA-22-3p had a 
higher expression level than miRNA-22-5p and significantly 
different expression between stages (Fig. 2). Based on these 
findings, we selected miRNA-22-3p as a potential marker 
for further study.
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Another 75 plasma samples of precancerous and cancer 
patients were included for circulating miRNA-22-3p expres-
sion analysis (Table 2). Plasma samples from 26 healthy vol-
unteers were used as controls. In this analysis, we compared 
incomplete IM to each stage. The areas under the curve of 
incomplete IM versus healthy control, low-grade/high-grade 
dysplasia, early GC, and GED were 0.8080, 0.8040, 0.8494, 
and 0.8095, respectively (all P values < 0.05). Thus, circulat-
ing miRNA-22-3p had significantly different expression in 
plasma between incomplete IM and other lesions (Fig. 3).

Discussion

MiRNAs have been used for disease prediction, progres-
sion determination, and treatment in various types of can-
cer such as lung, ovary, colon, and lymphoma. However, 
they have been seldom used in precancerous gastric lesion 

studies, especially at the plasma level. According to previ-
ous reports, GC usually has a poor outcome owing to late 
detection. However, progression to cancer can be prevented 
if mucosal changes (e.g., IM or dysplasia) are detected. Fur-
thermore, ESD can be performed to resect the lesion while 
preserving the organ, thereby contributing to a good quality 
of life.

The most important issue is how to identify patients 
at high risk of GC, which is usually categorized into dif-
fuse and intestinal types. The latter, according to Lauren’s 
classification, is preceded by a sequence of precursor steps 
described by Correa et al. [16], slowly progressing through 
the premalignant stages of atrophic gastritis, IM, dysplasia, 
and early or advanced cancer [15, 16].

IM is generally considered as the “breaking point” 
stage in the gastric mucosa and is categorized into com-
plete and incomplete types based on whether the metaplas-
tic epithelium phenotype resembles large bowel epithelia 

Fig. 1   Differentially expressed 
microRNAs (miRNAs) in 
microarray profiling. a Thirteen 
pairs of tissue specimens were 
used to screen for miRNA 
expression: three pairs of intes-
tinal metastasis (IM), four pairs 
of low-grade dysplasia (LGD), 
three pairs of high-grade dys-
plasia (HGD), and three pairs 
of early cancer (EC). b Venn 
diagram for abnormal lesion 
(T)/adjacent normal area (N) 
differential miRNA expression. 
Blue color represents similar 
miRNA expression in two 
stages. Purple color represents 
similar miRNA expression in 
three stages. Brown color repre-
sents similar miRNA expression 
in all stages
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(colonic-type intestinal metaplasia) or the small intestinal 
mucosa [5]. The incomplete type has a higher GC risk than 
the complete type. However, most patients are asympto-
matic and the prevalence varies across regions [16]. Thus, 
in plasma analysis, we only enrolled incomplete IM samples.

GED is widely accepted as a precursor to gastric adeno-
carcinomas [28]. Some papers point out that the rate of 

upgraded diagnosis in biopsy-proven LGD is high, and 
en bloc resection is recommended [29]. This is the reason 
why we combined patients with precursor and T1a/b can-
cer for analysis. In this study, the relative expression lev-
els of circulating miRNA-22-3p gradually decreased from 
incomplete IM to GC, which was consistent with a previ-
ous study [30]. These results indicate that miRNA-22-3p 

Fig. 2   Fifty-five pairs of tissue samples were used for the quantitative 
real-time polymerase chain reaction to verify miRNA-22 expression. 
a miRNA-22-3p was downregulated in 69% of patients who had pre-
cancerous gastric lesions, and upregulated in 31% of patients. b The 
expression of miRNA-22-3p in abnormal lesions was significantly 

lower than in normal tissue. c miRNA-22-3p expression was higher 
than that of miRNA-22-5p in tissue. This indicates that miRNA-
22-3p might be a more important indicator than miRNA-22-5p. d 
miRNA-22-3p had significantly different expression in each stage of 
cancer

42



	 Digestive Diseases and Sciences

1 3

could be used as a predictive marker for precancerous gas-
tric lesions and early GC (Table 3).

MiRNA-22 inhibits tumor growth and metastasis in GC 
by directly targeting MMP14/Snail and metadherin [31, 
32]. In addition, miRNA-22 acts as a suppressor in other 
cancers [33–35].

Theoretically, the expression of miRNA-22-3p in healthy 
control tissues should be distinguishable from incomplete 

IM. However, our data do not support this assumption. This 
inconsistency might be due to inspection error because we 
do not routinely use IEE or high-definition endoscopy in 
our health checkup center, and the quality of endoscopists is 
variable. To overcome this limitation, a consistent method/
marker such as miRNA that is unaffected by the observer is 
needed. In this study, miRNA-22-3p and miRNA-22-5p have 
no significantly different expression in EC stage. The reason 
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Fig. 3   The expression of miRNA-22-3p in plasma using the quan-
titative real-time polymerase chain reaction. The data show that: 
a miRNA-22-3p expression is higher than that of miRNA-22-5p; b 

miRNA-22-3p expression is higher in pre-cancer than in cancer; and 
c miRNA-22-3p has significantly different expression in each stage

Table 3   Summary of cutoff points for different phases of diagnosis

GED gastric epithelial dysplasia, H healthy control, IM intestinal metaplasia, LGD low-grade dysplasia, HGD high-grade dysplasia, EC early 
cancer, CI confidence interval

Sages AUC​ 95% CI Sensitivity Specificity Cutoff point Intercept 3p-D-CT P value

H versus incomplete IM 0.8080 0.7187–0.9220 0.8182 0.2857 34.5657 − 26.2594 0.7323 ≪ 0.05
Incomplete IM versus HGD/LGD 0.8040 0.6591–0.9488 0.6250 0.9620 33.7700 28.5819 − 0.8304 ≪ 0.05
Incomplete IM versus LG + HG + EC (GED) 0.8095 0.6966–0.9221 0.8649 0.3810 35.3791 30.9006 − 0.8707 ≪ 0.05
Incomplete IM versus EC 0.8494 0.6866–0.9406 0.9170 0.6540 34.6600 36.4355 − 1.0829 ≪ 0.05
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is not clear currently, and further study is needed. There are 
some other limitations to our study. First, there is no suitable 
model to prove that miRNA22 can inhibit the progression of 
IM to EC. Second, the number of dysplasia patients is too 
small to draw firm conclusions. Finally, it is difficult to select 
truly normal gastric mucosa tissue. A large-scale study using 
circulating miRNA-22-3p for gastric pre-cancer detection 
should be conducted in the future.

Conclusions

Based on our results, we suggest the use of circulating 
miRNA-22-3p as a biomarker to improve theranostics of 
GC. For patients with incomplete IM combined with a 
significant change of the circulating miRNA-22-3p level, 
intensive esophagogastroduodenoscopy (best combined with 
IEE) follow-up is strongly advised. As a result, preventive 
and personalized medicine could be achieved using liquid 
biopsy, i.e., blood-based biomarkers.
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A B S T R A C T

Pulmonary delivery of drug nanocarriers can overcome the shortcomings of systemic cancer therapy via the
enhanced permeability and retention (EPR) based-nanomedicine. Herein, inhalable multi-compartmental na-
nocomposites with the capability for both localized and modulated release of the hydrophobic mTOR inhibitor,
rapamycin (RAP) and the hydrophilic herbal drug, berberine (BER) have been developed for lung cancer
therapy. Two types of multi-compartmental nanocarriers were fabricated by enveloping BER hydrophobic ion
pair-lipid nanocore within a shell of RAP-phospholipid complex bilayer to reduce the delivery gap between the
two drugs. To further enhance their tumor targeting, the nanocarriers were layer-by-layer coated by cationic
lactoferrin and anionic hyaluronate resulting in enhanced internalization and cytotoxicity against lung cancer
cells. The inhalable nanocomposites fabricated by spray-drying of multi-compartmental nanocarriers exhibited
favorable aerosolization efficiency (MMAD of 3.28 µm and FPF of 55.5%). The powerful anti-cancer efficacy of
inhalable nanocomposites in lung cancer bearing mice compared to the inhaled free drugs was revealed by
remarkable decrease in lung weight, and reduction in both number and diameters of lung adenomatous foci and
angiogenic markers compared to positive control. Overall, localized delivery of RAP and BER to tumor cells via
inhalable multi-compartmental nanocomposites holds great promise in management of lung cancer.

1. Introduction

Lung cancer is one of the most malignant types of cancer with
mortality of 23% of total cancer-related mortality worldwide [1]. Sys-
temic chemotherapy of lung cancer is usually unsuccessful because only
a small fraction of the administered chemotherapeutic drug can reach
tumor cells. Moreover, most chemotherapeutic drugs are non-selective

resulting in severe toxicity [2]. Systemic administration of drug-loaded
nanocarriers has been extensively investigated for lung cancer therapy
based on the concept of passive targeting [3–5]. However, several
limitations have been emerged against the efficacy of enhanced per-
meation and retention (EPR) effect in human [6]. Thus, the efficiency of
i.v. administered nanocarriers for lung cancer therapy has become
doubtful.
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Pulmonary delivery could potentially represent an interesting al-
ternative to conventional systemic lung cancer therapy [7,8]. Inhala-
tion treatment locally delivers the chemotherapeutic agent to tumor
tissues thereby enhancing its efficacy and lowers its systemic side ef-
fects. Inhalable nanoparticles can successfully overcome the muco-
ciliary clearance and escape macrophages. However, the mass median
aerodynamic diameter (MMAD) of nano-sized particles is not suitable
for inhalation thus; a large fraction of inhaled dose will be exhaled. The
particles having 2–3 µm diameter are found to be the most effective for
deep lung deposition [9]. Therefore, nanocomposite particles consisting
of drug-loaded nanoparticles microencapsulated within inert excipients
combine the merits of both deep deposition of the microcarriers and
effective cellular internalization and clearance bypass of nanocarriers.
After lung deposition, the carrier dissolves and hence nanocomposites
are disintegrated into the drug-loaded nanoparticles at alveolar surface
followed by their uptake into lung cancer cells [10]. Dry powder in-
halers (DPIs) have been widely used for pulmonary drug delivery be-
cause of their excellent stability, passive breath activation, and effi-
cient-dose delivery [11]. However, many of the DPI products currently
commercialized for treatment of various lung or systemic diseases show
relatively poor efficiencies with FPF lower than 30% [12].

A critical disadvantage of cancer monotherapy lies in the high
susceptibility of tumor cells for development of drug resistance [13,14].
Therefore, combined cancer therapy using a new generation of multi-
compartmental nanocarriers has been an outstanding approach not only
to delay the onset of resistance but also to provide a synergistic or
additive anti-tumoral effect as well as their great capacity for mod-
ulating drug release [15]. Various techniques have been utilized in the
fabrication of multi-compartmental nanocarriers for dual drug delivery.
Sengupta et al. developed PLGA core-lipid shell nanoparticles for se-
quential drug delivery. Combretastatin was released quickly from the
shell over 12 h while doxorubicin conjugated to PLGA core showed a
slow release over 15 days [16]. Similarly, envelopment of mesoporous
silica nanoparticles (MSNs) within a PEGylated lipid bilayer has en-
abled sequential delivery of axitinib and celastrol from the shell and
core, respectively [17].

Recently, rapamycin (RAP), a hydrophobic immunosuppressive
compound, has become a potential anti-cancer drug by acting as an
inhibitor of mammalian target of rapamycin (mTOR) which was re-
ported to play an important role in progression of lung cancer [18]. On
the other hand, BER, a water soluble isoquinoline alkaloid, exerted an
inhibitory effect on the invasion and motility of the highly metastatic
A549 lung cancer cells [19]. More interestingly, it was previously re-
ported that co-administration of RAP and BER had a synergistic anti-
cancer effect, where BER maintained the cytotoxic effect of RAP on
HCC cells at a lower RAP concentration and hence can minimize its
immunosuppressive effect [20]. Moreover, BER was found to sensitize
HCC cells to the anti-cancer effect of RAP through mTOR inhibition via
downregulation of CD147 [21]. Therefore, we hypothesize that com-
bined delivery of RAP and BER, which greatly differ in physicochemical
properties, to lung cancer cells via nanocarriers would be an interesting
and challenging approach.

In this study, we designed inhalable multi-compartmental lipid
nanocomposites for localized combined delivery of BER and RAP to
lung cancer cells. The water soluble BER and poorly soluble RAP were
co-encapsulated into solid lipid nanoparticles (SLNs). However, the fast
release of BER and extremely slow release of RAP from SLNs could
reduce the benefits of synergistic combination. Therefore, to reduce the
delivery gap between both drugs, multi-compartmental nanocarriers
were fabricated. The cationic drug, BER, was incorporated as a hy-
drophobic ion pair (HIP) with the anionic surfactant SLS, in the lipid
core of SLNs to enhance its miscibility with the lipid matrix and hence
sustain its release. On the contrary, RAP was pre-formulated as phos-
pholipid complex (PC) to help improve its solubility and relatively
enhance its release from the nanocarriers. The RAP-PC complex bilayer
was then used to envelop BER/SLS HIP-loaded lipid core to elaborate a

multi-compartmental nanocarrier. Furthermore, to enhance the tumor
targeting of nanocarriers, a layer-by-layer assembly of the cationic
protein lactoferrin and the anionic polysaccharide hyaluronate was
used to coat the nanocarriers by targeting the CD44 receptors over-
expressed by lung cancer cells. Finally, to enable deep lung deposition,
the developed nanocarriers were microencapsulated into different car-
riers via spray-drying technology, thus elaborating inhalable nano-
composites. The developed delivery system was thoroughly in-
vestigated in vitro and in vivo to prove the anti-tumor superiority of the
inhalable combined drug nano-delivery compared to the free drug
combination.

2. Materials and methods

2.1. Materials

Berberine chloride hydrate (BER), coumarin-6, haematoxylin solu-
tion, eosin solution, Canada balsam, mannitol, maltodextrin, inulin,
PVP K30, l-leucine, Dulbecco’s modified eagle medium (DMEM), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, USA). Rapamycin (RAP)
was purchased from Jianshi Yuantong Bioengineering Co., Ltd. (China).
Hyaluronic acid (HA) was purchased from Baoding Faithful Industry
Co., Ltd. (China). Lactoferrin (LF) was kindly donated by Westland Milk
Products (Hokitika, New Zealand). Phosphatidylcholine (Lipoid S75)
was kindly provided by Lipoid GmbH (Ludwigshafen, Germany).
Glyceryl monostearate (GMS) was a gift from Gattefosse (Lyon, France).
Poly(ethylene glycol) 400, sodium lauryl sulfate (SLS), ethanol, and
methanol were purchased from ADWIC Pharmaceutical Chemicals Co.
(Cairo, Egypt). Polyoxyethylene sorbitan monooleate (Tween 80) was
purchased from Riedel-de Häen (Germany). Methanol and Acetonitrile
HPLC grade was purchased from JT Baker (Phillipsburg, NJ, USA).

2.2. Preparation of BER/SLS HIP

For preparation of BER/SLS HIP [22], the aqueous solution of SLS
was slowly added (at a rate of 2ml/min) to 25mg BER dissolved in
distilled water under gentle magnetic stirring (at 100 rpm) till the ap-
pearance of strong turbidity indicating the complex formation which
was then left for 30min under magnetic stirring. The solution was then
centrifuged for 45min at 17,000 rpm (model 3K-30, Sigma laboratory,
Germany) and the sediment complex was lyophilized using LyoQuest
lyophilizer (Telstar, Spain) to obtain dry powders. Before freeze-drying,
the sample was frozen at −80 °C for 8 h. Lyophilization was then car-
ried out at a temperature of −50 °C and a pressure of 0.5mbar for 24 h.

2.3. Preparation of BER/SLS-RAP-dual loaded SLNs (F1)

Dual drug-loaded SLNs were prepared by the hot homogenization
method [23]. First, 10mg of RAP and BER/SLS complex (eq. to 10mg
BER) were added to the melted lipid phase containing 100mg GMS. The
lipid phase was then mixed with aqueous phase (50ml distilled water
containing 100mg Tween 80) and heated to 70 °C using shaking water
bath (Maxturdy 30, DAIHAN Scientific, South Korea). Keeping the same
temperature, the aqueous phase was added to the oily phase under
constant agitation, at 12,000 rpm for 5min in an Ultra Turrax T-25
homogenizer (Ika Labortechnik, Germany). This emulsion was cooled to
the room temperature to form the NPs.

2.4. Preparation of multi-compartmental SLNs

Two types of multi-compartmental nanocarriers were developed
where the SLN core was enveloped within RAP/phospholipid (RAP/PC)
complex bilayer. In the first one (F2), RAP was totally incorporated
within the phospholipid bilayer encapsulating BER/SLS-SLNs. In the
second nanocarrier (F3), RAP was divided between the two
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compartments; one half was still entrapped into the SLN core and the
other half was complexed with the phospholipid bilayer enveloping
BER/SLS-SLNs. The preparation steps of both multi-compartmental
nanocarrier approaches was illustrated in Fig. 1.

For preparation of RAP/PC complex bilayer enveloping BER/
SLS-loaded SLNs (F2), RAP/PC complex was first prepared using 1:2
RAP/Lipoid S75 molar ratio by film hydration method [24]. Prepara-
tion and physicochemical characterization of the RAP/PC complex in-
cluding entrapment efficiency, surface charge analysis, solid state
characterization and in vitro drug release was detailed in
Supplementary section. The thin film of RAP/PC complex eq. to 10mg
RAP was then hydrated for 1 h using the dispersion of previously-pre-
pared BER/SLS-SLNs containing 10mg BER.

For preparation of RAP/PC complex bilayer enveloping RAP-
BER/SLS-loaded SLNs (F3), The thin film of RAP/PC complex eq. to
only 5mg RAP was then hydrated for 1 h using the dispersion of pre-
viously-prepared RAP-BER/SLS-SLNs containing 5mg of RAP and BER/
SLS eq. to 10mg BER.

2.5. Preparation of tumor-targeted HA/LF-LbL-coated SLNs (F4-F6)

To prepare HA/LF-LbL-coated SLNs, certain volume of the nega-
tively charged SLNs (F1-F3) (containing 2mg RAP and 2mg BER) was
titrated with a cationic LF solution (10mg/ml) at different volume ra-
tios. The mixture was then incubated for 30min under mild stirring,
after which an anionic HA solution (0.5 mg/ml) was added dropwise to
the positively charged LF-coated SLNs under gentle stirring for further
30min. Thus, HA/LF-LbL-coated BER/SLS-RAP-SLNs (F4), HA/LF-LbL-
coated RAP/PC-BER/SLS-loaded SLNs (F5), and HA/LF-LbL-coated
RAP/PC-BER/SLS-RAP-loaded SLNs (F6) were developed.

2.6. Physicochemical characterization of NPs

The methodologies for assessment of drug loading, nanoparticle
size, surface charge, morphology and drug release, were described
previously [25–27] and detailed in the Supplementary section.

2.7. In vitro cytotoxicity and uptake

By MTT assay, the in vitro cytotoxicity of free drugs solution, RAP/
PC-BER/SLS-RAP SLNs (F3) and LbL-RAP/PC-BER/SLS-RAP-SLNs (F6)
were evaluated against A549 lung cancer cells. To investigate the in-
ternalization of the NPs into cells, NPs were loaded with coumarin-6
according to a previously described method [28]. Cellular uptake of
free coumarin-6 compared to coumarin-loaded PC-SLNs and HA/LF-
LbL-PC-SLNs was investigated using confocal microscopy (Detailed in
Supplementary section).

2.8. Preparation of inhalable nanocomposites

Dual drug-loaded NPs were microencapsulated within different
carrier matrices via spray-drying technique. The feed suspension was
prepared by adding 30ml of LbL-RAP-BER/SLS-SLNs (F4) or LbL-RAP/
PC-BER/SLS-RAP-SLNs (F6) to 10ml aqueous solutions of different
carbohydrate carriers in 1:3 or 1:5 NP:carrier weight ratio under
magnetic stirring. The composition of inhalable spray-dried nano-
composites is illustrated in Table 2. Spray-drying was performed using a
Büchi Mini spray-dryer (Büchi B-290, Flawil, Switzerland) with the
following settings: inlet temperature 100 °C, pump flow rate 10%, as-
piration 100% and atomizing air flow rate (320 l/h). These settings
resulted in an outlet temperature of 55 °C. The nanocomposites were
collected with a high-performance cyclone and stored in sealed amber
glass vials in a desiccator at room temperature [29].

2.9. Physicochemical characterization of nanocomposites

Yield, aqueous redispersibility, morphology and solid-state char-
acteristics of nanocomposites were examined according to the metho-
dology presented in Supplementary Section.

2.10. In-vitro pulmonary drug deposition (Aerodynamic properties)

Analysis of deposition profile of spray-dried nanocomposites was

Fig. 1. Schematic diagram illustrating the preparation steps of multi-compartmental nanocarriers; LbL-RAP/PC-BER/SLS-SLNs (F5) and LbL-RAP/PC-BER/SLS-RAP-
SLNs (F6).

D.M. Kabary et al. European Journal of Pharmaceutics and Biopharmaceutics 130 (2018) 152–164

154 48



performed using the eight stages Andersen Cascade Impactor (ACI;
Copley Scientific Ltd., Nottingham, UK). ACI was operated at air flow
rate of 28.5 l/min, with 4 kPa pressure drop. Budelizer (European
Egyptian Pharm. Ind. Co., Alexandria, Egypt), a single-dose inhaler
device, was connected to the ACI and filled with a hard gelatin capsule
(size 2). Powder was actuated and withdrawn from capsules by the
28.5 l/min flow rate to be deposited in the device, throat, and each
stage of ACI collection plates. Each actuation was set in 4 s and 2
aerosolization experiments were performed. HPLC mobile phase
(10ml) was used to wash the powders from the device and stages to be
analyzed by HPLC. Aerodynamic parameters were automatically cal-
culated using Copley Inhaler Testing Data Analysis Software (CITDAS)
(Supplementary Section).

2.11. In vivo studies

2.11.1. Animals
For determination of the treatment efficiency of drug-loaded na-

nocomposites, male Albino mice (15–20 g) were used following the
animal care and use protocol of Alexandria University (Supplementary
Section).

2.11.2. Induction of tumor
Lung carcinoma was chemically-induced in 12–16weeks male

Albino mice by receiving I.P. injection of urethane (1.5 g/kg), dissolved
in 0.9% NaCl, followed by a poster dose after 8th week [30].

2.11.3. Treatment protocol
The mice were indiscriminately divided into 4 groups (seven mice

each); Group 1 mice were administered inhalable spray-dried nano-
composites (N12) prepared using HA/LF-LbL-RAP/PC-BER/SLS-RAP-
SLNs (F6) eq. to 1.5 mg/kg of RAP and 1.5mg/kg of BER using dry
powder insufflator twice per week for three weeks using dry powder
insufflator (DP-4M, Penn Century Inc. PA, USA). Group 2 mice were
administered inhalable spray-dried physical mixture of free RAP/BER
combination and mannitol:maltodextrin:leucine mixture at the same
concentrations in nanocomposites by insufflation. Group 3; positive
control (untreated chemically induced lung carcinoma bearing mice).
Group 4; negative control (healthy mice). The method of pulmonary
administration of the formulations is detailed in Supplementary section.

2.11.4. In vivo anti-tumor efficacy

i. Lung and body weight

The mice body weight was measured periodically during the treat-
ment. All the surviving mice were sacrificed after 21 days. The ex-
tracted lungs were isolated, weighed, morphologically examined and
separated into two parts; one was for biological evaluation of tumor
biomarkers after freezing at −80 °C and the other was for histopatho-
logical and immunohistochemical examination after fixation with 4%
paraformaldehyde solution.

ii. Tumor growth biomarkers

The level of tumor growth biomarkers was determined by ELISA
(Supplementary section).

iii. Histopathological and immunohistochemical analysis

Histopathological changes, number of foci, their diameters and the
proliferation extent indicated by Ki-67 protein were evaluated for the
lung tumor samples (Supplementary section).

2.12. Statistics

Details of data analysis are in the Supplementary section.

3. Results and discussion

3.1. Single-compartment dual drug-loaded SLNs

Dual drug-loaded lipid nanoparticles (BER/SLS-RAP-SLNs, F1) were
fabricated by hot homogenization method. The nanoparticles demon-
strated a uniform size of 174.5 nm with a negatively charged surface
(−21.1mV) reflecting high colloidal stability (Table 1). To facilitate
the entrapment of the water-soluble drug BER into the lipid core of the
nanoparticles, hydrophobic ion paired complex (HIP) was formed be-
tween the cationic quaternary ammonium group of BER and the anionic
sulfate group of sodium lauryl sulfate (SLS) imparting higher lipophi-
licity. As a result, BER could be effectively incorporated in the lipid core
with efficiency of 88.12%. However, a relatively fast release of BER was
demonstrated with 59.36% of drug was released after 24 h (Fig. 2A). On
the other hand, the highly hydrophobic drug RAP was most efficiently
entrapped within the lipid core of BER/SLS-RAP-SLNs (F1) with 98.81%
efficiency based on strong hydrophobic interaction (Table 1). However,
this high drug affinity for the lipid core hindered its release into aqu-
eous release medium with only 5.8% of RAP was released from the
nanoparticles after 24 h (Fig. 2B). Thus, there would be high risk of sub-
therapeutic activity of RAP at tumor sites which may also contribute to
development of drug resistance. Moreover, the wide gap between the
release rate of both drugs may cause loss of the benefit of the sensitizing
action of BER for cancer cells to the anti-cancer effect of RAP. There-
fore, multi-compartmental nanocarriers composed of RAP/PC complex
bilayer enveloping the lipid nanoparticle core were required to enhance
the release of RAP and hence reduce the release gap between the two
drugs thus enabling much higher benefit from synergistic combined
therapy.

3.2. Multi-compartmental dual drug-loaded nanocarriers

3.2.1. Formation of RAP/PC complex
Developing drugs as phospholipid complexes was proved to be a

potential approach to improve solubility, drug release and permeation
[31,32]. In our study, RAP was successfully complexed with phospho-
lipid by thin film hydration. High entrapment efficiency of RAP

Table 1
Composition and physicochemical properties of single-compartment SLNs and multi-compartmental RAP/PC-SLNs. Data are expressed as mean ± SD (n=3).*

RAP/Core (mg) RAP/shell (mg) Particle size (nm) PDI Zeta potential (mV) RAP EE (%w/w) BER EE (%w/w)

F1 RAP-BER/SLS-SLN 10 – 174.5 ± 5.5 0.260 ± 0.03 −21.1 ± 3.6 98.81 ± 0.21 88.12 ± 3.4
F2 RAP/PC-BER/SLS-SLNs 0 10 204.3 ± 5.3 0.275 ± 0.04 −33.0 ± 4.2 88.00 ± 2.60 89.65 ± 2.8
F3 RAP/PC-BER/SLS-RAP-SLNs 5 5 189.9 ± 7.1 0.265 ± 0.05 −24.5 ± 3.4 92.68 ± 0.85 88.48 ± 2.7
F4 LbL-RAP-BER/SLS-SLNs 10 – 219.5 ± 6.8 0.255 ± 0.03 −22.1 ± 3.9 98.82 ± 0.51 79.12 ± 6.1
F5 LbL-RAP/PC-BER/SLS-SLNs 0 10 239.6 ± 7.3 0.19 ± 0.014 −21.5 ± 2.9 88.22 ± 3.10 83.05 ± 5.6
F6 LbL-RAP/PC-BER/SLS-RAP-SLNs 5 5 224.2 ± 6.5 0.218 ± 0.06 −26.3 ± 3.1 92.61 ± 0.35 85.32 ± 2.8

* All nanocarriers were prepared using 20mg GMS and BER/SLS HIP eq. to 10mg BER. RAP/PC complex was prepared using 1:2 RAP/Lipoid S75 molar ratio by
film hydration method.
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(84.34%) within the phospholipid bilayer was obtained based on hy-
drogen bonding between the hydroxyl group of RAP and phosphate
group of phospholipid [33]. The surface of the RAP/PC complex bilayer
was negatively charged with a zeta-potential of −37.8 mV which could
be explained by the presence of residual free fatty acids or phosphatidic
acid in phospholipids [25]. The successful RAP-PC complex formation
was confirmed via FTIR and DSC analysis (Figs. S1 and S2). More im-
portantly, complexation of RAP with phospholipids was found to en-
hance its release profile compared to free drug (Fig. S3) (Details in
Supplementary material).

3.2.2. Design of multi-compartmental nanocarriers
As a next step, the prepared RAP/PC complex thin film was hy-

drated by the previously prepared BER/SLS-SLNs. Thus, multi-com-
partmental nanoparticles were developed where the phospholipid bi-
layer shell was designed to encapsulate the whole RAP amount (10mg)
and promote a faster release of RAP enveloping inner core of BER/SLS-
SLNs (F2). In a second approach, 50% of RAP amount was encapsulated
within the phospholipid complex bilayer enveloping the lipid core
(SLNs) containing the other 50% of RAP amount along with BER/SLS
(F3). Fig. 1 illustrates the preparation steps of both multi-compart-
mental nanocarriers. The phospholipid bilayers were assembled on the
surface of SLNs probably via hydrophilic interactions between the hy-
drophilic fraction of the surfactants at the water/lipid interface of SLNs
and the polar head group of phospholipids [24,32].

By virtue of its HIP with SLS, BER was efficiently encapsulated
within the lipid core of both types of nanocarriers (89.65 and 88.48%
for F2 and F3, respectively) (Table 1). RAP was also highly en-
capsulated (88.00 and 92.68% within F2 and F3, respectively), due to
strong hydrophobic interaction between the drug and both lipid core
and phospholipid bilayer. After coating of SLNs (F1, 174.5 nm) with
RAP/PC complex bilayer, the size was increased to 204.3 and 189.9 nm
for F2 and F3, respectively maintaining a monomodal distribution thus

confirming entrapment of SLNs within the drug-phospholipid complex
bilayer. The additional thickness of approximately 15–20 nm obtained
for F3 was consistent with the previously reported thickness of lipid
bilayers [34,35]. The lipid bilayer thickness is a critical parameter
where much thin bilayer usually results in formation of non-uniform
coating while much thicker bilayer can inhibit the drug release [36].

In agreement with our findings, increasing the amount of lipid used
for coating MSNs led to increased thickness of the lipid bilayer formed.
The authors found that the ideal thickness of the lipid bilayer to obtain
uniform coating of MSNs surface and avoid the drug burst effect was
13–15 nm whereas thicker bilayer (30–33 nm) resulted in reduced drug
loading [36]. The TEM image confirmed the formation of core-shell
structure of the multi-compartmental nanocarriers (F3) exhibiting a
size of about 150–160 nm with a phospholipid envelope around the
SLNs compared to the single compartment nanocarriers (F1) (Fig. 2C
and D).

The developed multi-compartmental nanocarriers (F2 and F3) could
provide biphasic release of RAP where about 17.55 and 9.3% of RAP
was released during the initial 4 h from both nanocarriers (F2 and F3),
respectively (Fig. 2B). Comparatively, there was no drug released from
the single compartment nanocarriers (F1) during 4 h. This faster release
of RAP provided by the outer phospholipid envelope was attributed to
complexation with phospholipid because of the lipid dynamics in the
membrane, changing its binding sites very rapidly. This phase was
followed by a phase of slow release of RAP provided by the drug
fraction embedded within the lipid core where about 20.1 and 16.2%
was released from F2 and F3 nanocarriers after 24 h, respectively
(Fig. 2B). This biphasic pattern of RAP release would be expected to be
useful at the tumor sites where the initially faster-released fraction can
immediately inhibit mTOR pathway resulting in a rapid action. The
slowly released fraction may be beneficial for prolonged mTOR in-
hibition. On the other hand, encapsulation of BER/SLS-SLNs within an
envelope of RAP/PC bilayer has reduced the initial burst release of BER,

Fig. 2. In-vitro release of BER (A) and RAP (B) from different nanocarriers in 100ml of purified water containing 0.2%w/v Tween as release medium at 37 °C,
100 rpm using dialysis bag method. Data are expressed as mean ± SD (n= 3). TEM micrographs of single compartment, F1 (C) and multi-compartment, F3 (D)
nanocarriers.

D.M. Kabary et al. European Journal of Pharmaceutics and Biopharmaceutics 130 (2018) 152–164

156 50



which has to diffuse through an additional barrier of phospholipid bi-
layer. After 2 h, about 37.14% of BER was released from the multi-
compartmental nanocarrier (F3) compared to 42% from BER/SLS-SLNs
(F1) (Fig. 2A).

3.2.3. Development of tumor-targeted multi-compartmental nanocarriers
To enhance the tumor targeting of our single and multi-compart-

mental nanocarriers, we exploited the layer-by-layer electrostatic as-
sembly technique to coat the nanocarriers with tumor-targeting bio-
polymers. Two layers of cationic LF and anionic HA were deposited
onto the surface of nanocarriers adopting a non-washing self-assembly
procedure without the need to any anchoring moieties and tedious
purification procedures [26,37,38]. In our preliminary study, different
concentrations of LF and HA were investigated to optimize the required
amounts of both polymers. The particle size was increased with in-
creasing the volume added of LF solution. Accordingly, after addition of
4ml LF solution (1mg/ml), the size of F1 nanocarriers was increased by
about 30 ± 5.3 nm with reversal of zeta-potential from −21.1 ± 3.6
to +2.8 ± 0.4mV (Fig. 3A and B). Subsequently, addition of 10ml HA
solution (0.5 mg/ml) caused about 10–15 nm increase in size with in-
version of zeta-potential to −22.1 ± 3.9mV. Overall, after coating
with LF and HA, the size of nanocarriers was increased from 189.9 nm
(F3) to 224.2 nm (F6) and from 204.3 nm (F2) to 239.6 nm (F5). The
zeta potential values were −21.5 and −26.3mV for F5 and F6, re-
spectively. In our recent study, the LbL coating with LF/HA onto the
outer surface of SLNs was found to significantly contribute to the high
stability of our nanocarriers [39]. The presence of outer negatively
charged HA layer enhanced the serum stability of the NPs by preventing
the adsorption of negatively charged serum proteins. Moreover, after
storage for 3months, the coated NPs maintained their size compared to
the uncoated ones thus reflecting their high colloidal stability.

It worth mention, that there was no significant effect on RAP release
was observed after coating by LF and HA (F6) compared to uncoated
formula (F3). Moreover, the phospholipid bilayer has overcome the
initial burst release of BER encountered during the LbL-assembly pro-
cess. During this process, it is possible that some of the incorporated
drug (especially hydrophilic drugs) partitioned between the core and
shell, facilitating its release to the external aqueous medium. This
phenomenon resulted in 49.6% initial release of BER after 2 h from

single compartment LbL-SLNs (F4) compared to 42.0% from multi-
compartment LbL-SLNs (F6) (Fig. 3A). Thus, the PC bilayer enveloping
SLNs not only modulated the release of RAP, but also helped overcome
the limitation of LbL-assembly. Although both multi-compartmental
nanocarriers (F2 and F3) could enable biphasic release of RAP and
reduced the initial release of BER, F3 nanocarriers (RAP was divided in
both core and shell) was found to be superior to F2 nanocarriers (RAP
was confined to the shell) based on its smaller size and higher stability.
After 48 h, aggregation of the multi-compartmental nanocarrier (F2)
was observed compared to the higher colloidal stability of F3 nano-
carrier. This aggregation may be caused by the excess amount of
phospholipid bilayer beyond that required for complete coating of the
nanocarrier surface. Therefore, the multi-compartmental nanocarrier
(F3) was selected for subsequent investigations including in vitro cy-
totoxicity and in vivo studies.

3.2.4. In vitro cytotoxicity and cellular uptake
The viability of A549 lung cancer cells was evaluated using MTT

assay after treatment with the non-targeted and targeted multi-com-
partmental nanocarriers; RAP/PC-BER/SLS-RAP SLNs (F3) and HA/LF-
LbL-RAP/PC-BER/SLS-RAP-SLNs (F6) at different concentrations
(1–50 µg/ml) at 24 and 48 h. Blank LbL-SLNs had almost no cytotoxi-
city and A549 cell number remained constant. Remarkably, dual free
RAP/BER combination, and both nanocarrier dispersions (F3 and F6)
exhibited remarkable decrease in cell viability in dose/time-dependent
manner (Fig. 4). The non-targeted and tumor-targeted nanocarriers (F3
and F6) could reduce the IC50 by 1.13- and 1.98- folds, respectively
compared to free drug combination. The higher cytotoxicity of F6
compared to F3 nanocarriers was attributed to the presence of the outer
HA/LF LbL coating which target the CD44 or LDL receptors over-
expressed by human lung cancer cells [40].

The superior cytotoxic activity of the nanocarriers was further
confirmed by a qualitative cellular uptake study using confocal mi-
croscopy (Fig. 5). After 4 and 24 h incubation with free coumarin, no
remarkable fluorescence was detected inside A549 cells. However, the
fluorescence intensity of coumarin-loaded NPs was significantly higher
and enhanced with increasing the incubation time. Moreover, the
higher fluorescence intensity of cells incubated with F6 compared to F3
nanocarriers is attributable to the HA-targeted binding to CD44

Fig. 3. Changes in particle size (A) and zeta potential (B) upon LbL deposition of LF and HA onto the surface of RAP-BER/SLS-SLNs (F1), RAP/PC-BER/SLS-SLNs (F2)
and RAP/PC-BER/SLS-RAP SLNs (F3). Data are expressed as mean ± SD (n=3).

D.M. Kabary et al. European Journal of Pharmaceutics and Biopharmaceutics 130 (2018) 152–164

157 51



Fig. 4. Cytotoxicity analysis of free BER/RAP co-solvent compared to the prepared non-targeted (F3) and targeted (F6) multi-compartment nanocarriers against
A549 lung cancer cells expressed as % cell viability after 24 h (A) and 48 h (B) incubation and IC50 (μg/ml) values (C). Each value represents the mean ± SD (n=6).

Fig. 5. Confocal microscopy images showing cellular uptake of free coumarin-6, coumarin-loaded non-targeted and targeted multi-compartment nanocarriers (PC-
SLNs and LbL-PC-SLNs) within A549 lung cancer cells after incubation for 4 and 24 h. Cell nuclei were stained with DAPI and the cytoplasmic green fluorescence
resulted from Coumarin-6.
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receptors overexpressed by lung cancer cells resulting in higher cellular
internalization [41]. The presence of PC complex bilayer in both na-
nocarriers also helps increase their membrane permeability thus con-
tributing to the enhanced internalization and cytotoxicity of both na-
nocarriers [34].

3.3. Fabrication of inhalable nanocomposites

Nanocarriers (with a size range around 200–250 nm) are too small
to be delivered to deep lung tissues. For deep lung deposition, the
particles must be in an aerodynamic size range of 1–5 µm [8,42]. Spray-
drying is one of the most extensively used techniques for preparation of
microparticles for pulmonary drug delivery because it commonly pro-
duces particles in the 1–3 µm size range [43]. However, the high tem-
peratures and shear forces used during spray-drying may lead to ag-
gregation of lipid particles. Lipids with melting point higher than 70 °C
can be successfully spray-dried [44]. In our study, the SLNs were mi-
croencapsulated into carriers elaborating inhalable nanocomposites
with deep lung deposition. The lower hygroscopicity of mannitol re-
lative to the other sugar carriers leads to formation of powder particles
with lower adhesion and better drug release. However, mannitol has
high tendency for recrystallization shortly after spray-drying because of
its relatively low Tg value which may significantly affect the aero-
solization efficiency and stability as well as dispersibility of nano-
composites [8,45]. Therefore, in the current study, mannitol was
combined with other carriers, which help prevent its crystallization, to
prepare inhalable fine powder of SLNs as illustrated in Tables 2 and 3.

3.3.1. Spray-drying yield, drug content and redispersibility
Spray-dried nanocomposites have shown high drug content in the

range of 60.2–79.2%. Spray-drying of the SLNs (F4) with mannitol
resulted in nanocomposites of high yield (63.1%) and good redis-
persibility (RI= 1.16) (N1). However, spray-drying of SLNs with tre-
halose results in sticky non-recoverable powder (N2). Maltodextrin is
known to aid in the powder formation by increasing both solid con-
centration and density [46]. Therefore, spray-drying of SLNs with
maltodextrin alone (N3) resulted in nanocomposites with the highest
yield (74.9%). However, using maltodextrin solely as carrier resulted in
coarse particles with poor redispersibility (RI= 1.53). The manni-
tol–polymer combinations; mannitol-maltodextrin (N4) and mannitol-
PVP (N5) were very difficult to spray-dry without additional excipients
resulting in very hygroscopic, non-recoverable powder with low yield
and relatively poor redispersibility (Table 2). Although spray-dried
powders using PVP-maltodextrin mixture (N6) without leucine pre-
sented high yield (59.7%), poor reconstitution and irreversible ag-
gregation between particles was revealed [47].

As depicted in Table 2, addition of leucine to the mannitol-mal-
todextrin (N4) mixture improved the yield of nanocomposites from
20.8 to 55.5%. Moreover, addition of leucine assisted encapsulation of

the highly hygroscopic non-recoverable mannitol–PVP particles (N5)
into collectable powders (N7). Co-spray drying of powder with leucine
was reported to improve the drying yield and reduce powder agglom-
eration resulting in enhanced aerosolization efficiency. By virtue of its
hydrophilic and hydrophobic regions, leucine tends to migrate to the
droplet surface during spray-drying which reduces the surface tension
at the water–air interface thus allowing greater permeation of heat into
the atomized liquid, which in turn produces drier powder particles with
improved flowability [48]. Meanwhile, the leucine shell interferes with
water evaporation, leading to the formation of particles with corru-
gated surface, reduced cohesion and better dispersion. Besides im-
provement of spray-drying yield, addition of leucine was found to en-
hance the redispersibility of nanocomposites to be almost 1.0 for
PVP:maltodextrin:leucine (N9) and mannitol:maltodextrin:leucine
(N10) mixture carriers.

3.3.2. Solid state characterization
Mannitol was reported to be rapidly crystallized after spray-drying

due to its small Tg value [47]. After 8months storage, the DSC ther-
mogram of spray-dried mannitol-maltodextrin-leucine nanocomposites
(N10) showed the characteristic sharp mannitol crystalline peak at
169 °C but with lower intensity than that of pure mannitol, indicating
that addition of maltodextrin has reduced the recrystallization of
mannitol (Fig. 6A). Similarly, Shiga et al. has reported that addition of
maltodextrin to mannitol resulted in retention of alcohol dehy-
drogenase activity during spray-drying due to inhibition of mannitol
crystallization and increasing the solid content [49]. On the other hand,
PVP-maltodextrin-leucine nanocomposites (N9) have shown less crys-
tallinity because larger molecular weight ingredients with higher Tg
values are less susceptible to recrystallization. The addition of high
molecular weight components leads to increased viscosity, resulting in
a reduction of the mobility of amorphous systems [50].

3.3.3. Morphological analysis
SEM images of spray-dried nanocomposites (N9, N11 and N12,

Table 3) showed microparticles in the size range of 1.31–3.59 µm with
spherical shape and wrinkled surface (Fig. 6B). The surface roughness
resulting from a collapsed leucine shell, could enhance the aerosoliza-
tion performance of the spray-dried powders [51,52]. Higher roughness
lead to reduction of the particle-particle contact area and cohesiveness
resulting in better aerosolization efficiency [53]. Interestingly, N12
nanocomposites; comprising RAP/PC complex shell coating of SLNs
(F6) show interparticulate bridges with smoother surface than N11
nanocomposites; comprising SLNs lacking PC shell (F4). A possible
explanation of the surface smoothening was the enrichment of phos-
pholipids at the particle surface. Spray-dried PVP-maltodextrin-leucine
nanocomposites (N9) have shown spherical particles with less inter-
particulate bridges than the other two nanocomposite formulations.

Table 2
Composition, yield and aqueous re-dispersibility of the spray-dried nanocomposites prepared using different carriers. Data are expressed as mean ± SD (n=3).

Mannitol (%w/w) Maltodextrin (%w/w) PVP (%w/w) Trehalose (%w/w) Inulin (%w/w) Leucine (%w/w) Yield (%w/w) RI
Sf/Si

N1 100 – – – – – 63.1 ± 7.5 1.16 ± 0.05
N2 – – – 100 – – NA –
N3 – 100 – – – – 74.9 ± 6.8 1.53 ± 0.07
N4 40 60 – – – – 20.8 ± 1.9 1.33 ± 0.03
N5 50 – 50 – – – NA –
N6 – 60 40 – – – 59.7 ± 4.9 1.36 ± 0.06
N7 40 – 40 – – 20 27.8 ± 3.5 1.14 ± 0.04
N8 40 – – – 40 20 20.5 ± 2.3 1.17 ± 0.03
N9 – 40 40 – – 20 51.7 ± 6.2 1.16 ± 0.06
N10 50 25 – – – 25 55.5 ± 4.1 1.1 ± 0.04

*All nanocomposites were prepared by 1:5 SLNs/carrier weight ratio using LbL-RAP-BER/SLS-SLNs (F4). NA: A sticky non-redispersible mass rather than free flowing
powder could be obtained.
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3.3.4. In-vitro pulmonary deposition
The aerodynamic properties of different DPI nanocomposites with

high yield and good RI (N1, N7, N9, and N10) were evaluated using
Andersen cascade impactor. The amounts of drug deposited on various
stages varied for different samples are demonstrated in (Fig. 6C). The
MMAD of the aerosol particles greatly affects their fate where particles
with The particles having MMAD of 2–3 µm are most suitable for deep
lung deposition [7]. In our study, though they have shown high yield
and good RI, solid lipid nanocomposites prepared using only mannitol
(N1) have shown relatively high MMAD of 6.8 µm and hence low FPF of
13.6% (Table 3). Similarly, nanocomposites prepared using PVP:man-
nitol:leucine (N7) showed high MMAD and low FPF and hence is likely
to show poor lung deposition. In agreement with our results, the in-
halable alendronate-loaded lipid nanocomposites prepared by spray-
drying with mannitol demonstrated poor deposition revealed by MMAD
of 6.7 µm and FPF of 9.03% [54]. On the other hand, the lipid nano-
composite powders prepared using a mixture of

mannitol:maltodextrin:leucine (N10-N12) have shown good aero-
dynamic properties with MMAD < 3.5 µm and FPF > 50% (Table 3).
Both PVP:maltodextrin:leucine (N9) and mannitol:maltodextrin:leucine
(N10) nanocomposites exhibited aerodynamic properties suitable for
deep lung deposition [47]. However, the lower aerodynamic diameter
of N10 nanocomposites significantly increased their respirable fraction.

In an attempt to increase the drug loading, N11 nanocomposites
were prepared using the same carrier composition (mannitol:malto-
dextrin:leucine) of N10 nanocomposites but using less amount of car-
rier (1:3 SLNs:carrier weight ratio). The N11 nanocomposites has de-
monstrated FPF of 62.9% with no significant difference from that of
N10 nanocomposites but with higher drug loading. Presence of RAP/PC
envelope onto the surface of NPs in N12 nanocomposites was found to
reduce the FPF of nanocomposites from 62.9% (N11) to 55.5% (N12)
(Table 3). The relatively lower aerodynamic properties after coating
with PC could be attributed to the increased viscosity as well as the less
corrugated surface provided by the phospholipid envelope as

Table 3
Aerodynamic properties and drug content of spray-dried LbL-BER/SLS-RAP-SLNs nanocomposites prepared with different carriers. All data are expressed as
mean ± SD (n= 3).

Carrier composition (w/w) Drug content (%w/w) FPF (%w/w) MMAD (µm) ED (%w/w) GSD

N1 Mannitol 67.62 ± 1.8 13.6 ± 3.08 6.8 ± 0.73 74.80 ± 5.61 1.27 ± 0.19
N7 Mannitol:PVP:leucine (2:2:1) 60.20 ± 1.3 16.8 ± 5.21 6.48 ± 0.64 83.32 ± 2.91 1.66 ± 0.23
N9 PVP:maltodextrin:leucine (2:2:1) 63.27 ± 2.5 50.47 ± 5.6 3.57 ± 0.19 87.51 ± 1.07 2.48 ± 0.28
N10 Mannitol:maltodextrin:leucine (2:2:1) 64.58 ± 3.3 65.6 ± 2.88 2.17 ± 0.23 94.38 ± 0.31 1.36 ± 0.15
N11 Mannitol:maltodextrin:leucine (2:2:1) 79.20 ± 4.2 62.9 ± 3.18 2.23 ± 0.28 93.12 ± 0.54 2.86 ± 0.35
N12 Mannitol:maltodextrin:leucine (2:2:1) 76.50 ± 2.7 55.5 ± 4.56 3.28 ± 0.34 87.9 ± 3.68 2.1 ± 0.41

*The nanocomposites (N1, N7, N9, N10) were prepared by spray-drying of LbL-RAP-BER/SLS-SLNs (F4) using 1:5 SLNs:carrier weight ratio. The nanocomposites
(N11) were prepared by spray-drying of LbL-RAP-BER/SLS-SLNs (F4) using 1:3 (SLNs: carrier) ratio weight to increase the drug loading. The nanocomposites (N12)
were prepared by spray-drying of the multi-compartmental nanocarrier LbL-RAP/PC-BER/SLS-RAP-SLNs (F6) using 1:3 (SLNs:carrier) weight ratio.

Fig. 6. DSC thermograms of spray-dried nanocomposites after storage in a desiccator at room temperature for 8months (A), SEM micrographs of spray-dried
nanocomposites prepared with different carriers; F4 SLNs/PVP-maltodextrin-leucine (N9); F4 SLNs/mannitol-maltodextrin-leucine (N11); and F6 PC-SLNs/mannitol-
maltodextrin-leucine (N12) (B). The aerodynamic distribution of different spray-dried nanocomposites in different stages of Andersen cascade impactor obtained by
CITDAS version 3.10 data processing software (C). Data are expressed as mean ± SD (n=3).
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demonstrated by SEM.
Based on the previous data, N12 nanocomposites were chosen for

subsequent in-vivo tests as it shows suitable aerodynamic properties for
deep lung deposition. Moreover, the N12 nanocomposites would be
anticipated to exhibit high anti-tumor efficacy due to the multi-com-
partmental nanocarrier structure with presence of RAP in both core and
shell of NPs as previously discussed. By mimicking the lung surfactant
function, incorporation of phospholipids in the inhalable nanocompo-
sites also contributes to enhance their effect by decreasing the surface
tension at alveolar surface and reducing friction in the lung tissue [55].

3.4. In vivo anti-tumor efficacy

3.4.1. Lung weight and morphology
Mice treated with inhaled nanocomposites had significantly lower

average lung weights compared to the positive control group (196.2 vs
498mg), whereas mice treated with inhaled free BER/RAP powder has
shown lung weight of 243.4mg (Fig. 7A). No clear body weight loss was
observed in the mice group treated with inhaled nanocomposites (N12)
or inhaled free RAP/BER powder confirming their low systemic toxicity
(Fig. 7B). The photographs of lungs excised from the negative control
mice exhibited normal physiological features. On the other hand, lungs
of the untreated positive control group were occupied by tumor nodules
(Fig. 7C). In contrast, tumor growth was significantly inhibited to dif-
ferent degrees in terms of lung weight and number of foci in the treated
groups. Thus, tumor growth was notably inhibited to different degrees
in the groups treated with inhaled nanocomposites and inhaled free
drugs combination.

3.4.2. Tumor growth biomarkers
The effect of the inhaled nanocomposites (N12) on the apoptotic

and anti-angiogenic effects of RAP and BER was evaluated and

compared to inhaled free drugs (Fig. 7D and E). RAP was reported to
have anti-angiogenic activity caused by reduction of vascular en-
dothelial growth factor (VEGF) level [56]. BER also can inhibit tumor
progression through the inhibition of various pro-inflammatory and
angiogenic factors [57]. In addition, BER can induce mitochondria-
mediated apoptosis and increased the expression of caspase-3 [58]. In
this study, the spray-dried lipid nanocomposites demonstrated the
highest significant tumor growth inhibitory effect (P < 0.05) with a
3.6-fold reduction of VEGF level and 2.99-fold elevation in caspase-3
level in lung tumors relative to the positive control group. Compara-
tively, the group treated with inhaled free combined drugs has shown
merely 1.80-fold reduction of VEGF level and 1.93-fold elevation of
caspase-3 relative to the positive control (P < 0.05).

3.4.3. Histopathological and immunohistochemical analysis
In H&E stained slides, lung sections of negative control demon-

strated normal alveoli with a single layer epithelial lining. On the other
hand, positive control group has shown several preneoplastic to neo-
plastic lesions ranging from epithelial hyperplasia to adenoma (blue
arrow). In addition, there was evidence of hemorrhage (white arrow)
and inflammatory cells infiltration (black arrow), whereas the lung
tissues treated with inhaled nanocomposites were approximately re-
covered as normal ones (Fig. 8A). The mice group treated with inhaled
free RAP/BER powder has shown more tumor lesions than group
treated with inhaled nanocomposites. This study was further aug-
mented by determination of both number and diameter of lung ade-
nomatous foci (Fig. 8B). The inhaled nanocomposites treated group
showed the best alleviation of both indices with 92.85% reduction in
the average number of microscopic metastatic lung foci with highly
reduced diameter (0.42 vs 5.53mm) compared to positive control
group (P < 0.05). While, inhaled free drug powder treated group has
shown 73.80% reduction in the average number of lung foci with

Fig. 7. In vivo anti-tumor efficacy of insufflated inhalable nanocomposites (N12) compared to inhaled free drugs powder after 21 day treatment expressed as; lung
weight for different mice groups (A), change of total body weight of mice with time (B), representative images of lungs excised from different mice groups (C), and
the level of tumor markers including apoptotic Caspase-3 (D) and angiogenic VEGF-1 (E) in mice compared to untreated positive control. * P < 0.05 vs negative
control, # P < 0.05 vs positive control, %P < 0.05 vs Free BER/RAP mixture (n= 7).
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reduced diameter (2.25 vs 5.53mm). Ki-67 protein is a prognostic
marker which is directly associated with cell division [59]. Compared
to positive control, both treatments with inhaled free RAP/BER com-
bination and inhaled nanocomposites inhibited cell proliferation as
confirmed by reduced Ki-67 staining. The % expression of Ki67 protein
measured in groups treated with inhaled free drugs and inhaled nano-
composites were 32.47 ± 2.16 and 12.15 ± 0.96%, respectively
compared to 90.79 ± 3.67% for positive control (Fig. 8C). Thus, both
histopathological and immunohistochemical analysis confirmed the
superiority of inhalable nanocomposites.

In this study, despite the relatively complex nature of the developed
nanocarriers, we believe they are urgently required to fulfill the unmet
needs for efficient localized combined cancer therapy. The complexity
of nano-systems stems from the various challenges we tried to ad-
dress including: (1) The difficulty of co-loading of RAP & BER within
the same carrier due to the big difference in their physicochemical
properties, (2) The inefficient encapsulation and fast release of hydro-
philic BER from SLNs, (3) The high lipophilicity and hence slow release
rate of RAP from SLNs, (4) This big gap in the release rate of both drugs
from SLNs could reduce the benefits of synergistic combination, (5) The
low drug loading in the inhalable multi-component delivery system, (6)
The low FPF and hence insufficient lung deposition of inhalable lipid
nanocarriers, and (7) The non-selective delivery of anti-cancer drugs,
even after lung deposition, to both cancerous and normal lung cells.
Therefore, different approaches have been coordinated together ela-
borating these complex multi-compartmental nanocomposites to
overcome the abovementioned shortcomings. First, hydrophobic ion
pairing approach was used to enhance the miscibility the cationic drug,
BER with the lipid matrix through its interaction with the anionic SLS
and hence sustain its release from SLNs. Second, the lipophilic drug
RAP was pre-formulated as phospholipid complex (PC) to help improve
its solubility and relatively enhance its release from the nanocarriers.

Thus, we could reduce the delivery gap between both drugs. Then, the
RAP-PC complex bilayer was then used to envelop BER/SLS HIP-loaded
lipid core to elaborate a multi-compartmental nanocarrier.
Furthermore, to overcome the problem of non-selectivity and enhance
the tumor targeting of nanocarriers, a layer-by-layer assembly of the
cationic lactoferrin and the anionic hyaluronate was used to coat the
nanocarriers. Finally, to enable deep lung deposition, the developed
nanocarriers were microencapsulated into different carriers via spray-
drying technology, thus elaborating inhalable dry powder nano-
composites.

4. Conclusion

Inhalable multi-compartmental lipid nanocomposites were devel-
oped for localized delivery of RAP and BER to lung cancer.
Envelopment of lipid nanoparticles loaded with BER/SLS HIP within an
outer bilayer of RAP-phospholipid complex resulted in core-shell multi-
compartmental nanocarriers with biphasic RAP release together with
reduced initial burst release of BER. The multi-compartmental nano-
carriers have shown superior cytotoxicity and internalization against
A549 cells compared to single compartment. Using spray-drying tech-
nology, the optimized multi-compartmental nanocarriers were micro-
encapsulated using mannitol-maltodextrin-leucine mixture with 1:3 w/
w ratio resulting in inhalable nanocomposites with small MMAD and
high FPF suitable for deep lung deposition. In vivo studies displayed the
higher anti-tumor activity of inhalable nanocomposites over the inhaled
free drugs in lung cancer bearing mice.
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a  b  s  t  r  a  c  t

The  self-tumor  targeting  polymers,  lactoferrin  (LF)  and  hyaluronic  acid (HA)  were  utilized  to develop
layer-by-layer  (LbL)  lipid nanoparticles  (NPs)  for dual  delivery  of  berberine  (BER)  and  rapamycin  (RAP)
to  lung  cancer.  To control  its  release  from  the  NPs,  BER  was  hydrophobically  ion  paired  with  SLS prior
to  incorporation  into  NPs.  Spherical  HA/LF-LbL-RAP-BER/SLS-NPs  250.5  nm  in  diameter,  with  a  surface
charge  of  −18.5 mV were  successfully  elaborated.  The  NPs  exhibited  sequential  release  pattern  with faster
release  of  BER  followed  by controlled  release  of  RAP  which  enables  sensitization  of  lung  tumor  cells  to
the  anti-cancer  action  of  RAP. LbL  coating  of  the NPs  was  found  to enhance  the drug  cytotoxicity  against
A549  lung  cancer  cells  as  augmented  by remarkable  increase  in  their  cellular  internalization  through
CD44  receptors  overexpressed  by tumor  cells.  In  vivo  studies  in lung  cancer  bearing  mice  have  revealed
the  superior  therapeutic  activity  of  LbL-RAP-BER/SLS-NPs  over the free drugs  as  demonstrated  by  88.09%
reduction  in  the  average  number  of  microscopic  lung  foci  and  3.1-fold  reduction  of  the  angiogenic  factor
VEGF  level  compared  to  positive  control.  Overall,  the  developed  HA/LF-LbL-coated  lipid NPs  could  be
potential  carriers  for targeted  co-delivery  of  BER  and  RAP  to lung  cancer  cells.

© 2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Lung cancer is one of the major causes of cancer-associated
mortality with about 23% of total cancer related mortality [1]. The
nanoparticles (NPs) have the ability to encapsulate therapeutics
and release them in a controlled manner to specifically target cells,
facilitate intracellular uptake and improve the solubility of poorly
soluble drugs [2,3]. Although lipid NPs are characterized by their
ability to carry both hydrophilic and lipophilic drugs with a high
drug payload, their use is associated with burst or premature drug
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Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA,
02115, USA.

E-mail addresses: aelzoghby@bwh.harvard.edu, ahmed elzoghby@alexu.edu.eg
(A.O.  Elzoghby).

release in vivo, mainly because the particles tend to crystallize and
expel the drug from their cores. In addition, lipid NPs may  be rapidly
removed from circulation via the reticulo-endothelial system (RES)
[4]. Therefore, to use lipid NPs for efficient tumor-targeted drug
delivery, it will be necessary to overcome their limitations by
enabling controlled drug release and surface modification.

Among surface modification approaches, layer-by-layer (LbL)
self-assembly proves its flexibility and simplicity, as it is usually
carried out in aqueous medium and does not entail drastic condi-
tions. LbL assembly technique relies on electrostatic deposition of
oppositely charged polyelectrolytes on the nanocarrier surface [5].
The LbL construction, mainly using hydrophilic polymers includ-
ing proteins and polysaccharides, can delay RES clearance, prolong
blood circulation and facilitate enhanced permeation and reten-
tion (EPR)-based passive diffusion of nanocarriers in interstitial
tumors [6]. Additionally, the fact that the layering material is,
itself, a targeting moiety could enhance the targeting ability of

https://doi.org/10.1016/j.colsurfb.2018.05.008
0927-7765/© 2018 Elsevier B.V. All rights reserved.
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these structures. Recently, protein–polysaccharide LbL assembled
nanocarriers have drawn great interest for tumor-targeted drug
delivery by virtue of their biocompatibility, minimal opsonization
and easy functionalization [7]. Lactoferrin (LF) is a cationic pro-
tein with essential role in iron transportation, in addition to its
anti-viral, anti-inflammatory, and anti-cancer activity. It was  found
that bovine LF tends to inhibit esophagus and lung carcinogen-
esis at very low doses [8]. Moreover, LF can bind to transferrin
receptor (TfR) and LDL receptors overexpressed on various can-
cer cells including breast, colon, nasopharyngeal and lung [9]. On
the other hand, hyaluronic acid (HA) is one of the most commonly
used anionic polysaccharides in targeted anti-cancer drug delivery
via its inherent ability to bind with CD44 receptors overexpressed
on tumor cells including lung cancer cells [10,11].

Rapamycin (RAP), a macrolide lactone with antifungal and
immunosuppressant actions, was found to inhibit the mTOR path-
way that regulates a number of cellular signals and mitogenic
growth factors leading to impaired cancer cell metabolism [12].
However, the extremely lipophilic nature (partition coefficient
3.58) of RAP and hence poor aqueous solubility (2.6 �g/ml) and low
oral bioavailability (about 17%) handicaps its parenteral adminis-
tration and requires use of high amounts of solvents such as DMSO,
PEG 400 and ethanol that may  cause kidney injury and liver dam-
age [12]. Additionally, RAP is unstable in electrolyte solutions and
shown to be sensitive to both acids and bases, resulting in ring frag-
mentation and degradation. Moreover, its serious nephrotoxicity
and hyperglycemic effect limit its clinical application [13].

On  the other hand, berberine (BER), a quaternary isoquinoline
alkaloid present in many medicinal herbs, displayed antimicro-
bial, anti-inflammatory and anti-cancer properties [14]. BER could
inhibit the growth and invasion ability of H460 and A549 lung
cancer cells at a relatively low IC50 through a cell cycle arrest
at the G0/G1 phase [15]. However, the clinical application of
this compound has encountered several challenges, particularly in
vivo, largely due to its low gastro-intestinal absorption, and rapid
metabolism by CYP 450-dependent processes [16]. Thus, a poten-
tial solution to overcome the obstacles hindering the use of both
drugs, RAP and BER, is to utilize nanoparticulate formulations for
their tumor-targeted delivery.

While  the inhibition of mTOR pathway by RAP and its
analogs constitutes an outstanding anti-cancer target, RAP-induced
immunosuppression represents a challenge facing its clinical appli-
cation in cancer therapy [17]. On another avenue, BER was  found
to inhibit the proliferation of hepatocellular carcinoma cells (HCC)
mediated by blocking the mTOR pathway via AMPK activation [18].
Accordingly, co-treatment of HepG2 cells with BER and RAP showed
synergistic cytotoxicity where BER could maintain the cytotoxic
action of RAP at a lower concentration. Thus, BER may  reduce
the RAP-associated immunosuppression by allowing its use in a
lower dose [17]. Therefore, we hypothesize that a nanocarrier for
combined delivery of both RAP and BER would benefit from: (a)
the powerful anti-cancer action of RAP, (b) the synergistic mTOR
inhibiting activity of BER, and (c) the broad anti-cancer activity of
BER mediated via multiple mechanisms other than mTOR blocking.

Therefore, in this study, we propose for the first time up to our
knowledge, HA/LF-LbL-coated lipid NPs for combined delivery of
RAP and BER to lung cancer. First, to enable parenteral delivery
of BER and RAP, both drugs were co-encapsulated into the lipid
core by oil-in-water emulsification to elaborate lipid NPs. Second,
to enhance its loading and overcome its relatively fast release, BER
was pre-formulated as hydrophobic ion pair (HIP) with sodium lau-
ryl sulfate or sodium deoxycholate. Finally, to reduce RES clearance
of the NPs and enable active tumor-targeting, the RAP-BER/SLS-
loaded lipid core NPs were coated with oppositely charged layers
of cationic lactoferrin (LF) and anionic hyaluronic acid (HA) via LbL
assembly to enhance their internalization into lung cancer cells via

binding to LDL or CD44 receptors overexpressed by human lung
cancer cells. The developed delivery system was  thoroughly inves-
tigated in vitro and in vivo to prove the anti-tumor superiority of
the combined drug nano-delivery compared with the free drug
combination.

2. Materials and methods

2.1.  Materials

Berberine chloride hydrate (BER), sodium deoxycholate (SDC),
Fetal bovine serum (FBS), Triton X100, coumarin-6, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
urethane (ethyl carbamate), Dulbecco’s modified eagle medium
(DMEM), trypsin-EDTA, Canada balsam, Haematoxylin solution,
and Eosin solution (H&E) were purchased from Sigma-Aldrich
(St. Louis, USA). Rapamycin (RAP), purity 98% was purchased
from Jianshi Yuantong Bioengineering Co., Ltd. (China). Hyaluronic
acid (HA) was purchased from Baoding Faithful Industry Co., Ltd.
(China). Lactoferrin (Lf) was kindly donated by Westland Milk
Products (Hokitika, New Zealand). Phosphatidylcholine (Lipoid
S75) was  kindly provided by Lipoid (Ludwigshafen, Germany).
Glyceryl monostearate (GMS) was  a gift from Gattefosse (Lyon,
France). Poly(ethylene glycol) 400, sodium lauryl sulfate (SLS),
ethanol, and methanol were purchased from ADWIC (Cairo, Egypt).
Polyoxyethylene sorbitan monooleate (Tween 80) was obtained
from (Riedel de H#XPS##x00E4;en, Germany). Acetonitrile and
Methanol HPLC grade were purchased from JT Baker (NJ, USA).

2.2.  Preparation of BER-hydrophobic ion pair (BER-HIP)

The BER-HIP complex was  prepared by the ionic interaction of
BER and SLS or SDC under aqueous conditions. Briefly, 25 mg  BER
was dissolved in distilled water. The aqueous solution of SLS or
SDC as ion pairing agents was added dropwise to BER solution
under gentle magnetic stirring till the appearance of strong tur-
bidity indicating the complex formation which was  then left for
30 min  under gentle magnetic stirring [19]. The HIP complex was
formed spontaneously upon mixing of both aqueous solutions in
1:1 molar ratio. The solutions were then centrifuged for 45 min
at 17000 rpm (3K-30 centrifuge, Sigma laboratory, Germany) and
the sediment complex was  lyophilized at −80 ◦C with LyoQuest
lyophilizer (Telstar, Spain) to obtain dry powders. The concentra-
tion of non-complexed BER was determined in the supernatant by
HPLC analysis and detailed in Supplementary Material. The solu-
bility and partition coefficient of BER and BER-HIP complexes were
determined as previously reported [20] and detailed in Supplemen-
tary Material.

2.3.  Preparation of dual RAP/BER-loaded lipid NPs

BER-loaded NPs were prepared by the hot homogenization
method [21]. First, oily phase (100 mg  GMS) was heated to 70 ◦C at
shaking water bath (Maxturdy 30, DAIHAN Scientific, South Korea).
10 mg  of BER or equivalent amount of BER-HIP complex was  added
to the melted lipid phase. Keeping the temperature at 70 ◦C, 50 ml
aqueous phase containing 100 mg  Tween 80 was  added into the oily
phase under agitation at 12000 rpm for 5 min  using Ultra Turrax T-
25 homogenizer (Ika Labortechnik, Germany). This emulsion was
cooled to the room temperature upon magnetic stirring for 30 min.
For preparation of dual drug (RAP/BER)-loaded NPs, 10 mg of RAP
along with BER-HIP eq. to 10 mg  were added to the melted lipid
phase and completed in the same method mentioned above.
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2.4. Preparation of HA/LF-LbL-coated dual RAP/BER-loaded NPs

To  prepare the LbL-coated BER/RAP-NPs, 12.5 ml  of the nega-
tively charged BER/RAP-NPs containing 5 mg  RAP and 5 mg  BER
were titrated with different volume ratios of a cationic LF aque-
ous solution (10 mg/ml) under gentle stirring. The mixture was
then incubated for further 30 min  under mild stirring. Anionic HA
aqueous solution (0.5 mg/ml) was then added dropwise under gen-
tle stirring to the positively charged LF-coated NPs, thus forming
LbL-BER/RAP-NPs.

2.5. Physicochemical characterization of NPs

The methodologies for assessing drug loading, nanoparticle size,
surface charge, drug release, morphology, stability, redispersibil-
ity, hemolytic and serum stability were performed as described
previously [22–24] and detailed in the Supplementary Material.

2.6.  Chemical stability of RAP

Chemical stability of RAP in PBS (10 mM,  pH 7.4) was  investi-
gated to study effect of nano-encapsulation on RAP stability. Free
RAP and nano-formulated RAP (RAP-NPs) at a fixed concentration
(40 �g/ml) were incubated in PBS (10 mM,  pH 7.4) at a total vol-
ume of 10 ml  solution in a shaking water bath (100 rpm, 37 ◦C).
Samples were protected from light to avoid any other factors that
may  induce RAP degradation. A mixture of ethanol (final concen-
tration; 4% v/v), PEG 400 (final concentration; 5% v/v) and Tween
80 (final concentration; 5% v/v) was used to aid dissolving free RAP
in PBS. At predetermined time points, 0.2 ml  of solutions (either
nano-formulated or free RAP) was withdrawn and added to 0.4 ml
ethanol then subjected to HPLC analysis.

2.7. In vitro cytotoxicity and uptake studies

The in vitro cytotoxicity of free RAP, free BER, free RAP/BER solu-
tion and RAP/BER-dual loaded NPs against A549 lung cancer cells
was evaluated by MTT  assay [25]. The internalization of nanocarri-
ers into lung cancer cells was studied by confocal microscopy using
coumarin-6 as a fluorescent probe (Methodology details of cytotox-
icity and uptake tests are illustrated in Supplementary Material).

2.8.  In vivo studies

2.8.1.  Animals
According to an institutionally approved animal protocol, 5–6

weeks old male Albino mice (15–20 g) were maintained in a
maximum isolation environment. (Details of animal protocol are
illustrated in Supplementary Material).

2.8.2. Induction of tumor
Tumors  were induced by a single i.p. injection of 1 g/kg urethane

dissolved in 0.9% NaCl, followed by a poster dose of 0.5 g/kg ure-
thane after 15 days [26]. These mice were under observation for
12–14 weeks as expected time of induction of lung cancer.

2.8.3.  In vivo anti-tumor efficacy
The animal studies were performed using 12–16 weeks male

Albino mice with chemically-induced lung carcinoma. The mice
were randomly divided into 4 groups (six mice in each group)
including (a) positive control (untreated lung carcinoma bearing
mice), (b) free combined BER/RAP in a co-solvent solution (4%
ethanol, 5% PEG 400 and 5% Tween 80), (c) HA/LF-LbL-RAP-BER/SLS-
NPs treated group and (d) negative control (healthy mice receiving
saline). Lung cancer bearing mice were injected via the tail vein
with the drug-loaded NPs or free drugs eq. to 1.5 mg/kg RAP and

1.5  mg/kg BER three times per week for two weeks. All the surviv-
ing animals were sacrificed after 21 days. The excised lungs were
isolated, weighed, morphologically examined.

2.8.4. Quantification of angiogenic and apoptotic markers
The  tumor growth biomarkers were determined quantitatively

using ELISA. The experimental method is detailed in the Supple-
mentary Material.

2.8.5.  Histopathological and immunohistochemical analysis
The  tumor samples were examined for histopathological

changes  as well as tumor proliferation extent [27]. The experimen-
tal method is detailed in the Supplementary Material.

2.9. Statistical analyses

Data  analysis is detailed in the Supplementary Material.

3.  Results and discussion

3.1.  Fabrication and characterization of BER-HIP complexes

Controlled release of water soluble drugs from nanoparticles is
a great challenge. A number of approaches have been exploited to
develop nanocarriers for prolonged release of water soluble drugs
such as chemical crosslinking and hydrophobic ion pairing (HIP)
[28]. Therefore, in this study, an attempt was carried out to retard
the release of the water soluble drug, BER hydrochloride from lipid
nanocarriers by formation of HIP complex [29]. Therefore, the qua-
ternary ammonium group of BER was  exploited for the formation
of HIP complex with the negatively charged carboxyl group of SDC
or sulfate group of SLS at 1:1 molar ratio.

The complexation efficiency of BER reached almost 100% in
BER/SLS complex compared to only 33.62 ± 3.5% in BER/SDC com-
plex. The formed HIP complexes have acquired negative charge
of −19.9 ± 1.2 and −27.1 ± 2.3 mV  for BER/SLS and BER/SDC com-
plexes, respectively. BER hydrochloride is a water soluble drug,
with aqueous solubility of 0.71 mg/ml, while the aqueous solubili-
ties of the BER/SLS and BER/SDC HIP complexes were significantly
reduced to 0.007 and 0.170 mg/ml, respectively (Table S1). Further-
more, BER hydrochloride exhibited a very low partition coefficient
(log P = −1.54 ± 0.013), suggesting that the drug is hydrophilic in
nature which is in agreement with previous literature [16]. The
anionic HIP agents significantly increased the partitioning of BER
into the more lipophilic 1-octanol phase. In this regard, SLS was
better than SDC where the Log P value for BER/SDC and BER/SLS
HIP complexes was  found to be 0.278 ± 0.009 and 1.313 ± 0.011,
respectively (Table S1, Fig. S1). BER/SDC forms less hydrophobic
complex may  be because it forms a weaker ionic complex com-
pared to BER/SLS. The rigid steroidal skeleton of SDC may  induce
steric hindrance against access of the negatively charged carboxy-
late group of SDC to the positively charged quaternary ammonium
group in BER which may weaken the ion-pair formation.

3.2. Characterization of BER- and BER/HIP-loaded NPs

In  this study, BER-loaded lipid based nano-system was devel-
oped by hot homogenization method (Fig. 1). First, the NPs were
prepared using glyceryl monostearate (GMS) and Tween 80, for effi-
cient incorporation and persistent release of BER. The mean particle
size of BER-loaded NPs was 170.1 ± 4.4 nm,  which is a little higher
than blank NPs (164.3 ± 3.6 nm)  which might confirm the entrap-
ment of free BER into NPs (Table 1). On the other hand, the zeta
potential of BER-loaded NPs was −21.7 ± 0.45 mV  indicating a good
colloidal stability. BER was  successfully encapsulated into NPs with
EE of 78.3 ± 3.5% w/w.
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Fig. 1. Diagram illustrating the preparation steps of LbL-RAP-BER/SLS-NPs (F9).

Table 1
Composition and physiochemical characteristics of blank, BER-NPs & BER-RAP-NPs.

Formula Particle Size (nm) PDI Zeta potential (mV) EE (%) DL (%)

F1 Blank NPs 164.3 ± 3.6 0.29 ± 0.025 −22.4 ±0.54 – –
F2 Blank LbL-NPs 210.2 ± 6.8 0.265 ± 0.02 −18.7 ± 0.7 – –
F3 BER-NPs 170.1 ± 4.4 0.24 ± 0.01 −21.7 ± 0.45 78.3 ± 3.5 6.922±0.06
F4 BER/SDC-NPs 175.6 ± 6.1 0.369 ± 0.05 −19.5 ± 0.65 84.3 ± 2.6 7.79 ± 0. 22
F5  BER/SLS-NPs 168.9 ± 5.1 0.308 ± 0.05 −26.8 ± 0.41 93.5 ± 3.1 8.59 ± 0. 4
F6  LbL-BER\SLS-NPs 233.0 ± 6.4 0.20 ± 0.011 −19.7 ± 0.32 89.1 ± 2.7 6.23 ± 0. 23
F7  RAP-NPs 174.2 ± 5.1 0.21 ± 0.016 −17.8 ± 0.55 98.75 ± 0.54 9.18 ± 0.2
F8 RAP-BER/SLS-NPs 215.0 ± 7.8 0.25 ± 0.021 −17.4 ± 0.45 BER  93.1 ± 3.5 BER 8.31 ± 0. 5

RAP 98.55 ± 0.4 RAP 8.98 ± 0.3
F9 LbL-RAP-BER\SLS-NPs 250.5 ± 7.5 0.255 ± 0.024 −18.5 ± 0.52 BER  88.2 ± 4.3 BER 6.2 ± 0.42

RAP 98.6 ± 0.32 RAP 8.9 ± 0.44

One of the major advantages of HIP complex is to increase the
lipophilicity of the hydrophilic molecules. Incorporation of BER/HIP
into the lipid NPs was found to increase the drug EE from 78.3 to
84.3% and 93.5% in BER/SDC NPs and BER/SLS-NPs, respectively
(Table 1). The increased EE of BER in into the lipid matrix of NPs
could be explained by the enhanced lipophilic characteristics of
the drug via ion pairing as illustrated by the solubility and partition
coefficient results [30]. These results are in accordance with the
increased EE of cationic doxorubicin into lipid NPs from 85.5 to
99.5% upon HIP complexation with dextran sulfate [23].

3.3. Characterization of HA/LF-LbL-coated RAP-BER/SLS-NPs

Layer-by-layer self-assembly on preformed NPs was reported
as an outstanding approach to provide targeting potential to tumor
cells as well as to control drug release by minimizing its initial burst
release [31]. Proteins and polysaccharides have drawn much inter-
est for drug delivery because of their natural origin and unique
targeting properties [32–34]. In our study, the overall negative
charge present on the surface of lipid NPs was exploited for depo-
sition of the cationic protein, LF followed by a layer of the anionic
polysaccharide, HA (Fig. 1). To ensure uniform coating of NPs, the
amount of polyelectrolytes required to reverse the charge of NPs in
each coating step was optimized by simple titration procedure.

By increasing the added volume of LF solution (10 mg/ml) to col-
loidal solution of the NPs during the assembly process, the size of
NPs was  increased from 164.3 to 240.1 nm along with a reduction of
the negative surface charge from approximately −22.4 to −6.6 mV
(Fig. 2A & B). Further increasing of LF volume led to an inflection
point (neutralization) after which the zeta-potential was reversed
to positive charge (+1.8 mV). However, the NP size was decreased to
195.0 nm.  The cationic LF formed an island around the NPs surface
that initially grew in size with the successive addition of polymer
together with inversion of surface charge, finally resulting in the
formation of a stable and much stiffer NP of a smaller size. Upon
further addition of LF solution (8 ml), no significant change of sur-
face charge from +1.8 to +2.1 mV  was  observed that might have
indicated that the surface was completely coated was with LF [35].
Therefore, 6 ml  LF solution (10 mg/ml) was selected as the optimum
volume of LF required for coating of 12.5 ml  NPs solution result-
ing in a uniform PS of 195.30 ± 2 nm and surface charge of +1.8 mV.
When a second outer anionic layer of HA solution (5 ml; 0.5 mg/ml)
was directly assembled on the positively charged LF-coated lipid
NPs, an inversion of the zeta potential from + 1.8 to −7.3 mV was
obtained with a small size decrease from 195.30 to 185.61 nm. Upon
addition of 10 ml  HA solution, the surface charge was increased
to −18.7 mV  reflecting higher colloidal stability with only a small
increase in particle size (about 15 nm)  to reach 210.2 nm (Table 1,
Fig. 2C & D). This behavior is explained by the ability of the HA chains
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Fig. 2. Characterization of NPs during layer-by-layer build-up. Effect of the subsequent deposition of lactoferrin (LF) and hyaluronic acid (HA) on the hydrodynamic size and
polydispersity index (A) and (C), corresponding zeta-potential (B) and (D). Data are expressed as mean ± SD (n = 3).

to easily diffuse into the previously adsorbed LF layer by virtue of
strong electrostatic interactions [23]. Overall, the HA/LF bi-layer
deposition increased the thickness of our lipid NPs by ∼46 nm (from
∼164.3 nm prior to deposition to ∼210.2 nm (Table 1). Similarly,
coating of lipid NPs with LbL assembly of chitosan and HA resulted
in a size increase of 74 nm with a surface charge of −12 mV  [23].
Finally, incorporation of both drugs; RAP along with BER/SLS HIP
within the lipid NPs resulted in a significant size increase from 210.2
for blank NPs (F2) to 250.5 nm for LbL-RAP-BER\SLS-NPs (F9) with
a final surface charge of −18.5 mV.  The NPs demonstrated a high
loading of both drugs (6.2 and 8.9% for BER and RAP, respectively).

3.4. Morphological analysis

TEM  imaging of the NPs revealed spherical-shaped NPs with
the particle size was consistent with DLS data (Fig. 3A). Overall,
the average size of uncoated NPs and LbL-NPs measured by TEM
was ∼160-170 and 200–210 nm,  compared to 215.0 and 250.5 nm,
respectively obtained by DLS. The smaller size obtained by TEM
could be explained by the shrinkage occurred during dehydration
step prior to microscopical examination [36]. The addition of LF/HA
bilayer resulted in the formation of a compact core–shell structure
(Fig. 3B). Because of the longitudinal attachment of the polymer
chains, there was no clear distinction between the two polymer
layers.

3.5. Solid state characterization

The  DSC thermogram of pure BER and RAP exhibited sharp melt-
ing endothermic peaks at ∼191 ◦C for BER and 186.41 and 197.56 ◦C
for RAP reflecting their crystallinity (Fig. S2A). After formation
of HIP with either SLS and SDC, the BER peak disappeared with
the appearance of very small new endothermic peaks at 202.37
and 174 ◦C for BER/SLS and BER/SDC, respectively thus indicating
complex formation. Absence of endothermic peaks of RAP in the
thermograms of NPs reveals the drug amorphization after insertion
into the particles. This phenomenon is thought to promote drug
solubility in the lipid melt and hence enables maximum entrap-

ment efficiency [37]. The thermograms of the NPs showed sharp
endothermic peak at 165 ◦C corresponding to melting of mannitol
used as a cryoprotectant during lyophilization.

The FTIR spectrum of BER showed its characteristic band at
1597 cm−1 assigned to C C and C N stretching vibrations [38]. All
the major absorption peaks of BER, including those at 1507, 1385,
1362, 1340, 1271 and 1232 cm−1 were attenuated in the spectra of
BER/SLS and BER/SDC HIP complexes (Fig. S2B) [39]. Spectrum of
pure SLS depicted bands at 1216 and 1080 cm−1 signifying S O
(stretching) vibrational modes of sulfonic group. In the BER/SLS
complex spectrum, the first peak was  shifted to the low field from
1216 to 1208 cm−1, while the peak at 1080 cm−1 was diminished
may be attributed to ionic interactions between amino group of BER
and sulfate groups of SLS, resulting in complex formation. Similar
results were observed in the spectrum of BER/SDC complex and
detailed in Supplementary Results Section. FTIR spectrum of RAP
exhibited its characteristic peaks at 3408 cm−1 originating from
O H stretching vibrations, 2874 and 2928 cm−1 attributable to C H
stretching vibrations, while the peak at 1715 cm−1 is correspond-
ing to C O carbonyl stretching. The disappearance or slight shifting
of the major peaks of both drugs in the IR spectrum of NPs reflects
their successful encapsulation.

3.6. In vitro drug release

In  contrast to the fast diffusion of BER from free drug solution
(100% drug released within 4 h), a biphasic release pattern of BER
from NPs (F3) was observed with high initial burst release (nearly
70% of drug released within 2–4 h) followed by controlled drug
release up to 8 h. The adsorbed drug on the surface of NPs may
account for the fast initial drug release, while the drug entrapped
into the lipid core may  be responsible for the sustained release pat-
tern [40]. Since, BER has water solubility of ∼1 mg/ml and log P of
−1.54, it could not be completely incorporated in the lipid matrix
with high portion of drug could partition to the aqueous phase. On
the other hand, the NPs prepared using BER-HIP showed a more sus-
tained drug release pattern (Fig. 3C). Complexation of BER with SDC
could not significantly decrease the initial burst release of drug from
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Fig. 3. TEM images of RAP-BER/SLS NPs (F8) and LbL- RAP-BER/SLS NPs(F9) (A, B), in vitro release of BER (C), RAP (D) from dual drug-loaded NPs and free drug solutions using
100  ml of purified water as release medium containing 0.2% w/v Tween at 37◦C, 100 rpm using dialysis bag method. Data are expressed as mean ± SD (n = 3).

NPs (F4) compared to BER-NPs (F3). After 2 h, 64.9 and 69.65% of
BER was released from BER/SDC- and BER-loaded NPs, respectively.
However, HIP complexation of BER with SLS (F5) could significantly
decrease the initial burst release of drug from NPs from 69.65 to
43.8% after 2 h. After 24 h, the accumulated drug release reached
68.4% from BER/SLS-NPs (F5) compared to 79.45% without HIP com-
plexation (F3). These results confirmed the influential role of HIP
complexation to prolong the drug release time. The HIP increased
drug hydrophobicity and hence enhanced its incorporation in the
lipid matrix of NPs thus providing slow drug release. The dissocia-
tion process of free BER from its ionic complex with the negatively
charged SLS was possibly another important factor. Similarly, HIP
complexation of the hydrophilic peptide leuprolide with sodium
stearate, not only increased the EE of leuprolide within lipid NPs
but also reduced its release rate from 43.9 to 8.3% in the first 2 h
[41].

The in vitro release behavior of RAP from NPs was  studied for
5 days in water containing 0.2% w/v Tween 80. PBS could not be
used in this study because RAP is unstable in PBS [42]. The release
of RAP from the NPs was very slow with only 5.8% released during
the first 24 h compared to 19.0% released from free drug solution
after 24 h (Fig. 3D). The amount of the drug released from the NPs
continued to increase and reached 18.5% after 5 days. The very slow
release of RAP from NPs can be explained by its extremely lipophilic
nature (aqueous solubility = 2.6 �g/ml at 25 ◦C and partition coeffi-
cient = 3.58). Thus, it was highly incorporated within the lipid core
of NPs with very low tendency to partition to the aqueous release
medium. The lack of immediate release of RAP is potentially useful
to prevent drug loss before reaching the tumor site thus avoiding
unwanted systemic side effects of the drug whereas the relatively
faster release of BER could be exploited to sensitize cancer cells to
the action of RAP.

3.7.  Colloidal stability and lyophilized powder redispersibility

After 3-month storage at 4 ◦C, there was no significant increase
in the particle size of LbL-NPs (F9) compared to the remarkable

size  increase of the uncoated NPs (F8) (Fig. 4A). The high tendency
of lipid NPs to aggregate upon storage may  result from reduction
in surfactant coating on the hydrophobic NP surface [43]. It was
recently reported that LbL coating technique could improve the
poor colloidal stability and pharmacokinetic pattern of the NPs [44].

Although freeze-drying is commonly used to enhance the sta-
bility of NPs by converting their colloidal suspension into powder
form, some stresses could destabilize NPs during freeze-drying
[45]. Therefore, the prepared NPs were lyophilized using manni-
tol (5% w/v) as a cryoprotectant. Under the mechanical freezing
stress of ice crystals, there was  a large increase of about 145 nm
in the size of the uncoated NPs with redispersibility index (RI) of
1.66 indicating their aggregation. In comparison, there was  only
about 50 nm increase in the size of LbL-NPs (RI = 1.19) (Table S2).
Polymeric NPs are more resistant to freezing stresses than lipid NPs
by virtue of their higher mechanical resistance [45]. Takeuchi et al.
found that coating the surface of liposomes by modified PVA layer
could enhance their stability during lyophilization [46]. Therefore,
it can be concluded that coating the surface of our lipid NPs with
biopolymers such as LF and HA has improved their stability during
freeze-drying and prevented their aggregation.

3.8. Serum stability and hemocompatibility

For parenteral administration, the NPs should be stable to avoid
possible interaction with serum proteins. There was  a significant
increase in the particle size of the bare NPs from 170.2 to 290.3 nm
once added to 10% FBS. The size of the uncoated NPs continued
to increase in the first 2 h reaching 380.5 nm. After 4 h, the size
started to decrease with a significant PS reduction was  noticed
after 6 h reaching 199.1 nm (Fig. 4B). The initial increase in size
of the uncoated lipid NPs can be correlated to adsorption of serum
proteins on the surface of NPs forming protein corona [47]. The
osmotic effect of serum proteins is another way by which serum
may impact NPs causing water to escape from the aqueous core
resulting in shrinkage of the NPs [12,48].
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Fig. 4. Physical stability of RAP-BER/SLS NPs (F8) and LbL- RAP-BER/SLS NPs (F9) showing the change in particle size with time (A), Particle size of RAP-BER/SLS NPs (F8) and
LbL-  RAP-BER/SLS NPs (F9) after incubation in 10% fetal bovine serum (FBS) for 6 h at 37 ◦C (B), Hemolytic potential of different dual drug loaded NP showing% hemolysis (C),
hemocompatibility images (D) of the uncoated NPs (D I), LF-NPs(D II) and HA-LF-NPs(D III) after 1 h of incubation at 37 ◦C and chemical stability of free RAP and encapsulated
RAP-NPs in phosphate-buffered saline (PBS; 10 mM,  pH 7.4) (E). Data are expressed as mean ± SD (n = 3).

Fig. 5. Cytotoxicity analysis of free BER, free RAP and free BER/RAP co-solvent compared to the prepared nano-formulations RAP-BER/SLS-NPs (F8), targeted LbL-RAP-BER/SLS-
NPs (F9) and Blank-NPs (F2) on A549 lung cancer cell line after 24 (A) and 48 h (B). Each value represents the mean ± SD (n = 6).

Lipid NPs are hydrophobic carriers exposed to opsonization by
serum proteins and quick clearance by macrophages of RES. There-
fore, coating of lipid NPs with hydrophilic biocompatible polymers
was thought to improve their systemic use and prolong its circu-
lation [49]. In our study, there was no significant change in the PS
of LbL-coated NPs after incubation in FBS for 6 h. LbL modification
of NPs with highly negatively charged polyelectrolytes such as HA
as the outer layer could greatly enhance the serum stability of NPs
since it hinders the adsorption of anionic serum protein molecules.
This could also result in decreased opsonization and hence reduce
their RES clearance and enhance their accumulation in solid tumors
[31].

Using 1.25 mg/ml  NP concentration, un-coated and LF-coated
NPs showed 2.8 and 3.45% hemolysis, respectively. On the other
hand, HA/LF-LbL-coated NPs demonstrated only 1.4% hemolysis

(Fig.  4C & D). Even at higher NP concentration (2.5 mg/ml), HA/LF-
LbL-NPs showed only 3.78% hemolysis compared to 4.99 ± 0.41%
and 5.13 ± 0.36% hemolysis for un-coated and LF-coated NPs,
respectively. Thus, HA/LF-LbL-coated NPs were found to be more
hemocompatible that may  be mediated by the negatively charged
functional groups of HA. HA coating of liposomes was previously
reported to enhance their biocompatibility and confirmed their
safety for i.v. delivery of imatinib mesylate [50].

3.9. Chemical stability of RAP

According to previous report, RAP undergoes hydrolytic degra-
dation in 0.01 M PBS at pH 7.4 particularly at 37 ± 0.5

◦
C [42]. Also,

RAP was  found to be strongly accelerated at higher buffer con-
centration [51]. To study the protecting effect of our NPs on the
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Fig. 6. Confocal images showing cellular uptake of free Coumarin-6, uncoated NPs and LbL-NPs (Coumarin-6 was incorporated in the place of the drugs as a fluorescent
marker) within A549 lung cancer cells after incubation for 4 and 24 h (C). Cell nuclei were stained with DAPI and the cytoplasmic green fluorescence resulted from Coumarin-6.
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stability of RAP, free RAP and RAP-loaded HA/LF-LbL-coated NPs
were incubated in PBS (0.01 M,  pH 7.4) followed by determination
of its concentration by HPLC at predetermined time intervals. As
shown in Fig. 4E & S3, free RAP was rapidly degraded in PBS (only
17.8% of RAP remained intact after 24 h of incubation). In contrast,
RAP loaded in the NPs showed more stability in PBS under the same
conditions with about 73.34% of RAP remained intact after 24 h of
incubation. Thus, formulation of RAP into LbL-coated lipid NPs pro-
tected the encapsulated drug against hydrolysis and increased its
stability in PBS. This could be attributed to the high entrapment
efficiency of RAP in the lipid NPs (nearly 100%) by virtue of its
highly lipophilic nature and its extremely slow release pattern as
demonstrated by the drug release results.

3.10. In-vitro cytotoxicity

Dual  free RAP/BER combination and the dual drug-loaded
uncoated and LbL-NPs (F9) exhibited remarkable decrease in the
viability of A549 non-small lung cancer cells at 24 and 48 h in a
dose/time-dependent manner (Fig. 5A & B). The observed cytotoxic
activity of non-targeted NPs(F8) (IC50, 7.8 �g/ml) was less than
dual free drug combination (IC50, 6.1 �g/ml) after 24 h incubation
period (Fig. S4). This behavior may  be explained by the relatively
faster release of the free combined drugs relative to their slow
release from NPs. However, the HA/LF-LbL-NPs showed the high-
est cytotoxic potential (IC50, 4.59 �g/ml) after 24 h. The enhanced
cytotoxicity demonstrated by LbL-NPs might be due to presence of

HA as the outer layer on the surface of LbL-NPs which could facil-
itate the active cellular uptake mediated by HA-CD44 interaction
which resulted in increased intracellular drug concentration [52].
These results confirm the essential tumor-targeting effect of the
polymer layers coating the particles. It was evident that blank NPs
(F2) did not show any significant cytotoxicity indicating their safety
and biocompatibility to tumor cells (cell viability was not less than
80%).

3.11. Cellular uptake

A  qualitative cellular uptake study of uncoated and HA/LF-LbL-
coated lipid NPs was  performed by using confocal microscopy
(Fig. 6). Fluorescent NPs were prepared using coumarin-6 instead
of drugs. After 4 h incubation with fluorescent uncoated NPs, no
remarkable fluorescence was detected inside A549 cells. However,
the fluorescence intensity was  enhanced with the incubation time
so that obvious fluorescence was  observed after 24 h incubation.
Based on their structural similarity with the plasma membrane,
the lipid components of our NPs may  bind with cell membranes
and enhance their internalization into cancer cells [53].

It  was previously reported that LbL self-assembly on preformed
NPs is an outstanding approach to provide targeting potential to
tumor cells. Therefore, in this study, the cellular uptake of NPs
was highly enhanced by coating with LF and HA as demonstrated
by much stronger green fluorescence signals inside the cells com-
pared to uncoated coumarin-6 loaded NPs (Fig. 6). Thus, decorating
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Fig. 7. Representative images of lungs for different groups after 21-day treatment (A), Lung weight for different groups after 21 day treatment (B), Change of total body
weight of mice with time (C), In-vivo anti-tumor efficacy showing the level of the tumor markers including Caspase-3 (D) and VEGF-1 (E) in mice bearing lung cancer treated
for  3 weeks with free combined drugs and LbL- RAP-BER/SLS NPs (F9) by intravenous injection compared to untreated positive control. * P < 0.05 vs negative control, # P < 0.05
vs  positive control, %P < 0.05 vs Free BER/RAP mixture. Each value represents the mean ± SD (n = 6).

the surface of NPs with outer layer of HA may  be responsible for
efficient internalization into lung cancer cells via CD44 receptor-
mediated endocytosis [10–12]. This also confirms the key role
played by LbL assembled polymers in tumor targeting process.

3.12.  In vivo anti-tumor efficacy

3.12.1. Lung weight and morphology
Combined cancer therapy using nanocarriers could be a promis-

ing strategy for enhanced efficacy of anti-cancer therapy [54,55].
Macroscopic lung features were investigated after lung cancer
induction. As shown in Fig. 7A & B, lungs excised from the negative
control mice exhibited normal physiological features whereas the
lungs of the positive control mice (untreated group) were almost
completely occupied by tumors. In contrast, tumor growth was  sig-
nificantly inhibited to different degrees in terms of lung weight and
number of foci in the groups treated with i.v. HA/LF-LbL-coated
lipid NPs and i.v. free drugs combination. Particularly, the best anti-
tumor effects were observed for mice treated with i.v. NPs. The
latter resembled those of negative controls after 21 days of treat-
ment showing significantly lower average lung weights compared
to the positive control group (216 mg  versus 513.6 mg). Whereas
mice treated with BER/RAP free solution has showed lung weight of
315 mg.  Also, mice treated with BER/RAP free solution has showed
reduction in the total body weight with time (Fig. 7C). RAP was
reported to cause a decrease in food intake, and fat mass loss result-
ing in weight loss [56]. It worth mention that the drug-NPs treated
group has not shown body weight reduction indicating there was
no or low systemic toxicity of the nano-formulations.

3.12.2. Tumor growth biomarkers
The  effect of nano-encapsulation on the apoptotic and anti-

angiogenic effects of RAP and BER was evaluated (Fig. 7D & E).
RAP induces cell cycle arrest and ultimately apoptosis through
inhibition of mTOR. Additionally, RAP was reported to provoke
anti-angiogenic effect by reducing the production of vascular

endothelial  growth factor (VEGF) [57]. BER is an effective anti-
angiogenic agent and can inhibit tumor progression through the
inhibition of various pro-inflammatory and angiogenic factors [58].
In our study, i.v. administered HA/LF-LbL-RAP-BER/SLS-NPs (F9)
demonstrated the best significant apoptotic and anti-angiogenic
effects (P < 0.05) with a 2.59-fold elevation in caspase-3 level and
3.16-fold reduction of VEGF level in lung tumors relative to the
positive control group. In comparison, only 1.74-fold elevation of
caspase-3 and 2.02-fold reduction of VEGF level was  obtained in
mice treated with for i.v. free drug combination relative to the
positive control (P < 0.05).

3.12.3. Histopathological & immunohistochemical study
As  shown in Fig. 8, H&E staining of lung sections showed

normal alveoli with a single layer epithelial lining in negative
control. However, positive control group (urethane-treated group)
has showed several preneoplastic to neoplastic lesions ranging
from epithelial hyperplasia to adenoma (blue arrow). In addition,
there was  evidence of hemorrhage (white arrow) and inflammatory
cells infiltration (black arrow). The lung tissues of tumor-bearing
mice treated with i.v. free combined RAP/BER solution exhibited
more tumor lesions than group treated with i.v. LbL-RAP-BER/SLS-
NPs (F9), which is consistent with the macroscopic observation.
Moreover, the superiority of i.v. drugs loaded NPs was further con-
firmed by a significant 88.09% reduction in the average number
of microscopic metastatic lung foci with highly reduced diame-
ter (0.91 mm vs 5.53 mm)  compared to untreated control group
(P < 0.05) (Fig. 9A). On the other hand, the group treated with i.v. free
drug combination revealed 64.28% reduction in the average number
of microscopic metastatic lung foci with a diameter of 3.04 mm.

The expression of Ki-67 protein is directly correlated with cell
proliferation [59]. Therefore, the in vivo Ki-67 levels in lung cancer
bearing mice treated with free RAP/BER or LbL-RAP-BER/SLS-NPs
(F9) were further evaluated by immunohistochemistry (Fig. 9B).
Compared to positive control, both treatment inhibited cell prolif-
eration evidenced by reduced Ki-67 staining. The% expression of
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Fig. 8. Histopathological and immunohistochemical analysis of lung sections of mice treated with free RAP/BER combination and LbL- RAP-BER/SLS NPs (F9) compared to
negative  control and positive control groups (A).

Fig. 9. Number of lung adenomatous foci and their diameter (A) in mice bearing lung cancer treated for 3 weeks for different groups, % expression of protein Ki-67 proliferation
in  corresponding groups (C). * P < 0.05 vs negative control, # P < 0.05 vs positive control, %P < 0.05 vs Free BER/ETP mixture. Each value represents the mean ± SD (n = 6).

Ki67 protein measured in groups treated with free drugs solution
and NPs were 39.74 ± 2.08 and 15.98 ± 1.09%, respectively com-
pared to 90.79 ± 3.67% for positive control.

Generally,  the enhanced in vivo anti-tumor efficacy of our nano-
delivery system is mainly attributed to the improved accumulation
of drugs in lung cancer cells by active targeting through binding to
CD44 receptors. This was also supported by the results of in-vitro
cytotoxicity study, where HA/LF-LbL-NPs showed higher cytotoxic
potential than that of both non-targeted NPs and the free drug com-
bination after 24 h. Moreover, the synergistic BER/RAP therapy had
also contributed to the improved efficacy as demonstrated by the
higher cytotoxicity of drug combination compared to each drug
alone.

4. Conclusion

Lipid NPs were successfully fabricated for the dual delivery of
RAP and BER to lung cancer. BER/SLS ion pair complex could signifi-

cantly  increase the hydrophobicity of the drug which was  observed
by reduction in aqueous solubility and its Log P value. Thus, it could
be incorporated in the hydrophobic core of the NPs with 93.5 EE
and also reduce the initial burst release. The LbL-NPs was formu-
lated via layer-by-layer assembly of LF and HA on BER/SLS-RAP-NPs
with particle size 250.5 nm.  LbL nanoarchitecture build-up was
monitored by means of a change in the hydrodynamic size and zeta-
potential surface charge. The LbL −NPs were relatively stable. LbL
Coating has enhanced the cellular uptake of lipid NPs and the cellu-
lar cytotoxicity of drugs due to CD44 receptor targeting. The in vivo
studies carried on mice bearing urethane induced lung cancer has
showed the superior anticancer activity of LbL-BER/RAP-NPs over
the free drugs solution.
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A B S T R A C T

Pseudomonas aeruginosa (P. aeruginosa) infection in the lung is common in patients with cystic fibrosis (CF).
Intercellular adhesion molecule-1 (ICAM-1) is known to play a key role in lung inflammation. Acute in-
flammation and its timely resolution are important to ensure bacterial clearance and limit tissue damage. Carbon
monoxide (CO) has been shown to exert anti-inflammatory effects in various tissues and organ systems. Here, we
explored the protective effects and mechanisms of carbon monoxide releasing molecule-2 (CORM-2) on P.
aeruginosa-induced inflammatory responses in human pulmonary alveolar epithelial cells (HPAEpiCs). We
showed that P. aeruginosa induced prostaglandin E2 (PGE2)/interleukin-6 (IL-6)/ICAM-1 expression and
monocyte adherence to HPAEpiCs. Moreover, P. aeruginosa-induced inflammatory responses were inhibited by
transfection with siRNA of Toll-like receptor 4 (TLR4), PKCα, p47phox, JNK2, p42, p50, or p65. P. aeruginosa also
induced PKCα, JNK, ERK1/2, and NF-κB activation. We further demonstrated that P. aeruginosa increased in-
tracellular ROS generation via NADPH oxidase activation. On the other hand, P. aeruginosa-induced in-
flammation was inhibited by pretreatment with CORM-2. Preincubation with CORM-2 had no effects on TLR4
mRNA levels in response to P. aeruginosa. However, CORM-2 inhibits P. aeruginosa-induced inflammation by
decreasing intracellular ROS generation. P. aeruginosa-induced PKCα, JNK, ERK1/2, and NF-κB activation was
inhibited by CORM-2. Finally, we showed that P. aeruginosa induced levels of the biomarkers of inflammation in
respiratory diseases, which were inhibited by pretreatment with CORM-2. Taken together, these data suggest
that CORM-2 inhibits P. aeruginosa-induced PGE2/IL-6/ICAM-1 expression and lung inflammatory responses by
reducing the ROS generation and the inflammatory pathways.

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is one of the most important
pathogens of nosocomial infection, which can often cause bacterial
infection in immunocompromised patients. The number of cases of

respiratory infection caused by P. aeruginosa has increased year by year.
P. aeruginosa can cause pneumonia, endocarditis, brain abscess, sepsis,
necrotizing fasciitis, and so on. The route of infection can be through
droplets, wounds, medical treatment pipelines, and even drinking
contaminated water. The treatment of P. aeruginosa infections is
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dominated by antibiotics while avoiding complications. However, the
mortality rate of infection is still not low. Recently, Guillemot et al.
proved that cytosolic phospholipase A2α (cPLA2α) promotes mouse
mortality regulated by P. aeruginosa pulmonary infection through in-
terleukin-6 (IL-6) [1]. Previous studies have shown that prostaglandin
E2 (PGE2) is a critical regulator in inflammatory responses during
chronic and acute infections [2]. Moreover, PGE2 can mediate the
maturation, migration, activation, and cytokine secretion of immune
cells [2]. During bacterial pathogenesis, both Gram-positive and Gram-
negative bacteria can enhance PGE2 release to mediate the immune
responses [3]. Intercellular adhesion molecule-1 (ICAM-1) is an in-
ducible surface glycoprotein, which can regulate adhesion-dependent
cell-to-cell interactions [4]. Many studies indicated that IL-6 can induce
ICAM-1 expression in various cell types [4,5].

Carbon monoxide (CO) is currently known to be generated in cells
or tissues as a byproduct of heme oxygenase (HO) after heme catalytic
activity [6]. Even though CO is toxic to humans at high concentrations,
many studies have documented that low-doses exogenous CO (ap-
proximately 250–500 ppm) have protective function against various
human diseases [7,8]. Previous studies have confirmed that low con-
centrations of CO or CO-releasing molecules (CORMs) can eliminate
microorganisms [9], regulate cell death [10], and resist inflammation
[10]. However, the lipid-soluble tricarbonyldichlororuthenium (II)
dimmer (CORM-2) is the most characterized CO-RMs [11]. In this
study, we hypothesized that CORM-2 may be effective as an anti-in-
flammatory modulator and a therapeutic agent for pulmonary in-
flammation.

Increased oxidative stress often causes cell damage and leads to
inflammation [12]. Oxidative stress may occur due to increased gen-
eration and/or reduced ROS destruction. It is known that NADPH oxi-
dase is the critical enzyme for the generation of ROS under various
pathological conditions [12]. Several lines of evidence have demon-
strated that ROS contributes to ICAM-1 expression in various cell types
[12,13]. On the other hand, PKCα [13,14], MAPKs [13,15], AP-1
[13,16], or NF-κB [13,15,16] has also been shown to be involved in
ICAM-1 up-regulation and monocyte adhesion in various cell types.
Previous study indicated that CORM-2 can mitigate inflammation via
the inhibition of ROS/NF-κB and Erk1/2/AP-1 activation [17]. In ad-
dition, Chi et al. proved that CORM-2 decreases TNF-α-induced in-
flammatory protein expression by inhibiting PKCα-dependent NADPH
oxidase/ROS and NF-κB [18].

Thus, in the present study we intend to establish whether the in-
hibition of ROS generation and inflammatory signaling pathways acti-
vation by CORM-2 may indeed result in the inhibition of P. aeruginosa-
induced inflammation in human pulmonary alveolar epithelial cells
(HPAEpiCs) and mice. We report here for the first time that in
HPAEpiCs, CORM-2 inhibits P. aeruginosa-induced PGE2/IL-6/ICAM-1
expression and inflammatory responses by decreasing the NADPH oxi-
dase/ROS generation and the activation of the PKCα/NADPH oxidase/
ROS/JNK/NF-κB and PKCα/NADPH oxidase/ROS/ERK1/2 pathways.

2. Materials and methods

2.1. Materials

We purchased anti-ICAM-1, anti-GAPDH, anti-TLR2, and anti-TLR4
antibodies from Santa Cruz (Santa Cruz, CA). Anti-phospho-p65, anti-
phospho-PKCα, anti-phospho-JNK, anti-phospho-p38 MAPK, and anti-
phospho-ERK1/2 antibodies were purchased from Cell Signaling
(Danver, MA). U0126, Gӧ6976, SC-51322, SP600125, PD98059, and
SB203580 were purchased from Enzo Life Sciences (Farmingdale, NY).
Bicinchoninic acid (BCA) protein assay kit was purchased from Pierce
(Rockford, IL). CORM-2, hemoglobin (Hb), lipopolysaccharides (LPS),
N-acetyl-L-cysteine (NAC), MitoTEMPO, enzymes, and other chemicals
were purchased from Sigma (St. Louis, MO). Helenalin (HLN) and
apocynin (APO) were purchased from Cayman (Ann Arbor, MI, U.S.A.).

2.2. Cell culture

We obtained HPAEpiCs (type II alveolar epithelial cells) from the
ScienCell Research Laboratory (San Diego, CA). The cultured condition
and procedure were described as previous published reference [19].
HPAEpiCs were used between passages 3 and 8. We used the XTT assay
kit to examine the cytotoxicity of each inhibitor at the incubation time.

2.3. Preparation of P. aeruginosa

P. aeruginosa (RP73 clinical strain; a gift from Dr J. C. Shu,
Department of Medical Biotechnology and Laboratory Science, Chang
Gung University, Tao-Yuan, Taiwan) was cultured in BHI (brain heart
infusion) broth (Sigma). However, the procedure of bacteria prepara-
tion can refer to our previous study [20]. In each experiment, ap-
proximately 2×107 bacteria, representing a bacteria/epithelial cell
ratio of 20:1, were added in 1ml of RPMI 1640 medium (Gibco) to each
well.

2.4. Transient transfection with siRNAs

Scrambled, ICAM-1, IL-6, p47phox, JNK2, p42, p38, p65, p50, TLR2,
and TLR4 human siRNAs were purchased from Sigma (St. Louis, MO).
We transiently transfected siRNA (100 nM) using a Lipofectamine®

2000 Reagent according to the manufacturer's instructions.

2.5. Real-time PCR

We used TRIzol reagent to extract total RNA. We then reverse-
transcribed mRNA into cDNA and analysed by real-time PCR using
SYBR Green PCR reagents (Applied Biosystems, Branchburg, NJ) and
primers specific for human GAPDH, ICAM-1, TLR2, and TLR4 and
mouse GAPDH and ICAM-1 mRNAs. Finally, ICAM-1, TLR2, and TLR4
mRNA levels were determined by normalizing to that of GAPDH ex-
pression.

2.6. Measurement of intracellular ROS accumulation

We used CellROX Green Reagent (Molecular Probes, Eugene, OR) to
measure oxidative stress in HPAEpiCs. The fluorescence for CellROX
Green Reagent staining was detected at 485/520 nm. HPAEpiCs were
washed with warm HBSS and incubated in HBSS containing 5 μM
CellROX Green Reagent at 37 °C for 30min. Subsequently, HBSS con-
taining CellROX Green Reagent was removed and replaced with fresh
medium. HPAEpiCs were then incubated with P. aeruginosa for the in-
dicated times. Finally, HPAEpiCs were washed twice with PBS and
detached with trypsin/EDTA, and the fluorescence intensity of the cells
was analysed using a FACScan flow cytometer (BD Biosciences, San
Jose, CA) at 485 nm excitation and 520 nm emission.

2.7. Measurement of IL-6 generation

HPAEpiCs were cultured in 12-well culture plates. After reaching
confluence, HPAEpiCs were incubated with P. aeruginosa for the in-
dicated times. The media were gathered and IL-6 levels were assayed by
using an IL-6 ELISA kit (BioSource International, Camarillo, CA).

2.8. Measurement of PGE2 generation

HPAEpiCs were cultured in 12-well culture plates. After reaching
confluence, HPAEpiCs were incubated with P. aeruginosa for the in-
dicated times. The media were gathered and PGE2 levels were assayed
by using a PGE2 ELISA kit (Enzo Life Sciences, Farmingdale, NY).
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2.9. Measurement of phospho-JNK, phospho-ERK1/2, and phospho-NF-κB
levels

HPAEpiCs were cultured in 6-well culture plates. After reaching
confluence, HPAEpiCs were treated with P. aeruginosa for the indicated
times. The levels of phospho-JNK, phospho-ERK1/2, and phospho-NF-
κB were assayed by using the ELISA kits of phospho-JNK, phospho-
ERK1/2, and phospho-NF-κB (Enzo Life Sciences, Farmingdale, NY),
respectively.

2.10. Western blot

We cultured HPAEpiCs in 6-well culture plates. After reaching
confluence, HPAEpiCs were treated with P. aeruginosa for the indicated
times. Western blot condition and procedure can refer to previous
published Ref. [19]. Finally, membranes were incubated with the anti-
ICAM-1 antibody for one day, and then incubated with the anti-rabbit
horseradish peroxidase antibody for 60min. We used ECL reagents to
detect immunoreactive bands.

2.11. Measurement of ICAM-1 luciferase promoter activity

The human ICAM-1 (pIC-339) firefly luciferase was kindly offered
by Dr. P. T. van der Saag (Hubrecht Laboratory, Utrecht, The
Netherlands). ICAM-1 luciferase promoter assay procedure can refer to
previous published reference [19]. Firefly luciferase activities were fi-
nally normalized to β-gal activity.

2.12. Determination of NADPH oxidase activity by chemiluminescence
assay

After incubation, HPAEpiCs were scraped and centrifuged at 400g
for 10min at 4 °C. The cell pellet was resuspended and the procedure
and condition of chemiluminescence assay can refer to previous pub-
lished reference [21].

2.13. Cell viability

Cell viability was measured by using the MTT assay. HPAEpiCs
(2.5× 105 cells/well in 24-well plates) were incubated with various
concentrations of CORM-2, and then treated with an MTT solution
(5mg/ml) for 120min. The procedure and condition of MTT assay can
refer to previous published Ref. [22].

2.14. Adhesion assay

HPAEpiCs (2× 106 cells/ml) were grown to confluence in 6-well
plates and incubated with P. aeruginosa, and then adhesion assays were
performed. Moreover, the procedure and condition of adhesion assay
can refer to previous published reference [21]. Experiments were per-
formed in triplicate and repeated at least three times.

2.15. Isolation of cell fractions

HPAEpiCs were harvested, sonicated for 5 s at output 1.5 with a
sonicator (Misonix, Farmingdale, NY), and centrifuged at 8000 re-
volution/min for 15min at 4 °C. The pellet was collected as the nuclear
fraction. The supernatant was centrifuged at 14,000 revolution/min at
4 °C for 60min to yield the pellet (membrane fraction) and the super-
natant (cytosolic fraction).

2.16. Animal care and experimental procedures

Male ICR mice aged 6–8 weeks were purchased from the National
Laboratory Animal Centre (Taipei, Taiwan) and were handled ac-
cording to the NIH Guides for the Care and Use of Laboratory Animals.

ICR mice were exposed to P. aeruginosa by i.p. injection of 100 μl bac-
terial suspension (2× 107 CFU/mouse). Control mice were adminis-
tered BHI. ICR mice were given i.p. (intraperitoneally) NAC, APO,
Gӧ6976, SP600125, U0126, SB203580, HLN, or CORM-2 for 2 h before
P. aeruginosa (2× 107 CFU/mouse) treatment. The animals were killed
after 48 h. Plasma MPO and serum CRP, IL-6, IL-8, IL-1β, and TNF-α
were measured.

2.17. Statistical analysis of data

We estimated the data using the GraphPad Prism program
(GraphPad, San Diego, CA). Quantitative data were expressed as the
mean ± S.E.M. and analysed by one-way ANOVA followed with
Tukey's post-hoc test. We defined P < 0.05 as a significant difference.

3. Results

3.1. P. aeruginosa induces PGE2/IL-6/ICAM-1-dependent monocyte
adhesion

Many studies have pointed out that P. aeruginosa can induce PGE2
production [23,24]. In this study, we explored whether P. aeruginosa
could induce PGE2 release in HPAEpiCs. As shown in Fig. 1A, P. aeru-
ginosa time-dependently induced PGE2 production. When IL-6 binds to
its soluble receptor sIL-6Rα, it can affect the transition from acute to
chronic inflammation by regulating the properties of leukocyte in-
filtrate [25]. We previously proved that PGE2 could induce IL-6 release
in human tracheal smooth muscle cells (HTSMCs) [26]. In this study,
we clearly pointed out that P. aeruginosa induced IL-6 release, which
was reduced by pretreatment with the inhibitor of PGE2 (SC-51322)
(Fig. 1B). ICAM-1 is known to play an important role in lung in-
flammation [12]. Moreover, in this study, we proved that P. aeruginosa
(2× 107 CFU/ml and 1× 107 CFU/ml) induced ICAM-1 protein ex-
pression, mRNA levels, and promoter activity in HPAEpiCs (Fig. 1C and
D). Wung et al. previously proved that TNF-α and IL-6 can induce
ICAM-1 expression via a NF-κB signaling [27]. Indeed, we also observed
that P. aeruginosa-induced ICAM-1 mRNA levels and monocyte adhe-
sion were inhibited by transfection with IL-6 siRNA (Fig. 1E and F). CO
can exert the anti-inflammatory effects in various cell types [28]. We
examined the effects of CORM-2 on the cell viability of HPAEpiCs. As
shown in Fig. 1G, we found that various concentrations of CORM-2 (1,
10, 50, and 100 μM) had no effects on the cell viability of HPAEpiCs.
Pretreatment with CORM-2 (50 μM) could cut down P. aeruginosa-in-
duced ICAM-1 protein and mRNA levels and monocyte adhesion
(Fig. 1H and I). Taken together, we assume that P. aeruginosa induces
monocyte adhesion via a PGE2/IL-6/ICAM-1-dependent pathway.

3.2. CORM-2 has no effects on TLR-2 and TLR4 expression in HPAEpiCs

TLR4 is the most widely studied TLR, which can identify LPS (the
compounds of the outer surface of Gram-negative bacteria) [29]. In this
study, we proved that P. aeruginosa-induced PGE2 and IL-6 levels were
curbed by transfection with TLR4 siRNA, but not TLR2 siRNA in these
cells (Fig. 2A). Furthermore, P. aeruginosa-induced ICAM-1 expression
was also inhibited by TLR4 siRNA transfection (Fig. 2B, upper panel). P.
aeruginosa and LPS increased TLR4 protein levels directly (Fig. 2B,
lower panel). Finally, we examined whether CORM-2 could inhibit
ICAM-1 expression via the inhibition of TLRs expression. As shown in
Fig. 2C, CORM-2 had no effects on P. aeruginosa- or LPS-induced TLR4
mRNA levels.

3.3. P. aeruginosa induces ICAM-1 expression via PKCα in HPAEpiCs

Previous studies have demonstrated that PKCα can regulate ICAM-1
expression and monocyte adhesion [13]. Indeed, we found that P.
aeruginosa-induced IL-6 and PGE2 release and ICAM-1 promoter activity
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and mRNA levels were inhibited by the siRNA of PKCα (Fig. 3A and B).
On the other hand, P. aeruginosa-induced ICAM-1 protein expression
was reduced by the inhibitor of PKCα (Gӧ6976) (Fig. 3C). We further
demonstrated that P. aeruginosa could time-dependently induce PKCα
phosphorylation in HPAEpiCs (Fig. 3D). Finally, we examined whether
CORM-2 could affect P. aeruginosa-induced PKCα activation in HPAE-
piCs. As shown in Fig. 3E, we showed that P. aeruginosa time-depen-
dently induced PKCα activation, which was reduced by CORM-2. Taken

together, these data suggest that CORM-2 inhibits P. aeruginosa-induced
ICAM-1 expression via the reduction of PKCα activation in HPAEpiCs.

3.4. P. aeruginosa induces ICAM-1 expression via NADPH oxidase/ROS in
HPAEpiCs

Several lines of evidence have demonstrated that ROS contributes to
ICAM-1 expression in various cell types [12,13]. It is known that

Fig. 1. P. aeruginosa induces PGE2/IL-6/ICAM-
1-dependent monocyte adhesion. (A) Cells
were treated with P. aeruginosa for the in-
dicated times. The PGE2 production was mea-
sured. (B) Cells were treated with P. aeruginosa
for the indicated times or pretreated with SC-
51322 for 1 h, and then treated with P. aeru-
ginosa (2× 107 CFU/ml) for 24 h. The IL-6
production was measured. Cells were treated
with P. aeruginosa for the indicated times. The
ICAM-1 protein expression was determined by
Western blot (C). The ICAM-1 mRNA levels and
promoter activity were determined by real-
time PCR and promoter assay, respectively (D).
(E) Cells were transfected with siRNA of
scrambled or IL-6, and then treated with P.
aeruginosa (2× 107 CFU/ml) for 16 h. The
ICAM-1 mRNA levels were determined by real-
time PCR. (F) Cells were transfected with
siRNA of scrambled, IL-6, or ICAM-1, and then
treated with P. aeruginosa (2× 107 CFU/ml)
for 24 h. The monocyte adhesion was mea-
surement by adhesion assay. (G) Cells were
incubated with CORM-2 for the indicated
times, and then the cell viability was de-
termined. (H) Cells were pretreated with
CORM-2 (50 μM) for 2 h, and then treated with
P. aeruginosa (2× 107 CFU/ml) for 16 h (for
ICAM-1 mRNA levels) or 24 h (for monocyte
adhesion). The ICAM-1 mRNA levels were de-
termined by real-time PCR. The monocyte ad-
hesion was measurement by adhesion assay. (I)
Cells were pretreated with CORM-2 (50 μM)
for 2 h, and then treated with P. aeruginosa
(2× 107 CFU/ml) for 24 h. The ICAM-1 pro-
tein expression was determined by Western
blot. Data are expressed as mean ± S.E.M. of
three independent experiments. *P < 0.05;
#P < 0.01, as compared with the basal level
(A, B, C, D). **P < 0.01, as compared with the
cells exposed to P. aeruginosa alone (B).
#P < 0.01, as compared with the cells ex-
posed to P. aeruginosa + scrambled siRNA (E,
F). #P < 0.01, as compared with the cells
exposed to P. aeruginosa alone (H, I).
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Fig. 2. CORM-2 has no effects on TLR-2 and
TLR4 expression in HPAEpiCs. (A) Cells were
transfected with siRNA of scrambled, TLR4, or
TLR2, and then treated with P. aeruginosa (2×
107 CFU/ml) for 24 h. The levels of PGE2 and
IL-6 were measured. (B) Cells were transfected
with siRNA of scrambled, TLR4, or TLR2, and
then treated with P. aeruginosa (2× 107 CFU/
ml) for 24 h. The ICAM-1 expression was de-
termined by Western blot. Cells were treated
with LPS (100 μg/ml) or P. aeruginosa (2× 107

CFU/ml) for 24 h. The TLR2 and TLR4 ex-
pression was determined by Western blot. (C)
Cells were treated with LPS (100 μg/ml) or P.
aeruginosa (2× 107 CFU/ml) in the presence
or absence of CORM-2 (50 μM). The TLR2 and
TLR4 mRNA levels were determined by real-
time PCR. Data are expressed as
mean ± S.E.M. of three independent experi-
ments. #P < 0.01, as compared with the cells
exposed to P. aeruginosa + scrambled siRNA
[A, B (upper panel)]. #P < 0.01, as compared
with the basal level [B (lower panel)].

Fig. 3. P. aeruginosa induces ICAM-1 expres-
sion via PKCα in HPAEpiCs. (A) Cells were
transfected with siRNA of scrambled or PKCα,
and then treated with P. aeruginosa (2× 107

CFU/ml) for 24 h. The levels of PGE2 and IL-6
were measured. (B) Cells were transfected with
siRNA of scrambled or PKCα, and then treated
with P. aeruginosa (2× 107 CFU/ml) for 16 h.
The ICAM-1 mRNA levels and promoter ac-
tivity were determined by real-time PCR and
promoter assay, respectively. (C) Cells were
pretreated with Gӧ6976 for 1 h, and then
treated with P. aeruginosa for 24 h. The ICAM-1
expression was determined by Western blot.
(D) Cells were treated with P. aeruginosa for the
indicated times. The expression of phospho-
PKCα was determined by Western blot. (E)
Cells were pretreated without or with CORM-2
for 2 h, and then treated with P. aeruginosa
(2× 107 CFU/ml) for the indicated times. The
expression of phospho-PKCα was determined
by Western blot. Data are expressed as
mean ± S.E.M. of three independent experi-
ments. #P < 0.01, as compared with the cells
exposed to P. aeruginosa + scrambled siRNA
(A, B). *P < 0.05, as compared with the cells
exposed to P. aeruginosa alone (C).
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NADPH oxidase is the critical enzyme for the generation of ROS under
various pathological conditions [12]. Thus, the role of NADPH oxidase
in ROS generation associated with ICAM-1 expression in response to P.
aeruginosa was examined. Pretreatment of HPAEpiCs with the inhibitor
of ROS (NAC) or NADPH oxidase (APO) significantly abrogated P.
aeruginosa-induced ICAM-1 protein levels (Fig. 4A). The generation of
ROS from mitochondria is important because it often causes oxidative
damage [30]. However, in our study, we proved that pretreatment with
the mitochondria-targeted antioxidant (MitoTEMPO) had no effects on
P. aeruginosa-induced ICAM-1 expression (Fig. 4A). The NADPH oxidase
components contain membrane-bound heterodimer (NOX and p22phox)
and 4 cytosolic proteins including p47phox, p67phox, p40phox, and Rac1/
2 [12]. We further proved that transfection with p47phox siRNA mark-
edly inhibited P. aeruginosa-induced ICAM-1 promoter activity and
mRNA levels (Fig. 4B). In addition, we also showed that IL-6 and PGE2
release induced by P. aeruginosa was reduced by the p47phox siRNA
(Fig. 4C). As shown in Fig. 4D, P. aeruginosa time-dependently en-
hanced intracellular ROS generation and NADPH oxidase activity in
these cells. It has been demonstrated that p47phox organizes the trans-
location of other cytosolic factors, hence its designation as “organizer
subunit” [12]. Moreover, we demonstrated that P. aeruginosa induced
p47phox translocation from the cytosol to the membrane (Fig. 4E). In-
tracellular ROS generation has been shown to be mediated via PKCα
[31]. Finally, we investigated whether PKCα could regulate P. aerugi-
nosa-induced NADPH oxidase activation and intracellular ROS

generation. As shown in Fig. 4F, PKCα siRNA transfection markedly
inhibited NADPH oxidase activation and intracellular ROS generation
in response to P. aeruginosa. These results suggest that P. aeruginosa-
induced ICAM-1 expression is mediated through NADPH oxidase/ROS
generation in HPAEpiCs.

3.5. P. aeruginosa induces ICAM-1 expression via JNK and ERK1/2 in
HPAEpiCs

MAPKs can integrate signals from numerous receptors and translate
these signals into cellular functions. They are essential for metabolism,
migration, generation of pro-inflammatory mediators, survival, and
differentiation [32]. In this study, we proved that P. aeruginosa-induced
ICAM-1 protein levels were inhibited by the inhibitor of JNK
(SP600125) or MEK1/2 (PD98059), but not the inhibitor of p38 MAPK
(SB203580) (Fig. 5A). In addition, transfection with JNK2 or p42 siRNA
also markedly decreased P. aeruginosa-induced monocyte adhesion and
ICAM-1 mRNA levels in these cells (Fig. 5B). We further proved that P.
aeruginosa could induce p38 MAPK, JNK, and ERK1/2 activation in a
time-dependent manner (Fig. 5C). MAPKs activation has been shown to
be regulated through various signaling pathways [13]. Indeed, we
proved that pretreatment with Gӧ6976, NAC, or APO inhibited P. aer-
uginosa-induced JNK and ERK1/2 phosphorylation (Fig. 5D). These data
suggest that P. aeruginosa induces ERK1/2 and JNK activation via the
PKCα/NADPH oxidase/ROS pathway. We investigated whether CORM-

Fig. 4. P. aeruginosa induces ICAM-1 expres-
sion via NADPH oxidase/ROS in HPAEpiCs. (A)
Cells were pretreated with NAC, APO, or
MitoTEMPO for 2 h, and then treated with P.
aeruginosa for 24 h. The ICAM-1 expression was
determined by Western blot. (B) Cells were
transfected with siRNA of scrambled or
p47phox, and then treated with P. aeruginosa
(2× 107 CFU/ml) for 16 h. The ICAM-1 mRNA
levels and promoter activity were determined
by real-time PCR and promoter assay, respec-
tively. (C) Cells were transfected with siRNA of
scrambled or p47phox, and then treated with P.
aeruginosa (2× 107 CFU/ml) for 24 h. The le-
vels of PGE2 and IL-6 were measured. (D) Cells
were treated with P. aeruginosa for the in-
dicated times. The intracellular ROS genera-
tion and NADPH oxidase activity were mea-
sured. (E) Cells were treated with P. aeruginosa
for the indicated times. The cytosol and mem-
brane extracts were prepared and subjected to
Western blot using an anti-p47phox antibody.
(F) Cells were transfected with siRNA of
scrambled, PKCα, or p47phox, and then treated
with P. aeruginosa (2× 107 CFU/ml) for
90min. The intracellular ROS generation and
NADPH oxidase activity were measured. Data
are expressed as mean ± S.E.M. of three in-
dependent experiments. *P < 0.05;
#P < 0.01, as compared with the cells ex-
posed to P. aeruginosa alone (A). *P < 0.05;
#P < 0.01, as compared with the cells ex-
posed to P. aeruginosa + scrambled siRNA (B,
C, F). *P < 0.05; #P < 0.01, as compared
with the basal level (D).
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2 could inhibit inflammatory responses induced by P. aeruginosa via the
reduction of ERK1/2 and JNK activation in HPAEpiCs. As shown in
Fig. 5D, preincubation with CORM-2 significantly inhibited P. aerugi-
nosa-induced ERK1/2 and JNK activation, which was reversed by the
addition of CO scavenger, hemoglobin (Hb). Finally, we showed that
CORM-2 could decrease P. aeruginosa-enhanced intracellular ROS gen-
eration and NADPH oxidase activity (Fig. 5E). Taken together, we think
that CORM-2 can inhibit inflammation induced by P. aeruginosa via the
reduction of JNK and ERK1/2 activation and NADPH oxidase/ROS
generation in HPAEpiCs.

3.6. CORM-2 inhibits P. aeruginosa-induced ICAM-1 expression via the
reduction of NF-κB activation

NF-κB has been shown to regulate ICAM-1 expression in various cell
types [33,34]. Indeed, we proved that P. aeruginosa-induced ICAM-1
protein and mRNA levels and monocyte adhesion were inhibited by the
inhibitor of NF-κB (HLN) or siRNA of p65 or p50 (Fig. 6A and B). AP-1
is often activated during bacterial and viruses infections [35]. Similar to
NF-κB, AP-1 has many transcriptional regulator binding sites for in-
flammatory regulators, and AP-1 can also bind promoters of

inflammatory mediators independent of NF-κB during inflammation
[36]. However, we proved that pretreatment with the inhibitor of AP-1
(Tanshinone IIA) had no effects on P. aeruginosa-induced ICAM-1 pro-
tein levels (Fig. 6A). Transfection with c-Jun siRNA also did not inhibit
P. aeruginosa-induced ICAM-1 mRNA levels and monocyte adhesion
(Fig. 6B). We further proved that transfection with p65 siRNA markedly
decreased P. aeruginosa-induced IL-6 and PGE2 release in these cells
(Fig. 6C). NF-κB activation has been shown to be regulated through
various signaling pathways [13]. Indeed, we proved that pretreatment
with Gӧ6976, NAC, APO, or SP600125, but not PD98059, inhibited P.
aeruginosa-induced NF-κB phosphorylation (Fig. 6D). These data sug-
gest that P. aeruginosa induces NF-κB activation via the PKCα/NADPH
oxidase/ROS/JNK pathway. We investigated whether CORM-2 could
inhibit inflammatory responses induced by P. aeruginosa via the re-
duction of NF-κB activation in HPAEpiCs. As shown in Fig. 6D, pre-
incubation with CORM-2 significantly inhibited P. aeruginosa-induced
NF-κB activation. Finally, we showed that CORM-2 also reduced NF-κB
promoter activity enhanced by P. aeruginosa (Fig. 6E). Thus, we suggest
that CORM-2 can inhibit inflammation induced by P. aeruginosa via the
reduction of NF-κB activation in HPAEpiCs.

Fig. 5. P. aeruginosa induces ICAM-1 expres-
sion via JNK and ERK1/2 in HPAEpiCs. (A)
Cells were pretreated with SP600125,
SB203580, or PD98059 for 1 h, and then
treated with P. aeruginosa for 24 h. The ICAM-1
expression was determined by Western blot.
(B) Cells were transfected with siRNA of
scrambled, p38, JNK2, or p42, and then treated
with P. aeruginosa (2× 107 CFU/ml) for 24 h
(for monocyte adhesion) or 16 h (for ICAM-1
mRNA levels). The ICAM-1 mRNA levels were
determined by real-time PCR. The monocyte
adhesion was measurement by adhesion assay.
(C) Cells were treated with P. aeruginosa for the
indicated times. The expression of phospho-
p38 MAPK, phospho-JNK, or phospho-ERK1/2
was determined by Western blot. (D) Cells
were pretreated with Gӧ6976, NAC, APO, or
CORM-2 in the presence or absence of Hb
(20 μg/lm) for 2 h, and then treated with P.
aeruginosa for 90min. The levels of phospho-
JNK and phospho-ERK1/2 were measured by
the ELISA kits. (E) Cells were pretreatment
with CORM-2 for 2 h in the presence or ab-
sence of Hb (20 μg/lm), and then treated with
P. aeruginosa for 90min. The intracellular ROS
generation and NADPH oxidase activity were
measured. Data are expressed as
mean ± S.E.M. of three independent experi-
ments. *P < 0.05; #P < 0.01, as compared
with the cells exposed to P. aeruginosa alone (A,
D, E). #P < 0.01, as compared with the cells
exposed to P. aeruginosa + scrambled siRNA
(B). **P < 0.05, as compared with the cells
exposed to P. aeruginosa + CORM-2 (D, E).
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3.7. CORM-2 inhibits P. aeruginosa-induced ICAM-1 expression and lung
inflammation in mice

In an in vivo study, mice were treated with P. aeruginosa (2× 107

CFU/mouse), and then killed after 48 h. Preparation of lung tissues was
analysed by Western blot to determine the levels of ICAM-1 protein. As
shown in Fig. 7A, we found that P. aeruginosa induced ICAM-1 protein
levels in the lung tissues. In addition, we observed that P. aeruginosa
markedly caused lung tissue damage (Fig. 7B). Mice were given i.p. one
dose of Gӧ6976, NAC, APO, U0126, SB203580, HLN, or SP600125 for
2 h before P. aeruginosa (2× 107 CFU/mouse) treatment, and then
killed after 48 h. Preparation of lung tissues was analysed by real-time
PCR to determine the levels of ICAM-1 mRNA. We showed that P.
aeruginosa induced ICAM-1 mRNA levels, which were reduced by
Gӧ6976, NAC, APO, U0126, HLN, or SP600125, but not SB203580
(Fig. 7C). On the other hand, CORM-2 (8mg/kg) could markedly inhibit
P. aeruginosa-induced ICAM-1 mRNA levels (Fig. 7D). C-reactive protein
(CRP) is the most extensively studied inflammatory biomarker in re-
spiratory diseases. Myeloperoxidase (MPO) plays a crucial role in in-
flammation. Many studies have proved IL-8 as a key regulator in neu-
trophil-mediated acute inflammation [37]. Here, we proved that P.
aeruginosa enhanced the levels of plasma MPO and serum CRP, IL-6, IL-
8, IL-1β, and TNF-α, which were inhibited by CORM-2 (8mg/kg)
(Fig. 7E).

4. Discussion

P. aeruginosa-induced pneumonia is a serious and common in-
fectious disease, and it often appears in the form of nosocomial infec-
tions. It often occurs in the immunocompromised patients, especially

elderly patients. Treatment of P. aeruginosa-induced pneumonia is dif-
ficult, with a mortality rate of up to 50%. Early diagnosis and effective
antibiotic treatment are particularly important. Long-term exposure to
low concentrations of CO can cause dizziness, vomiting, difficulty
breathing, and muscle weakness. Even though CO is toxic to humans at
high concentrations, many studies have documented that low-doses
exogenous CO (approximately 250–500 ppm) have protective function
against various human diseases [7,8]. In this study, we suggest that CO
derived from CORM-2 can possibly be used as a therapeutic for lung
inflammation. Here, we proved for the first time that in HPAEpiCs, P.
aeruginosa induced PGE2/IL-6/ICAM-1-dependent monocyte adhesion,
and then promoted the inflammatory responses. Moreover, CORM-2
could inhibit P. aeruginosa-induced PGE2/IL-6/ICAM-1 expression and
inflammatory responses by decreasing the NADPH oxidase/ROS gen-
eration and the activation of the PKCα/NADPH oxidase/ROS/JNK/NF-
κB and PKCα/NADPH oxidase/ROS/ERK1/2 pathways.

Recently, as CO has been proven to have anti-bacterial [9], anti-
oxidant [10], and anti-inflammatory [10] effects, more and more re-
searchers have begun to study the cytoprotective mechanisms of CO.
Because it is still difficult to deliver the accurate doses of CO to the
selected molecular target by directly inhaling the gas, CORMs are
considered as a promising alternative technology. Many previous stu-
dies have demonstrated the therapeutic potential of CORMs [9,28].
Desmard et al. indicated that the water-soluble CORM-3 treatment
could efficiently inhibit P. aeruginosa-induced infection [38]. CORM-2 is
a CO-releasing agent. Due to its chemical structure, it has superior and
more effective drug traits than gaseous CO [28]. Lian et al. proved that
CORM-2 could inhibit IL-β-induced NADPH oxidase activation and ROS
generation [17]. IL-6 is a pro-inflammatory cytokine and the elevation
of IL-6 levels is often associated with various chronic diseases and

Fig. 6. CORM-2 inhibits P. aeruginosa-induced
ICAM-1 expression via the reduction of NF-κB
activation. (A) Cells were pretreated with
Tanshinone IIA or HLN for 1 h, and then
treated with P. aeruginosa for 24 h. The ICAM-1
expression was determined by Western blot.
(B) Cells were transfected with siRNA of
scrambled, p50, c-Jun, or p65, and then treated
with P. aeruginosa (2× 107 CFU/ml) for 24 h
(for monocyte adhesion) or 16 h (for ICAM-1
mRNA levels). The ICAM-1 mRNA levels were
determined by real-time PCR. The monocyte
adhesion was measurement by adhesion assay.
(C) Cells were transfected with siRNA of
scrambled or p65, and then treated with P.
aeruginosa (2× 107 CFU/ml) for 24 h. The le-
vels of PGE2 and IL-6 were measured. (D) Cells
were pretreated with Gӧ6976, NAC, APO,
PD98059, SP600125, or CORM-2 for 2 h, and
then treated with P. aeruginosa for 2 h. The
levels of phospho-NF-κB were measured by the
NF-κB ELISA kit. (E) Cells were treated with P.
aeruginosa for the indicated times or pretreated
with CORM-2 for 2 h, and then incubated with
P. aeruginosa for 2 h. The NF-κB promoter ac-
tivity was determined by promoter assay. Data
are expressed as mean ± S.E.M. of three in-
dependent experiments. *P < 0.05;
#P < 0.01, as compared with the cells ex-
posed to P. aeruginosa alone (A, D).
#P < 0.01, as compared with the cells ex-
posed to P. aeruginosa + scrambled siRNA (B,
C). *P < 0.05; #P < 0.01, as compared with
the basal level (E). **P < 0.05, as compared
with the cells exposed to P. aeruginosa alone
(E).
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inflammation. Previous studies have demonstrated that IL-6 can med-
iate cell migration in many cell types [39]. On the other hand, previous
studies have also found a positive correlation between the PGE2 up-
regulation and the release of IL-6 [26]. ICAM-1 (also known as CD54)
can regulate adhesion-dependent cell-to-cell interactions and promote
inflammatory responses [4]. Many studies indicated that IL-6 can in-
duce ICAM-1 expression in various cell types [4,5]. In HPAEpiCs, we
proved that P. aeruginosamediated monocyte adhesion through a PGE2/
IL-6/ICAM-1 pathway. Moreover, we demonstrated that CORM-2
markedly inhibited P. aeruginosa-regulated inflammatory proteins up-
regulation and monocyte adhesion in HPAEpiCs or mice.

TLRs are the very important receptors in the mammalian immune
system. Their main function is to detect the invasion of foreign patho-
gens. Once the invasion of a pathogen is detected, the TLRs activate the
signal transmission and induce innate immunity, which affects the
subsequent adaptive immunity [29]. TLR4 is the most widely studied
TLR, which can identify LPS (the compounds of the outer surface of
Gram-negative bacteria) [29]. Indeed, we proved that P. aeruginosa
induced ICAM-1 up-regulation and monocyte adhesion via TLR4, but
not TLR2 in HPAEpiCs. However, CORM-2 had no effects on P. aeru-
ginosa-enhanced TLR4 mRNA levels, suggesting that CORM-2 could not
reduce P. aeruginosa-induced inflammation via the inhibition of TLR4
expression in these cells. PKCα is a serine/threonine kinase. Previous

studies proved that PKCα can regulate various cellular functions, such
as cell migration, inflammation, differentiation, apoptosis, and pro-
liferation [40]. In fact, in our study, we demonstrated that PKCα could
activate the expression of downstream inflammatory proteins through
TLR4 in HPAEpiCs. The current study rarely observes the correlation
between CORM-2 and PKCα in various cell types. However, we proved
that CORM-2 pretreatment significantly reduced PKCα phosphorylation
in response to P. aeruginosa. The above data proved that CORM-2 could
down-regulate P. aeruginosa-induced ICAM-1 expression through the
inhibition of PKCα activation in HPAEpiCs. It also provides a very good
research topic for the subsequent study on the correlation between
CORM-2 and PKCs.

Increased oxidative stress often causes cell damage and leads to
inflammation [12]. Oxidative stress may occur due to increased gen-
eration and/or reduced ROS destruction. It is known that NADPH oxi-
dase is the critical enzyme for the generation of ROS under various
pathological conditions [12]. Several lines of evidence have demon-
strated that ROS contributes to ICAM-1 expression in various cell types
[12,13]. However, as we expected, in HPAEpiCs, P. aeruginosa sig-
nificantly induced NADPH oxidase activation and intracellular ROS
generation. These responses induced by P. aeruginosa could further
promote PGE2/IL-6/ICAM-1 up-regulation. The generation of ROS from
mitochondria is important because it often causes oxidative damage

Fig. 7. CORM-2 inhibits P. aeruginosa-induced
ICAM-1 expression and lung inflammation in
mice. (A) Mice were treated with P. aeruginosa
(2× 107 CFU/mouse), and then killed after
48 h. Preparation of lung tissues was analysed
by Western blot to determine the levels of
ICAM-1 protein. (B) Mice were treated with P.
aeruginosa (2× 107 CFU/mouse), and then
killed after 48 h. The morphology of lung tis-
sues was observed by H&E stain. The arrows
indicate the damaged alveoli. (C) Mice were
given i.p. one dose of Gӧ6976, NAC, APO,
U0126, SP600125, SB203580, or HLN for 2 h
before P. aeruginosa (2× 107 CFU/mouse)
treatment, and then killed after 48 h.
Preparation of lung tissues was analysed by
real-time PCR to determine the levels of ICAM-
1 mRNA. (C) Mice were given i.p. one dose of
CORM-2 before P. aeruginosa (2× 107 CFU/
mouse) treatment, and then killed after 48 h.
Preparation of lung tissues was analysed by
real-time PCR to determine the levels of ICAM-
1 mRNA. (D) Mice were pretreated with
CORM-2, and then treated with P. aeruginosa
(2× 107 CFU/mouse) for 48 h. Levels of CRP,
MPO, IL-8, IL-1β, IL-6, and TNF-α were mea-
sured. Data are expressed as mean ± S.E.M. of
three independent experiments. *P < 0.05;
#P < 0.01, as compared with the mice ex-
posed to P. aeruginosa alone.
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[30]. It is worth mentioning that pretreatment with the mitochondria-
targeted antioxidant (MitoTEMPO) had no effects on P. aeruginosa-in-
duced ICAM-1 expression in HPAEpiCs. Thus, in this study, P. aerugi-
nosa-induced ROS generation was mediated via the activation of
NADPH oxidase, but not mitochondria. Intracellular ROS generation
has been shown to be mediated via various signaling pathways, such as
c-Src, PKCs, and PI3K/Akt [12]. This is confirmed by our observation
that pretreatment with the PKCα inhibitor could reduce P. aeruginosa-
induced ROS generation. CORM-2 and CO gases have been shown to
have antioxidant properties [18]. On the other hand, Nagao et al.
proved that CO-bound hemoglobin-vesicles (CO-HbV), a nano-
technology-based CO donor, could inhibit Nox4-generated ROS gen-
eration, and then reduce bleomycin-induced pulmonary fibrosis [41].
Taguchi et al. also indicated that HbV possess great potential for re-
taining CO, which has the cytoprotective effects, such as anti-in-
flammation and antioxidant [42]. Although the delivery principles and
structural of CORM-2 and CO-HbV are different, at least we can prove
that CO really has the cytoprotective effects. In this study, we showed
that CORM-2 pretreatment markedly reduced P. aeruginosa-induced
ROS generation and NADPH oxidase activation in HPAEpiCs. The above
description allows us to suggest that CORM-2 can decrease P. aerugi-
nosa-induced inflammation via the inhibition of the PKCα/NADPH
oxidase/ROS pathway in HPAEpiCs. The above results also allow us to
prove once again that CO has antioxidant properties.

MAPKs pathways have been shown to be involved in the regulation
of some intracellular phenomena, including inflammation, apoptosis,
cell migration, and metastasis [12,13]. Various types of bacteria often
trigger inflammation through the activation of MAPKs pathways. This is
confirmed by our observation that pretreatment with the inhibitor of
JNK or MEK1/2 significantly reduced P. aeruginosa-induced ICAM-1
expression and monocyte adhesion. It is worth noting that P. aeruginosa-
induced ICAM-1 expression was not reduced by the p38 MAPK inhibitor
in these cells. On the other hand, MAPKs activation has been shown to
be regulated through various signaling pathways [13]. In this study,
although p38 MAPK could be activated by P. aeruginosa, it was not
involved in regulating ICAM-1 up-regulation in HPAEpiCs. MAPKs ac-
tivation has been shown to be regulated through various signaling
pathways [13]. This is also confirmed by our observation that pre-
treatment with the inhibitor of PKCα, ROS, or NADPH oxidase

significantly inhibited P. aeruginosa-induced JNK and ERK1/2 activa-
tion. Finally, we proved that CORM-2 could perform its anti-in-
flammatory effect by inhibiting the activation of JNK and ERK1/2 in
response to P. aeruginosa in HPAEpiCs.

NF-κB is an extremely important molecule in the process of in-
flammation. When cells receive extracellular stimulation, NF-κB is ac-
tivated and translocated from the cytosol to the nucleus, which can
further cause inflammation. NF-κB has been shown to regulate ICAM-1
expression in various cell types [33,34]. In addition, AP-1 is often ac-
tivated during bacterial and viruses infections [35]. However, in this
study, we proved that P. aeruginosa induced ICAM-1 expression and
monocyte adhesion via NF-κB, but not AP-1 in HPAEpiCs. In general,
NF-κB activation also has been shown to be regulated through various
signaling pathways, such as PKCs, PI3K/Akt, and MAPKs [13]. In
HPAEpiCs, we showed that P. aeruginosa induced NF-κB activation via
the PKCα/NADPH oxidase/ROS/JNK pathway. It is worth mentioning
that ERK1/2 did not play a key role in mediating P. aeruginosa-induced
NF-κB activation in these cells. We also demonstrated that CORM-2
could decrease P. aeruginosa-induced NF-κB activation, and then inhibit
PGE2/IL-6/ICAM-1 expression.

In the last part of the study, we used the animal model to examine
the protective role of CORM-2 in P. aeruginosa-treated mice. At first, we
monitored changes in some inflammatory markers in mice infected with
P. aeruginosa. CRP is the most extensively studied inflammatory bio-
marker in respiratory diseases. MPO plays a crucial role in inflamma-
tion. Many studies have proved IL-8 as a key regulator in neutrophil-
mediated acute inflammation [37]. In our study, we observed that P.
aeruginosa enhanced the levels of plasma MPO and serum CRP, IL-6, IL-
8, IL-1β, and TNF-α, which were inhibited by CORM-2. On the other
hand, we also demonstrated that CORM-2 could significantly decrease
P. aeruginosa-enhanced ICAM-1 expression in the lung tissues of mice.

In summary, as depicted in Fig. 8, our results demonstrate that in
HAECs, CORM-2 inhibits P. aeruginosa-induced PGE2/IL-6/ICAM-1 ex-
pression and inflammatory responses by decreasing the NADPH oxi-
dase/ROS generation and the activation of the PKCα/NADPH oxidase/
ROS/JNK/NF-κB and PKCα/NADPH oxidase/ROS/ERK1/2 pathways.
Altogether, the results of this study provide molecular mechanisms for
antibacterial effects of CORM-2. In the future, we look forward to ap-
plying CORM-2 to clinical treatment.
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Abstract: For bone regeneration, a biocompatible thermo-gelling hydrogel, hyaluronic acid-g-
chitosan-g-poly(N-isopropylacrylamide) (HA-CPN) was used as a three-dimensional organic gel
matrix for entrapping rabbit adipose-derived stem cells (rASCs). Biphasic calcium phosphate (BCP)
ceramic microparticles were embedded within the gel matrix as a mineralized bone matrix, which was
further fortified with platelet-rich plasma (PRP) with osteo-inductive properties. In vitro culture
of rASCs in HA-CPN and HA-CPN/PRP/BCP was compared for cell proliferation and osteogenic
differentiation. Overall, HA-CPN/PRP/BCP was a better injectable cell carrier for osteogenesis of
rASCs with increased cell proliferation rate and alkaline phosphatase activity, enhanced calcium
deposition and mineralization of extracellular matrix, and up-regulated expression of genetic markers
of osteogenesis. By implanting HA-CPN/PRP/BCP/rASCs constructs in rabbit critical size calvarial
bone defects, new bone formation at the defect site was successfully demonstrated from computed
tomography, and histological and immunohistochemical analysis. Taken together, by combining
PRP and BCP as the osteo-inductive and osteo-conductive factor with HA-CPN, we successfully
demonstrated the thermo-gelling composite hydrogel scaffold could promote the osteogenesis of
rASCs for bone tissue engineering applications.

Keywords: scaffold; hydrogel; thermo-gelling; biphasic calcium phosphate; platelet-rich plasma;
adipose-derived stem cells

1. Introduction

Autogenous bone graft and bone substitutes are current approaches for bone defect repair after
trauma, tumor ablation or infection [1]. Nevertheless, these approaches all have drawbacks such as
an unpredictable absorption rate, donor site morbidity, foreign body reaction, possible infection
and unpredictable bone regeneration [2]. For the healing of bone defects, a tissue engineering
approach combining stem cells with osteogenic property with a suitable scaffolding material can
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be suggested. Therefore, bone tissue engineering (BTE) is now a popular research topic for bone
defect repair/regeneration, which consists of three main factors, i.e., cells, scaffolds and growth
factors [3]. The revelation of such an idea is that stem cells could be osteo-induced into the osteoblast
lineage by the action of growth factors that function as signaling molecules within the bone-mimetic
three-dimensional (3D) scaffold for bone tissue formation [4].

Bio-ceramics such as calcium phosphates are attractive for BTE applications due to their
biocompatibility, bioactivity, degradability and osteo-conductivity [5]. In addition, an added
advantage of using calcium phosphates is their structural and chemical similarity to the mineral
phase of native bone [6]. The most widely investigated calcium phosphates that are used for
bone regeneration and repairs are hydroxyapatite (HAP), β-tricalcium phosphate (β-TCP), and their
mixture biphasic calcium phosphate (BCP). As an ideal bone substitute, BCP is the preferred ceramic
material, due to its controllable degradability, high bio-resorption rate and favorable biological
properties [7]. Indeed, evolution of the concept of using macroporous BCP, which contained HAP
and β-TCP mixed in various ratios, for bone regeneration has been reported nearly 30 years ago [8,9].
The usefulness of BCP stemmed from the preferential dissolution of β-TCP compared to HAP,
which allowed the manipulation of the biodegradation rate of BCP with different HAP/β-TCP
ratios [10]. Although calcium phosphates are known to enhance osteoblast proliferation and
differentiation, these ceramic materials are brittle and difficult to mold in order to fill irregular bone
defects [11,12]. Besides, the dispersion of calcium phosphate particles during implantation may be
difficult in both ectopic and bony sites [13].

Hydrogels are soft materials with 3D cross-linked network formed from hydrophilic
homopolymers or copolymers. Other than using their 3D networks for cell entrapment, hydrogels
can absorb a large amount of water and allow for diffusion of nutrients and metabolites from the cells.
As a scaffolding material for tissue engineering applications, hydrogels could fulfill the requirement to
temporarily provide an extracellular matrix (ECM) environment for the cells during the early stage of
tissue regeneration [14]. This will be followed by replacement of the hydrogel matrices by a natural
ECM secreted by the cells as the tissue formation process proceeds [15].

By responding to environmental stimuli for sol-to-gel transition, such as change in temperature,
pH, light or ionic strength, a physical in situ forming hydrogel is one of the most popular injectable
scaffolds for BTE [16]. Using the in situ forming hydrogel, an injectable scaffold could be molded to fit
a bone defect of irregular shape, shorten the operation time, lessen the post-operative discomfort and
fasten post-surgical recovery. In view of the popularity of minimally invasive surgery, cell delivery
in such an injectable hydrogel scaffold by endoscope could be suggested as a feasible clinical
application of BTE [17]. Being a particular kind of injectable in situ forming hydrogel responsive
to temperature change, a thermo-gelling hydrogel shows sol-to-gel phase transition upon heating
up to a temperature above its critical transition temperature [18,19]. Poly(N-isopropyl acrylamide)
(PNIPAM) is a typical thermo-gelling polymeric hydrogel commercially available in the market.
However, non-biodegradability, low biocompatibility and the toxicity of degradation products limit its
biomedical applications [20,21]. Therefore, PNIPAM has been modified with many natural polymers,
including chitosan, collagen, or hyaluronic acid, to form PNIPAM-based copolymers with better
biodegradability, increased cell attachment and improved cell proliferation, without changing the
sol-to-gel phase transition characteristics [22–25].

Chitosan is a linear polysaccharide derived from chitin and composed of glucosamine and
N-acetyl glucosamine linked by β(1→4) covalent bonds. In recent years, biomaterials based on
chitosan have been applied in BTE, which was demonstrated to be osteo-inductive, and promote cell
proliferation and mineral-rich matrix deposition when used for osteoblast culture [26]. Interestingly,
previous studies have reported that chitosan-modified calcium phosphates could enhance the
mechanical strength of the inorganic phase when used as a scaffold for BTE applications [27,28].
Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan formed from repeating disaccharide units
of N-acetyl-D-glucosamine and D-glucuronate with β(1→4) and β(1→3) bonds. HA was shown to
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have strong effects on cell–cell interactions and migration [29]. As a scaffold for BTE, HA-based
materials were proved to be suitable for bone regeneration in many studies [30,31].

Considering the advantages of those natural biomaterials for BTE, we have successfully prepared
a thermo-gelling hydrogel copolymer, hyaluronic acid-g-chitosan-g-poly(N-isopropylacrylamide)
(HA-CPN) and demonstrated its potentials as a BTE scaffold using bone marrow-derived stem cells
from in vitro and in vivo ectopic bone formation studies [32]. Follow up studies by incorporation of
osteo-conductive BCP microparticles into a HA-CPN scaffold further proved HA-CPN/BCP to be
a suitable injectable composite hydrogel scaffold for human fetal osteoblast culture with improved
osteoblastic differentiation and ECM mineralization, which formed ectopic bone tissue from nude
mice subcutaneous implantation experiments [33]. Nonetheless, osteoblasts are not a good cell source
for BTE. Adult stem cells are better sources due to their ability of self-renewal and multi-potent
differentiation. Among them, adipose-derived stem cells (ASCs) seemed to be a preferred cell
source for clinical application as harvesting adipose tissue is easy and safe using local anesthesia.
Furthermore, higher amount of ASCs within fat tissue could be harvested compared to harvesting bone
marrow-derived stem cells from the bone marrow aspirate and the harvesting procedure is associated
with less donor site morbidity [34].

As stated before, growth factor is also one of the key components for BTE. Therefore, scaffolds for
enhanced bone regeneration should be endowed with growth factors retaining and releasing properties
to mediate accelerated bone regeneration. Indeed, allografts and xenografts are combined with growth
factors as the osteo-inductive substances for natural bone-like performance [35]. Consider that a
complete bone healing cascade depends on a wide range of growth factors, it could be suggested that
incorporation of a spectrum of necessary growth factors would be a more rational approach compared
with solely relying on a specific growth factor for BTE [36].

Platelets in the blood play an important role during the early stage of wound healing by taking
part in blood clot formation and creating the right microenvironment to guide and control the healing
cascade [37]. For more efficient bone repair by external use of platelets, enriching platelets in the
plasma by removing red blood cells represents a feasible approach. This enriched blood plasma,
platelet-rich plasma (PRP), is a promising alternative approach to enhance bone formation as it is
a rich source of growth factors originating from α-granules in PRP, which contain various growth
factors, such as platelet-derived growth factor, transforming growth factor-β, epidermal growth factor,
insulin growth factor and vascular endothelial growth factor [38,39]. Abundant examples in the
literature have addressed the positive effects of PRP on bone regeneration by combining with different
biomaterials and various cell sources [40]. Improvement of osteogenesis of ASCs by PRP was also
confirmed in a previous study by us [41]. Therefore, we hypothesize the incorporation of PRP and BCP
as the osteo-inductive and osteo-conductive factor in the thermo-gelling hydrogel HA-CPN would
influence the osteogenesis of ASCs.

To test this hypothesis, we evaluate the biological response of rabbit adipose-derived stem cells
(rASCs) in HA-CPN and HA-CPN/PRP/BCP scaffolds in this study. The injectable scaffolds were first
compared for rASCs differentiation into the osteogenic phenotype in vitro, followed by evaluation of
HA-CPN/PRP/BCP composite scaffolds seeded with rASCs for regeneration of critical-size rabbit
cranial defects in vivo.

2. Results and Discussion

2.1. Cell Proliferation

As an autogenous blood fraction without transmissible infectious agents, PRP is endowed
with preferred properties for clinical use such as a high platelet concentration and being free from
hypersensitivity reactions [42]. The platelet concentration in our prepared PRP was determined to
contain 3.2 ± 0.4 × 109 platelet/mL, which is ~10 times that in the blood collected for preparing PRP.
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It should be noted that a platelet concentration higher than 1 × 109 platelet/mL was reported to be
suitable for the clinical application of PRP [38].

As shown in Figure 1, rASCs proliferated steadily in HA-CPN and HA-CPN/PRP/BCP from
day 7 to day 28 as revealed from the continued increase of the optical density (OD490) value using the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell
proliferation assay kit, which is directly correlated with the number of viable cells. At the same seeding
density, there were more viable cells in HA-CPN/PRP/BCP than in HA-CPN with significant difference
found throughout the culture period (p < 0.05), which indicates HA-CPN/PRP/BCP provided a better
environment for rASCs proliferation than HA-CPN. This result is consistent with a previous report
showing HA/gelatin/PRP hydrogel loaded in BCP scaffolds could enhance proliferation rate of
MC3T3-E1 pre-osteoblast cells [43]. We also reported that incorporation of BCP into HA-CPN could
significantly raise the cell proliferation rate of human fetal osteoblastic cells due to the beneficial effects
of BCP [44]. Furthermore, enhancement of proliferation rate of ASCs by PRP was reported by us [45]
and confirmed by other groups [46,47]. The use of rASCs in HA-CPN/PRP/BCP is expected to play a
crucial role in the treatment of bone defect as recent studies on BTE clearly demonstrated the strong
commitment of ASCs towards the osteogenic phenotype under appropriate induction conditions [48].
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Figure 1. Proliferation of rabbit adipose-derived stem cells (rASCs) in hyaluronic acid-g-chitosan-g-poly
(N-isopropylacrylamide) (HA-CPN) and HA-CPN/platelet-rich plasma (PRP)/biphasic calcium
phosphate (BCP) thermo-gelling hydrogel scaffolds. * p < 0.05 compared with HA-CPN.

2.2. Live/Dead Staining

After using MTS assays to confirm the increase of viable cell number in different hydrogels,
the Live/Dead fluorescence cell staining assay was used to qualitatively confirm the viability of rASCs
with green color representing live cells and red color identifying any possible dead cells. As shown
in Figure 2, the Live/Dead staining result revealed high viability of rASCs in both HA-CPN and
HA-CPN/PRP/BCP with negligible dead cells found from the confocal image, which underlines
the biocompatibility of all hydrogel scaffolds. The number of viable cells (green fluorescence) also
gradually increased from day 14 to day 28 for both groups. Nonetheless, more cells were found in
HA-CPN/PRP/BCP than in HA-CPN, which is consistent with the MTS results shown in Figure 1.
In addition, rASCs started to show a cuboidal morphology of osteoblasts in HA-CPN/PRP/BCP on
day 14, indicating accelerated differentiation of cells toward the osteogenic lineage [49]. Taken together,
the biocompatibility of HA-CPN/PRP/BCP towards rASCs could be confirmed.
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Figure 2. The viability of rASCs in HA-CPN and HA-CPN/PRP/BCP thermo-gelling hydrogel scaffolds
by Live/Dead cell viability assays. Bar = 100 µm.

2.3. Alkaline Phosphatase (ALP) Activities

Initiation of bone mineralization could be noticed by recognizing the alkaline phosphatase
(ALP) marker, which as a marker for early osteoblastic differentiation and commitment of stem cells
towards the osteoblast phenotype [50]. As nucleation starts with the deposition of calcium with
inorganic phosphates and leads to local calcification, hydrolysis of phosphate esters leads to elevated
mineralization of ECM and stimulates osteogenic differentiation [51]. Thus, ALP could be considered
as a worthy measurement tool to determine the extent of osteo-differentiation of stem cells. Figure 3
indicates continued ALP production throughout the 28-day culture period for both groups; nonetheless,
the ALP activity of rASCs in HA-CPN/PRP/BCP was significantly higher than in HA-CPN at all time
points. Therefore, combinatory effects from PRP and BCP accelerated rASCs differentiation toward the
osteoblast lineage, with ASCs in HA-CPN/PRP/BCP exhibiting enhanced ALP activity. Comparing
the trend of ALP expression at various time points in different thermo-gelling hydrogel scaffolds,
HA-CPN/PRP/BCP clearly showed dominance in rASCs differentiation [52].
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2.4. Von Kossa, Alizarin Red and ALP Stains

For qualitative evaluation of the mineralization of ASCs in HA-CPN and HA-CPN/PRP/BCP,
the cryosection slices of cell/scaffold constructs were subject to von Kossa, Alizarin red (AR) and
ALP stains. The mineralized nodules were revealed by staining with von Kossa staining reagents
while calcium deposition on matured ECM was determined by AR stain. As shown in Figure 4,
both von Kossa and Alizarin red stains revealed time-dependent mineralization of rASCs in HA-CPN
hydrogel matrix. Nonetheless, the staining intensity was dramatically enhanced in HA-CPN/PRP/BCP.
The concentration of mineralized ECM stained dark brown to black from von Kossa stain increased
with culture time and appeared early for rASCs in HA-CPN/PRP/BCP than in HA-CPN, indicating
more mineralized nodules formation with rapid development of osteoblast phenotype to form a
mineralized matrix, which could be ascribed to the osteogenic natures of incorporated PRP/BCP in
HA-CPN. More prominent AR staining was also evident in HA-CPN/PRP/BCP, in which nodules
stained in red color originating from calcium ions in mineralized ECM secreted by osteo-differentiated
rASCs increased with culture time. Since the capacity to deposit minerals is a marker for mature
osteoblasts, it could be concluded that rASCs encapsulated in HA-CPN/PRP/BCP develop into
an osteoblast phenotype faster than in HA-CPN, with accelerated mineralization stage to deposit
mineralized ECM [53].

Considering ALP staining results in Figure 4, positive ALP stains (violet color) for rASCs in
HA-CPN/PRP/BCP evidence the increase of intracellular ALP activity with culture time, particularly
for cell constructs cultured longer than 2 weeks. On the other hand, minimum ALP staining
intensity was observed for HA-CPN. HA-CPN showed light violet color while thick violet color
dots with brownish red shadows were observed in HA-CPN/PRP/BCP on day 7. For rASCs in
HA-CPN/PRP/BCP, violet and reddish brown violet ALP stains were observed on day 14 and day 21,
respectively. The staining intensity turned much stronger and was a dark purple color on day 28,
indicating continued elevation of ALP activity in HA-CPN/PRP/BCP. Taken together, the enhanced
ALP staining intensity for rASCs in HA-CPN/PRP/BCP strongly endorse elevated ALP activity of
rASCs in the presence of PRP and BCP, especially for cell constructs cultured longer than 14 days,
which is consistent with the trend observed by biochemical assays (Figure 3).
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2.5. Calcium Content

A quantitative determination of calcium content was used to cross confirm the calcium-based
mineralization of rASCs (Figure 5). By extracting Alizarin red S (ARS) that binds to Ca2+ on cell
surface with 10% cetylpyridinium chloride, quantitative evaluation of rASCs mineralization could be
achieved by determining OD540 and augment the qualitative AR staining results shown in Figure 4.
Since stem cells start depositing calcium during their later cell proliferation phase, the extent of calcium
deposition depends strongly on the duration of the cell culture period [54]. As shown in Figure 5,
the calcium content represented by OD540 increased rapidly with time from day 7 to day 28 in both
hydrogel scaffolds. Nonetheless, the HA-CPN/PRP/BCP group showed significantly higher calcium
content than the HA-CPN group throughout the 28-day culture period, which is in agreement with
the qualitative AR staining images shown in Figure 4 and in line with ALP activity increase shown in
Figure 3.
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Figure 5. The calcium content of rASCs cultured in HA-CPN and HA-CPN/PRP/BCP thermo-gelling
hydrogel scaffolds. * p < 0.05 compared with HA-CPN.

2.6. Scanning Electron Microscopy/Energy Dispersive X-Ray (SEM/EDX) Analysis

To examine cell morphology and mineralization, scanning electron microscopy/energy dispersive
X-ray (SEM/EDX) analysis of cell/scaffold constructs at day 14 and 28 was attempted and the
results are reported in Figure 6. Although cell morphology variance may arise due to rASCs being
entrapped in the hydrogel matrix rather than adhered to a substrate surface, a morphological change
could still be observed when rASCs were cultured in HA-CPN/PRP/BCP, which showed better
cell spreading than in HA-CPN. This implies better osteogenesis of rASCs since stem cells will
flatten and spread when undergoing osteogenesis [55]. In addition, the presence of mineralized
nodules on the cell surface is higher for rASCs in HA-CPN/PRP/BCP compared to HA-CPN,
which underlines the importance of the combinatory cues from PRP and BCP in HA-CPN/PRP/BCP
for effective mineralization of rASCs [52]. It is well recognized that mineral formation during stem
cell culture implied cellular osteoblastic differentiation [56]. As deposition of calcium phosphate leads
to mineralization, the mineralization of inorganic phosphates on cell surface could be deemed as
prime evidence for osteo-differentiation of rASCs [57]. Thus, the white mineral deposition from SEM
observation could qualitatively identify mineralization, which could be further analyzed quantitatively
through elemental analysis by EDX analysis. The EDX spectra associated with each SEM image was
shown in Figure 6, from which the atomic percentages of elements in minerals deposited by rASCs were
determined for quantitative comparison. As shown in Figure 6, the extent of mineralization increased
from day 14 to day 28 and higher percentages of Ca and P were found for HA-CPN/PRP/BCP
than HA-CPN. Specifically, the Ca/P atomic percentage was 6.64%/4.52% for HA-CPN/PRP/BCP at
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day 14 and 7.46%/5.55% at day 28. In comparison, the Ca/P atomic percentage was only 1.01%/0.72%
at day 14 and 3.85%/2.74% at day 28 for HA-CPN. Comparing HA-CPN/PRP/BCP with HA-CPN,
the Ca and P atomic percentage increase was 6.6-fold and 6.3-fold on day 14 and 1.9-fold and 2.0-fold on
day 28, indicating early and accelerated mineralization of rASCs in HA-CPN/PRP/BCP. Furthermore,
the Ca/P ratios in HA-CPN and HA-CPN/PRP/BCP were between 1.4 and 1.5 and close to that of
bone, whose mineral primarily consists of Ca and P with a Ca/P ratio from 1.4–1.7 [58]. Therefore,
the atomic percentage values of Ca and P from EDX thus further demonstrate the potential application
of HA-CPN/PRP/BCP for bone regeneration.
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analysis with the spectrum shown besides the SEM image. Bar = 20 µm.

2.7. Gene Expression by Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The analysis of osteogenic gene expression could endorse the successful differentiation of rASCs
into the osteoblast lineage. Thus, we further compared the relative mRNA expressions of major
osteogenic differentiation marker genes (ALP, collagen type 1 (COL I), and osteocalcin (OCN)) of
rASCs cultured in HA-CPN and HA-CPN/PRP/BCP (Figure 7). Being expressed at the early to
middle stages of osteo-differentiation, ALP and COL were up-regulated during the first 2 weeks
of cell culture without further increase of mRNA expression after day 21 [59]. On the other hand,
the late expression of OCN could be confirmed from the continued increase of mRNA expression up
to 28 days [60]. The scaffold-dependent analysis on gene expression further endorses the effect of
PRP/BCP in controlling the expression of various osteogenic markers. Indeed, HA-CPN/PRP/BCP
showed a significant enhancement of ALP and COL I gene expression over HA-CPN starting from
day 7, which is consistent with their time-dependent gene expression sequence during osteogenic
differentiation. On the other hand, being a late marker for osteogenesis, OCN would be up-regulated
at a later stage of cell culture. Therefore, a significant difference of OCN mRNA expression was
only noted between HA-CPN and HA-CPN/PRP/BCP after 14 days. Overall, we can infer that
response of rASCs to BCP as well as PRP in HA-CPN leads to the difference in gene expression levels
and control the time sequence of up-regulation of osteogenic genes. Considering the accelerated
development of osteogenic phenotype of rASCs in HA-CPN/PRP/BCP in vitro, we proceeded with
in vivo experiments to test the in vivo bone regeneration potential of HA-CPN/PRP/BCP/rASCs.
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2.8. In Vivo Studies

After investigating in vitro osteogenesis, the critical size cranial bone defect model created
in rabbits was used to test the in vivo bone regeneration potential of allogenic rASCs in
HA-CPN/PRP/BCP. The HA-CPN/PRP/BCP/rASCs construct was cultured in vitro for 21 days
prior to implantation. Since the 16-week animal experiment period did not lead to infection or
inflammation symptoms around the implant sites and all rabbits stayed alive, we could confirm the
in vivo biocompatibility of HA-CPN/PRP/BCP. One and 16 weeks post-implantation, the animals
underwent computed tomography (CT) examination to evaluate new bone formation (Figure 8A).
The 3D reconstructed CT images at week 1 showed some bone formation starting from one end and
penetrated towards the center of the defect zone, without bridging the defect. After 16 weeks, the image
density was elevated obviously with bone formation throughout the scaffold. The new bone was
compact and bridged between the two ends of the circular defect and the defect was mostly covered
with neo-bone formation based on the CT image density. For the control implanted with HA-CPN,
negligible bone formation was found from CT images after 16 weeks. After sacrificing all animals
at week 16, the specimen was harvested and bone formation was examined through histological
evaluation, including hematoxylin and eosin (H&E), Masson’s trichrome and immunohistochemical
(IHC) staining of OCN, to cross-confirm the high-density area found in the CT image, was bone
tissue (Figure 8B). From the H&E stain, osteoblasts in the bone matrix were observed together
with osteoid formation, indicating bone growth in the defect region. Residual scaffold materials
(labelled as S) could be observed 16 weeks after in vivo implantation. Masson’s trichrome stain
further clearly revealed bone formation as collagen in the osteoid was stained blue in sections of
implanted HA-CPN/PRP/BCP/ASCs constructs as differentiated from rASCs deposited bone matrix
(osteoid) and were embedded in the newly synthesized ECM. Osteoid is the organic portion of the bone
matrix that is secreted by osteoblasts during new bone formation [61]. It contained several specific
proteins with COL I being the predominant one and the rest being ground substance. Therefore,
the development of new bone tissue may be verified from mineralized osteoid and adjacent bone
cells. From IHC staining, the major ground substance in osteoid, OCN, could be identified in tissue
sections, confirming that differentiated rASCs displayed an osteoblast phenotype. Taken together,
the histological and IHC staining results support active osteogenesis from implanted rASCs and the
observation that injected cell mass in the HA-CPN/PRP/BCP scaffold has formed new bone tissue.

97



Int. J. Mol. Sci. 2018, 19, 2537 10 of 18
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW    10 of 18 

 

 

Figure 8. (A) The computed tomography (CT) scanning images of rabbit calvarial defects filled with 

HA/CPN  and HA‐CPN/PRP/BCP/rASCs  1 and  16 weeks post‐implantation.  (B) Hematoxylin  and 

eosin  (H&E), Masson’s  trichrome  and  immunohistochemical  staining  of OCN  of  implanted HA‐

CPN/PRP/BCP/rASCs in rabbit calvarial defects 16 weeks post‐implantation. Bar = 100 μm. S indicates 

remaining scaffold material. 

3. Materials and Methods 

3.1. Materials 

N‐isopropylacrylamide  (NIPAM)  and  2,2‐azoisobutyronitrile  were  acquired  from  Sigma‐

Aldrich  (St  Louis, MO, USA)  and were  recrystallized  prior  to  use  from methanol  and  hexane, 

respectively. Chitosan (molecular weight = 1.5 × 105 Da) and 2‐morpholinoethane sulfonic acid (MES) 

was purchased from Sigma‐Aldrich (St Louis, MO, USA). N‐Hydroxysuccinimide (NHS) and 1‐ethyl‐

3‐(3‐dimethylaminopropyl) carbodiimide (EDC) were OBTAINED from Acros Organics, Thermo Fisher 

Scientific (Geel, Belgium). Hyaluronic acid (HA) (molecular weight = 1.3 × 106 Da) was obtained from 

Bloomage Freda Biopharm Co. (Jinan, China). Dulbecco’s modified Eagle medium (DMEM, Gibco, 

Thermo  Fisher  Scientific, Waltham, MA, USA)  and  fetal  bovine  serums  (FBS, HyClone, Thermo 

Fisher Scientific, Waltham, MA, USA) were prearranged for cell culture. Biphasic calcium phosphate 

(BCP) microparticles (0.5–1 mm particle size) contained 60% (w/w) of beta‐tricalcium phosphate (β‐

TCP) and 40% (w/w) hydroxyapatite (HAP) were provided by Berkeley Advanced Biomaterials, Inc. 

(San Leandro, CA, USA). CellTiter AQueous One Solution Reagent for cell proliferation assay was 

supplied by Promega Life Sciences (Madison, WI, USA).   

3.2. Synthesis of Hyaluronic Acid‐g‐Chitosan‐G‐Poly(N‐Isopropylacrylamide) (HA‐CPN) 

The HA‐CPN  copolymer was  prepared  as  reported  previously  [23]. Briefly,  carboxylic  acid 

terminated  PNIPAM  (PNIPAM‐COOH)  was  readily  prepared  in  benzene  by  free  radical 

polymerization  between NIPAM with mercaptoacetic  acid  as  a  chain‐terminating  agent  and  2,2‐

Figure 8. (A) The computed tomography (CT) scanning images of rabbit calvarial defects filled with
HA/CPN and HA-CPN/PRP/BCP/rASCs 1 and 16 weeks post-implantation. (B) Hematoxylin
and eosin (H&E), Masson’s trichrome and immunohistochemical staining of OCN of implanted
HA-CPN/PRP/BCP/rASCs in rabbit calvarial defects 16 weeks post-implantation. Bar = 100 µm.
S indicates remaining scaffold material.

3. Materials and Methods

3.1. Materials

N-isopropylacrylamide (NIPAM) and 2,2-azoisobutyronitrile were acquired from Sigma-Aldrich
(St Louis, MO, USA) and were recrystallized prior to use from methanol and hexane, respectively.
Chitosan (molecular weight = 1.5 × 105 Da) and 2-morpholinoethane sulfonic acid (MES)
was purchased from Sigma-Aldrich (St Louis, MO, USA). N-Hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were OBTAINED from Acros Organics,
Thermo Fisher Scientific (Geel, Belgium). Hyaluronic acid (HA) (molecular weight = 1.3 × 106 Da)
was obtained from Bloomage Freda Biopharm Co. (Jinan, China). Dulbecco’s modified Eagle
medium (DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and fetal bovine serums
(FBS, HyClone, Thermo Fisher Scientific, Waltham, MA, USA) were prearranged for cell culture.
Biphasic calcium phosphate (BCP) microparticles (0.5–1 mm particle size) contained 60% (w/w) of
beta-tricalcium phosphate (β-TCP) and 40% (w/w) hydroxyapatite (HAP) were provided by Berkeley
Advanced Biomaterials, Inc. (San Leandro, CA, USA). CellTiter AQueous One Solution Reagent for
cell proliferation assay was supplied by Promega Life Sciences (Madison, WI, USA).
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3.2. Synthesis of Hyaluronic Acid-g-Chitosan-G-Poly(N-Isopropylacrylamide) (HA-CPN)

The HA-CPN copolymer was prepared as reported previously [23]. Briefly, carboxylic acid
terminated PNIPAM (PNIPAM-COOH) was readily prepared in benzene by free radical polymerization
between NIPAM with mercaptoacetic acid as a chain-terminating agent and 2,2-azoisobutyronitrile
as an initiator. Chitosan-g-poly(N-isopropylacrylamide) (CPN) was prepared from 0.5 g of chitosan
and 5 g of PNIPAM-COOH in 50 mL MES buffer (pH 5.0) using EDC and NHS as crosslinking agents.
After reacting for 12 h at 25 ◦C and 180 rpm, temperature of the solution was raised to 50 ◦C for
complete recovery of the copolymer by thermal precipitation. For the synthesis of HA-CPN copolymer,
CPN prepared above was mixed with HA (0.25 g) in 100 mL of 0.1 M MES buffer (pH 5) and the
grafting reaction was carried out at 25 ◦C and 180 rpm for 12 h in the presence of EDC and NHS.
After completing the reaction, impurities and residual HA were removed by the thermal precipitation
at 50 ◦C. The final HA-CPN copolymer used for forming the thermo-gelling hydrogel scaffold was
purified by dialysis at 4 ◦C for 4 days and freeze-dried for storage at room temperature in a desiccator.

3.3. Preparation of Platelet-Rich Plasma (PRP)

The preparation of PRP from rabbits by double centrifugation followed the procedures described
in our previous report [45]. The procedures were approved by the Institutional Animal Care and
Use Committee of Chang Gung University (IACUC Approval No.: CGU13-063, 30 September 2013).
In short, ~30 mL of whole blood was withdrawn from ear vessels of rabbits into a tube that contained
a citrate phosphate dextrose solution as an anticoagulant. The whole blood was centrifuged at 400× g
for 10 min to separate the platelet layer from the plasma and red blood cells. The lower red blood
cell layer was discarded while the middle platelet layer and the upper plasma layer were collected
and further centrifuged at 800× g for 10 min. The PRP was collected as the precipitated platelet layer
with part of the plasma layer. The platelet number in whole blood and PRP were determined by a
hematology analyzer (CELL-DYN Emerald, Abbott, Abbott Park, IL, USA) to check the quality of PRP
obtained by this method.

3.4. Isolation of Rabbit Adipose-Derived Stem Cells (rASCs)

The animal experiments were approved by the Institutional Animal Care and Use Committee of
Chang Gung University (IACUC Approval No.: CGU13-140, 18 March 2014) and confirmed to the
standards of the Association for Assessment and Accreditation of Laboratory Animal Care. Rabbit
adipose-derived stem cells (rASCs) were harvested and isolated according to our former report [51].
Briefly, fat tissue was harvested from a rabbit’s inguinal area and diced into small pieces. The diced
fat tissue was washed extensively with phosphate buffered saline (PBS), and digested with 0.05%
collagenase in a 37 ◦C water bath shaker at 165 rpm for 30 min. The enzyme activity was neutralized
by adding an equal volume of DMEM/10% FBS, and centrifuged at 250× g for 10 min to obtain a high
density cell pellet. After removing the supernatant, the cell pellet was re-suspended in 160 mM NH4Cl
and incubated at room temperature for 10 min to lyse the contaminated red blood cells. The cell pellet
was collected again by the same centrifugation step, filtered through a 100 µm nylon mesh to remove
cellular debris, placed in culture dishes and incubated overnight with DMEM at 37 ◦C in a 5% CO2

incubator for attachment of rASCs to dish surface. Following incubation, the culture dishes were
washed extensively with PBS to remove residual no-adherent red blood cells to obtain rASCs-enriched
cell population.

3.5. In Vitro Culture of rASCs in HA-CPN and HA-CPN/Platelet-Rich Plasma/Biphasic Calcium Phosphate
(HA-CPN/PRP/BCP)

For the culture of rASCs in the thermo-gelling hydrogel, 10% (w/v) HA-CPN or 10% (w/v)
HA-CPN/10% (v/v) PRP/3% (w/v) BCP solution were prepared in DMEM at 4 ◦C. Suspension of
rASCs was mixed at room temperature with 0.4 mL of HA-CPN or HA-CPN/PRP/BCP solution.

99



Int. J. Mol. Sci. 2018, 19, 2537 12 of 18

The mixture was carefully transferred to a 24-well cell culture plate and incubated at 37 ◦C for 1 h at a
cell seeding density of 1 × 105 cells/well. One milliliter of cell culture medium (90% DMEM, 10% FBS,
50 µmol/l L-ascorbic acid phosphate, 100 nmol/L dexamethasone, 10 mmol/L glycerol 2-phosphate
and 1% (v/v) antibiotic–antimycotic) was added to each well and cell culture was carried out at 37 ◦C
in a humidified 5% CO2 incubator with medium change on every 2 to 3 days.

3.6. Cell Proliferation

To determine the proliferation of ASCs, the viable cell number was determined by the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium (MTS)
assay using the CellTiter AQueous One Solution Reagent. After cooling to 4 ◦C to reverse the
cell/hydrogel constructs to a solution state, 200 µL of cold DMEM was added to obtain cell suspension.
The MTS assay were performed by adding 20 µL of MTS solution to 200 µL of cell suspension,
followed by incubating at room temperature for 3 h in the absence of light. Colorimetric measurement
of the formazan product was performed by measuring the optical density value at 490 nm (OD490)
using an ELISA plate reader (BioTek Synergy HT, Winooski, VT, USA) [24].

3.7. Live/Dead Assay

The qualitative assessment on the cell viability of rASCs was evaluated using the Live/Dead
Viability/Cytotoxicity kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA).
Once cultured for 21 days, the medium was removed from each well and samples were washed
three times with PBS. A Live/Dead staining solution contained 2 µM calcein AM (excitation 494 nm,
emission 517 nm) and 5 µM ethidium homodimer-1 (EthD-1) (excitation 528 nm, emission 617 nm)
was prepared in DMEM, with calcein AM detecting live cell and EthD-1 for dead cell identification.
The samples were incubated with the staining solution at 37 ◦C for 30 min and stained cells were
imaged under a Zeiss LSM 510 Meta confocal laser scanning microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany).

3.8. ALP Activity

To analyze the intracellular ALP activity, 800 µL cold cell lysis solution containing 0.1% Triton
X-100 and 5 mM MgCl2 was added to each well after PBS washing. After incubating at 4 ◦C for 10 min
to lysis cells, the solution was centrifuged at 13,000× g for 10 min and the supernatant was examined
for ALP activity using p-nitrophenyl phosphate as a substrate for the enzymatic hydrolysis reaction.
Briefly, 50 µL supernatant was reacted with 50 µL p-nitrophenyl phosphate (5 mM) for 60 min at
37 ◦C before adding 50 µL 0.2 N NaOH as a stop solution to denature ALP. The ALP activity was
determined from the optical density value of the solution at 405 nm (OD405) using an enzyme-linked
immunosorbent assay (ELISA) reader.

3.9. Alizarin Red, Von Kossa and ALP Stains

After detaching the cell-loaded hydrogel from each well, the sample was embedded in an optimal
cutting temperature (OCT) compound. The sample in the cryomold was first placed at−20 ◦C until the
OCT compound becomes translucent, followed by transferring to −80 ◦C overnight. After removing
from the cryomold, the frozen block was mounted on a chuck in a cryostat and slices (5 to 10 µm)
were collected. The samples were fixed at 37 ◦C in 4% formaldehyde for 3 h and washed with PBS
before subject to different stains. For ALP stain, the sample was stained with ALP substrate solution
containing fast blue RR (2 mg/mL) and 1-naphthyl phosphate sodium salt (2 mg/mL) in distilled
de-ionized (DDI) water for 30 min at 37 ◦C. To detect mineralized nodules, Alizarin red stain was used
by incubating samples in 2% Alizarin red S (ARS) solution in DDI water for 1 h at 37 ◦C. For von Kossa
stain, samples were pre-treated with silver nitrate solution (5% in DDI water) for 20 min before placed
in a UV box for UV light exposure for 2 h. The sample was finally soaked in sodium thiosulfate (5%)
for 5 min to remove excess silver nitrate.
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3.10. Calcium Content

Alizarin red S (ARS) was used to quantify the calcium ion (Ca2+) content in mineralized ECM of
osteo-differentiated rASCs. The cell-seeded hydrogel scaffold was removed from wells of the culture
plate and washed 3 times with PBS at 37 ◦C. After fixing with 4% glutaraldehyde solution (in 0.01 M
phosphate buffer) for 3 h at 37 ◦C, 1 mL of ARS solution (2 g ARS in 100 mL DDI water) was added
and incubated for 1 h at room temperature. After several washes with DDI water to remove excess dye,
the sample was incubated with 1 mL of 10% cetylpyridinium chloride solution to elute the ARS-Ca2+

chelating complex. The solution was transferred to an ELISA reader (Synergy HT, BioTek, Winooski,
Vermont, VT, USA) and the solution absorbance was determined at 540 nm (OD540).

3.11. Scanning Electron Microscopy/Energy Dispersive X-Ray (SEM/EDX) Analysis

The samples were firstly rinsed with 37 ◦C PBS and then fixed in 4% glutaraldehyde (in 0.1 M
phosphate buffer) at 37 ◦C. After subsequently fixation for another 3 h, the samples were washed
3 times in PBS buffer at 37 ◦C for 10 min each and then post-fixed in 1% OsO4 (in 0.1 M phosphate
buffer) at 37 ◦C for 2.5 h. Later, samples were washed 3 times with DDI water and dehydrated in
stepwise increasing concentrations of ethanol from 50% to 100%. Lastly, the specimens were dried in
a critical point dryer, sputter coated with gold, and examined under an S-3000N scanning electron
microscope (Hitachi, Tokyo, Japan). The extent of cell mineralization was determined form the
atomic percentage of elements using an energy dispersive X-ray (EDX) micro-analyzer (Horiba EX-250,
Tokyo, Japan).

3.12. Expression of Osteogenic Genes by qRT-PCR

The expression of osteogenic differentiation marker genes was studied using qRT-PCR following
standard protocols for RNA isolation and cDNA preparation. Total RNA of each specimen was
isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and dissolved in RNase-free water.
The amount of RNA was determined by measuring the OD value at 260 nm (OD260) with a NanoDrop
microvolume spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA quality was
verified by measurement of OD260/OD280. The cDNA was prepared from 2 µg of total RNA with
Revert Aid First Strand cDNA Synthesis Kit in a final volume of 20 µL. The relative mRNA expression
of ALP, OCN and COL I osteogenic marker genes was used for study of osteogenesis by designing
the primer sequence using the Oligo 6.0 Primer Analysis Software Molecular Biology Insights, Inc.
(Colorado Springs, CO, USA). For a single PCR reaction amounting to 20 µL, 0.2 µL of cDNA was used.
To make the visualization of PCR products possible in real time, a SYBR Green I Supermix (Yeastern
Biotech Co., Taipei, Taiwan) was used. A three temperature cycling, consisting of a denaturation step
at 95 ◦C for 30 s, a annealing step at 57.6 ◦C for 30 s and an extension step at 72 ◦C for 30 s, was carried
out in an iCycler iQ5 real-time detection system (Bio-Rad Laboratories Inc., Hercules, CA, USA).
The specificity of each PCR reaction was assessed by performing melting curve analysis after each
reaction. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) acted as a housekeeping control.
Results were quantified for osteogenic marker genes using the 2−∆∆Ct relative quantification method.
The expression of each gene was evaluated in triplicate.

3.13. In Vivo Experiment

The critical size calvarial bone defect model in rabbits was used to evaluate bone formation
by implanting HA-CPN/PRP/BCP/ASCs in rabbit skull. Animal protocols were approved by the
Institutional Animal Care and Use Committee of Chang Gung University (IACUC Approval No.:
CGU13-035). New Zealand white male rabbits weighing 3–4 kg were utilized for the experimental
studies. Animals were anesthetized with xylazine (7 mg/kg) and ketamine (140 mg/kg) and the
scalp was sterilized with 75% alcohol solution. Animals were kept in single rooms and fed with
standard animal feeds. For an assessment of bone regeneration, two 10 mm diameter circular
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defects were made at the calvarial bone of the rabbit. Five hundred microliter of HA-CPN/PRP/BCP
solution containing 5 × 106 rASCs was cultured in vitro for 3 weeks before injecting into each defect.
The control group was injected with 500 µL of HA-CPN. Bone formation was examined by computed
tomography (CT) examination using a CT scanner (Somatom Sensation 16, Siemens Healthcare
GmbH, Erlangen, Germany) 16 weeks post-operation. The CT image acquisition, processing,
and manipulation procedures followed standard protocols at a medical facility. The animals were
sacrificed 16-week post-implantation with overdosed pentobarbital to retrieve the implants for
histological analysis. The samples were fixed in 10% formaldehyde and dehydrated by embedding in
paraffin. After sectioning into 5 µm slice sections, hematoxylin and eosin (H & E), Masson’s trichrome
and IHC staining of OCN were carried out following standard protocols [62]. The images were
recorded under an inverted optical microscope (Olympus IX-71, Tokyo, Japan).

3.14. Statistical Analysis

All data are reported as mean ± standard deviation. Tukey’s post hoc test was used to determine
the difference between two groups with p < 0.05 being considered statistically significant.

4. Conclusions

Thermo-gelling HA-CPN/PRP/BCP hydrogel scaffold is found to be a suitable injectable cell
carrier for rASCs. In vitro culture of rASCs in HA-CPN/PRP/BCP exhibited better cell proliferation
and enhanced osteogenic differentiation. From gene expression, tissue section staining, SEM/EDX
and calcium content analysis, PRP/BCP boosts osteoblastic differentiation and ECM mineralization of
rASCs in a HA-CPN gel matrix. Using allogenic rASCs in composite HA-CPN/PRP/BCP scaffold to
repair critical size calvarial defects in rabbits, the CT analysis confirmed successful bone formation
using the cell/hydrogel construct. The phenotypic markers for osteogenesis in the neo-bone tissue
could be further identified from histology and IHC staining. Overall, the HA-CPN hydrogel scaffold
fortified with PRP/BCP as osteo-inductive/osteo-conductive factors was shown to provide synergistic
cues to promote the osteogenesis of rASCs in vitro and in vivo. This composite biomaterial could
potentially be useful for development of an injectable cell carrier to assist bone regeneration in a
non-load bearing defect site.

Author Contributions: H.T.L. and J.-P.C. conceived and designed the experiments; H.T.L. and M.-J.T. performed
the experiments; H.T.L., M.-J.T. and J.-P.C. analyzed the data; H.-T.L., M.B. and J.-P.C. wrote the paper.

Acknowledgments: This work was supported by grants from Chang Gung Memorial Hospital
(CRRPD2G0012, CRRPG3G0012, CMRPGBH0011 and BMRP 249) and the Ministry of Science and Technology
(MOST105-2314-B-182-009).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HA Hyaluronic acid
PNIPAM Poly(N-isopropylacrylamide)
HA-CPN Hyaluronic acid-g-chitosan-g-PNIPAM
CPN Chitosan-g-poly(N-isopropylacrylamide)
LCST Lower critical solution temperature
PBS Phosphate buffered saline
HAP Hydroxyapatite
FBS Fetal bovine serum
DMEM Dulbecco’s modified Eagle medium
ASCs Adipose-derived stem cells
rASCs Rabbit adipose-derived stem cells
ECM Extracellular matrix
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H&E Hematoxylin and eosin
PRP Platelet-rich plasma
SEM Scanning electron microscopy
BCP Biphasic calcium phosphate
β-TCP β-Tricalcium phosphate
BTE Bone tissue engineering
AR Alizarin red
ARS Alizarin red S
3D Three-dimensional
IHC Immunohistochemical
CT Computed tomography
OD Optical density
SEM/EDX Scanning electron microscopy/energy dispersive X-ray
ALP Alkaline phosphatase
NHS N-Hydroxysuccinimide
EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
DDI Distilled de-ionized
MES 2-Morpholinoethane sulfonic acid
OCT Optimal cutting temperature
qRT-PCR Quantitative real-time polymerase chain reaction
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Abstract. Spilanthol has been reported to possess antioxidant, 
anti‑inflammatory, antimicrobial and antinociceptive proper‑
ties. At present, the literature has reported the beneficial role 
of spilanthol on tumor necrosis factor‑α (TNF‑α)‑stimulated 
HaCaT cells. The present study investigated the effects of 
spilanthol on the expression of TNF‑α‑induced intercellular 
adhesion molecule 1 (ICAM‑1) and cyclooxygenase (COX)‑2 in 
the human keratinocyte cell line HaCaT. Cells were pretreated 
with various concentrations of spilanthol (10‑150 µM) followed 
by TNF‑α to induce inflammation. Pretreatment with spilan‑
thol decreased TNF‑α‑induced COX‑2 expression by western 
blotting and suppressed the expression of pro‑inflammatory 
mediators, including interleukin (IL)‑6, IL‑8 and monocyte 
chemotactic protein 1 using ELISA. Spilanthol also decreased 
the expression of TNF‑α‑induced ICAM‑1 protein and mRNA 
assay by western blotting and RT‑qPCR, respectively, in addi‑
tion to the monocyte adhesiveness of HaCaT cells. Furthermore, 
spilanthol significantly suppressed the phosphorylation of c‑Jun 
N‑terminal kinase (JNK), while pretreatment with spilanthol 
enhanced heme oxygenase (HO)‑1 protein expression by western 
blotting. These results demonstrated that spilanthol may exert its 

anti‑inflammatory activity by suppressing the TNF‑α‑induced 
expression of ICAM‑1, COX‑2 and pro‑inflammatory mediators 
by enhancing that of HO‑1, and inhibiting the activation of the 
phosphorylated JNK signaling pathway. It is hypothesized that 
spilanthol may be a natural anti‑inflammatory drug to attenuate 
skin inflammatory disease.

Introduction

Epidermal defense against the intrusion of harmful substances 
from the environment, including chemicals and radiation, 
acts as an important barrier to prevent skin injury  (1,2). 
Keratinocytes are the principal cells of the epidermis. In 
addition to their barrier‑serving role, these cells are involved 
in immune responses within the skin; however, unperturbed 
keratinocytes exhibit deficient or absent production of inflam‑
matory mediators (2). Under environmental or chemical stimuli 
(for example, UV irradiation or ambient air pollution), activated 
keratinocytes express numerous inflammation‑associated 
cytokines including TNF‑α, interleukin (IL)‑1β, IL‑8, and 
inducible nitric oxide synthase (iNOS), which may result in the 
abnormal expression and dysregulated action of inflammatory 
mediators (3,4). Activated keratinocytes may induce strong 
infiltration of inflammatory cells in the epidermis, which is 
associated with the underlying pathogenesis of inflammatory 
skin diseases, including psoriasis, atopic dermatitis (AD) and 
allergic contact dermatitis (5).

Increased expression of intercellular adhesion molecule‑1 
(ICAM‑1) may induce leukocyte and keratinocyte interac‑
tion and is considered an important initiator in numerous 
types of inflammatory skin diseases (6). It has been reported 
that tumor necrosis factor‑α (TNF‑α)‑induced ICAM‑1 
expression is a principal mediator of increased lymphocyte 
infiltration into inflamed areas in the skin. In addition, kera‑
tinocytes are activated by TNF‑α, eliciting an inflammatory 
response with the release of proinflammatory cytokines and 
chemokines, including interleukin (IL)‑1β, IL‑6, IL‑8 and 
monocyte chemoattractant protein‑1 (MCP‑1), in addition to 
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ICAM‑1 (7‑9). Additionally, TNF‑α‑induced expression of 
inflammatory mediators within keratinocytes simultaneously 
activates inflammatory signaling pathways, nuclear factor‑κB 
(NF‑κB) and mitogen‑activated protein kinases (MAPKs), 
resulting in aggravated inflammation (10).

Phosphorylation of inhibitor of NF‑κB due to inflamma‑
tory stimuli induces the translocation of the transcription 
factor NF‑κB to the nucleus and activates the transcription of 
proinflammatory genes (11,12). Extracellular signal‑regulated 
kinase (ERK), c‑Jun‑N‑terminal kinase (JNK), and p38 
MAPK are members of the MAPK family (12). Activation 
of MAPKs has also been associated with the production of 
inflammatory mediators and the regulation of numerous 
inflammation‑associated genes (9,12). The role of inflamma‑
tion is to protect against harmful stimuli; however, long‑term 
and excessive inflammation may cause severe tissue damage, 
which may lead to the development of inflammation‑associated 
diseases, including diabetes, cancer and AD (13). Therefore, 
inhibiting the activation of the NF‑κB and MAPK signaling 
pathways may be important for controlling and ameliorating 
the development of various skin diseases. On the contrary, 
heme oxygenase‑1 (HO‑1) has been reported to possess 
anti‑inflammatory activity and is regulated by cytokine and 
chemokine interactions in AD; HO‑1 has been suggested to 
alleviate inflammation (14,15).

To develop therapeutic drugs for the treatment of derma‑
titis, an initial step may include the identification of effective 
anti‑inflammatory agents to abrogate and suppress inflam‑
matory mediators in keratinocytes. Spilanthol [(2E, 6Z, 
8E)‑N‑isobutylamide‑2,6,8‑decatrienamide] is a bioactive 
compound detected in Acmella oleracea (Spilanthes acmella) 
and other Acmella species, including A. brachyglossa and 
A. ciliata (16). A. acmella exerts a variety of biological proper‑
ties, including antipyretic (17,18), anti‑inflammatory (19‑21), 
analgesic  (22‑24) and antimicrobial activities  (22‑26). 
Spilanthol inhibits lipopolysaccharide‑induced inflammatory 
responses in murine RAW 264.7 macrophages via inactiva‑
tion of the NF‑κB signaling pathway (19). Leaf extracts of 
S. acmella have exhibited immunomodulatory activity, which 
may be beneficial for the treatment of rheumatism (27); spilan‑
thol enhances immune activities in influenza and respiratory 
infections (28). In addition, spilanthol is absorbed by human 
skin (29); however, whether the compound is able to modulate 
inflammatory responses is unclear, and the associated mecha‑
nism underlying the effects of spilanthol within keratinocytes 
requires further investigation.

The present study investigated the biological activities and 
modulatory effects of spilanthol on TNF‑α‑induced HaCaT 
cells. Spilanthol was observed to inhibit TNF‑α‑induced 
ICAM‑1 expression, which may be associated with protection 
against injuries induced by cytokines, including IL‑6, IL‑8, 
MCP‑1 and ICAM‑1 in the present study. In addition, the 
anti‑inflammatory effects of spilanthol may be mediated by 
enhancing HO‑1 expression and inhibiting the pJNK signaling 
pathway in HaCaT cells.

Materials and methods

Materials and antibodies. Spilanthol (ChromaDex, Inc., Irvine, 
CA, USA; Fig. 1A) was prepared as a 100 mM stock solution in 

dimethyl sulfoxide (DMSO) with a final DMSO concentration 
of ≤0.1% in the culture medium. ELISA kits were purchased 
from R&D Systems, Inc. (Minneapolis, MN, USA). Primary 
antibodies against β‑actin, cyclooxygenase‑2 (COX‑2), HO‑1 
and ICAM‑1 were obtained from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA), and JNK, ERK, p38, phosphorylated 
(p)‑JNK, p‑ERK, and p‑p38 antibodies were purchased from 
EMD Millipore (Billerica, MA, USA). Calcein‑AM was 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). RNA was isolated using TRIzol reagent obtained 
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

Cell line and treatment. HaCaT cells (human keratinocyte 
cell line) were purchased from the Bioresource Collection and 
Research Center (Hsinchu, Taiwan). Cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(Biological Industries, Ltd., Beit‑Haemek, Israel), antibiotics 
(1% penicillin and streptomycin) and 2 mM glutamine; cells 
were incubated in a humidified incubator containing 5% CO2 
at 37˚C. THP‑1 cells (a human monocytic cell line) were 
purchased from the Bioresource Collection and Research 
Center and incubated in RPMI‑1640 medium (Gibco; Thermo 
Fisher Scientific, Inc.) with 10% fetal bovine serum and 2 mM 
L‑glutamine added.

Cell viability assay. An MTT assay (Sigma‑Aldrich; Merck 
KGaA) was performed to assess cell viability. HaCaT cells 
(106 cells/well) were seeded onto 96‑well plates and incubated 
with spilanthol at concentrations between 3 and 200  µM 
for 1 h and then TNF‑α (10 ng/ml) was added and the cells 
co‑cultured for 24 h in a humidified incubator containing 
5% CO2 at 37˚C. MTT solution (5 mg/ml) was added to each 
well for 2 h at 37˚C. Following removal of the MTT solution, 
DMSO (0.5 ml) was added to dissolve the blue formazan crys‑
tals. Using a microplate reader (Gene5, Synergy HT; BioTek 
Instruments, Inc., Winooski, VT, USA), the absorbance was 
measured at 570 nm. A subsequent analysis was conducted 
with 0‑150 µM spilanthol. Cells without TNF‑α and spilanthol 
treatment served as negative control and cells treated with 
TNF‑α as a positive control.

ELISA for the analysis of proinflammatory cytokines, chemo‑
kines and ICAM‑1 production. HaCaT cells (106 cells/ml) were 
pretreated with spilanthol (10‑150 µM) for 1 h in a humidified 
incubator containing 5% CO2 at 37˚C, and TNF‑α (10 ng/ml) 
was added, followed by incubation in a humidified incubator 
containing 5% CO2 at 37˚C for 24 h. Supernatants were centri‑
fuged (19,000 x g at 4˚C for 5 min) and collected for assaying 
the expression levels of IL‑8, IL‑6, MCP‑1 and ICAM‑1. The 
present study employed specific ELISA kits (cat. nos. DY208, 
DY206, DY279 and DY720, respectively; R&D Systems, Inc.) 
and the optical density was spectrophotometrically measured 
at 450 nm with a microplate reader (Multiskan FC; Thermo 
Fisher Scientific, Inc.).

Preparation of total proteins. HaCaT cells (106 cells/ml) were 
seeded onto 6‑well plates and pretreated with spilanthol (10, 30, 
100 and 150 µM) for 1 h in a humidified incubator containing 
5% CO2 at 37˚C, and then stimulated with TNF‑α (10 ng/ml) 
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for 24 h in a humidified incubator containing 5% CO2 at 37˚C 
to evaluate total proteins or for 30 min to detect phosphory‑
lated proteins. Cell lysates were collected after centrifuged 
at 19,000 x g for 15 min duration 4˚C, and the proteins were 
extracted in 300 µl protein lysis buffer [50 mM Tris‑HCl 
(pH 8), 1 mM EDTA, 0.5% NP40, 150 mM NaCl and 0.1% 
SDS] containing a protease inhibitor cocktail and phospha‑
tase inhibitors (Sigma‑Aldrich; Merck KGaA). Proteins were 
extracted and a bicinchoninic acid protein assay kit (Pierce; 
Thermo Fisher Scientific, Inc.) was used for quantification.

Western blot analysis. Equal amounts of protein (20‑30 µg) 
were obtained from HaCaT cells as mentioned above and 
underwent separation via 10% SDS‑PAGE. The proteins were 
transferred to polyvinylidene fluoride membranes (EMD 
Millipore). Subsequently, the membranes were blocked with 
5% BSA and incubated overnight with primary antibodies 
at 4˚C, including COX‑2 (1:500; cat. no.  sc‑1746; Santa 
Cruz Biotechnology, Inc.); HO‑1 (1:500; cat. no. sc‑10789; 
Santa Cruz Biotechnology, Inc.); ERK1/2 (1:2,000; cat. 
no. ABS44; Millipore), p38 (1:500; cat. no. ABS29; EMD 
Millipore, ), JNK1/2 (1:1,000; cat. no. 06‑748 EMD Millipore), 
phosphorylated‑ERK 1/2 (1:1,000; cat. no.  P27361; EMD 
Millipore), phosphorylated‑p38 (1:1,000; cat. no. 09‑272; EMD 
Millipore), and phosphorylated‑JNK1 (1:500; cat. no. 07‑175; 
EMD Millipore); ICAM‑1 (1:1,000; cat. no.  GTX100450; 
Sigma‑Aldrich; Merck KGaA) and β‑actin (1:500; cat. 
no. MAB1501; Sigma‑Aldrich; Merck KGaA).

The membrane was washed with TBS with Tween‑20 [TBST; 
150 mM NaCl, 10 mM Tris (pH 8.0) and 0.1% Tween‑20], and 
incubated with horseradish peroxidase‑conjugated secondary 
antibodies for 1 h at room temperature. The bound antibodies, 
including goat anti‑rabbit IgG‑HRP (1:10,000; cat. no. A2315; 
Santa Cruz Biotechnology, Inc.) and goat anti‑mouse IgG 
(1:10,000; cat. no.  A90‑116P; Bethyl Laboratories, Inc., 
Montgomery, TX, USA) on the membranes were washed 
with TBST and incubated in Luminol/Enhancer Solution 
(EMD Millipore) according to the manufacturer's protocols 
for detection of the bands; quantification of protein expression 
was conducted using the BioSpectrum 600 automated system 
(UVP, LLC, Phoenix, AZ, USA) and its included software.

RNA isolation and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) analysis of gene 
expression. ICAM‑1 mRNA expression levels were deter‑
mined by RT‑qPCR, with β‑actin as the internal control. 
TRIzol solution (Thermo Fisher Scientific, Inc.) was used to 
extract total RNA, and reverse transcribed to acquire cDNA 
using a cDNA synthesis kit (Thermo Fisher Scientific, Inc.). 
qPCR using SYBR Green Master Mix (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) was performed using a spectrofluo‑
rometric thermal cycler (iCycler; Bio‑Rad Laboratories, Inc.) 
to quantitative the expression of specific genes. The cycling 
conditions were as follows: Samples preincubated at 95˚C for 
10 min. Next, the PCR was performed as 40 cycles of 95˚C for 
15 sec and 60˚C for 1 min, followed by analysis using TaqMan 
real‑time quantitative PCR (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The specific primers used were as 
follows: ICAM‑1, forward 5'‑AGA​CGC​AGA​GGA​CCT​TAA‑3' 
and reverse 5'‑CAC​ACT​TCA​CAG​TTA​CTT​GG‑3'; β‑actin, 

forward 5'‑AAG​ACC​TCT​ATG​CCA​ACA​CAG​T‑3' and reverse 
5'‑AGC​CAG​AGC​AG​TAA​TCT​CCT​TC‑3' (30). The specific 
genes were determined by comparing the average of gene 
cycle quantification (Cq), measured for each experiment 
and repeated three times, as described previously (31). The 
comparison Cq method was used for the specific genes deter‑
mined by relative cDNA expressions (2‑∆∆Cq). 2‑ΔΔCq was the 
discrepancy between specific gene and housekeeping genes 
β‑actin for each sample.

Cell‑cell adhesion assay. To perform the cell‑cell adhesion 
assay, HaCaT cells (106 cells/ml) were pretreated with spilan‑
thol (10, 30, 100 and 150 µM) for 1 h in a humidified incubator 
containing 5% CO2 at 37˚C and subsequently incubated with 
TNF‑α (10 ng/ml) for 24 h in a humidified incubator containing 
5% CO2 at 37˚C. The control groups was treated with TNF‑α 
alone. THP‑1 cells (106 cells/ml) labeled with calcein‑AM were 
co‑cultured with HaCaT cells for 1 h in DMEM medium in a 
humidified incubator containing 5% CO2 at 37˚C. Cells were 
washed with PBS and the extent of adhesion of THP‑1 cells to 
HaCaT cells was observed under a fluorescence microscope 
(3 per view; magnification, x200; Olympus Corporation, Tokyo, 
Japan) with excitation and emission wavelengths of 490 and 
515 nm, respectively. All experiments were repeated three times.

Statistical analysis. Data are presented as the mean ± standard 
deviation of at least three independent experiments. Data were 
analyzed with one‑way analysis of variance and Dunnett's post 
hoc test using SPSS statistical software package version 19.0 
(IBM Corp., Armonk, NY, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Inhibition of proinflammatory cytokine and chemokine 
production by pretreatment with spilanthol in TNF‑α‑treated 
HaCaT cells. An MTT assay was used to evaluate the cyto‑
toxicity of HaCaT cells against spilanthol. The present study 
reported that spilanthol did not significantly affect cell viability 
at concentrations ≤200 µM (Fig. 1B). Therefore, the present 
study conducted a subsequent analysis with 0‑150 µM spilan‑
thol. Spilanthol at 3 µM did not significantly affect cell viability 
and it had no effects in pretesting and was thus excluded from 
subsequent experimentation. Furthermore, the inhibitory 
effects of spilanthol on TNF‑α‑induced proinflammatory 
cytokine and chemokine production were investigated. HaCaT 
cells were pretreated with various concentrations of spilanthol 
and stimulated with TNF‑α for 24 h. Pretreatment with spil‑
anthol was associated with significantly decreased expression 
levels of IL‑6, IL‑8 and MCP‑1 in TNF‑α‑stimulated HaCaT 
cells compared with TNF‑α alone (Fig. 1C‑E). Spilanthol 
concentrations ≥10 µM significantly inhibited IL‑6 and MCP‑1 
expression levels; however, concentrations ≥30 µM signifi‑
cantly inhibited IL‑8 production. The results of the present 
study suggested that spilanthol can inhibit proinflammatory 
cytokine (IL‑6) and chemokines (IL‑8 and MCP‑1) expression 
levels, thus preventing inflammation.

Effects of spilanthol on TNF‑α‑induced ICAM‑1 protein and 
mRNA expression. In the present study, the effects of spilanthol 
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on ICAM‑1 expression in TNF‑α‑induced HaCaT cells were 
investigated. Spilanthol significantly reduced ICAM‑1 protein 
expression levels compared with treatment with TNF‑α alone, 
as determined by ELISA and western blotting (Fig. 2A and B). 
In addition, the mRNA expression levels of ICAM‑1 were 
significantly decreased (Fig. 2C) compared with treatment 
with TNF‑α alone, as determined by RT‑qPCR. Collectively, 
these results suggested that spilanthol significantly suppressed 
ICAM‑1 in TNF‑α‑induced HaCaT cells.

Spilanthol inhibits monocyte adhesion to TNF‑α‑activated 
HaCaT cells. A recent study reported that increased mono‑
cyte adhesion to human keratinocytes may be associated with 
increased ICAM‑1 expression (31). In the present study, it was 
demonstrated that spilanthol significantly decreased ICAM‑1 
expression levels in inflammatory HaCaT cells (Fig. 2). Thus, 
the present study investigated whether spilanthol may suppress 
TNF‑α‑induced monocyte adhesion. The results revealed 
that THP‑1 cells adhered to TNF‑α‑stimulated HaCaT cells; 
however, the extent of monocyte adhesion significantly 
decreased in a dose‑dependent manner in response to treat‑
ment with spilanthol, compared with in HaCaT cells treated 
with TNF‑α alone (Fig. 3). Fluorescence density is highest 
in Fig. 3A‑b indicating that TNF‑α induced THP‑1 adhesion 
to HaCat cells compared with negative control (Fig. 3A‑a). 
SP‑treatment decreased THP‑1 adhesion to HaCat cells 
compared with positive control (Fig. 3A‑b).

Spilanthol induces HO‑1 expression and inactivates the pJNK 
signaling pathway to inhibit COX‑2 protein expression in 
TNF‑α‑induced HaCaT cells. To improve understanding as to 
how spilanthol reduces inflammations, the expression levels of 
inflammation‑associated proteins were analyzed. A recent study 
suggested that the induction of HO‑1 inhibits inflammation in 
HaCaT cells (32). It was observed that spilanthol concentrations 
≥100 µM significantly increased the expression levels of HO‑1 
expression in HaCaT cells compared with TNF‑α alone (P<0.01; 
Fig. 4A). A previous study reported that COX‑2 expression is 
associated with inflammation in human keratinocytes  (33). 
Thus, the present study investigated the effects of spilanthol on 
TNF‑α‑activated HaCaT cells, and it was indicated that pretreat‑
ment with ≥30 µM spilanthol significantly suppressed COX‑2 
protein expression compared with TNF‑α‑stimulated control 
cells (Fig. 4B). The activation of the MAPK signaling pathway 
is closely associated with the expression of proinflammatory 
mediators in keratinocytes (34); whether spilanthol affects the 
MAPK signaling pathway in TNF‑α‑activated HaCaT cells was 
analyzed in the present study. Treatment with ≥30 µM spilanthol 
significantly decreased the phosphorylation of JNK compared 
with in TNF‑α‑activated HaCaT control cells (Fig. 4C). These 
results suggested that spilanthol may induce the expression of 
HO‑1 expression via inactivation of pJNK to potentially inhibit 
the expression of COX‑2 in TNF‑α‑activated HaCaT cells; 
however, spilanthol did not suppress the phosphorylation of 
ERK and P38 MAPK (data not shown).

Discussion

Epidermal keratinocytes are subjected to exposure to 
harmful factors, including ultraviolet light, which may 

induce keratinocyte activation and the release of inflam‑
matory mediators  (1). ICAM‑1 is expressed on activated 
keratinocytes to attract more inflammatory cells to infiltrate 
the inflamed skin (2‑4). Numerous reports have described the 
importance of ICAM‑1 expression in keratinocytes in skin 
inflammation‑associated diseases (4,5), which has led to a 
focus on the regulation of this particular adhesion molecule 
in drug development for the treatment of dermatitis. The 
present study reported that pretreatment with spilanthol 
significantly suppressed ICAM‑1 protein and mRNA expres‑
sion, as detected by ELISA and western blotting, and RT‑PCR 
analyses, respectively. In addition, treatment with spilanthol 
reduced the extent of adhesion between HaCaT and THP‑1 
cells; this may have been mediated by reductions in the secre‑
tion and expression of ICAM‑1 by HaCaT cells. Inflammatory 
keratinocytes could have released proteins into culture 
medium and excess ICAM‑1 cleaved to soluble ICAM, and 
moved into the supernatant. Thus, ELISA could detect specific 
protein (soluble ICAM) in the supernatant. Soluble ICAM‑1 
is a molecule meriting exploration in the future. Additionally, 
the present study reported that spilanthol affected the extent of 
monocyte adhesion to keratinocytes, suggesting that spilanthol 
may attenuate the inflammatory response via the inhibition of 
ICAM‑1 expression in TNF‑α‑induced keratinocytes.

Spilanthol possesses antioxidant and antinociceptive 
properties and is of particular importance as a potential 
anti‑inflammatory agent (16), which is mediated via the inacti‑
vation of NF‑κB; spilanthol negatively regulates the production 
of proinflammatory mediators, including IL‑1β, IL‑6, TNF‑α 
and COX‑2 (19). Flavonoid extracts from S. acmella inhibit the 
secretion of IL‑1β and TNF‑α, reducing infection‑associated 
inflammation, and suppress COX‑2 expression, reducing 
fever (16,19). These findings suggest that S. acmella extracts 
have analgesic and antipyretic effects (17,18). In addition, spil‑
anthol exerts anti‑inflammatory effects in in vitro and in vivo 
models (16‑19); however, the associated anti‑inflammatory 
mechanisms in keratinocytes require further investigation. 
In the present study, spilanthol was observed to significantly 
suppress the expression of pro‑inflammatory cytokines, 
including IL‑6, IL‑8 and MCP‑1 production. Additionally, 
spilanthol effectively suppressed COX‑2 protein expression in 
keratinocytes, indicating that spilanthol may inhibit inflam‑
matory responses and prevent the inflammatory loop within 
TNF‑α‑induced keratinocytes.

Of note, HO‑1 expression has been reported to exert an 
anti‑inflammatory response in keratinocytes, and attenuates 
AD‑like lesions via its protective effects against inflamma‑
tory skin diseases (7,9,15). HO‑1 expression is regulated by 
inflammation‑associated cytokines and chemokines associ‑
ated with the development of AD  (15). The present study 
observed that spilanthol induced HO‑1 protein expression, 
and decreased cytokine and chemokine expression levels, 
indicating that HO‑1 expression may be associated with the 
underlying anti‑inflammatory mechanism of spilanthol within 
keratinocytes.

Furthermore, previous studies demonstrated that flavonoid 
and immunosuppressive drugs (rapamycin and mycophenolic 
acid) modulated the expression of ICAM‑1, which is regulated by 
NF‑κB activation within TNF‑α‑induced HaCaT cells (7,9,10). 
The modulatory activity of spilanthol on the signaling of NF‑κB 
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Figure 1. SP inhibition of proinflammatory cytokine and chemokine production in TNF‑α‑stimulated HaCaT cells. (A) Structure of SP. (B) Cytotoxicity of 
SP‑treated HaCaT cells. SP inhibited TNF‑α‑induced cytokine and chemokine expression: (C) IL‑6, (D) IL‑8 and (E) MCP‑1. HaCaT cells (106 cells/well) were 
pretreated with the indicated concentrations of SP (3‑150 µM) for 1 h and subsequently stimulated with TNF‑α (10 ng/ml) for 24 h. Data are presented as the 
mean ± standard deviation. *P<0.05, **P<0.01 vs. TNF‑α‑treated group. IL, interleukin; MCP‑1, monocyte chemoattractant protein‑1; SP, spilanthol; TNF‑α, 
tumor necrosis factor‑α.

Figure 2. SP effects on ICAM‑1 production and expression in TNF‑α‑induced HaCaT cells. (A) SP inhibited ICAM‑1 expression levels as determined by 
(A) ELISA and (B) western blotting. HaCaT cells (106 cells/ml) were pretreated with 10‑150 µM SP for 1 h and subsequently stimulated with TNF‑α (10 ng/ml) 
for 24 h. (C) SP suppressed ICAM‑1 gene expression. HaCaT cells (106 cells/ml) were pretreated with the indicated doses of SP for l h and subsequently exposed 
to TNF‑α (10 ng/ml) for 1 h. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. TNF‑α‑treated group. ICAM‑1, intercellular adhesion 
molecule 1; SP, spilanthol; TNF‑α, tumor necrosis factor‑α.
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Figure 3. SP suppresses the monocyte adhesive ability of TNF‑α‑activated HaCaT cells. Effects of SP on monocyte adhesiveness in TNF‑α‑induced HaCaT 
cells were investigated; THP‑1 cells were incubated with: (A‑a) Untreated HaCaT cells; (A‑b) TNF‑α‑treated HaCaT cells; (A‑c) HaCaT cells treated with 
10 µM SP; (A‑d) HaCaT cells treated with 30 µM SP; (A‑e) HaCaT cells treated with 100 µM SP; and (A‑f) HaCaT cells treated with 150 µM SP, respectively. 
Scale bar=200 µm. (B) A fluorescence plate reader was used to quantify calcein‑AM fluorescence. Data are presented as the mean ± standard deviation. 
**P<0.01 vs. TNF‑α‑treated group. SP, spilanthol; TNF‑α, tumor necrosis factor‑α.

Figure 4. SP induces HO‑1 expression and inactivates the pJNK signaling pathway to inhibit COX‑2 protein expression in TNF‑α‑induced HaCaT cells. 
(A) SP induced HO‑1 expression. (B) SP inhibited COX‑2 protein expression. (C) SP inactivated the pJNK signaling pathway. HaCaT cells (106 cells/ml) were 
incubated in the absence or presence of 10‑150 µM SP for 1 h and subsequently exposed to TNF‑α (10 ng/ml) for 24 h (total proteins) or 30 min (phosphory‑
lated proteins), followed by western blot analysis. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 vs. TNF‑α‑treated group. COX‑2, 
cyclooxygenase‑2; ERK, extracellular signal‑regulated kinase; HO‑1, heme oxygenase‑1; JNK, c‑Jun N‑terminal kinase; p, phosphorylated; SP, spilanthol; 
TNF‑α, tumor necrosis factor‑α.
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activation was evaluated in TNF‑α‑induced HaCaT cells, and no 
effect on the NF‑κB signaling pathway detected (data not show). 
Collectively, these results indicated that spilanthol may inhibit 
the upregulation of proinflammatory cytokines induced by 
TNF‑α, and suppress ICAM‑1 expression via spilanthol‑induced 
HO‑1 expression in keratinocytes.

The p38/MAPK, ERK and JNK signaling pathways are 
important in the mediation of cellular inflammation, and 
these MAPK signal transduction pathways may be induced 
by TNF‑α (2,12). Furthermore, MAPK signaling has been 
associated with the expression of pro‑inflammatory mediators 
and skin inflammation (9). In particular, JNK signaling serves 
a critical role in inflammatory responses; TNF‑α may induce 
the phosphorylation of JNK (35). The present study indicated 
that TNF‑α induced the activation of JNK signaling via phos‑
phorylation; however, pretreatment with spilanthol reduced 
the extent of this activation. The findings of the present study 
suggested that the TNF‑α‑induced inflammatory response 
may be mediated by JNK signaling in HaCaT cells and that 
spilanthol may ameliorate the inflammatory response by 
inhibiting JNK phosphorylation. In addition, the JNK‑MAPK 
signaling pathway is also involved in ultraviolet B‑induced 
keratinocyte inflammation (36). Therefore, the JNK‑MAPK 
signaling pathway may be considered as a therapeutic target 
in treatment of conditions associated with inflammation. 
Collectively, these data suggested that spilanthol attenuated 
the production of IL‑6, IL‑8 and MCP‑1 induced by TNF‑α, in 
addition to JNK activation, in HaCaT cells.

In conclusion, to the best of our knowledge, the present 
study is the first to report that spilanthol may exert an inhibitory 
effect on the production of inflammation‑associated mediators, 
including IL‑6, IL‑8, MCP‑1, ICAM‑1 and COX‑2, and may 
decrease the extent of monocyte adhesion to TNF‑α‑induced 
HaCaT cells. In addition, the anti‑inflammatory activity of 
spilanthol may be associated with enhanced HO‑1 expres‑
sion levels and the inhibition of pJNK‑MAPK signaling. The 
present study proposed that spilanthol may possess therapeutic 
potential for the treatment of inflammatory skin diseases.
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Abstract: Malignant melanoma is developed from pigment-containing cells, melanocytes, and primarily
found on the skin. Malignant melanoma still has a high mortality rate, which may imply a lack
of therapeutic agents. Lakoochin A, a compound isolated from Artocarpus lakoocha and Artocarpus
xanthocarpus, has an inhibitory function of tyrosinase activity and melanin production, but the anti-cancer
effects are still unclear. In the current study, the therapeutic effects of lakoochin A with their
apoptosis functions and possible mechanisms were investigated on A375.S2 melanoma cells. Several
methods were applied, including 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide
(MTT), flow cytometry, and immunoblotting. Results suggest that lakoochin A attenuated the
growth of A375.S2 melanoma cells through an apoptosis mechanism. Lakoochin A first increase
the production of cellular and mitochondrial reactive oxygen species (ROSs); mitochondrial ROSs
then promote mitogen-activated protein kinases (MAPKs) pathway activation and raise downstream
apoptosis-related protein and caspase expression. This is the first study to demonstrate that lakoochin
A, through ROS-MAPK, apoptosis-related proteins, caspases cascades, can induce melanoma cell
apoptosis and may be a potential candidate compound for treating malignant melanoma.
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1. Introduction

Melanoma is a common form of skin cancer, especially among Caucasians [1]. The malignant
form of melanoma, called malignant melanoma, still has a poor prognosis. Several methods, including
surgical excision, chemotherapy, radiotherapy, and immunotherapy, have been applied to treat
malignant melanoma. However, these treatment methods do not effectively reduce the adverse effects
or increase the long-term survival rate [2,3]. For this reason, investigating novel agents or methods to
increase the efficacy and prognosis of malignant melanoma treatment are of clinical importance.

Lakoochin A is a stilbene derivative identified from Artocarpus lakoocha [4] and Artocarpus
xanthocarpus [5]. Evidence suggests that Artocarpus species have inhibitory activities against
tyrosinase [5,6], pancreatic lipase [7], antibacterial (such as Mycobacterium tuberculosis), and antiviral
activity (such as herpes simplex virus and human immunodeficiency virus) [8,9]. Furthermore, studies
have also suggested that extractions from Artocarpus sp. show anti-cancer properties for melanoma [10],
hepatocellular carcinoma [11], gastric carcinoma [12], and colorectal carcinoma [13]. The functions
of lakoochin A have been reported to inhibit α-glucosidase activity [14], melanin biosynthesis [5],
antimycobacterial activity against Mycobacterium tuberculosis, and cytotoxicity against breast cancer
and nasopharyngeal carcinoma cell lines [4]. However, the details of lakoochin A on its anti-cancer
function and related mechanisms are still unclear and require further investigation.

The roles of reactive oxygen species (ROSs) have been associated with anti-cancer function for
some flavonoids from Artocarpus sp. [10,15,16]. It is well known that reactive oxygen species (ROSs)
are a double-edged sword in terms of physiological and pathological organism functions [17–19].
For example, in physiological conditions, ROSs play important roles in phagocytosis, cell signaling,
and homeostasis. Subsequently, reactive species could be eliminated by the scavenging system
of normal cells [20,21]. However, under oxidative stress conditions, ROSs accumulate in higher
concentrations and oxidize cellular lipids, proteins, and DNA. Finally, these ROSs cause aggravation
and exacerbation of several clinical diseases and phenomena, such as inflammation, neurodegeneration,
aging, cancer, and cardiovascular disease [21–25]. Additionally, some anti-cancer agents, isolated
from traditional Chinese herbal medicine, such as paclitaxel [26], resveratrol [27], and curcumin [28],
can increase ROS production to inhibit cancer growth, activate the mitogen-activated protein kinase
(MAPK) pathway, and increase expression of apoptosis-related proteins. In this study, the role
that lakoochin A plays in A375.S2 melanoma cell proliferation and apoptosis were investigated.
The underlying mechanisms were also evaluated, including the ROSs, MAPK pathways, and their
downstream signaling.

2. Results

2.1. Lakoochin A Inhibits Proliferation and Viability of A375.S2 Melanoma Cells

Cell proliferation was assayed by using the Sulforhodamine B (SRB) assay. Results showed that
treatment with lakoochin A (2.5–20 µM, dissolved in dimethyl sulfoxide (DMSO) on A375.S2 melanoma
cells for 24 h could inhibit cell proliferation in a concentration-dependent manner and with a half
maximal inhibitory concentration (IC50) value of 4.956 µM (Figure 1B). The MTT assay suggested that
lakoochin A treatment for 24 or 48 h reduced the cell viability in a concentration-dependent manner
(0–20 µM, Figure 1C). Additionally, as shown in Figure 1D, lakoochin A did not significantly change the
cell viability of human skin fibroblasts and keratinocytes, until high doses (100 µM) were administered.
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Figure 1. (A) The chemical structure of lakoochin A. (B) The inhibitory effect of lakoochin A on 
A375.S2 cell proliferation, as determined by the SRB assay at 24 h. (C) Dose and time effects of 
lakoochin A on A375.S2 cell viability, as determined by the 3-(4,5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay at 24 and 48 h. (D) The effects of lakoochin A on human 
skin fibroblast and keratinocytes as determined by the MTT assay at 24 h. The cell apoptosis effects 
of lakoochin A on A375.S2 cells, as (E) presented by the morphology and (F) determined by flow 
cytometry with AnnexinV-Fluorescein isothiocyanate (FITC) and propidium iodide staining at 24 h. 
The right lower quadrant indicates early apoptosis. (G) Effects of lakoochin A on cell apoptosis (left 
panel) and sub-G1 cell cycle arrest (right panel) were determined by DNA fragmentation assay and 
flow cytometry, with propidium iodide stainingon A375.S2 cells at 24 h, respectively. Results (B–G) 
expressed as mean ± S.E.M. from three individual experiments. * p < 0.05 and # p < 0.01 compared to 
the control group. 

2.2. Lakoochin A Promotes Apoptosis and Cell Cycle Arrest in A375.S2 Melanoma Cells 

Staining was used to test whether lakoochin A has an apoptosis function on A375.S2 cells, cell 
morphology and flow cytometry with AnnexinV-FITC and propidium iodide. As shown in Figure 
1E, lakoochin A (10 and 15 μM) promoted apoptosis in a concentration- and time-dependent manner 

Figure 1. (A) The chemical structure of lakoochin A. (B) The inhibitory effect of lakoochin A on A375.S2
cell proliferation, as determined by the SRB assay at 24 h. (C) Dose and time effects of lakoochin A
on A375.S2 cell viability, as determined by the 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide (MTT) assay at 24 and 48 h. (D) The effects of lakoochin A on human skin fibroblast and
keratinocytes as determined by the MTT assay at 24 h. The cell apoptosis effects of lakoochin A
on A375.S2 cells, as (E) presented by the morphology and (F) determined by flow cytometry with
AnnexinV-Fluorescein isothiocyanate (FITC) and propidium iodide staining at 24 h. The right lower
quadrant indicates early apoptosis. (G) Effects of lakoochin A on cell apoptosis (left panel) and sub-G1
cell cycle arrest (right panel) were determined by DNA fragmentation assay and flow cytometry,
with propidium iodide stainingon A375.S2 cells at 24 h, respectively. Results (B–G) expressed as mean
± S.E.M. from three individual experiments. * p < 0.05 and # p < 0.01 compared to the control group.

2.2. Lakoochin A Promotes Apoptosis and Cell Cycle Arrest in A375.S2 Melanoma Cells

Staining was used to test whether lakoochin A has an apoptosis function on A375.S2 cells,
cell morphology and flow cytometry with AnnexinV-FITC and propidium iodide. As shown in
Figure 1E, lakoochin A (10 and 15 µM) promoted apoptosis in a concentration- and time-dependent
manner on A375.S2 cells. As shown in Figure 1F, the percentage of early apoptosis of cells after
lakoochin A treatment for 24 h was 2.1% (0 µM), 4.7% (10 µM), 16.1% (15 µM), and 57.1% (20 µM).
Treatment also led to a concentration-dependent increase in DNA fragmentation (Figure 1G, left panel).
Furthermore, treatment with lakoochin A resulted in an increase in the percentage of cells being
arrested in the sub-G1 phase (Figure 1G, right panel). The percentage of sub-G1 phase was observed
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as 10.0% (0 µM), 11.5% (5 µM), 26.2% (10 µM), and 48.2% (20 µM) in cells after lakoochin A treatment
for 24 h.

2.3. Lakoochin A Increases Apoptosis of A375.S2 Cells through the Mitochondrial Pathway

The 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanineiodide (JC-1) assay showed
that the treatment of A375.S2 cells with lakoochin A (2.5–20 µM) for 24 h decreased mitochondrial
membrane potential in a concentration- and time-dependent manner (Figure 2A,B). This result indicates
that lakoochin A raised apoptosis in A375.S2 cells, affecting the mitochondrial functions.
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Figure 2. (A) The dose effect of lakoochin A at 24 h on the mitochondrial membrane
potential (∆Ψm) of A375.S2 cells, as determined by flow cytometry staining with JC-1. (B) The
time effects of lakoochin A on the ∆Ψm of A375.S2 cells pre-labeled with 5,5′,6,6′-Tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanineiodide (JC-1) (10 µg/mL) for the indicated times (0.5–16 h).
(C) Effect of lakoochin A on mitochondrial reactive oxygen species (ROS) production (determined by
flow cytometry after staining with MitoSOX Red indicator) in A375.S2 cells. (D) Effect of lakoochin
A on cellular ROS production (determined by flow cytometry after staining with H2DCFDA reagent).
(E) The cellular ROS production of several antioxidants and lakoochin A, determined by flow cytometry
staining with H2DCFDA reagent. The A375.S2 cells were pretreated for 1 h with mitochondria-targeted
antioxidant (MitoTEMPOL), antioxidant (NAC), or nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase inhibitor (DPI) and then treated with lakoochin A for 4 h. (F) Effect of MitoTEMPOL,
NAC, and DPI on lakoochin A-induced A375.S2 cell apoptosis (determined by MTT assay). The data
were collected from at least three individual experiments and expressed as mean ± S.E.M. * p < 0.05,
# p < 0.01 compared to the control group.
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2.4. Lakoochin A Induces Cellular and Mitochondrial ROS Production in A375.S2 Cells

Figure 2C shows the dose-dependent manner of lakoochin A-induced mitochondrial ROS
production (determined by MitoSOX). According to the results of the whole cell ROS generation
(determined by H2DCFDA), lakoochin A (10 µM) induced cellular ROS production in a time-dependent
manner in A375.S2 cells (Figure 2D). Furthermore, several inhibitors were used to identify the source of
ROS production in cells. As shown in Figure 2E, lakoochin A (15 µM)-induced cellular ROS production
(determined using the H2DCFDA assay) could be attenuated by a general antioxidant (NAC, 2 mM),
a mitochondria-targeted antioxidant (MitoTEMPOL, 10 µM), and a NADPH oxidase inhibitor (DPI,
2 mM). Similarly, lakoochin A (20 µM) caused a decrease in the viability of A375.S2 cells which could
be reversed by NAC, MitoTEMPOL, and DPI. This indicates that lakoochin A-induced cell death is
required for ROS production.

2.5. Lakoochin A Induces Mitochondrial ROS Generation to Activate the MAPK Pathway in A375.S2 Cells

To characterize the effects of lakoochin A on MAPK pathways, Western blotting was conducted in
A375.S2 (Figure 3A). As shown, lakoochin A (10 µM) induced phosphorylation of p38, extracellular
signal–regulated kinases (ERK, p44/p42), and c-Jun N-terminal kinases (JNK), in a time-dependent
manner, in A375.S2 cells (from 0 to 6 h). On the other hand, these phosphorylation effects could be
suppressed by pre-treating specific inhibitors (SB-202190, U-0126, and SP600125, respectively) and
MitoTEMPOL (mitochondria-targeted antioxidant, 10 µM) for 1 h. Furthermore, lakoochin A (20 µM)
caused decreases in the viability of A375.S2 cells which could be reversed by MAPKs inhibitors, namely
SB-202190, U-0126, and SP600125. The results indicate that lakoochin A-induced MAPK pathways
activation can be generated by mitochondrial ROSs in A375.S2 melanoma cells.

2.6. Lakoochin A Induces Apoptosis-Related Protein Expression in A375.S2 Cells via Mitochondrial
ROS Generation

According to the Western blotting results, lakoochin A (10 µM) can increase the apoptosis-related
protein expression, such as Puma, Bax, Bad, Bid, Apaf-1, and cytochrome c, in a time-dependent manner
(from 0 to 24 h) (Figure 4A). Furthermore, the mitochondria-targeted antioxidant (MitoTEMPOL with
1 or 10 µM) was pre-treated to confirm the role of mitochondrial ROSs. As shown in Figure 4B, 10 µM
lakoochin A-induced expression of Puma, Bax, Bad, Bid, Apaf-1, and cytochrome c can be suppressed
by treatment with MitoTEMPOL in A375.S2. These results suggest that lakoochin A promotes
apoptosis-related protein expression in A375.S2 cells dependent on mitochondrial ROS production.

2.7. Lakoochin A Induces the Activation of Caspase-3, Caspase-7, and Caspase-9 in A375.S2 Cells

Caspases play a critical role in cell inflammation and death [29]. Caspase-3, caspase-7,
and caspase-9 in particular, play important roles during apoptosis [30]. Hence, the effects of
lakoochin A on caspase-7, caspase-3, and caspase-9 were conducted. As shown in Figure 5A,
treatment of the A375.S2 cells with lakoochin A (10 µM) increased the expression of caspase-7,
caspase-3, and caspase-9 in a time-dependent manner (from 0 to 24 h). Additionally, the activation of
caspase-7, caspase-3, and caspase-9 in A375.S2 cells can be significantly suppressed by pre-treating
with 1 and 10 µM caspase inhibitor Z-VAD-FMK (Figure 5B). Like the caspase immunoblotting results,
the decrease effect of lakoochin A (20 µM) on cell viability of A375.S2 cells can also be blocked by the
caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK).
This result suggests that lakoochin A induced apoptosis of A375.S2 cells, which mediated
caspase pathways.
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Figure 3. (A) Effects of different time course of lakoochin A, with or without being pre-treated
for 1 h with a p38 inhibitor (SB202190), MEK1/ERK inhibitor (U0126), JNK inhibitor (SP600125),
and mitochondria-targeted antioxidant (MitoTEMPOL), on expressions of the phosphorylation status of
p38, ERK (p44/p42), and JNK in A375.S2 cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control. Blots were representative of three independent experiments. (B) Effect
of U1026, SP600125, and MitoTEMPOL on lakoochin A-induced A375.S2 cell apoptosis (determined by
MTT assay). The data were collected from at least three individual experiments and expressed as mean
± S.E.M. * p < 0.05 as compared to the control group.

120



Int. J. Mol. Sci. 2018, 19, 2649 7 of 15

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  7 of 15 

 

(MitoTEMPOL with 1 or 10 μM) was pre-treated to confirm the role of mitochondrial ROSs. As shown 
in Figure 4B, 10 μM lakoochin A-induced expression of Puma, Bax, Bad, Bid, Apaf-1, and cytochrome 
c can be suppressed by treatment with MitoTEMPOL in A375.S2. These results suggest that lakoochin 
A promotes apoptosis-related protein expression in A375.S2 cells dependent on mitochondrial ROS 
production. 

 
Figure 4. (A) Effects of lakoochin A on the expression levels of apoptosis-related proteins Puma, Bax, 
Bad, Bid, Apaf-1, and cytochrome c in A375.S2 cells, over various time periods (0–24 h) (B) The cells 
were pre-treated with 1 and 10 μM MitoTEMPOL for 1 h followed by treatment of lakoochin A for 16 
h. Expression of apoptosis-related proteins was determined by Western blotting. GAPDH was used 
for a loading control. The intensity of the bands was quantified by densitometry, and the data were 
collected from three individual experiments and expressed as mean ± S.E.M. * p < 0.05, compared to 
the control group. 

  

Figure 4. (A) Effects of lakoochin A on the expression levels of apoptosis-related proteins Puma, Bax,
Bad, Bid, Apaf-1, and cytochrome c in A375.S2 cells, over various time periods (0–24 h) (B) The cells
were pre-treated with 1 and 10 µM MitoTEMPOL for 1 h followed by treatment of lakoochin A for
16 h. Expression of apoptosis-related proteins was determined by Western blotting. GAPDH was used
for a loading control. The intensity of the bands was quantified by densitometry, and the data were
collected from three individual experiments and expressed as mean ± S.E.M. * p < 0.05, compared to
the control group.
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Figure 5. (A) Effects of lakoochin A (10 µM) on the expression status of caspase-7, caspase-3,
and caspase-9 in A375.S2 cells in a serial time-period (0–24 h). (B) Effects of caspase inhibitor
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK) on lakoochin
A-induced increases in caspase-3, -7, and -9. Cells were pre-treated for 1 h with Z-VAD-FMK (1 or
10 µM) followed by treatment with lakoochin A for 16 h. The levels of caspase-3, -7, and -9 were
evaluated by immunoblotting. (C) Effect of Z-VAD-FMK (1 or 10 µM) on lakoochin A-induced A375.S2
cell apoptosis (determined by MTT assay). The data were collected from at least three individual
experiments and expressed as mean ± S.E.M. * p < 0.05, as compared to the control group.

3. Discussion

In the current study, we first demonstrate that lakoochin A has anti-melanoma cancer cell
activity linked to ROS generation and MAPK pathways. Lakoochin A treatment in A375.S2
cells results in apoptosis via an increase in ROS formation, while pre-treatment of NAC, DPI,
and MitoTEMPOL appear to reduce ROS generation from cellular and mitochondria. In addition,
the expressions of phosphorylation type of p38, ERK (p44/p42), and JNK can be suppressed by
SB-202190, U-0126, SP600125, and MitoTEMPOL respectively, indicating that MAPK pathways are
down-stream pathways of ROSs. Furthermore, inhibiting mitochondrial ROS formation also reduces
expressions of various apoptosis-related proteins induced by lakoochin A. This may imply that
lakoochin A-induced apoptosis to A375.S2 cell requests the ROS production of mitochondria. In an
attempt to characterize the possible cytotoxic mechanisms of lakoochin A, we analyzed the levels of
apoptosis-related proteins, and caspase expression. Results suggest that lakoochin A promotes an

122



Int. J. Mol. Sci. 2018, 19, 2649 9 of 15

increase of apoptosis-related protein via mitochondrial ROS formation. Moreover, caspase-3, -7 and -9
activities and expressions, that were increased by lakoochin A, can be suppressed with treatment of
MitoTEMPOL, a mitochondria-targeted antioxidant.

Malignant melanoma, a kind of transformation and uncontrolled growth of melanocytes, is an
aggressive and most malignant form of skin cancer [2]. Although several medicines have been
developed to treat malignant melanoma the incidence rates of malignant melanoma are still increasing,
especially in the Caucasian population [1]. Malignant melanoma causes a higher mortality rate.
Svedman et al. [31] suggests that, among patients with melanoma stage IV, there is only a 9–28%,
five-year survival rate. These findings may imply that there is still a lack of therapeutic agents.
In clinical practice, melanoma may be initially observed anywhere on the skin, as pigmented or
non-pigmented papules, plaques, or nodules, particularly in sun-exposed areas. Malignant melanocytes
rapidly metastasize to lymph nodes and pass to other visceral organs [3]. Several methods, such as
surgery, radiotherapy, chemotherapy, immunotherapy, and biological agents, have been applied to
treat melanoma [32]. Unfortunately, there is still no method for increasing long-term survival rate
for malignant melanoma patients. Therefore, the task of identifying novel compounds with potential
therapeutic effects for treating melanoma is urgent.

Recently, various bioactive compounds derived from natural sources have been demonstrated as
candidates for anti-cancer medicines. Evidence suggests that compounds from Artocarpus species have
cytotoxic functions for treating cancer. Lakoochin A (Figure 1A) contains stilbene derivatives isolated
from Artocarpus lakoocha [4] and Artocarpus xanthocarpus [5]. Previous studies suggest lakoochin A has
functions on the inhibition of α-glucosidase activity [14], melanin biosynthesis [5], antimycobacterial
activity and cytotoxicity for breast cancer, and nasopharyngeal carcinoma cell lines [4]. This study is
the first to demonstrate that lakoochin A has anti-melanoma effects.

It is well known that cell apoptosis may be a result of exposure with an increase in oxidative
stress. ROSs produced from cells may have two main sources, namely NADPH oxidase and
mitochondria. This mechanism involves anti-cancer growth. For example, Beberok et al. [33] suggested
that lomefloxacin, a kind of fluoroquinolone, can induce ROSs and reduce topoisomerase II to cause
apoptosis of COLO829 melanoma cells. Similar mechanisms were also found in the current study.
Lakoochin A can increase cellular and mitochondrial ROS formation in A375.S2 cells and be suppressed
by pre-treating with NAC (cellular antioxidant), DPI (NADPH oxidase inhibitor), and MitoTEMPOL
(mitochondria antioxidant). However, the major source of ROSs, generated by lakoochin A, requires
further investigation. Various signal transduction pathways can be activated upon oxidative stress
formation in cells. It has been demonstrated that the MAPK signaling pathway plays an important
regulation role in human diseases, including cancer growth and metastasis [34,35]. ERK1/2 (p44/p42),
JNK, and p38 are the three main components in human cells. They have different functions: ERK1/2
mainly mediates in cell proliferation, survival, migration, and invasion, while JNK and p38 are involved
in cell apoptosis [36,37]. Previous studies suggest that resveratrol, a kind of stilbene [38], presents
antitumor activity with respect to melanoma cells associated with the suppression of telomerase [39]
and attenuates the Akt/PKB activity [40], via the p53 pathway. The activation of caspase-9 and
caspase-3, works to upregulate Bcl-2-associated X protein and B-cell lymphoma 2 expressions [41],
and the activation of ERK1/2, but not p38 or JNK [42]. Our results show that lakoochin A can activate
caspase-9, -7 and -3, as well as the phosphorylation of ERK1/2 (p44/p42), p38, and JNK. They seem
to present differently with resveratrol, which implies that the stilbene-induced apoptosis of cancer
cells may occur via multiple pathways. Furthermore, the phosphorylation of MAPK signaling can be
suppressed by pre-treating cells with specific MAPK inhibitors (SB-202190, U-0126, and SP600125)
and by a mitochondria-targeted antioxidant (MitoTEMPOL). These findings strongly suggest that
the lakoochin A-induced activation of MAPK signaling in A375.S2 melanoma cells, occurs via the
mediation of mitochondrial ROS production. These results are consistent with previous studies where
mitochondrial ROS generation promoted MAPK activation and led to apoptosis [15,43].
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Two distinct pathways, the death receptor and mitochondrial (death receptor-independent)
pathways, can bring about apoptosis [44,45]. Cellular stress responses may lead pro-apoptotic proteins
of the Bcl-2 family (Puma, Bax, Bad, and Bid) to translocate from cytosol into mitochondria through the
mitochondrial pathway [46,47]. This results in a rise in the mitochondrial permeability and activation
of caspases, via releases of cytochrome c from the mitochondria [48,49]. Cytochrome c coordinates
with Apaf-1 and procaspase-9 to form the apoptosome [50], which regulates the caspase 9 homo-
and heterodimer [51], and subsequently activates caspase-9 and caspase-3/7, causing apoptosis [52].
This was also observed in the current study. Lakoochin A increased the expression of the pro-apoptotic
Bcl-2 family (Puma, Bax, Bad, and Bid), Apaf-1, and cytochrome c, which can be attenuated by
pre-treatment with MitoTEMPOL in A375.S2 melanoma cells. Additionally, lakoochin A can decrease
the mitochondrial membrane potential and increase the activity of caspase-9, -7 and -3. This indicates
that lakoochin A induces apoptosis for melanoma cells via the mitochondrial pathway.

In conclusion, our study is the first to demonstrate that lakoochin A causes cytotoxicity for
A375.S2 melanoma cells. It regulates mitochondrial ROS production, increases pro-apoptotic proteins
of the Bcl-2 family (Puma, Bax, Bad, Bid) expression, MAPK (p38/ERK/JNK) signaling activation,
and the activation of caspases. Therefore, lakoochin A may be considered as a potential agent for
treating malignant melanoma.

4. Materials and Methods

4.1. Materials

A human melanoma cell line (A375.S2) was provided by Feng-Lin Yen (Kaohsiung Medical
University). Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) was obtained
from GIBCO (Grand Island, NY, USA) and supplemented with 10% fetal bovine serum (FBS) (Hazelton
Research Products, Denver, PA, USA). Antibodies for Western blotting (phospho-p38, phospho-ERK,
and phospho-JNK) were obtained from Cell Signaling Technology (Danvers, MA, USA). Puma, Bax,
Bad, Bid, Apaf-1, cytochrome C, caspase-3, caspase-7, and caspase-9 were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The GAPDH antibody was obtained from Biogenesis
(Bournemouth, UK). N-acetylcysteine (NAC), apocynin (APO), U-0126, SB-202190, and SP600125
were procured from Biomol (Plymouth Meeting, PA, USA). MitoSOX Red mitochondrial superoxide
indicator was purchased from Molecular Probes (Eugene, OR, USA). Lakoochin A was provided
by co-author Horng-Huey Ko (Kaohsiung Medical University), and isolated from the methanolic
extract of A. xanthocarpus as described previously in [5,6]. Its purity was determined (>97%) using
high-performance liquid chromatography (HPLC) analysis. The lakoochin A was powdered and
stored in a black bottle at −20 ◦C, and dissolved in DMSO before the experiments were performed.
Each control group was treated equivalent to DMSO volume of their tested groups.

4.2. Cell Culture

A human melanoma cell line (A375.S2) was grown in culture utilizing Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibico, Grand Island, NY, USA) supplemented
with 10% FBS (Hazelton Research Products, Denver, PA, USA). Cells were maintained at 37 ◦C in a
humidified atmosphere of 5% CO2/95% air.

4.3. Cell Proliferation Assay

Cell proliferation was performed by the sulforhodamine B (SRB) assay in accordance with a
previous study [15]. Briefly, A375.S2 cells were treated with lakoochin A (isolated from methanolic
extract of Artocarpus xanthocarpus as described in a previous study [5]) for 24 h and subsequently fixed
in 10% trichloroacetic acid (TCA). The cells were then stained with SRB (Sigma-Aldrich, St. Louis, MO,
USA) and washed with acetic acid (1%). Cell-bound SRB dye was dissolved with Tris-base (10 mM),
and the absorbance was measured with a spectrometer at a wavelength of 515 nm.
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4.4. Cell Viability Assay

The cell viability of A375.S2 was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). First, cells were plated onto 96-well
plates and incubated overnight before testing. The next morning, different concentrations of lakoochin
A cells were added for 24 or 48 h. After MTT solution incubation at 37 ◦C for 1 h, the plates were read
at 550 nm.

4.5. Cell Apoptosis Measurement

The cell apoptosis was measured by flow cytometry with the Annexin V-FITC/propidium iodide
assay kit (Thermo Fisher Scientific, Waltham, MA, USA) and DNA fragmentation assay. Different
concentrations of lakoochin A (10, 15, and 20 µM) were added to A375.S2 cells for 24 h, and these cells
were then stained with Annexin V-FITC and propidium iodide, according to the manual, and subjected
to flow cytometry (Accuri C6, BD Biosciences, San Jose, CA, USA).

4.6. Cell Cycle Analysis

Following treatment with varying concentrations of lakoochin A (5, 10, and 20 µM) for 24 h,
A375.S2 cells were stained with RNAase and propidium iodide, then subjected to an Accuri C6 Flow
Cytometer (BD Biosciences, San Jose, CA, USA). In the DNA fragmentation assay, A375.S2 cells were
treated with different concentrations of lakoochin A (5, 10, and 20 µM) for 24 h, and the degree of
DNA fragmentation was measured using the Cell Death Detection ELISA kit (Roche Diagnostics, Basel,
Switzerland) and read by the ELISA reader.

4.7. Assessment of Mitochondrial Membrane Potential

A375.S2 cells were seeded onto 96-well plates (dose) or 12-well plates (time) and then
incubated overnight. Cells were then treated with lakoochin A at varying concentrations for
24 h or 10 µM with different time intervals. Cells were stained with 5,5′,6,6′-Tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanineiodide (JC-1; Sigma-Aldrich). The cells were incubated
at 37 ◦C for 30 min and analyzed using a flow cytometer at 590 nm and 520 nm (for red and
green fluorescence, respectively). The ratio of fluorescence (590/520 nm) reflected the change in
mitochondrial membrane potential.

4.8. Determination of Cellular and Mitochondrial ROS Production

Cellular ROS production was measured using the 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) assay. A375.S2 cells were seeded onto 12-well plates and incubated overnight. Cells were
treated with different concentrations of lakoochin A, with or without inhibitors for different amounts
of time, and then stained with H2DCFDA Reagent (Thermo Fisher Scientific, USA). The fluorescence
intensity of the cells was assessed using flow cytometry (excitation wavelength, 488 nm; emission
wavelength, 530 nm). Furthermore, MitoSOXTM, a Red Mitochondrial Superoxide Indicator assay was
used for evaluating the production of the mitochondrial ROSs. In accordance with the treatment
schedule described above, after lakoochin A treatment, cells were stained with MitoSOX Red
mitochondrial superoxide indicator (Molecular Probes, Eugene, OR, USA) and measured via
flow cytometry (excitation wavelength, 488 nm; emission wavelength, 585 nm). The inhibitors,
N-acetylcysteine (NAC) and diphenylene iodonium (DPI), were purchased from Biomol (Plymouth
Meeting, PA, USA); MitoTEMPOL was purchased from Cayman Chemical (Ann Arbor, MI, USA).

4.9. Immunoblotting Analysis for MAPKs, Apoptosis-Related Proteins, and Caspases

A375.S2 cells were seeded onto 12-well plates and incubated overnight. Cells were treated with
10 µM lakoochin A (with or without inhibitors) for different amounts of time. Following treatment,
the cells were lysed in a lysis buffer and subjected to protein extraction. Afterward, equal amounts
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of the protein were separated by SDS-polyacrylamide gel electrophoresis (10–12.5% polyacrylamide)
and transferred onto nitrocellulose membranes. Samples were incubated overnight with different
primary antibodies to measure the levels of the targets (phospho-p38, phospho-ERK, and phospho-JNK
(Cell Signaling Technology, Danvers, MA, USA), Puma, Bax, Bad, Bid, Apaf-1, cytochrome C, caspase-3,
caspase-7, and caspase-9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and GAPDH (Biogenesis,
Bournemouth, UK)). Next, secondary antibodies conjugated with horseradish peroxidase were added,
and immunoreactivity was assessed using the enhanced chemiluminescence (ECL) detection system.
The signals were detected on a ChemiDocTM XRS+ image system (Bio-Rad Laboratories, Hercules,
CA, USA). The inhibitors, U-0126, SB-202190 and SP600125, were purchased from Biomol (Plymouth
Meeting, PA, USA). The immunoblotting data were collected from at least three replicates with a
similar pattern. The value was calculated from those figures, then a closer figure pattern was selected
to present the statistical values.

4.10. Statistical Analysis

All data were analyzed using GraphPad Prism software (v4, GraphPad, San Diego, CA, USA).
Results were expressed as mean ± SEM. Continuous data were analyzed by one-way or two-way
ANOVA followed by post-hoc Tukey’s multiple comparison (multiple groups). A p value < 0.05 was
considered significant.
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Abstract: A new aporphine, 3-hydroxyhernandonine (1) and a new lignin, 4′-O-demethyl-7-O-
methyldehydropodophyllotoxin (2), have been isolated from the root wood of Hernanadia
nymphaeifolia, together with thirteen known compounds (3–15). The structures of these compounds
were determined through mass spectrometry (MS) and spectroscopic analyses. The known
isolate, 2-O-methyl-7-oxolaetine (3), was first isolated from natural sources. Among the isolated
compounds, 3-hydroxyhernandonine (1), 4′-O-demethyl-7-O-methyldehydropodophyllotoxin
(2), hernandonine (4), oxohernangerine (5), and oxohernagine (6) displayed inhibition
(IC50 values ≤5.72 µg/mL) of superoxide anion production by human neutrophils in
response to formyl-L-methionyl-L-leucyl-L-phenylalanine/cytochalasin B (fMLP/CB). In addition,
3-hydroxyhernandonine (1), 4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2), oxohernangerine
(5), and oxohernagine (6) suppressed fMLP/CB-induced elastase release with IC50 values ≤5.40
µg/mL.

Keywords: Hernanadia nymphaeifolia; Hernandiaceae; root wood; structure elucidation; aporphine;
lignan; anti-inflammatory activity
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1. Introduction

Hernanadia nymphaeifolia (Presl) Kubitzki (Hernandiaceae) is an evergreen tree that is distributed in
the tropical island shores of the Indian and western Pacific Oceans [1]. Its seed is used as a cathartic [2].
Various aporphines [3–7], isoquinolones [4,5], lignans [4,7,8], benzylisoquinoline [5], steroids [7],
and their derivatives were isolated from this species in past studies. Many of these isolates display
cytotoxic [4,5,8], vasorelaxing [6], antioxidant [6], and antiplatelet aggregation [7] activities.

The extensive or inappropriate activation of neutrophils leads to many inflammatory disorders
such as chronic obstructive pulmonary disease (COPD), ischemia-reperfusion injury, asthma,
rheumatoid arthritis, and metabolic diseases [9,10]. In response to various stimuli, activated
neutrophils secrete a series of cytotoxins, such as granule proteases, bioactive lipids, and superoxide
anion (O2

•–), a precursor of other reactive oxygen species (ROS) [10–12]. The inhibition of the
abnormal activation of neutrophils by medicines has been recommended as a way to improve
inflammatory diseases. In our researches on the anti-inflammatory constituents of Formosan plants,
numerous species have been screened for anti-inflammatory activity, and H. nymphaeifolia has
been found to be an active species. A new aporphine, 3-hydroxyhernandonine (1), a new lignin,
4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2), and thirteen known compounds (3–15) have
been isolated and determined from the root wood of Hernanadia nymphaeifolia, and their structures are
described in Figure 1.

This article describes the structural elucidation of new compounds 1 and 2 and the inhibitory
effects of all isolates on elastase release and superoxide generation by human neutrophils.
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2. Results and Discussion

2.1. Isolation and Structural Elucidation

Chromatographic purification of the CH2Cl2-soluble fraction of a MeOH extract of root wood
of H. nymphaeifolia through a silica gel column, medium pressure liquid chromatography (MPLC),
and preparative thin-layer chromatography (TLC) yielded two new (1 and 2) and thirteen known
compounds (3–15) (Figure 1).

The aporphine, 3-hydroxyhernandonine (1), was obtained as yellow needles. The electrospray
ionization mass spectrometry (ESI-MS) (Figure S1) afford the quasi-molecular ion [M + Na]+ at m/z
358, implying a molecular formula of C18H9NO6Na, which was confirmed by the high-resolution
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(HR)-ESI-MS (m/z 358.0325 [M + Na]+, calcd 358.0328) (− 0.84 ppm) (Figure S2) and by the 13C-,
1H-, and distortionless enhancement by polarization transfer (DEPT) NMR data. IR absorptions
for OH (3439 cm−1) and conjugated carbonyl (1646 cm−1) functions were observed. The 1H-NMR
spectrum (Figure S3) of 1 showed the presence of a hydroxy group at δH 6.52 (1H, s, D2O exchangeable,
OH-3), two methylenedioxy groups at δH 6.20 (2H, s, OCH2O-10,11) and 6.28 (2H, s, OCH2O-1,2),
and two pairs of AB-doublets at δH 7.08 (1H, d, J = 8.5 Hz, H-9), 8.10 (1H, d, J = 5.0 Hz, H-4), 8.28
(1H, d, J = 8.5 Hz, H-8), and 8.88 (1H, d, J = 5.0 Hz, H-5). The 1H- and 13C-NMR (Figure S4) data of 1
were similar to those of hernandonine [13,14], except that the 3-hydroxy group [δH 6.52 (1H, s, D2O
exchangeable)] of 1 replaced H-3 of hernandonine [13,14]. This was supported by HMBC correlations
between OH-3 (δH 6.52) and C-2 (δC 139.2), as well as between C-3 (δC 148.4), and C-3a (δC 123.9).
The full assignment of 1H- and 13C-NMR resonances was supported by DEPT, 1H–1H COSY (Figure
S5), NOESY (Figure 2 and Figure S6), HMBC (Figure 2 and Figure S7), and HSQC (Figure S8) spectral
analyses. Based on the above data, the structure of 1 was revealed as 3-hydroxyhernandonine.
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4′-O-Demethyl-7-O-methyldehydropodophyllotoxin (2) was isolated as colorless needles.
The ESI-MS (Figure S9) display the sodium adduct ion [M + Na]+ at m/z 433, hinting a molecular
formula of C22H18O8, which was supported by the HR-ESI-MS (m/z 433.0898 [M + Na]+, calcd 433.0899)
(– 0.23 ppm) (Figure S10). The IR spectrum showed the presence of OH (3452 cm−1) and γ-lactone
carbonyl (1764 cm−1) groups. The 1H-NMR spectrum (Figure S11) of 2 showed the presence of three
methoxy groups at δH 3.88 (6H, s, OMe-3′ and OMe-5′) and 4.09 (3H, s, OMe-7), a hydroxyl group
at δH 5.65 (1H, br s, D2O exchangeable, OH-4′), a methylenedioxy group at δH 6.09 (2H, s, OCH2O),
a γ-lactone methylene proton at 5.52 (2H, s, H-9), and four aromatic protons at δH 6.57 (2H, s, H-2′ and
H-6′), 7.07 (1H, s, H-5), and 7.57 (1H, s, H-2). The 1H- and 13C-NMR (Figure S12) data of 2 were similar
to those of 4′-O-demethyldehydropodophyllotoxin [15], except that the 7-methoxy groups [δH 4.09
(3H, s); δC 59.9 (OMe-7)] of 2 replaced the 7-OH group of 4′-O-demethyldehydropodophyllotoxin [15].
This was supported by NOESY correlations between OMe-7 (δH 4.09) and H-2 (δH 7.57) and by HMBC
correlations between OMe-7 (δH 4.09) and C-7 (δC 148.5). According to the above evidence, the
structure of 2 was elucidated as 4′-O-demethyl-7-O-methyldehydropodophyllotoxin. This was further
affirmed by the 1H–1H-COSY (Figure S13), NOESY (Figure 3 and Figure S14), DEPT, HMBC (Figure 3
and Figure S15), and HSQC (Figure S16) experiments.
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2.2. Structure Identification of the Known Isolates

The known isolated compounds were readily confirmed by a comparison of spectroscopic and
physical data (IR, UV, 1H-NMR, MS, and [α]D) with the literature values or corresponding authentic
samples, and this included five aporphines, 2-O-methyl-7-oxolaetine (3) [16], hernandonine (4) [13,14],
oxohernangerine (5) [17], oxohernagine (6) [17], and 7-oxonorisocorydine (7) [18], three lignans,
(–)-deoxypodophyllotoxin (8) [19,20], dehydropodophyllotoxin (9) [20,21], (–)-yatein (10) [20], an
amide, N-trans-feruloylmethoxytyramine (11) [22], four steroids, a mixture of β-sitostenone (12) [23]
and stigmasta-4,22-dien-3-one (13) [23], and mixture of 6 β-hydroxystigmast-4-en-3-one (14) [24,25]
and 6 β-hydroxystigmasta-4,22-dien-3-one (15) [24,25].

2.3. Biological Studies

Granule proteases (e.g., cathepsin G, elastase, and proteinase-3) and reactive oxygen species
(ROS) (e.g., hydrogen peroxide and superoxide anion (O2

•−)) generated by human neutrophils are
involved in the pathogenesis of various NMR data [10–12,26]. The activities during neutrophil
proinflammatory responses to isolates from the root wood of H. nymphaeifolia were assessed by
inhibiting fMet-Leu-Phe/cytochalasin B (fMLP/CB)-induced O2

•– production and elastase release
by human neutrophils. The inhibitory activity data on neutrophil proinflammatory responses are
shown in Table 1. Diphenyleneiodonium and phenylmethylsulfonyl fluoride were employed as
positive controls for O2

•– generation and elastase release, respectively [26]. From the results of
our biological assays, the following conclusions can be summarized: (a) 3-hydroxyhernandonine
(1), 4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2), hernandonine (4), oxohernangerine
(5), and oxohernagine (6) exhibited potent inhibition (IC50 ≤ 5.72 µg/mL) of superoxide anion
(O2
•–) generation by human neutrophils in response to fMLP/CB; (b) 3-hydroxyhernandonine (1),

4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2), oxohernangerine (5), and oxohernagine (6)
exhibited potent inhibition (IC50 ≤ 5.40 µg/mL) of fMLP-induced elastase release; (c) the aporphine
alkaloid, 3-hydroxyhernandonine (1) (with a 3-hydroxy group), exhibited more effective inhibition
than its analogue, hernandonine (4) (without any substitutant at C-3), against fMLP-induced O2

•–

generation and elastase release; (d) oxohernagine (6) (with 10-hydroxy and 11-methoxy groups)
exhibited more effective inhibition of fMLP-induced O2

•– generation and elastase release than its
analogue, 7-oxonorisocorydine (7) (with 11-hydroxy and 10-methoxy groups; (e) the lignan compound,
4′-O-demethyl-7-O-methyldehydroodophyllotoxin (2) (with 7-methoxy and 4′-hydroxy groups)
exhibited more effective inhibition of fMLP-induced O2

•– generation and elastase release than its
analogue, dehydropodophyllotoxin (9) (with 7-hydroxy and 4′-methoxy groups); (f) oxohernangerine
(5) was the most effective among these compounds, with an IC50 value of 2.65 ± 0.97 µg/mL, against
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fMLP-induced superoxide anion generation; (g) 3-hydroxyhernandonine (1) was the most effective
among the isolates, with an IC50 value of 3.93 ± 0.48 µg/mL against fMLP-induced elastase release.

Table 1. Inhibitory effects of compounds 1–15 from the root wood of H. nymphaeifolia on
superoxide radical anion generation and elastase release by human neutrophils in response to
fMet-Leu-Phe/cytochalasin B a.

Compounds Superoxide anion Elastase

IC50 [µg/mL] b or (Inh %) c

3-Hydroxyhernandonine (1) 4.09 ± 0.44 *** 3.93 ± 0.48 ***
4′-O-Demethyl-7-O-

methyldehydro-podophyllotoxin (2) 5.72 ± 0.42 *** 5.40 ± 0.40 ***

2-O-Methyl-7-oxolaetine (3) 7.37 ± 0.46 *** 6.82 ± 0.09 ***
Hernandonine (4) 4.41 ± 0.76 *** (45.76 ± 6.92) ***

Oxohernangerine (5) 2.65 ± 0.97 *** 4.82 ± 0.39 ***
Oxohernagine (6) 2.86 ± 0.85 *** 4.87 ± 0.27 ***

7-Oxonorisocorydine (7) 6.62 ± 0.28 *** 6.58 ± 0.08 ***
(–)-Deoxypodophyllotoxin (8) (38.95 ± 4.83) ** (33.76 ± 3.82)
Dehydropodophyllotoxin (9) (43.91 ± 3.86) *** 9.53 ± 0.84 ***

(–)-Yatein (10) (42.36 ± 3.41) * (36.74 ± 3.05) **
N-trans-Feruloylmethoxytyramine (11) 6.26 ± 0.65 *** 7.03 ± 0.21 ***

Mixture of β-sitostenone (12) and
stigmasta-4,22-dien-3-one (13) (24.71 ± 2.67) (29.15 ± 2.89)

Mixture of 6β-hydroxystigmast-4-en-3-one (14) and
6β-hydroxystigmasta-4,22-dien-3-one (15) (16.74 ± 2.66) ** 7.91 ± 1.20 **

Diphenyleneiodonium d 0.55 ± 0.22 *** –
Phenylmethylsulfonyl fluoride d – 34.5 ± 5.3 ***

a Results are displayed as averages ± SEM (n = 4). b Concentration necessary for 50% inhibition (IC50). If IC50
value of tested compound was <10 µg/mL, it was presented as IC50 [µg/mL]. c Percentage of inhibition (Inh %)
at 10 µg/mL. If IC50 value of tested compound was ≥10 µg/mL, it was displayed as (Inh %) at 10 µg/mL.
d Diphenyleneiodonium and phenylmethylsulfonyl were employed as positive controls for superoxide anion (O2

•–)
production and elastase release, respectively. * p < 0.05 compared with the control. ** p < 0.01 compared with the
control. *** p < 0.001 compared with the control.

3. Experimental Section

3.1. General Procedures

Melting points were determined on a Yanaco micromelting point apparatus and were uncorrected.
Ultraviolet (UV) spectra were measured on a Jasco UV-240 spectrophotometer. Optical rotations
were acquired using a Jasco DIP-370 polarimeter (Japan Spectroscopic Corporation, Tokyo, Japan) in
CHCl3. Infrared (IR) spectra (KBr or neat) were recorded on a Perkin Elmer 2000 FT-IR spectrometer
(Perkin Elmer Corporation, Norwalk, CT, USA). Nuclear magnetic resonance (NMR) spectra, including
correlation spectroscopy (COSY), nuclear overhauser effect spectrometry (NOESY), heteronuclear
multiple-bond correlation (HMBC) experiments, and heteronuclear single-quantum coherence (HSQC),
were obtained using a Varian Inova 500 spectrometer (Varian Inc., Palo Alto, CA, USA) operating at
500 MHz (1H) and 125 MHz (13C), respectively, with chemical shifts given in ppm (δ) and applying
tetramethylsilane (TMS) as an internal standard. Electrospray ionization (ESI) and high-resolution
electrospray ionization (HRESI)-mass spectra were recorded on a VG Platform Electrospray ESI/MS
mass spectrometer (Fison, Villeurbanne, France) or a Bruker APEX II (Bruker, Bremen, Germany).
Silica gel (70–230, 230–400 mesh, Merck) was used for column chromatography (CC). Silica gel 60 F-254
(Merck, Darmstadt, Germany) was employed for thin-layer chromatography (TLC) and preparative
thin-layer chromatography (PTLC).
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3.2. Plant Material

The root wood of Hernanadia nymphaeifolia (Presl) Kubitzki (Hernandiaceae) was collected from
Mudan Township, Pingtung County, Taiwan, in August 2008 and identified by Prof. I.-S. Chen.
A voucher specimen (Chen 5521) was deposited in the Herbarium of School of Pharmacy, Kaohsiung
Medical University, Kaohsiung, Taiwan.

3.3. Extraction and Isolation

The dried root wood (5.1 kg) of H. nymphaeifolia was sliced and extracted three times with
MeOH (40 L each) for three days. The extract was concentrated under reduced pressure at 35 ◦C,
and the residue (386 g) was partitioned between CH2Cl2 and H2O (1:1) to provide the CH2Cl2-soluble
fraction (fraction A; 87 g). Fraction A (87 g) was purified by CC (3.9 kg of SiO2, 70–230 mesh;
CH2Cl2/MeOH gradient) to produce 12 fractions: A1–A12. Fraction A3 (7.5 g) was subjected to CC
(340 g of SiO2, 230–400 mesh; CH2Cl2/acetone 30:1–0:1, 900 mL fractions) to give 11 subfractions:
A3-1–A3-11. Fraction A3-4 (340 mg) was purified by MPLC (silica column, CH2Cl2/acetone 8:1–0:1)
to produce eight subfractions (each 250 mL, A3-4-1–A3-4-8). Fraction A3-4-4 (46 mg) was purified
by preparative TLC (silica gel, CHCl3/MeOH, 10:1) to obtain a mixture of β-sitostenone (12) and
stigmasta-4,22-dien-3-one (13) (8.5 mg). Fraction A5 (6.9 g) was subjected to CC (365 g of SiO2, 230–400
mesh; CH2Cl2/MeOH 15:1–0:1, 950 mL fractions) to form ten subfractions: A5-1–A5-10. Fraction
A5-3 (625 mg) was purified by CC (28 g of SiO2, 230–400 mesh, CHCl3/acetone (7:1–0:1), 250 mL
fractions) to give nine subfractions: A5-3-1–A5-3-9. Fraction A5-3-5 (88 mg) was further purified by
preparative TLC (SiO2; CH2Cl2/acetone 8:1) to yield a mixture of 6β-hydroxystigmast-4-en-3-one (14)
and 6β-hydroxystigmasta-4,22-dien-3-one (15) (3.7 mg). Fraction A7 (7.3 g) was subjected to CC (330 g
of SiO2, 230–400 mesh; CHCl3/MeOH 10:1–0:1, 800 mL fractions) to give nine subfractions: A7-1–A7-9.
A part (142 mg) of fraction A7-2 was further purified by preparative TLC (SiO2; CH2Cl2/MeOH
15:1) to form (–)-deoxypodophyllotoxin (8) (7.2 mg). A part (133 mg) of fraction A7-3 was further
purified by preparative TLC (SiO2; CHCl3/MeOH 12:1) to yield (–)-yatein (10) (5.1 mg). A part
(136 mg) of fraction A7-4 was further purified by preparative TLC (SiO2; CHCl3/MeOH 9:1) to
obtain 2-O-methyl-7-oxolaetine (3) (5.3 mg). A part (118 mg) of fraction A7-6 was further purified by
preparative TLC (SiO2; CH2Cl2/MeOH 5:1) to produce 7-oxonorisocorydine (7) (6.5 mg). Fraction A7-7
(650 mg) was purified by MPLC (silica column, CH2Cl2/MeOH 9:1–0:1) to form seven subfractions
(each 170 ml, A7-7-1–A7-7-7). A part (112 mg) of fraction A7-7-4 was further purified by preparative
TLC (SiO2; CHCl3/acetone 5:1) to form 4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2) (5.5
mg). A part (125 mg) of fraction A7-7-5 was purified by preparative TLC (SiO2; CH2Cl2/acetone 4:1)
to obtain dehydropodophyllotoxin (9) (6.9 mg). A part (122 mg) of fraction A7-8 was purified by
preparative TLC (SiO2; CH2Cl2/EtOAc 2:1) to yield N-trans-feruloylmethoxytyramine (11) (4.9 mg).
Fraction A8 (7.2 g) was subjected to CC (325 g of SiO2, 230–400 mesh; CH2Cl2/MeOH 8:1–0:1, 850 mL
fractions) to give ten subfractions: A8-1–A8-10. Fraction A8-2 (530 mg) was purified by MPLC (silica
column, CHCl3/MeOH 7:1–0:1) to form six subfractions (each 180 ml, A8-2-1–A8-2-6). Fraction A8-2-4
(83 mg) was further purified by preparative TLC (SiO2; CH2Cl2/acetone 6:1) to obtain hernandonine
(4) (8.2 mg). Fraction A8-5 (135 mg) was further purified by preparative TLC (SiO2; CH2Cl2/MeOH
4:1) to obtain oxohernagine (6) (7.1 mg). Fraction A8-6 (135 mg) was further purified by preparative
TLC (SiO2; CHCl3/MeOH 3:1) to yield oxohernangerine (5) (6.5 mg). Fraction A9 (6.4 g) was subjected
to CC (290 g of SiO2, 230–400 mesh; CHCl3/MeOH 6:1–0:1, 1 L fractions) to obtain eight subfractions:
A9-1–A9-8. A part (142 mg) of fraction A9-3 was purified by preparative TLC (SiO2; CHCl3/MeOH
5:1) to obtain 3-hydroxyhernandonine (1) (4.5 mg). A part (105 mg) of fraction A9-5 was purified by
preparative TLC (SiO2; CH2Cl2/MeOH 4:1) to obtain oxohernangerine (5) (5.9 mg).

3-Hydroxyhernandonine (1): yellow needles; m.p. 268–270 ◦C (MeOH); UV (MeOH): λmax (log ε) = 220
(3.90), 268 (3.79), 284 (3.78), 343 (3.46), 362 (3.47) nm; IR (KBr): υmax = 3315 (OH), 1652 (C=O), 1060, 969
(OCH2O) cm−1; 1H-NMR (CDCl3, 500 MHz): δ 6.20 (2H, s, OCH2O-10,11), 6.28 (2H, s, OCH2O-1,2),
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6.52 (1H, s, D2O exchangeable, OH-3), 7.08 (1H, d, J = 8.5 Hz, H-9), 8.10 (1H, d, J = 5.0 Hz, H-4), 8.28
(1H, d, J = 8.5 Hz, H-8), 8.88 (1H, d, J = 5.0 Hz, H-5); 13C-NMR (CDCl3, 125 MHz): δ 101.3 (OCH2O-1,2),
101.7 (OCH2O-10,11), 108.6 (C-9), 114.9 (C-11b), 118.7 (C-8), 119.1 (C-4), 122.3 (C-11a), 122.9 (C-11c),
123.9 (C-3a), 127.6 (C-7a), 139.2 (C-2), 145.2 (C-5), 145.8 (C-11), 148.4 (C-3), 149.6 (C-1), 150.4 (C-10),
157.3 (C-6a), 182.5 (C-7); ESI-MS: m/z = 358 [M + Na]+; HR-ESI-MS: m/z = 358.0325 [M + Na]+ (calcd
for C18H9NO6Na, 358.0328).

4′-O-Demethyl-7-O-methyldehydropodophyllotoxin (2): colorless needles; m.p. 273–275 ◦C (MeOH); UV
(MeOH): λmax (log ε) = 223 (4.47), 262 (4.58), 321 (3.98), 355 (3.69) nm; IR (KBr): υmax = 3452 (OH), 1764
(C=O) cm−1; 1H-NMR (CDCl3, 500 MHz): δ 3.88 (6H, s, OMe-3′ and OMe-5′), 4.09 (3H, s, OMe-7), 5.52
(2H, s, H-9), 5.65 (1H, br s, D2O exchangeable, OH-4′), 6.09 (2H, s, OCH2O), 6.57 (2H, s, H-2′, and
H-6′), 7.07 (1H, s, H-5), 7.57 (1H, s, H-2); 13C-NMR (CDCl3, 125 MHz): δ 56.0 (OMe-3′), 56.0 (OMe-5′),
59.9 (OMe-7), 66.4 (C-9), 98.4 (C-2), 101.8 (OCH2O), 103.9 (C-5), 107.7 (C-2′), 107.7 (C-6′), 119.5 (C-8′),
125.8 (C-8), 127.8 (C-6), 130.4 (C-1), 132.2 (C-1′), 133.6 (C-4′), 137.7 (C-7′), 148.5 (C-7), 148.9 (C-4), 148.9
(C-3′), 148.9 (C-5′), 150.0 (C-3), 169.3 (C-9′); ESI-MS: m/z = 433 [M + Na]+; HR-ESI-MS: m/z = 433.0898
[M + Na]+ (calcd for C22H18O8Na, 433.0899).

2-O-Methyl-7-oxolaetine (3): yellow needles; m.p. > 300 ◦C (MeOH); UV (MeOH): λmax (log ε) = 221
(4.49), 266 (4.33), 362 (4.00), 427 (3.95) nm; IR (KBr): υmax = 1652 (C=O) cm−1; 1H-NMR (CDCl3,
400 MHz): δ 3.93 (3H, s, OMe-1), 6.21 (2H, s, OCH2O-10,11), 7.08 (1H, d, J = 8.4 Hz, H-9), 7.21 (1H, s,
H-3), 7.77 (1H, d, J = 5.2 Hz, H-4), 8.24 (1H, d, J = 8.4 Hz, H-8), 8.86 (1H, d, J = 5.2 Hz, H-5); ESI-MS:
m/z = 358 [M + Na]+; HR-ESI-MS: m/z = 358.0692 [M + Na]+ (calcd for C19H13O5Na, 358.0691).

Hernandonine (4): yellow needles; m.p. > 350 ◦C (CH2Cl2-MeOH); UV (MeOH): λmax (log ε) = 222 (4.50),
265 (4.34), 295 (sh, 3.90), 312 (sh, 3.63), 364 (4.02), 428 (3.97) nm; IR (KBr): υmax = 1651 (C=O), 1062, 971
(OCH2O) cm−1; 1H-NMR (CDCl3, 500 MHz): δ 6.20 (2H, s, OCH2O-10,11), 6.28 (2H, s, OCH2O-1,2),
7.08 (1H, d, J = 8.5 Hz, H-9), 7.21 (1H, s, H-3), 7.74 (1H, d, J = 5.0 Hz, H-4), 8.29 (1H, d, J = 8.5 Hz, H-8),
8.85 (1H, d, J = 5.0 Hz, H-5); ESI-MS: m/z = 342 [M + Na]+.

Oxohernangerine (5): yellow prisms; m.p. 257–258 ◦C (MeOH); UV (MeOH): λmax (log ε) = 211 (4.55),
252 (4.46), 268 (sh, 4.42), 316 (3.87), 362 (4.04), 408 (4.02), 477 (3.55) nm; IR (KBr): υmax = 3415 (OH),
1642 (C=O) cm−1; 1H-NMR (CDCl3, 400 MHz): δ 3.68 (3H, s, OMe-11), 6.32 (2H, s, OCH2O-1,2), 7.24
(1H, d, J = 8.4 Hz, H-9), 7.27 (1H, s, H-3), 7.76 (1H, d, J = 5.2 Hz, H-4), 8.37 (1H, d, J = 8.4 Hz, H-8), 8.86
(1H, d, J = 5.2 Hz, H-5); ESI-MS: m/z = 344 [M + Na]+.

Oxohernagine (6): yellow prisms; m.p. 253–255 ◦C (MeOH); UV (MeOH): λmax (log ε) = 213 (4.51),
274 (4.41), 361 (3.95), 403 (3.92) nm; IR (KBr): υmax = 3424 (OH), 1650 (C=O) cm−1; 1H-NMR (CDCl3,
400 MHz): δ 3.54 (3H, s, OMe-1), 3.76 (3H, s, OMe-11), 4.11 (3H, s, OMe-2), 7.21 (1H, s, H-3), 7.22 (1H,
d, J = 8.4 Hz, H-9), 7.77 (1H, d, J = 5.2 Hz, H-4), 8.31 (1H, d, J = 8.4 Hz, H-8), 8.86 (1H, d, J = 5.2 Hz,
H-5); ESI-MS: m/z = 360 [M + Na]+.

7-Oxonorisocorydine (7): yellow needles; m.p. 250–252 ◦C (EtOAc); UV (MeOH): λmax (log ε) = 212
(4.49), 273 (4.40), 362 (3.94), 403 (3.90) nm; IR (KBr): υmax = 3385 (OH), 1653 (C=O) cm−1; 1H-NMR
(CDCl3, 400 MHz): δ 3.53 (3H, s, OMe-1), 4.03 (3H, s, OMe-10), 4.08 (3H, s, OMe-2), 7.14 (1H, d, J = 8.4
Hz, H-9), 7.23 (1H, s, H-3), 7.77 (1H, d, J = 5.2 Hz, H-4), 8.28 (1H, d, J = 8.4 Hz, H-8), 8.86 (1H, d, J = 5.2
Hz, H-5); ESI-MS: m/z = 360 [M + Na]+.

(–)-Deoxypodophyllotoxin (8): colorless needles; m.p. 168–170 ◦C (MeOH); UV (MeOH): λmax (log ε) =
212 (4.62), 291 (3.68) nm; IR (KBr): υmax = 1765 (C=O), 1581, 1502, 1474 (aromatic ring C=C stretch),
1032, 941 (OCH2O) cm−1; 1H-NMR (CDCl3, 500 MHz): δ 2.73 (3H, m, H-7, H-8, and H-8′), 3.07 (1H, m,
H-7), 3.75 (6H, s, OMe-3′, and OMe-5′), 3.80 (3H, s, OMe-4′), 3.92 (1H, m, H-9), 4.46 (1H, m, H-9), 4.60
(1H, d, J = 3.5 Hz, H-7′), 5.93, 5.95 (each 1H, each d, J = 1.5 Hz, OCH2O), 6.34 (2H, s, H-2′, and H-6′),
6.52 (1H, s, H-5), 6.67 (1H, s, H-2); ESI-MS: m/z = 421 [M + Na]+.
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Dehydropodophyllotoxin (9): colorless needles; m.p. 264–266 ◦C (CH2Cl2-MeOH); UV (MeOH): λmax

(log ε) = 262 (4.57), 311 (3.95), 321 (3.97) nm; IR (KBr): υmax = 3421 (OH), 1762 (C=O) cm−1; 1H-NMR
(CDCl3, 500 MHz): δ 3.83 (6H, s, OMe-3′, and OMe-5′), 3.95 (3H, s, OMe-4′), 5.37 (2H, br s, H-9), 5.68
(1H, br s, D2O exchangeable, OH-7), 6.10 (2H, s, OCH2O), 6.52 (2H, s, H-2′, and H-6′), 7.09 (1H, s, H-5),
7.49 (1H, s, H-2); ESI-MS: m/z = 433 [M + Na]+.

(–)-Yatein (10): yellowish solid (MeOH); UV (MeOH): λmax (log ε) = 212 (4.35), 230 (sh, 3.93), 287 (3.47)
nm; IR (KBr): υmax = 1764 (C=O), 1591, 1502, 1488 (aromatic ring C=C stretch), 1037, 925 (OCH2O)
cm−1; 1H-NMR (CDCl3, 400 MHz): δ 2.49 (1H, m, H-8), 2.53 (1H, m, H-7α), 2.58 (1H, m, H-8′), 2.62
(1H, dd, J = 13.2, 6.4 Hz, H-7β), 2.89 (1H, dd, J = 14.0, 6.2 Hz, H-7′α), 2.93 (1H, dd, J = 14.0, 5.2 Hz,
H-7′β), 3.82 (6H, s, OMe-3′, and OMe-5′), 3.83 (3H, s, OMe-4′), 3.88 (1H, dd, J = 9.2, 7.6 Hz, H-9β),
4.18 (1H, dd, J = 9.2, 7.2 Hz, H-9α), 5.93, 5.94 (each 1H, each d, J = 1.2 Hz, OCH2O), 6.36 (2H, s, H-2′,
and H-6′), 6.46 (1H, d, J = 1.6 Hz, H-2), 6.47 (1H, dd, J = 7.6, 1.6 Hz, H-6), 6.69 (1H, d, J = 7.6 Hz, H-5);
ESI-MS: m/z = 423 [M + Na]+.

N-trans-Feruloylmethoxytyramine (11): white needles; m.p. 112–114 ◦C (CHCl3-MeOH); UV (MeOH):
λmax (log ε) = 221 (3.61), 290 (2.86), 319 (3.34) nm; IR (KBr): υmax = 3362 (OH), 1652 (C=O) cm−1;
1H-NMR (CDCl3, 400 MHz): δ 2.82 (2H, t, J = 6.8 Hz, H-11), 3.62 (2H, q, J = 6.8 Hz, H-10), 3.88 (3H,
s, OMe-14), 3.92 (3H, s, OMe-3), 5.52 (1H, br t, J = 6.8 Hz, D2O exchangeable, NH), 5.53 (1H, s, D2O
exchangeable, OH), 5.79 (1H, s, D2O exchangeable, OH), 6.16 (1H, d, J = 15.6 Hz, H-8), 6.71 (1H, dd,
J = 8.0, 1.6 Hz, H-17), 6.73 (1H, d, J = 1.6 Hz, H-13), 6.87 (1H, d, J = 8. Hz, H-16), 6.90 (1H, d, J = 8.4 Hz,
H-5), 6.97 (1H, d, J = 1.6 Hz, H-2), 7.04 (1H, dd, J = 8.4, 1.6 Hz, H-5), 7.53 (1H, d, J = 15.6 Hz, H-7);
ESI-MS: m/z = 366 [M + Na]+.

Mixture of β-Sitostenone (12) and stigmasta-4,22-dien-3-one (13): colorless needles; m.p. 88–90 ◦C
(MeOH); [α]25

D = +85.8◦ (c 0.18, CHCl3); UV (MeOH): λmax (log ε) = 242 (4.21); IR (KBr): υmax = 1685
(C=O) cm−1; 1H-NMR (CDCl3, 400 MHz) of 12: δ 0.70 (3H, s, H-18), 0.81 (3H, d, J = 6.8 Hz, H-27), 0.83
(3H, d, J = 6.8 Hz, H-26), 0.86 (3H, t, J = 7.2 Hz, H-29), 0.92 (3H, d, J = 6.4 Hz, H-21), 1.18 (3H, s, H-19),
5.71 (1H, s, H-4); 1H-NMR (CDCl3, 400 MHz) of 13: δ 0.72 (3H, s, H-18), 0.79 (3H, d, J = 6.8 Hz, H-27),
0.82 (3H, t, J = 7.2 Hz, H-29), 0.83 (3H, d, J = 6.8 Hz, H-26), 1.02 (3H, d, J = 6.8 Hz, H-21), 1.18 (3H,
s, H-19), 5.02 (1H, dd, J = 15.2, 8.8 Hz, H-23), 5.14 (1H, dd, J = 15.2, 8.8 Hz, H-22), 5.71 (1H, s, H-4);
ESI-MS of 12: m/z = 435 [M + Na]+; ESI-MS of 13: m/z = 433 [M + Na]+.

Mixture of 6β-Hydroxystigmast-4-en-3-one (14) and 6β-hydroxystigmasta-4,22-dien-3-one (15): colorless
needles; m.p. 208–209 ◦C (CH2Cl2-MeOH); [α]25

D = + 29.7◦ (c 0.17, CHCl3); UV (MeOH): λmax (log ε) =
235 (4.11) nm; IR (KBr): υmax = 3412 (OH), 1679 (C=O) cm−1; 1H-NMR (CDCl3, 400 MHz) of 14: δ 0.74
(3H, s, H-18), 0.81 (3H, d, J = 6.8 Hz, H-27), 0.84 (3H, d, J = 7.2 Hz, H-26), 0.87 (3H, t, J = 7.2 Hz, H-29),
0.92 (3H, d, J = 6.4 Hz, H-21), 1.38 (3H, s, H-19), 4.35 (1H, br s, H-6), 5.82 (1H, s, H-4); 1H-NMR (CDCl3,
500 MHz) of 15: δ 0.76 (3H, s, H-18), 0.80 (3H, d, J = 6.8 Hz, H-27), 0.81 (3H, d, J = 6.8 Hz, H-26), 0.85
(3H, t, J = 7.2 Hz, H-29), 1.02 (3H, d, J = 6.8 Hz, H-21), 1.38 (3H, s, H-19), 4.35 (1H, br s, H-6), 5.03
(1H, dd, J = 15.2, 8.6 Hz, H-23), 5.15 (1H, dd, J = 15.2, 8.6 Hz, H-22), 5.82 (1H, s, H-4); ESI-MS of 14:
m/z = 451 [M + Na]+; ESI-MS of 15: m/z = 449 [M + Na]+.

3.4. Biological Assay

The effect of the isolates on the neutrophil proinflammatory response was assessed by detecting
the inhibition of elastase release and O2

•− generation in fMLP/CB-activated neutrophils in a
concentration-dependent manner.

3.4.1. Mensuration of Human Neutrophils

Human neutrophils from the venous blood of adult, healthy volunteers (20–27 years old) were
isolated by a standard pattern of dextran sedimentation before centrifugation in a Ficoll Hypaque
gradient and hypotonic lysis of the erythrocytes [27]. The purified neutrophils had >98% viable cells,
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as detected by the trypan blue exclusion method [28], were resuspended in a calcium (Ca2+)-free HBSS
buffer at pH 7.4 and were kept at 4 ◦C prior to use.

3.4.2. Mensuration of Superoxide Anion (O2
•−) Generation

The assay for the measurement of O2
•− generation was based on the superoxide dismutase

(SOD)-inhibitable reduction of ferricytochrome c [29,30]. In short, after supplementation with 1 mM
Ca2+ and 0.5 mg/mL ferricytochrome c, neutrophils (6 × 105/mL) were equilibrated at 37 ◦C for 2 min
and incubated with varied concentrations (10–0.01 µg/mL) of either DMSO (as a control) or tested
compounds 1–15 (purity ≥ 98%) for 5 min. Cells were incubated with cytochalasin B (1 µg/mL) for 3
min before they were activated with 100 nM formyl-L-methionyl-L-leucyl-L-phenylalanine for 10 min.
Changes in absorbance with the reduction of ferricytochrome c at 550 nm were constantly detected in
a double-beam, six-cell positioner spectrophotometer with continuous stirring (Hitachi U-3010, Tokyo,
Japan). Calculations were founded on differences in the reactions with and without SOD (100 U/mL)
divided by the extinction coefficient for the reduction of ferricytochrome c (ε = 21.1/mM/10 mm).

3.4.3. Mensuration of Elastase Release

The degranulation of azurophilic granules was measured by determining elastase release
as reported previously [30,31]. Assays were carried out by applying MeO-Suc-Ala-Ala-Pro-Val-
p-nitroanilide as the elastase substrate. In brief, after supplementation with MeO-Suc-Ala-Ala-Pro-Val-
p-nitroanilide (100 µM), neutrophils (6 × 105/mL) were equilibrated at 37 ◦C for 2 min and incubated
with tested compounds for 5 min. Cells were treated with fMLP (100 nM)/CB (0.5 µg/mL), and
the changes in absorbance at 405 nm were detected constantly in order to measure elastase release.
The results were displayed as the percent of elastase release in the fMLP/CB-activated, drug-free
control system.

3.4.4. Statistical Analysis

Results are represented as mean ± SEM, and comparisons were done by applying student’s t-test.
A probability of 0.05 or less was deemed significant. The software SigmaPlot was employed for the
statistical analysis.

4. Conclusions

Fifteen compounds, including a new aporphine, 3-hydroxyhernandonine (1), and a new lignin,
4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2), were isolated from the resinous wood of
the root wood of H. nymphaeifolia. The structures of these isolates were elucidated according to
spectroscopic data. Granule proteases (e.g., cathepsin G, elastase) and reactive oxygen species (ROS)
[e.g., hydrogen peroxide, superoxide anion (O2

•−)] generated by human neutrophils gave rise to the
pathogenesis of inflammatory diseases. The effects of the isolated compounds on proinflammatory
responses were assessed by inhibiting fMLP/CB-induced elastase release and O2

•− generation
by neutrophils. The results of anti-inflammatory assays reveal that compounds 1–7 and 11 can
obviously inhibit fMLP-induced elastase release and/or O2

•− generation. Oxohernangerine (5) and
3-hydroxyhernandonine (1) were the most effective among the isolated compounds, with IC50 values
of 2.65± 0.97 and 3.93± 0.48 µg/mL, respectively, against fMLP-induced O2

•– generation and elastase
release. Our research indicates H. nymphaeifolia and its isolated compounds (especially 1–7 and 11) are
worth further study and may be expectantly developed as candidates for the prevention or treatment
of diverse inflammatory diseases.

Supplementary Materials: Supplementary materials are available online, Figures S1–S8: MS, 1D, and
2D-NMR spectra for 3-hydroxyhernandonine (1), Figures S9–S16: MS, 1D, and 2D-NMR spectra for
4′-O-demethyl-7-O-methyldehydropodophyllotoxin (2).

139



Molecules 2018, 23, 2286 11 of 12

Author Contributions: C.-Y.W. and J.-J.C. performed the isolation and structure elucidation of the constituents
and manuscript writing. C.-Y.W., S.-W.W., J.-W.Y., T.-L.H., M.-J.C., P.-J.S., T.-H.C., and J.-J.C. conducted the
bioassay and analyzed the data. J.-J.C. planned, designed, and organized all of the research of this study and the
preparation of the manuscript. All authors read and approved the final version of the manuscript.

Acknowledgments: This research was supported by grants from the Ministry of Science and Technology, Taiwan
(No. MOST 106-2320-B-010-033-MY3 and MOST 105-2320-B-010-040), awarded to J.-J. Chen. This work was also
supported by the grants from Chang Gung Memorial Hospital (CMRPD1B0281~3, CMRPF1D0442~3, CMRPF
1F0011~3, CMRPF1F0061~3 and BMRP450). We are grateful to Ih-Sheng Chen for unselfishly providing us with
plant material (root wood of H. nymphaeifolia).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, Y.P.; Lu, S.Y. Hernandiaceae. In Flora of Taiwan, 2nd ed.; Editorial Committee of the Flora of Taiwan:
Taipei, Taiwan, 1996; Volume 2, pp. 500–503. ISBN 957-9019-52-5.

2. Kan, W.S. Manual of Medicinal Plants in Taiwan; National Research Institute of Chinese Medicine: Taipei,
Taiwan, 1970; pp. 178–179.

3. Chen, J.J.; Tsai, I.L.; Ishikawa, T.; Wang, C.J.; Chen, I.S. Alkaloids from trunk bark of Hernandia nymphaeifolia.
Phytochemistry 1996, 42, 1479–1484. [CrossRef]

4. Chen, J.J.; Ishikawa, T.; Duh, C.Y.; Tsai, I.L.; Chen, I.S. New dimeric aporphine alkaloids and cytotoxic
constituents of Hernandia nymphaeifolia. Planta Med. 1996, 62, 528–533. [CrossRef] [PubMed]

5. Chen, I.S.; Chen, J.J.; Duh, C.Y.; Tsai, I.L.; Chang, C.T. New aporphine alkaloids and cytotoxic constituents of
Hernandia nymphaeifolia. Planta Med. 1997, 63, 154–157. [CrossRef] [PubMed]

6. Chen, J.J.; Chang, Y.L.; Teng, C.M.; Chen, I.S. Vasorelaxing and antioxidant constituents from Hernandia
nymphaeifolia. Planta Med. 2001, 67, 593–598. [CrossRef] [PubMed]

7. Chen, J.J.; Chang, Y.L.; Teng, C.M.; Chen, I.S. Anti-platelet aggregation alkaloids and lignans from Hernandia
nymphaeifolia. Planta Med. 2000, 66, 251–256. [CrossRef] [PubMed]

8. Chen, I.S.; Chen, J.J.; Duh, C.Y.; Tsai, I.L. New cytotoxic lignans from Formosan Hernandia nymphaeifolia.
Phytochemistry 1997, 45, 991–996. [CrossRef]

9. Ennis, M. Neutrophils in asthma pathophysiology. Curr. Allergy Asthma Rep. 2003, 3, 159–165. [CrossRef]
[PubMed]

10. Borregaard, N. The human neutrophil. Function and dysfunction. Eur. J. Haematol. 1998, 41, 401–413.
[CrossRef]

11. Witko-Sarsat, V.; Rieu, P.; Descamps-Latscha, B.; Lesavre, P.; Halbwachs-Mecarelli, L. Neutrophils: Molecules,
functions and pathophysiological aspects. Lab. Inverstig. 2000, 80, 617–653. [CrossRef]

12. Roos, D.; van Bruggen, R.; Meischl, C. Oxidative killing of microbes by neutrophils. Microbes Infect. 2003, 5,
1307–1315. [CrossRef] [PubMed]

13. Furukawa, H.; Ueda, F.; Ito, M.; Ishii, H.; Hagniwa, J. Alkaloids of Hernandia ovigera. IV. Constituents of
Hernandia ovigera collected in the Bonin Islands. Yakugaku Zasshi 1972, 92, 150–154. [CrossRef] [PubMed]

14. Yang, T.H.; Liu, S.C.; Lin, T.S.; Yang, L.M. Studies on the constituents of the root-bark of Hernandia ovigera L.
III. J. Chin. Chem. Soc. 1976, 23, 29–34. [CrossRef]

15. Atta-ur-Rahman; Ashraf, M.; Choudhary, M.I.; Habib-ur-Rehman; Kazmi, M.H. Antifungal aryltetralin
lignans from leaves of Podophyllum hexandrum. Phytochemistry 1995, 40, 427–431. [CrossRef]

16. Orito, K.; Uchiito, S.; Satoh, Y.; Tatsuzawa, T.; Harada, R.; Tokuda, M. Aryl radical cyclizations
of 1-(2′-bromobenzyl) isoquinolines with AIBN-Bu3SnH: Formation of aporphines and
indolo[2,1-a]isoquino-lines. Org. Lett. 2000, 2, 307–310. [CrossRef] [PubMed]

17. Chen, J.J.; Tsai, I.L.; Chen, I.S. New oxoaporphine alkaloids from Hernandia nymphaeifolia. J. Nat. Prod. 1996,
59, 156–158. [CrossRef]

18. Kametani, T.; Nitadori, R.; Terasawa, H.; Takahashi, K.; Ihara, M.; Fukumoto, K. Studies on the syntheses
of heterocyclic compounds–DCXCIII: A total synthesis of atheroline by photolysis. Tetrahedron 1977, 33,
1069–1071. [CrossRef]

19. Yamaguchi, H.; Arimoto, M.; Yamamoto, K.; Numata, A. Studies on the constituents of the seeds of Hernandia
ovigera L. Yakugaku Zasshi 1979, 99, 674–677. [CrossRef] [PubMed]

140

http://dx.doi.org/10.1016/0031-9422(96)00123-9
http://dx.doi.org/10.1055/s-2006-957963
http://www.ncbi.nlm.nih.gov/pubmed/9000885
http://dx.doi.org/10.1055/s-2006-957634
http://www.ncbi.nlm.nih.gov/pubmed/9140231
http://dx.doi.org/10.1055/s-2001-17348
http://www.ncbi.nlm.nih.gov/pubmed/11582533
http://dx.doi.org/10.1055/s-2000-8562
http://www.ncbi.nlm.nih.gov/pubmed/10821052
http://dx.doi.org/10.1016/S0031-9422(97)00064-2
http://dx.doi.org/10.1007/s11882-003-0029-2
http://www.ncbi.nlm.nih.gov/pubmed/12562556
http://dx.doi.org/10.1111/j.1600-0609.1988.tb00219.x
http://dx.doi.org/10.1038/labinvest.3780067
http://dx.doi.org/10.1016/j.micinf.2003.09.009
http://www.ncbi.nlm.nih.gov/pubmed/14613774
http://dx.doi.org/10.1248/yakushi1947.92.2_150
http://www.ncbi.nlm.nih.gov/pubmed/5063931
http://dx.doi.org/10.1002/jccs.197600005
http://dx.doi.org/10.1016/0031-9422(95)00195-D
http://dx.doi.org/10.1021/ol990360v
http://www.ncbi.nlm.nih.gov/pubmed/10814309
http://dx.doi.org/10.1021/np960034d
http://dx.doi.org/10.1016/0040-4020(77)80227-5
http://dx.doi.org/10.1248/yakushi1947.99.6_674
http://www.ncbi.nlm.nih.gov/pubmed/231650


Molecules 2018, 23, 2286 12 of 12

20. Tanoguchi, M.; Arimoto, M.; Saika, H.; Yamaguchi, H. Studies on the constituents of the seeds of Hernandia
ovigera L. VI. Isolation and structural determination of three lignans. Chem. Pharm. Bull. 1987, 35, 4162–4168.
[CrossRef]

21. Ito, C.; Matsui, T.; Wu, T.S.; Furukawa, H. Isolation of 6,7-demethyl-enedesoxypodophyllotoxin from
Hernandia ovigera. Chem. Pharm. Bull. 1992, 40, 1318–1321. [CrossRef]

22. Chen, C.Y.; Wang, Y.D.; Wang, H.M. Chemical constituents from the roots of Synsepalum dulcificum. Chem.
Nat. Compd. 2010, 46, 46–448. [CrossRef]

23. Chen, C.Y.; Chang, F.R.; Wu, Y.C. The constituents from the stems of Annona cherimola. J. Chin. Chem. Soc.
1997, 44, 313–319. [CrossRef]

24. Sun, X.B.; Zhao, P.H.; Xu, Y.J.; Sun, L.M.; Cao, M.A.; Yuan, C.S. Chemical constituents from the roots of
Polygonum bistorta. Chem. Nat. Compd. 2007, 43, 563–566. [CrossRef]

25. Ayyad, S.N. A new cytotoxic stigmastane steroid from Pistia stratiotes. Pharmazie 2002, 57, 212–214. [PubMed]
26. Chen, C.H.; Hwang, T.L.; Chen, L.C.; Chang, T.H.; Wei, C.S.; Chen, J.J. Isoflavones and anti-inflammatory

constituents from the fruits of Psoralea corylifolia. Phytochemistry 2017, 143, 186–193. [CrossRef] [PubMed]
27. Boyum, A. Isolation of mononuclear cells and granulocytes from human blood. Isolation of monuclear cells

by one centrifugation, and of granulocytes by combining centrifugation and sedimentation at 1 g. Scand. J.
Clin. Lab. Inverstig. 1968, 97, 77–89.

28. Jauregui, H.O.; Hayner, N.T.; Driscoll, J.L.; Williams-Holland, R.; Lipsky, M.H.; Galletti, P.M. Trypan blue
dye uptake and lactate dehydrogenase in adult rat hepatocytes-freshly isolated cells, cell suspensions, and
primary monolayer cultures. In Vitro 1981, 17, 1100–1110. [CrossRef] [PubMed]

29. Babior, B.M.; Kipnes, R.S.; Curnutte, J.T. Biological defense mechanisms. The production by leukocytes of
superoxide, a potential bactericidal agent. J. Clin. Inverstig. 1973, 52, 741–744. [CrossRef] [PubMed]

30. Hwang, T.L.; Leu, Y.L.; Kao, S.H.; Tang, M.C.; Chang, H.L. Viscolin, a new chalcone from Viscum coloratum,
inhibits human neutrophil superoxide anion and elastase release via a cAMP-dependent pathway. Free Radic.
Biol. Med. 2006, 41, 1433–1441. [CrossRef] [PubMed]

31. Chen, J.J.; Ting, C.W.; Wu, Y.C.; Hwang, T.L.; Cheng, M.J.; Sung, P.J.; Wang, T.C.; Chen, J.F. New labdane-type
diterpenoids and anti-inflammatory constituents from Hedychium coronarium. Int. J. Mol. Sci. 2013, 14,
13063–13077. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

141

http://dx.doi.org/10.1248/cpb.35.4162
http://dx.doi.org/10.1248/cpb.40.1318
http://dx.doi.org/10.1007/s10600-010-9639-9
http://dx.doi.org/10.1002/jccs.199700047
http://dx.doi.org/10.1007/s10600-007-0193-z
http://www.ncbi.nlm.nih.gov/pubmed/11939171
http://dx.doi.org/10.1016/j.phytochem.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28825980
http://dx.doi.org/10.1007/BF02618612
http://www.ncbi.nlm.nih.gov/pubmed/6172366
http://dx.doi.org/10.1172/JCI107236
http://www.ncbi.nlm.nih.gov/pubmed/4346473
http://dx.doi.org/10.1016/j.freeradbiomed.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17023270
http://dx.doi.org/10.3390/ijms140713063
http://www.ncbi.nlm.nih.gov/pubmed/23799360
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


Contents lists available at ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Targeting sialic acid residues on lung cancer cells by inhalable boronic acid-
decorated albumin nanocomposites for combined chemo/herbal therapy

Mayada M. Elgoharya,b, Maged W. Helmya,c, Elsayeda-Zeinab A. Abdelfattahd, Doaa M. Ragabb,
Sana M. Mortadaa,b, Jia-You Fange,f,g,⁎⁎, Ahmed O. Elzoghbya,b,h,i,⁎

a Cancer Nanotechnology Research Laboratory (CNRL), Faculty of Pharmacy, Alexandria University, Alexandria 21521, Egypt
bDepartment of Industrial Pharmacy, Faculty of Pharmacy, Alexandria University, Alexandria 21521, Egypt
c Department of Pharmacology and Toxicology, Faculty of Pharmacy, Damanhour University, Damanhour, Egypt
dMedical Research Institute (MRI), Alexandria University, Alexandria 21527, Egypt
e Pharmaceutics Laboratory, Graduate Institute of Natural Products, Chang Gung University, Taoyuan 333, Taiwan
f Research Center for Industry of Human Ecology and Research Center for Chinese Herbal Medicine, Chang Gung University of Science and Technology, Kweishan, Taoyuan
333, Taiwan
g Department of Anesthesiology, Chang Gung Memorial Hospital, Kweishan, Taoyuan 333, Taiwan
hDivision of Engineering in Medicine, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, Boston, MA 02115, USA
iHarvard-MIT Division of Health Sciences and Technology, Cambridge, MA 02139, USA

A R T I C L E I N F O

Keywords:
Albumin nanoparticles
Inhalable nanocomposites
Drug-phospholipid complex
Phenylboronic targeting
Pulmonary drug delivery
Lung cancer

A B S T R A C T

Etoposide (ETP), as a potential treatment for lung cancer, has limited application due to its poor solubility, and
systemic side effects. In the current study, we propose inhalable boronate-targeted HSA nanocomposites for
combined delivery of ETP and the herbal drug, berberine (BER) for localized therapy of lung cancer. First, ETP
was pre-formulated as phospholipid complex (EPC) to enhance drug solubility and facilitate its encapsulation
within the hydrophilic albumin nanoparticles (NPs). Second, EPC and BER were then co-loaded with high ef-
ficiency into HSA NPs as a synergistic therapy for lung cancer. The NPs displayed suitable size around 200 nm
and sequential drug release pattern. Moreover, conjugation of aminophenylboronic acid (APBA) to HSA NPs
resulted in enhanced cytotoxicity and internalization into A549 lung cancer cells, compared to non-targeted NPs
or free drugs via binding to sialic acid residues over-expressed by cancer cells. Using mannitol as a spray-drying
carrier, the developed inhalable nanocomposites demonstrated deep pulmonary deposition, confirmed by small
MMAD (2.112 μm) and high FPF (77.86%). In vivo investigations in lung cancer animal models revealed the
superior anti-tumor efficacy of the inhalable nanocomposites. Overall, the inhalable APBA-HSA nanocomposites
offered an alternative strategy for systemic delivery of ETP and BER in lung cancer therapy.

1. Introduction

Lung cancer is considered to be the most serious type of cancer, as it
presents the highest percentage of cancer-related death worldwide.
Conventional chemotherapy and radiation are widely used as a protocol
of treatment. However, those strategies suffer from non-specificity to
cancer cells and serious side effects which limit their application.
Therefore, considerable research is being directed towards the devel-
opment of a novel regimen to overcome these limitations [1].

As a promising alternative to systemic therapy, inhalational che-
motherapeutics provide a localized therapy for lung tumors with the

benefit of avoiding the side effects of intravenous administration and
delivery of high drugs doses [2]. Nanoparticles (NPs) encapsulating
anti-cancer drugs possess the advantages of high cellular penetration,
avoiding uptake by macrophages, increased drug loading and sustained
release behavior [3–5]. However, the small particle size of NPs leads to
their quick exhalation thus limiting their application for pulmonary
administration [6]. On another avenue, development of inhalable mi-
croparticles encapsulating cytotoxic compounds ensures efficient lung
deposition [7]. This signifies the rationale of developing nanoparticles-
in-microparticles (nanocomposites), as they possess the advantages of
both microparticles, to enable effective aerosolization and deep lung
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deposition, and nanoparticles in targeting the tumor cells [8].
Etoposide (ETP) is a potent inhibitor of topoisomerase II used for

treatment for non-small cell lung cancer (NSCLC) [9]. However, the
dose-dependent side effects of ETP treatment include reduced count of
white blood cells and platelets, and secondary leukemia [10]. Ad-
ditionally, resistance to ETP could occur due to up-regulation or mu-
tation of topoisomerase II molecule and the rapid repair of DNA breaks
[11]. Cellular extrusion of ETP mediated by transport systems could
lead to cross-resistance against other cytostatic agents, as observed for
MDR-1–mediated multidrug resistance [12]. Clinical studies revealed
that combinatorial cancer treatment significantly reduces individual
drug-related toxic effect and evade multi-drug resistance (MDR) via
different pathways [13]. In the present study, ETP was combined with
the natural isoquinoline alkaloid berberine (BER) as a unique drug
combination for effective treatment of lung cancer. BER was previously
reported to modulate the MDR through inhibition of P-gp and/or MRP
efflux activity in A549 lung cancer cells [14]. Moreover, BER was found
to inhibit DNA topoisomerases and protein kinase C, sensitize cancer
cells to drugs by increasing their ROS levels and reversal of MDR, thus
elevates the cytotoxic effect of combined anticancer drugs [14, 15].

Among promising nanocarriers, human serum albumin (HSA) has
attracted great attention in the preparation of NPs due to its bio-
compatibility, biodegradability, non-immunogenicity, and stability.
Moreover, HSA can be chemically modified through its amine and
carboxylate moieties for active targeting to cancer cells, beside its tar-
geting abilities through transcytosis pathway by binding to gp60 and
SPARC proteins [16, 17]. Unfortunately, hydrophobic anti-cancer drugs
are not easily incorporated in hydrophilic albumin NPs except using
high energy and shearing technology such as high pressure homo-
genization (HPH) in case of nab-paclitaxel (Abraxane®) approved by
FDA for treatment of advanced and metastatic NSCLC [18]. Therefore,
novel pre-formulation approaches may be required to enhance the so-
lubility of hydrophobic drugs and hence facilitate their loading into
albumin NPs.

Among those solubility enhancing approaches, complexes between
drugs and native phospholipids like soybean phosphatidylcholines, are
formed based on hydrogen bonding between the polar parts in both
phospholipids and drug [19–21]. The water-insoluble cytotoxic drug,
teniposide was pre-formulated as phospholipid complex prior to in-
corporation into albumin NPs [22]. In addition to the poor water so-
lubility, another challenge lies in non-selective biodistribution of che-
motherapeutics leading to systemic toxicity. Therefore, active-targeted
nanocarriers were designed to enhance drug accumulation into tumor
cells [23, 24]. The presence of over-expressed sialic acid on cancer cell
surface is implicated in metastasis, progression, and resistance to che-
motherapy [25]. Those sialic acid residues provide a potential binding
site for boronic acid group-modified nanocarriers leading to enhanced
intra-tumoral transport of nanocarriers through sialic acid recognition
[26].

In comparison to the previously reported ETP-albumin NPs pre-
pared by high pressure homogenization (HPH), the desolvation ap-
proach does not produce an increase in temperature that may affect the
stability of incorporated drugs or induce changes in the protein struc-
ture with disruption of some disulfide bonds, thus varying the avail-
ability of hydrophobic groups [27, 28]. Moreover, NPs prepared by
HPH suffer from low stability and high probability of dis-assembly in
the systemic circulation [29]. Concerning injectable APBA-targeted
NPs, normal cells may express traces of sialic acid residues for cellular/
extracellular interaction which makes the NPs not entirely selective to
cancer cells [30]. In addition, higher i.v. doses should be administered
compared to those delivered locally via inhalation, thus raising the
systemic toxicity and increasing the drug costs. Although nebulized NPs
have been widely used for pulmonary administration, they suffer from
suspension instability and strong particle-particle interactions, leading
to non-adequate nebulization and exhalation of low-inertia NPs [31].
Inhalable NPs powder could solve the stability issue but still suffers

from non-suitability for deep lung delivery [6]. Our inhalable nano-
composites offered optimum size for deep lung deposition compared to
previously reported inhalable ETP delivery systems [2, 9]. In addition,
the NPs would be recovered from microparticles only after reaching
deep lung tissues and selectively target cancerous cells offering max-
imal antitumor efficacy.

So far, the current study is the first to develop inhalable dry powder
composed of spray-dried APBA targeted-albumin nanocomposites for
combined delivery of ETP and BER to lung cancer. First, to facilitate its
incorporation into the hydrophilic HSA matrix without solubilizer, the
hydrophobic chemotherapeutic drug, ETP was pre-formulated as
phospholipid complex (EPC) by direct lyophilization. Second, for en-
hancing ETP anti-tumor efficacy, and reducing its therapeutic dose thus
minimizing its toxicity and prevent the development of resistance, the
water-soluble herbal drug, BER was directly co-encapsulated with EPC
into HSA NPs via desolvation method using different crosslinkers.
Third, maximal targeting efficacy was hypothesized by sialic acid tar-
geting via anchoring phenylboronic acid to the surface of HSA NPs.
Finally, to reduce systemic toxicity, inhalable dry powder nano-
composites were developed via co-spray drying of dual-drug-loaded
HSA NPs with inert carriers to prepare micro-sized powders suitable for
deep lung deposition. The developed delivery system was thoroughly
investigated in vitro and in vivo to prove the anti-tumor superiority of
the combined drug nano-delivery compared with the free drug combi-
nation.

2. Materials and methods

2.1. Materials

Human serum albumin (HSA), Berberine chloride hydrate (BER), 3-
Aminophenyl boronic acid (APBA), tertiary Butyl Alcohol (TBA), N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysuccinamide (NHS), sodium hydroxide (NaOH), glutar-
aldehyde solution (GA, 25%), zinc nitrate hexahydrate (Zn
(NO3)2.6H2O), Sodium Chloride (NaCl), mannitol, maltodextrin, tre-
halose, L-leucine, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT), Fluorescein isothiocyanate (FITC), urethane (ethyl
carbamate), Haematoxylin solution, Eosin solution (H&E) and Canada
balsam were purchased from Sigma-Aldrich (St. Louis, USA). Etoposide
(ETP) and genipin (GNP) were purchased from Xian Natural Field Bio-
Technique Co., Ltd. (Xian, China). Fat-free soybean phospholipids with
70% phosphatidylcholine (Lipoid S75) were kindly provided by Lipoid
GmbH (Ludwigshafen, Germany). Poly (ethylene glycol) 400 (PEG-400)
was supplied by Pharonia Pharmaceuticals (Alexandria, Egypt).
Absolute ethanol and methanol were purchased from ADWIC, El-Nasr
Pharmaceutical Chemicals Co. (Cairo, Egypt). Methanol and acetoni-
trile HPLC grade were purchased from JT Baker (Phillipsburg, NJ,
USA).

2.2. Preparation and characterization of EPC

ETP-PC complex (EPC) was prepared by direct freeze-drying method
[32]. Different molar ratios (1:1, 1:2 and 1:4) of ETP and phospholipid
(Lipoid S75) were dissolved in tertiary butyl alcohol (TBA, 10ml). The
mixture was maintained at room temperature on a magnetic stirrer
until complex formation. The complex was frozen at −80 °C for 4 h
then lyophilized for 24 h using mannitol as a cryoprotectant (LyoQuest-
55 freeze-dryer, Telstar, Spain). The prepared EPC was evaluated for
their physicochemical, and solid state characteristics [33] (Detailed in
the Supporting Information). To confirm the enhanced solubility of
EPC, the dissolution profiles of EPC prepared with different molar ratios
of phospholipid were compared to free ETP. The optimized EPC powder
(P1 and P4), equivalent to 5mg ETP, was added to 50ml PBS (pH 7.4)
and shaken at 100 rpm and 37 °C (Shaking water bath, Maxturdy 30,
daihan scientific Co. Ltd., Shanghai, China). Fixed volume samples were
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withdrawn at different time intervals, replaced with fresh medium for
compensation and analyzed using HPLC.

2.3. Preparation of ETP/BER-loaded HSA NPs

EPC or EPC/BER-loaded HSA NPs were prepared via desolvation
method [34, 35]. Briefly, HSA (200mg) was dissolved in NaCl (2.0 ml,
10 mM) solution containing BER/EPC (20 and 30mg, respectively) in-
cubated for 1 h at room temperature. The solution pH was adjusted to
8.0 by 0.1 N NaOH. Drop-wise addition of absolute ethanol (8 ml) upon
stirring (500 rpm) at a rate of 1ml/min leads to NPs formation. Dif-
ferent crosslinker types were used to harden the NPs upon overnight
stirring at room temperature. Purification of the produced NPs was
performed by differential centrifugation (3–30 KS, Sigma Laborzen-
trifugen GmbH, Germany) at 16,500 rpm, 30min, and 4 °C. The ob-
tained NPs were re-suspended in distilled water using an ultrasonic bath
(Daihan scientific Co. Ltd., Shanghai, China).

2.4. Preparation of APBA-targeted HSA NPs

APBA-targeted HSA NPs were prepared using APBA-HSA by the
same procedures mentioned above. APBA was conjugated to HSA via
EDC/NHS reaction to form amide bond Method [36]. The conjugation
was confirmed by MALDI-TOF analysis, tryptophan fluorescence
quenching, Alizarin Red S (ARS) test, FTIR, and DSC.

2.4.1. MALDI-TOF MS analysis
The conjugation of APBA to HSA was confirmed by MALDI-TOF MS

analysis using Bruker Daltonics ultraflex TOF/TOF instrument (Bremen,
Germany). The matrix system used was DHB (20mg/ml) dissolved in
TFA (0.1%) and acetonitrile mixture (70/30 v/v). Spectra were ob-
tained in positive ion mode using an accelerating voltage of 25 kV and
data analysis was performed using flexAnalysis software.

2.4.2. Tryptophan fluorescence spectra
Protein intrinsic fluorescence was obtained by tryptophan excitation at

295 nm and emission spectra were collected from 320 to 420nm with 5 nm
excitation and emission slits, using LS 55 fluorescence spectrometer (Perkin
Elmer, USA). Each sample (10mg) was dissolved in 50mM PBS pH7.2 and
the absorbance of the samples was adjusted to 0.05 at 280nm. Emission
spectra of PBS were subtracted from those containing the samples and the
conjugate emission spectra were normalized to native HSA.

2.4.3. Alizarin red test
An aqueous stock solution of 4×10−4 M ARS in phosphate buffer

(pH 7.4) was prepared. 1.5ml APBA-HSA (10mg/ml) was added to
2.0 ml of ARS stock solution for 30min. The change in color and ab-
sorbance was observed by UV/VIS spectroscopy.

2.5. Physicochemical characterization of HSA NPs

Particle size, surface charge, in vitro drug release and morphology
of the prepared NPs were evaluated [4, 37] and detailed in the Sup-
plementary section.

2.6. In vitro cytotoxicity and cellular uptake

By MTT assay, the in vitro cytotoxicity of free drugs solution, non-
targeted and APBA-targeted ETP/BER-dual loaded HSA NPs were
evaluated against A549 lung cancer cells. For localization of the NPs in
cells, NPs were labeled with FITC according to a previously described
method [38]. The FITC-labeled HSA NPs were purified from unreacted
FITC by dialysis (12–14 kDa MWCO VISKING dialysis tubing, SERVA,
Germany) for 48 h. Cellular uptake of free FITC, FITC-HSA NPs, and
FITC-APBA-HSA NPs was investigated using confocal microscopy [39]
(Supplementary section).

2.7. Preparation of inhalable spray-dried HSA nanocomposites

Drug-loaded HSA NPs were microencapsulated within different
carrier matrices via spray-drying technique. The sedimented HSA NPs
were re-dispersed in an aqueous solution containing the selected carrier
combination and spray-dried using a laboratory scale B-290 Büchi
spray-dryer (Flawil, Switzerland), equipped with a high-performance
cyclone, two component nozzles, and co-current flow. For optimization
of the process, the inlet air temperature (110 °C), the pump flow rate
(10%), the aspirator (100%) and the atomizing air flow rate (320 l/h)
were adjusted. Experimental variables including total solid concentra-
tion, carrier type, and HSA NPs/carrier ratio have been investigated.

2.8. Characterizations of the spray-dried nanocomposites

Yield, aqueous redispersibility, morphology, particle size, density,
calculated aerodynamic properties, solid state characteristics, drug re-
lease and long-term stability were examined according to the metho-
dology presented in Supplementary Section.

2.9. In vitro aerosol deposition of nanocomposites

Analysis of deposition profile of spray-dried HSA nanocomposites
was performed using the eight stages Andersen Cascade Impactor (ACI;
Copley Scientific Ltd., Nottingham, UK). ACI was operated at air flow
rate of 28.5 l/min, with 4 kPa pressure drop. Budelizer (European
Egyptian Pharm. Ind. Co., Alexandria, Egypt), a single-dose inhaler
device, was connected to the ACI and filled with a hard gelatin capsule
(size 2). Powder was actuated and withdrawn from capsules by the
28.5 l/min flow rate to be deposited in the device, throat, and each
stage of ACI collection plates. Each actuation was set in 4 s and 2
aerosolization experiments were performed. HPLC mobile phase
(10ml) was used to wash the powders from the device and stages to be
analyzed by HPLC. Aerodynamic parameters (FPF, MMAD, and GSD)
were automatically calculated using Copley Inhaler Testing Data
Analysis Software (CITDAS) (Supplementary Section).

2.10. In vivo study

2.10.1. Animals
For determination of the deposition and treatment efficiency of HSA

nanocomposites, male Albino mice (15–20 g) were used following the
animal care and use protocol of Alexandria University (Supplementary
section).

2.10.2. In vivo lung deposition study
In order to investigate the in vivo lung deposition profile, the dry

powder insufflator (DP-4M, Penn Century Inc. PA, USA) was used for
administration of the tested powders. Mice were anesthetized with
intra-peritoneal (I.P.) injection of ketamine (12.5 mg/kg) and xylazine
(1.5 mg/kg) and restrained in a supine position. FITC-APBA-HSA na-
nocomposite powder and free FITC were quickly administered via in-
tratracheal route. After sacrifice of mice at different time points (4, 24,
48, and 72 h) post-administration, lungs were collected and washed by
PBS. The tissue sections of lungs were imaged using fluorescence mi-
croscopy (Olympus BX41, Japan; excitation and emission λmax at 495
and 520 nm, respectively). The concentration of the fluorescent nano-
composites relative to the fluorescence intensity in lung sections was
analyzed by Image J software (Systat, San Jose, CA, USA).

2.10.3. Induction of lung cancer
Lung carcinoma was chemically-induced in 12–16weeks male

Albino mice weighing 15–20 g by receiving I.P. injection of urethane
(1.5 g/kg), dissolved in 0.9% NaCl, followed by a poster dose after 8th
week [40].
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2.10.4. Treatment protocol
The mice were indiscriminately divided into 6 groups (seven mice

each): Group 1 mice were administered inhalable spray-dried EPC/BER-
loaded APBA-HSA mannitol nanocomposites (S4) eq. to 3mg/kg of ETP
(60 μg/mouse) using dry powder insufflator three times per week for
two weeks. Group 2 mice were administered inhalable spray-dried
physical mixture of free ETP/BER combination and mannitol at the
same concentrations in nanocomposites by insufflation. Group 3 mice
were injected in the tail vein with EPC/BER-loaded APBA-HSA NPs (T5)
eq. to 3mg/kg of ETP 3 times for two weeks. Group 4 mice were in-
jected in the tail vein with combined free ETP/BER solution at the same
concentrations in the NPs. Group 5; positive control (untreated che-
mically induced lung carcinoma bearing mice). Group 6; negative
control (healthy mice).

For pulmonary administration, mice were placed in a supine posi-
tion, to expose the trachea, after I.P. administration of ketamine
(12.5 mg/kg) and xylazine (1.5 mg/kg) for anesthesia. Intratracheal
administration was applied according to the method reported by Duret
et al. [41]. For the formulations administered via the dry powder in-
sufflations (DPI) method, an otoscope (Heine Mini 3000, Germany) was
used to visualize tracheal openings. Pumping 0.2ml of air contained in
a syringe connected to the insufflator powder chamber was performed.
Then, the powder chamber was weighed before and after powder filling
and administration to detect the real quantity of sample released and
aerosolized into the lungs.

2.10.5. In vivo anti-tumor efficacy
2.10.5.1. Lung and body weight. The mice body weight was measured
periodically during the treatment. All the surviving mice were
sacrificed after 21 days. The extracted lungs were isolated, weighed,
morphologically examined and separated into two parts; one was for
biological evaluation of tumor biomarkers after freezing at −80 °C and
the other was for histopathological and immunohistochemical
examination after fixation with 4% paraformaldehyde solution.

2.10.5.2. Tumor growth biomarkers. ELISA was used for the
determination of the tumor growth biomarkers (Supplementary
section).

2.10.5.3. Histopathological and immunohistochemical analysis.
Histopathological changes, number of foci, their diameters and the
proliferation extent indicated by Ki-67 protein were evaluated for the
lung tumor samples (Supplementary section).

2.11. Statistics

Statistical analysis was done using GraphPad (Prism Version 5, CA,
USA). Quantitative data were described using mean ± SD. For nor-
mally distributed quantitative data, comparisons among the different
groups were done using analysis of variance (ANOVA; F test) with
multiple comparisons between deposition data using a Tukey Kramer
HSD test. Values for P < .05 were considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of EPC

As an approach to overcome its poor solubility, ETP-phospholipid
complex (EPC) was formed via freeze-drying to obviate the heat used in
solvent evaporation technique. For the preparation of EPC, dissolving
and mixing the phospholipid and ETP together in a co-solvent was a
prerequisite to prevent drug precipitation [32]. TBA was chosen as an
organic co-solvent for lyophilization due to its high vapor pressure
(41.25 mmHg at 25 °C), and high melting point (24 °C) [42]. In our
preliminary trials, EPC was successfully prepared with 1:1, 1:2 and 1:4
molar ratios of ETP and phospholipid (Table 1). In contrast to 1:1 EPC
(P1), the EPC prepared at the ratio of 1:2 and 1:4 (P2, P3) were very
sticky and not easily reconstituted in water. This could be due to the
excess unbound phospholipids that formed extra layers surrounding the
complex as indicated by their high ζ potential values (−42.0 and
−43.2mV; respectively) (Fig. S1). Additionally, their PS and PDI were
higher than P1, suggesting their non-homogeneity. Moreover, no dif-
ference was observed in their dissolution rate compared to P1 (Data not
shown). Therefore, P2 and P3 were not recommended for formulation
of aqueous HSA NPs.

Dissolution testing of the EPC in PBS (pH 7.4) showed improved
drug dissolution via complexation with phospholipid (Fig. 1A). The
enhanced dissolution of the drug complex can be explained by two
factors. First, complexation of ETP with Lipoid S75 based on hydrogen
bonding improved its hydrophilicity. Second, the reduced crystallinity
of EPC contributed to the enhancement of ETP solubility (as indicated
from DSC and XRD results). The presence of higher amount of mannitol
obviously enhanced the dissolution rate of ETP. About 79.5% of ETP
was dissolved after 2 h from 1:1 EPC (P4) prepared using 1% w/v
mannitol compared to only 54.4% ETP dissolved from 1:1 EPC (P1)
lyophilized using 0.5% w/v mannitol. The higher amount of mannitol,
as a hydrophilic freeze-drying carrier, can increase the wettability and
improve the dispersibility of ETP thus enhancing its dissolution profile
[43]. The 1:1 EPC prepared using 1% mannitol (P4) exhibited a smaller
particle size of 140 nm, ζ potential value of −27.0 mV and acceptable
drug loading of 12.6% with enhanced dissolution and good powder
flowability. Therefore; it was selected to be incorporated in HSA NPs
(Fig. S2).

The FTIR spectrum of native ETP showed a broad characteristic
band of phenolic – OH at 3412 cm−1, an intense stretched band of ether
in the 1660–1610 cm−1 region and C]O stretch band of ester bond at
1763 cm−1 (Fig. 1B) [44]. For Lipoid S75, peaks at the range from 1200
to 960 cm−1 were assigned to the phosphate group also shown in the
physical mixture. The additive effect of both ETP and Lipoid S75
(3268.2 cm−1 of ETP-OH and 1762.21 cm−1 of the carbonyl in the acyl
chains, respectively) was observed in the spectra of both physical
mixture and EPC (P4). These findings suggested some weak physical
interactions such as hydrogen bonding between the hydroxyl group of
ETP and the phosphate group of phospholipid during complex forma-
tion [32].

The DSC thermogram of ETP showed a sharp endothermic melting
peak at 275.13 °C (Fig. 1C). In the physical mixture thermogram, the
peak of mannitol was still detectable at 166.076 °C but peaks'

Table 1
Physicochemical properties of different ETP-phospholipid complex (EPC).a

ETP/lipoid molar ratio Mannitol (% w/v) Lyophilization yield (%) EE (%) DL (%) Particle size (nm) PDI Zeta potential (mV)

P1 1:1 0.5 76.2 ± 4.20 100.0 ± 0.08 21.8 ± 0.09 121.0 ± 2.70 0.208 ± 0.08 −27.9 ± 0.51
P2 1:2 0.5 82.2 ± 3.90 81.4 ± 2.35 15.0 ± 0.14 139.0 ± 5.20 0.593 ± 0.10 −42.0 ± 2.63
P3 1:4 0.5 82.4 ± 3.30 91.2 ± 3.60 11.4 ± 0.19 251.0 ± 8.06 0.420 ± 0.10 −43.2 ± 1.98
P4 1:1 1.0 95.0 ± 2.98 95.3 ± 3.10 12.6 ± 0.10 140.0 ± 3.79 0.200 ± 0.07 −27.0 ± 1.13

a All EPCs were prepared using 20mg ETP.
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broadening was observed in the range of 230–330 °C may be attributed
to the partial interaction between ETP and lipoid. On the contrary, EPC
thermogram showed the disappearance of the genuine peaks of ETP and
lipoid with a broad endothermal peak appearing at 297.77 °C. This
could be explained by complex formation between ETP and lipoid via
hydrogen bonds and/or van der Waals forces [45]. As shown in XRD
Fig. 1D, the crystalline state of ETP was confirmed by sharp peaks at
2θ=17.86°, 19.41°, and 22.17°. While the diffraction pattern of the
physical mixture showed no modification of ETP crystallinity, XRD of
EPC showed a relatively lower intensity peak of ETP; indicating re-
duction of its crystallinity upon formation of EPC.

3.2. Formulation and characterization HSA NPs

3.2.1. Particle size, DL, and EE
3.2.1.1. EPC-loaded HSA NPs. After pre-formulation of ETP as
phospholipid complex (EPC, P4), it could be easily incorporated in
HSA NPs via desolvation method. Desolvation process is well-controlled
(pH, ethanol addition time, albumin concentration), robust process
indicated by the little variability in PS, ZP, DL, and EE of drugs [46]. In
our study, the NPs were obtained by the drop-wise addition of ethanol
to continuously stirred aqueous solution of albumin containing EPC
leading to the appearance of turbidity. EPC-loaded HSA NPs were then
hardened using different crosslinkers (GA, GNP, and GA/Zn2+). The
fabricated NPs (T1-T3) showed a size range of 136–190 nm with a
highly negatively charged surface (−21.0 to −22.4 mV) indicating
their high colloidal stability (Table 2). GA-crosslinked NPs (T1) were
with 182.2 nm diameter and 70% EE of ETP. In comparison, HSA NPs
crosslinked with GNP (T2) showed a smaller particle size (136 nm) but
with a significantly lower EE (49.43%). In another strategy, the NPs
were crosslinked with GA and further stabilized through Zn2+

coordinating bond. Zinc nitrate, as a bivalent metal ion, was reported
to stabilize proteins to obtain preferable release behavior [47].
Consequently, HSA NPs (T3) with suitable PS of 190 nm were
obtained but with a much lower drug EE (16%) may be due to the
drug loss during the double centrifugation step. From all those results,
GA-crosslinked NPs (T1) was selected as the optimized NPs due to their
suitable size and high EE and DL.

3.2.1.2. EPC/BER co-loaded HSA NPs. To enhance the anti-tumor
efficacy of ETP, the herbal drug BER was successfully co-loaded with
EPC into HSA NPs using GA as a crosslinker. The EPC/BER co-loaded
HSA NPs (T4) demonstrated a preferable PS of 173 nm and ζ potential
of −24mV with a high EE of both drugs (81.7 and 90.8% for BER and
ETP, respectively). HSA offers a high capacity carrier for reversible
binding to both drugs BER & ETP. BER is likely bound to the lipophilic
cavity in HSA sub-domain IIA by the hydrophobic interaction in
addition to the electrostatic force between the positively charged BER
and the negatively charged HSA (at pH > pI=4.9). Moreover, the
amphiphilic property of phospholipid component of EPC not only
facilitates its aqueous dispersion but also enables the hydrophobic
binding to albumin binding domains.

To develop tumor-targeted NPs, APBA was coupled to HSA via
simple carbodiimide reaction. The APBA-HSA conjugate was then used
in the preparation of NPs incorporating BER/EPC (T5). The increase in
particle size to 219 nm ensured the conjugation of the APBA onto the
surface of HSA NPs. Conjugation of APBA on HSA was also confirmed
by MALDI-TOF analysis revealing that the molecular mass of HSA and
APBA-HSA were 68.83 and 71.04 kDa (m/z) respectively, thus sug-
gesting that 16 molecules of APBA were conjugated to 1 HSA molecule
(Fig. 2A). Conjugation of APBA to HSA was found to reduce the intrinsic
tryptophan emission fluorescence intensity (Fig. 2B). This might be

Fig. 1. Physicochemical properties of EPC; In vitro dissolution rate of ETP from the prepared EPC in PBS pH 7.4 at 37 °C (A), FTIR spectra of ETP, Lipoid S75,
mannitol, EPC and their physical mixture (B), their corresponding Differential scanning calorimetry (DSC) thermograms(C), their Powder X-ray diffractogram (D).
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referred to the partial effect of APBA on the native packing of HSA
without observation of denaturation (blue or red shift in the maximum
λem) [48]. By the fact of the high affinity of boronic acid to Alizarin Red
S dye (ARS), a change in the color of APBA-HSA conjugate from pink to
slightly yellow accompanied with UV/VIS spectrum shift from 510 to
488 nm was recorded upon addition of ARS (Fig. S3 and S4) [49].

3.2.2. Morphological analysis
TEM micrographs revealed spherical shape and smooth surface non-

targeted (T4) and APBA-HSA NPs (T5) with diameters of 148.3 and
201.21 nm, respectively which was quite smaller as compared with the
results obtained from DLS technique (173 and 219 nm) (Fig. 3A and B).
The hydrodynamic diameter of hydrated particles was measured by the
laser scattering approach which was affected by the solvent phase [50]. In
contrast, TEM measures the diameter of particles in the dried state. The
conjugation of APBA onto the surface of HSA was also confirmed by the
size increase of APBA-HSA NPs compared to the non-targeted HSA ones.

3.2.3. In vitro drug release
A sustained release behavior of ETP was observed from single-

loaded EPC-HSA NPs (T1-T3), formulated with different crosslinkers
over 3 days (Fig. 3C). GA was the most effective crosslinker with about
30.01 and 65.73% of ETP was released after 24 and 72 h, respectively
without initial burst effect. First, ETP molecules were dissociated from
EPC and distributed within the NPs, followed by the release of free ETP
molecules from the NPs. Therefore, EPC acted as an additional physical

barrier to drug release [51]. In contrast, Wang et al. observed the bi-
phasic release of ETP from BSA nanosuspensions prepared by high
pressure homogenization with 2 h initial fast release of 25% followed
by completely released drug after 24 h [52]. In another investigation,
about 60% of ETP was released from PLGA NPs after 24 h and 100%
was released after 72 h [53]. In the combined GA crosslinked BER/EPC
HSA NPs (T4), a similar controlled release pattern of ETP up to 72 h was
observed (Fig. 3D). On the other hand, a biphasic release of BER from
HSA NPs (T4) was observed characterized by initial burst release of
41.9% during the first 3–4 h, followed by a second phase of slow release
(45.3% of drug released after 72 h) (Fig. 3D). Notably, surface mod-
ification of HSA NPs by APBA (T5) did not much affect the release
behavior of both drugs with the conservation of the sustained release
pattern after APBA targeting.

Differences in the release pattern of the two drugs could be corre-
lated to the differences in the physicochemical characteristics of the
water-soluble BER (Log P~−1.5) and the relatively hydrophobic ETP.
The faster release of BER can sensitize tumor cells to ETP action by
activation of ROS, besides its cytotoxic activity via topoisomerase in-
hibition thus retarding MDR. The delayed release of ETP could prevent
premature drug release into circulation and maintain the synergistic
efficacy at lower concentration and toxicity. A similar sequential re-
lease pattern was reported by Narayanan et al. where the faster release
of epigallocatechin gallate from the shell of PLGA/casein core-shell NPs
could sensitize tumor cells to the anti-cancer effect of the slowly re-
leased paclitaxel from its core [54].

Table 2
Composition and physicochemical properties of EPC-loaded & EPC/BER co-loaded HSA NPs.

Cross-linkera,b EE (%w/w) DL (%w/w) Particle size (nm) PDI Zeta potential (mV)

BER ETP BER ETP

T1 GA (8%, 117 μl) – 70.00 ± 1.02 – 4.94 ± 0.13 182.2 ± 7.10 0.305 ± 0.09 −22.4 ± 0.89
T2 GNP (0.035M) – 49.43 ± 2.03 – 3.49 ± 0.22 136.0 ± 3.98 0.100 ± 0.02 −21.0 ± 1.16
T3 GA(8%, 117 μl)/(0.025M Zn) – 16.00 ± 0.95 – 1.13 ± 0.10 190.0 ± 4.62 0.165 ± 0.02 −21.3 ± 1.03
T4 GA (8%, 117 μl) 81.7 ± 2.64 90.80 ± 3.07 6.8 ± 0.21 5.85 ± 0.11 173.0 ± 2.50 0.132 ± 0.04 −24.0 ± 0.54
T5 GA (8%, 117 μl) 60.5 ± 2.41 90.93 ± 2.87 5.2 ± 0.19 5.86 ± 0.10 219.0 ± 4.90 0.217 ± 0.08 −26.0 ± 1.42

a All NPs were prepared with 200mg HSA, 40mg BER and 30mg EPC except T5 was prepared by 200mg APBA-HSA instead of HSA.
b T3 NPs were crosslinked with 117 μl GA overnight and then separated by centrifugation. Then, the redispersed NPs were further stabilized by addition of 0.025M

zinc nitrate at ambient temperature under stirring for further 2 h then re-centrifuged to remove excess ions.

Fig. 2. Characterization of APBA-HSA conjugate; MALDI-TOF analysis of HSA and APBA- HSA (A). Intrinsic tryptophan emission fluorescence spectra of HSA and
APBA-HSA were collected from 320 to 420 nm (λex= 295) (B).
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3.3. In vitro cytotoxicity

Time- and concentration-dependency of the cytotoxic activity of
ETP and BER, in both free and nano-encapsulated form, against A549
human lung cancer cells at 24 and 48 h was demonstrated (Fig. 4A and

B). The IC50 of non-targeted and APBA-targeted HSA NPs was 1.2- and
2-fold, respectively lower than free combined BER/ETP solution after
24 h (Fig. 4C). Compared to the NPs, the weak therapeutic activity of
the free drugs could be correlated to the absence of controlled release
characteristics and lack of targeting moieties, thus the cellular

Fig. 3. Physicochemical properties of the prepared HSA NPs; TEM photographs(A) showing the morphology of HSA NPs (A1) non-targeted HSA NPs and (A2)APBA-
targeted HSA NPs and their particle size distribution histograms (B). Release profiles of EPC from single-loaded EPC-HSA NPs, formulated with the different
crosslinkers (C) and from the combined BER/EPC formulation (D) in PBS pH 7.4 at 37 °C.

Fig. 4. Cytotoxicity analysis of free drugs and different BER/EPC HSA NPs on A549 human non-small cell lung cancer cell line at the concentration of 1–100 μg/ml
after 24 h (A) and 48 h (B). IC50 (μg/ml) values of different BER/ETP-NCs HSA NPs (C). *P < .05 vs free ETP-BER, #P < .05 vs non-targeted HSA NPs.
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internalization was only mediated by diffusion [55]. In contrast, the
enhancement of the BER/ETP combination potency in NPs might be
related to their efficient cellular internalization in tumor cells and the
sustained drug release that preserves the drug level within cells. First,
the intrinsic ability of HSA to bind with gp60 and SPARC on tumor cells
contributed to the high cellular uptake [16]. Compared to non-targeted
NPs, the inhibitory effect was increased by 1.6 times after anchoring
APBA on the NPs surface. This amplified cytotoxicity of APBA-HSA NPs
was attributed to sialic acid-dependent endocytosis by APBA, resulting
in enhanced accumulation in tumor cells [26]. Moreover, complexation
of ETP with phospholipid, the main constituent of the cell membrane,
might enhance ETP permeability into the cells with increased cyto-
toxicity. A similar enhanced cytotoxic effect of camptothecin–pho-
spholipid complex self-assembled NPs was reported [56].

After 48 h incubation with cells, the free combined ETP/BER solu-
tion showed more cytotoxic effect which ensured the time dependency
of BER/ETP synergistic combination. The delayed release of ETP from
NPs over 48 h enhanced its cytotoxic effect. The two formulations di-
minished the cell viability by the increased treatment time (Fig. 4B).
These results were in agreement with a previously reported combina-
tion of ETP/quercetin loaded in PLGA NPs [11]. Safety of HSA NPs was
confirmed by 85% viability of A549 human lung cancer cells after 48 h.

3.4. Qualitative analysis of cellular uptake

Confocal microscopy (CLSM) was used for tracking the cellular
uptake of FITC-labeled HSA and APBA-HSA NPs into A549 lung cancer
cells after incubation for 4 and 24 h. After 4 h, the DAPI stained nuclei
(blue fluorescence) were surrounded by the green fluorescence of FITC-
HSA and FITC-APBA-HSA NPs, indicating that sufficient quantity of the
NPs could be internalized into the cytoplasm (Fig. 5). To exclude the
role of albumin in cellular uptake by SPARC and gp60 and any inter-
ference by FITC (fluorescent probe), APBA-targeted NPs were compared
to the non-targeted NPs and free FITC. Free FITC showed faded green
fluorescence due to its relatively slow diffusion mechanism [39]. FITC-
APBA-HSA NPs exhibited enhanced cellular uptake than FITC-HSA NPs,
confirming the role of sialic acid-mediated endocytosis by APBA. Re-
sults showed that the cellular uptake was increased gradually in a time-
dependent manner. After 24 h, the green fluorescence became denser

and well dispersed in the whole area of cytoplasm. Compared to the
non-targeted NPs and free FITC, APBA-targeted NPs revealed elevated
cellular internalization, which was indicated by intense green fluores-
cence. Thus, APBA-HSA NPs would offer a pathway to BER and EPC to
enter and accumulate into the cells. This could explain the high cyto-
toxicity and low IC50 values when compared to free drugs.

3.5. Development and characteristics of inhalable APBA-HSA
nanocomposites

Development of inhalable formulations provides a rational strategy
for treatment of NSCLC. Localized pulmonary drug delivery could be
utilized for decreasing the non-specific distribution of cytotoxic drugs,
increasing its localization at the tumor site, and hence increasing the
efficiency of treatment [1]. In the current study, dry powders embed-
ding APBA-HSA NPs co-loaded with EPC and BER were developed via
spray-drying as a speedy and single-step technique to form a dry
powder of NPs embedded into microparticles (nanocomposites).

Yield and redispersibility: Carbohydrates are the most popular in-
halation carriers, due to their ability to guard against drying. Upon
inhalation, they dissolved rapidly releasing the incorporated NPs and
preventing the phagocytic opsonization [57]. For albumin NPs, man-
nitol is more preferable than lactose, in order to avoid lactose inter-
action with albumin via Maillard reaction [58]. To target cancer cells,
the nanocomposites have to recover their original nanosize after dis-
solving in the alveolar aqueous medium. Initial examination of man-
nitol as a pulmonary carrier at a fixed NPs/carrier ratio (1:5 w/w), with
different total solid concentrations resulted in spray-dried nano-
composite powders with a yield range of 63.78–78.11% and good
aqueous redispersibility (RI= 1.19–1.22) (Table 3, Fig. S5). Upon using
the least aqueous volume for spray-drying to prevent the release of the
water-soluble drug BER, a total solid concentration of 10.8% w/v was
obtained. To further increase drug loading, mannitol was used at a
lower NPs/carrier ratio (1:3 w/w), resulting in nanocomposites (F4)
with the highest yield of 78.4% and superior aqueous redispersibility
(RI= 1.01). Screening of different carbohydrate carriers suggested that
mannitol is best recommended for our designed nanocomposites. Tre-
halose produced lower yield due to the cohesive nature of particles
leading to powder adhesion to the spray-dryer wall while maltodextrin

Fig. 5. Cellular uptake of non-targeted HSA NPs and APBA-HSA NPs with A549 cells after incubation for 4 h and 24 h.
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gave lower yield and higher aqueous redispersibility, compared to
mannitol.

Amino acids have been used, combined with polysaccharides, to
reduce the adsorption of moisture and enhance the surface activity
[59]. A carrier composed of leucine/mannitol in a ratio of 1:1:2 w/w
(F7) was used to form nanocomposite powder with 70.4% yield and 1.5
RI. This relatively high RI value could be referred to the hydrophobic
nature of leucine, which acted as a water repellent and reduced the
sugars moisture uptake when re-suspended in aqueous medium [60].
Based on the investigation results of the effect of leucine addition to
mannitol as a spray-drying carrier, F4 and F7 were selected.

SEM: The surface structure of spray-dried nanocomposites prepared
using the two selected inhalation carriers: 1:3 w/w NPs/mannitol (F4) and
1:1:2 w/w NPs/leucine/mannitol (F7) was compared (Fig. 6). Addition of
mannitol (F4) was found to produce spherical particles, with rough sur-
faces (Fig. 6A). The spherical wrinkled structure could be attributed to the

high vapor pressure, during spray-drying process, that leads to collapsing
of the surface layer of particles [61]. On the other hand, the addition of
leucine to mannitol (F7) produced hollow, collapsed doughnut-shaped
particles (Fig. 6B). By virtue of leucine hydrophobicity and surface ac-
tivity, it had a good propensity to be collected on the surface of the dro-
plet; lessening their particle cohesiveness. The hydrodynamic impacts and
the depletion of structural stability upon drying of the droplets lead to the
formation of doughnut-like particles [62]. During fast solvent evaporation,
the pressure obtained from the internal slow evaporation and gas expan-
sion make the outer coat thinner, thus solvent diffused faster. Due to the
impermeability of leucine, rupture of the particles occurred and the hollow
structure was formed [63]. Compared to spherical particles, the high
specific surface area of doughnut-shaped particles made it less desirable
for nanoparticles encapsulation [64]. Producing rough surface particles
contributes to the enhancement of the quality of dry powders for inhala-
tion due to the reduced particles contact area and; thus decreases the
particles adhesion [65]. Image analysis was performed, in order to com-
pare the degree of surface roughness for the two selected formulations (F4
and F7). The 3D and 2D surface plots indicate that F7 has a relatively less
corrugated surface as described by the green area in Fig. 6Bc and 6Cb.

Particle diameter: For efficient lung deposition, particles should have
a volume median diameter value in the range of 1–5 μm. The size
analysis data showed D0.5 values of 2.5 and 2.82 μm for F4 and F7,
respectively (Table 4); confirming their adequacy for pulmonary de-
position. The slightly higher geometric diameter (D0.5) for F7 may be
due to the presence of leucine on the droplet surface during spray-
drying that form the collapsed doughnut shape particles. For both F4
and F7, the particle size volume distribution was narrow and mono-
modal. Addition of leucine has reduced the value of span index from
1.58 (F7) to 1.98 (F4) indicating a better powder homogeneity [6].
Better inhalation performance in terms of higher pulmonary deposition
was reported for formulations with lower span index [66].

Table 3
Composition, yield and aqueous re-dispersibility index of different prepared
spray-dried nanocomposite formulations using different carriers.

Carriera Aqueous
solution
volume (ml)

Formula/
carrier ratio
(w/w)

Solid
Conc.
(w/v %)

Yield (%) RI

F1 Mannitol 10.00 1:5 27.00 63.78 1.22
F2 Mannitol 25.00 1:5 10.80 78.00 1.18
F3 Mannitol 50.00 1:5 5.40 78.11 1.19
F4 Mannitol 25.00 1:3 7.20 78.40 1.01
F5 Maltodextrin 25.00 1:3 7.20 71.10 1.25
F6 Trehalose 25.00 1:3 7.20 60.00 1.20
F7 Leucine/

Mannitol
25.00 1:1:2 7.20 70.40 1.50

a RI was calculated as the ratio between the recovered PS of NPs from spray
dried powder and the fresh NPs preparation.

Fig. 6. Scanning electron micrographs of spray dried powder APBA-targeted HSA nanocomposites using mannitol as a carrier [(1:3), (A)] and APBA-targeted HSA
nanocomposites using leucine and mannitol as a carrier [(1:1:2), (B)]. SEM Images Aa, Ba and Ab, Bb were captured at 30,000× magnification and 60,000×
magnification, 2D plot (Ac, Bc) and 3D plot for mannitol carrier (Ca) and leucine and mannitol (Cb).
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3.6. In vitro aerosol deposition

The effect of particle characteristics and carrier types on the in-vitro
deposition of spray-dried HSA nanocomposites had been evaluated
using ACI at a flow rate of 28.4 l/min (Fig. 7A). Results showed a high
emitted dose percentage (ED=80.45%) of the drugs from aerosolized
powders containing mannitol (F4). The total amount of drugs deposited
in stages 3–7 of ACI was considered as the FPF and was estimated to be
77.86%, with MMAD of 2.112 μm and GSD of 2.128 (Table 4). The
surface properties of the particles related to mannitol carrier might be
the reason for these high aerosolization parameters [67]. Leucine ad-
dition resulted in better aerosolization properties; indicated by the
higher FPF value of 92.48% and ED of 88.21% with lower MMAD of
1.238 μm and GSD of 2.003 (Table 4). The enhanced aerosolization of
nanocomposites prepared with leucine/mannitol combination (F7)
could be referred to decreased moisture uptake due to the water-re-
pellent action of leucine which might render the particles less cohesive
[62]. In addition, leucine enhanced the dispersibility of the particles by
shell formation and decreasing the surface free energy [68]. Ad-
ditionally, the doughnut-shaped particles reduced inter-particulate
contact surface areas, ensuring better particle dispersions [65].

Comparing with previously reported inhalable ETP delivery sys-
tems, inhalable freeze-dried ETP liposomes using various cryoprotec-
tants at 1:10 ratio demonstrated particle diameter of 5.5 to 7.5 μm and
FPF of about 50% [9]. Moreover, inhalable freeze-dried ETP-loaded
PLGA microspheres, using 0.2% mannitol as a cryoprotectant, showed
an average diameter of 11.9 μm indicating poor lung deposition [2]. On
the contrary, our both nanocomposites powders (F4 and F7) exhibited
appropriate characteristics for pulmonary drug delivery to lung cancer
with acceptable diameter range (1–5 μm) and GSD range (1.3–3.0) for
respirable particles.

Although nanocomposites prepared using leucine/mannitol (F7)
showed better aerodynamic properties, it demonstrated high RI with

less effective dissolution of the complex carrier matrix which hindered
the complete recovery of NPs to its original size (PS of the recovered
NPs was 328.5 nm with high PDI). On the other hand, nanocomposites
prepared using mannitol (F4) could recover the entrapped NPs with no
change in their PS, with a rough surface and smaller calculated daer.
Based on these results, the spray-dried APBA-HSA nanocomposites
prepared using mannitol (F4) was selected as the optimized formulation
for further in vivo investigations.

3.7. Drug release & long term stability

The effect of the spray-drying process on the release behavior of
drugs was investigated in 37 °C in pH 7.4 PBS (Fig. 7B). Initially, about
40% of BER was burst released from spray-dried HSA nanocomposites
(F4) during the first 6 h and then reached a plateau with about 46.7% of
BER was released after 72 h. On the other hand, ETP showed sustained
release with no initial burst effect with about 55.7% of the drug was
released in 72 h, compared to 51.4% ETP released from HSA NPs (T5)
before spray-drying. This confirms that the spray-dried nanocomposites
maintained the sequential controlled release pattern of BER and ETP.
After 4months storage in a desiccator at room temperature, the spray-
dried HSA nanocomposite powders appeared to maintain their original
characteristics with no observed aggregation or clumps. After recon-
stitution in distilled water, a very slight increase in particle size to
225.2 nm with PDI of 0.173 was observed compared to the initial size of
219 nm. Interestingly, the spray-dried nanocomposites demonstrated a
size of 234.8 nm with PDI of 0.205 and zeta potential of−23.6mV after
1 year of storage thus confirming the long term stability of spray-dried
HSA nanocomposites. The solid state characterization confirmed the
absence of any drug-carrier interactions (discussed in details in the
Supplementary section).

3.8. In vivo lung deposition and retention study

Cascade impactors do not adequately simulate the real in vivo
conditions and give no idea about the retaining efficiency of the par-
ticles after pulmonary administration. So, in vivo testing should be
performed to confirm particle retention in lung tissues [69]. The
fluorescent microscopic images of mice lung sections at different time
intervals following powder insufflation of spray-dried FITC-labeled
APBA-HSA nanocomposite powder and free FITC powder are shown in
Fig. 8A. Maximum fluorescence intensity was observed after 4 h of
pulmonary administration of FITC-labeled nanocomposites, indicating

Table 4
Aerodynamic properties of spray-dried APBA-targeted HSA nanocomposites
using mannitol (1:3 w/w) (F4) and leucine/mannitol (1:1:2 w/w) (F7) as pul-
monary carriers.

D0.5 (μm) Span index FPF (%) ED (%) MMAD (μm) GSD

F4 2.50 1.99 77.86 80.45 2.12 2.13
F7 2.82 1.58 92.48 88.21 1.24 2.00

Fig. 7. In vitro aerosol deposition profiles of spray dried APBA-targeted HSA nanocomposites (A) using mannitol as a carrier [(1:3), F4] and APBA-targeted HSA
nanocomposites using leucine and mannitol as a carrier [(1:1:2), F7] using Andersen Cascade Impactor (ACI). Experiments were performed at air flow rate 28.5 l/
min. The release profile of spray dried albumin nanoparticles loaded BER/EPC using mannitol as a carrier with (1:3) weight ratio in PBS pH 7.4 at 37 °C (B).
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their quickly distribution and deposition into the lungs (Fig. 8A and B).
Free FITC powder exhibited lower inhalation efficiency when compared
to nanocomposite powder reflecting the in vivo lung deposition su-
periority of the nanocomposites. Autofluorescence of the native lung
tissues (the control group) was neglected (autocorrected). By time, the
fluorescence intensity and particles number in lung sections were de-
clined in both FITC-APBA-HSA nanocomposites and free FITC powder,
suggesting their biodegradation and clearance from lung tissues. Al-
though the fluorescence was faded after 72 h but nanocomposites were
still detectable with higher intensity than free FITC (Fig. 8B). These
results ensured the appropriate aerodynamic parameters of spray-dried
nanocomposite powder for in vivo pulmonary delivery of ETP and BER
to the deep lung tissues and being well-retained over 3 days, confirming
the efficiency of treatment.

3.9. In vivo anti-tumor efficacy

3.9.1. Safety and therapeutic activity evaluation by determination of body
and lung weight

The wet lung weight was determined by weighing the isolated lungs
after removal of the trachea and other extraneous tissue to eliminate
any interference (Fig. 9A and B). Untreated positive control mice dis-
played the highest lung weight compared to the different treatment
groups, indicating lung damage due to tumor growth, excluding any
formulation inflammatory effect. There was no significant difference in
the weight of lungs between the insufflated HSA nanocomposites (F4)
and normal negative control group (p < .05), with 2.8-fold reduction
in lung weight (p < .05) compared to the positive control group. This
confirmed the nanocomposite ability of suppressing the tumor growth
in lungs. Mice treated with inhalable free drugs powder and I·V. HSA
NPs (T5) showed 1.89- and 2.03-fold reduction in lung weight
(p < .05) compared to the positive control group. Notably, cancerous
lesions in huge number were observed in positive control extracted
lungs, whereas native control lungs showed normal physiological

features. Compared to the positive control and I.V. HSA NPs, inhalable
nanocomposites powder displayed superior treatment strategy with
visibly much reduced tumor tissues number (Fig. 9B).

Mice body weight was monitored during the treatment (Fig. 9C).
There was approximately no change in the body weights of mice treated
with the inhalable nanocomposites powder at the end of 21 days, con-
firming the safety of the inhalable formulations. Group treated with
inhalable free drugs powder showed 31.5% reduction of body weight
during the treatment while the positive control group exhibited only
13.2% reduction, indicating the possible absorption of drugs into sys-
temic circulation. In comparison with the inhalable nanocomposites,
I.V. HSA NPs administered with the same dose showed more reduction
in the body weight, suggesting the superiority of the inhalable nano-
composite powder formulation.

3.9.2. Effect of different treatments on lung homogenate VEGF and caspase
Relatively to the positive control group, the inhalable nanocompo-

site powder treatment group showed a 3.64-fold reduction in the VEGF
expression level, compared to only 1.87- fold reduction in I.V. HSA NPs
group (P < .05) confirming a potential reduction effect on tumor an-
giogenesis by the inhalation route of administration over the I.V. route.
Inhalable free drugs powder could only exhibit a 1.6-fold reduction of
VEGF level which ensured their inadequacy in inhibition of tumor
growth (Fig. 9D).

As shown in Fig. 9E, all treated groups exhibited a higher apoptotic
effect compared to untreated positive control group. An enhancement
in apoptosis activation (p < .05) was observed in mice treated with
inhalable nanocomposites powder (16.8 ng/g tissue) over the inhalable
free drugs powder treated group (13.08 ng/g tissue) and the positive
group (1.66 ng/g tissue). In addition, injectable HSA NPs treatment
succeeded to significantly (p < .05) exhibited higher Casp-3 levels
compared to I.V. free drugs and control group (Fig. 9E).

Fig. 8. Fluorescent images of cross-section of lung at 4, 24, 48, 72 h after intratracheal administration of APBA-targeted HSA nanocomposites powder labeled by FITC
dye (original magnification, 10) versus free FITC dye (A), and their relative fluorescence intensity vs time (B). *P < .05 vs 4 h, # P < .05 vs 24 h, %P < .05 vs 48 h.
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3.9.3. Histopathological and immunohistochemical analysis
As shown in Fig. 10A, normal epithelial single-layered alveolar

tissue was observed in the negative control group, while the positive
control group showed epithelial hyperplasia to adenoma (blue arrow),
hemorrhage (white arrow) and inflammatory cells infiltration (black
arrow) as signs of pre-cancerous and cancerous tissues upon histo-
pathological examination. Compared to I.V. HSA NPs, the inhalable
nanocomposites-treated group revealed superlative enhancement in the
histopathological neoplastic insult with reduced signs of cancerous
transformation. Additionally, inhalable nanocomposites and I.V. NPs
treated groups exhibited a significant 12.25- and 2.58-fold reduction in
the number of metastatic lung foci, respectively with highly reduced
diameter (0.62 and 2.85mm, respectively), compared to untreated
control group (P < .05), confirming the efficacy of the inhalation route
of administration in treatment of the lung cancer (Fig. 10B).

Additionally, immunohistochemical examination of the prolifera-
tion marker Ki-67 confirmed the superiority of inhalable nanocompo-
sites, over other tested routes of administration (I.V.) and the control
group, indicated by the reduction in brown staining density (Fig. 10A).
Significant reduction in Ki67-expression was detected in inhalable na-
nocomposites-treated mice (16.8%) than I.V. NPs and untreated control
group (52.6, and 92.94%, respectively) (P < .05) (Fig. 10C).

From all these results, it was confirmed that dry nanocomposite
powder inhalational therapy was superior in anti-tumor efficacy, anti-
angiogenic, apoptotic and anti-proliferative activity than the I.V. NPs
and both inhalable and injectable free drugs. The substantial im-
provement in suppressing tumor growth is likely due to the local,
concentrated and deep lung deposition treatment achieved with in-
halable nanocomposites that maintained targeted effective drug levels
over long periods to kill tumor cells.

4. Conclusion

To the best of our knowledge, there is no inhalable ETP delivery
system for local delivery to the deep lungs was evaluated in lung cancer
bearing mice. In the present study, we proposed inhalable APBA-tar-
geted HSA nanocomposites for combined delivery of BER and ETP to
urethane-induced lung cancer bearing mice. First, ETP was in-
corporated within albumin nanoparticles via its pre-formulation as
phospholipid complex (EPC). Second, BER and EPC were successfully
co-encapsulated into albumin nanoparticles with high drug loading and
suitable size. The tumor-targeting effect of APBA could enhance the
internalization of the nanocarriers and hence their cytotoxicity against
lung cancer cells. Finally, the APBA-HSA nanoparticles were spray-
dried into inhalable nanocomposites for deep lung deposition. The
spray-dried nanocomposites prepared using mannitol carrier displayed
favorable aerosolization performance with small MMAD (2.11 μm) and
high FPF (77.86%) as well as high aqueous redispersibility. The su-
perior anti-tumor efficacy of the inhalable nanocomposites was re-
vealed by reduction of lung weights and growth biomarkers in lung
cancer bearing mice and augmented by histopathological and im-
munohistochemical analysis. The inhalable dose of ETP administered to
mice was much lower than that used in other studies via systemic
routes. Overall, the developed inhalable dry powder APBA-targeted
HSA nanocomposites co-loaded with ETP and BER could present a
promising alternative to systemic therapy of lung cancer. However,
further studies should be performed in the future on large animal
models that may have significantly different characteristics and profiles
from small animals (particles deposition, internalization, and risk/cost-
benefit ratio). Long-term efficacy and safety including inflammation
and immunogenicity could be evaluated specifically in repeated-cycles
treatment.

Fig. 9. Lung weights of the different groups post 3 weeks treatment (I.V./inhalation) compared to untreated positive control (A), Excised lungs from different
treatment groups(B); negative control (Ba), inhalable APBA-targeted HSA nanocomposites (Bb) I.V APBA-targeted HSA NPs (Bc) and positive control (Bd). Body
weights measurements of mice at indicated time-points along the treatment duration with different treatments (I.V./inhalation) compared to untreated positive
control (C), and the level of the tumor markers including Caspase-3 (D), and VEGF (E)in urethane induced lung cancer bearing mice treated with different treatments
compared to untreated positive control.*P < .05 vs negative control, #P < .05 vs positive control, &P < .05 vs inhalable free drugs, %P < .05 vs I.V. APBA-
targeted HSA NPs, $P < .05 vs I.V. free drugs.
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A B S T R A C T

The UVA absorbers such as avobenzone are widely used for sunlight protection; however, they show a significant
skin penetration. The aim of the present study was to formulate UVA absorbers into mesoporous silicas (MSs) for
enhanced UVA protection with reduced percutaneous absorption. Two MSs prepared with different structure-
directing agents (Pluronic P123 as single MS and combined Pluronic P123-Pluronic F68 as hybrid MS) were
synthesized in this study. The hybrid MS exhibited higher specific surface area (853m2/g) than the single MS
(764m2/g). The particle sizes of single MS and hybrid MS were about 1 and 1.5 μm, respectively. The adsorbed
avobenzone had greatly decreased crystallinity compared with free avobenzone. The in vitro photoprotection
determined by UVA/UVB ratio showed that the MS-loaded avobenzone in hydrogel endowed a synergistic effect
on UVA protection compared to the free avobenzone. The skin absorption test using Franz diffusion cell in-
dicated that the skin permeation of avobenzone and oxybenzone from MSs in semisolid preparations was one-
third to one-half of those from free control. This effect was observed by using both pig skin and UVA-damaged
nude mouse skin as the penetration barriers. Topical application of hybrid MS on nude mouse skin before UVA
irradiation had prevented the increased transepidermal water loss (TEWL), furrow formation, keratinocyte
apoptosis, and neutrophil infiltration. Our findings conclude that MSs containing avobenzone or oxybenzone
effectively ameliorated UVA-induced skin disruption and reduced the possible toxicity elicited by percutaneous
penetration.

1. Introduction

Ultraviolet (UV) radiation of UVA (320–400 nm) and UVB
(290–320 nm) can reach the earth's surface and injure the skin; UVA
and UVB contribute about 95% and 5% of the damage, respectively
(Karran and Brem, 2016). The sunburn risk by UVB has long been re-
cognized by scientists. Increasing concern about the deleterious effect
of UVA is revealed in the more recent investigations (Gies et al., 2018).

UVB exposure is stronger in the summer, while UVA always remains
constant during the whole year. The photoaging induced by UVA gen-
erates the oxidative stress which activates cytokines, matrix metallo-
proteinases (MMPs), DNA mutation, and the enzymes for degrading
elastin and collagen. The resulting photoaged skin contributes to
wrinkling, fragility, and even the growth of cutaneous carcinomas
(Wang et al., 2008). The development of potent UVA filters for skin
protection is the main advance for topical sunscreens. UV filters consist
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of organic or inorganic molecules which can reflect, scatter, or absorb
solar irradiation. An ideal sunscreen should exhibit retarded percuta-
neous absorption and systemic penetration as it displays the effect on
cutaneous surface. Nevertheless, the fact is that some of the UV filters
penetrate into and across skin, leading to the phototoxicity, allergy,
dermatitis, and systemic adverse effects (Lee et al., 2012). The presence
of sunscreens in a large amount of cosmetics and the daily application
of the products has resulted in the high risk of over absorption. Ad-
justing the formulations of sunscreen may decrease the percutaneous
absorption and enhance the UVA protection capability.

Due to their physicochemical stability, uniform porosity, great
surface area, and biocompatibility, mesoporous silicas (MSs) are widely
employed as drug delivery carriers, biosensors, catalysts, and ad-
sorbents (Hao et al., 2017; Daneluti et al., 2018). It is feasible to load
the molecules inside the pores with high encapsulation efficiency,
controlled delivery, and increased drug stability (He and Shi, 2011). It
is reported that MSs can reflect the light (Yamada et al., 2006), which is
an implication of UV filters. The combination of UV filters is useful to
promote solar protection for avoiding skin damage. An approach that
can synergize the UV filter ability and reduce the skin absorption re-
sponsible for toxicity would be advantageous. MSs may efficiently en-
trap the UV filters to protect the labile molecules against decomposition
and diminish the skin absorption. The present study aimed to im-
mobilize the UVA filters in MSs to evaluate the percutaneous permea-
tion and photoprotection effectiveness on skin.

The UV filter agents used herein were mainly avobenzone. Besides
avobenzone, oxybenzone was also loaded in MSs for testing skin ab-
sorption. Both compounds are reported to be detectable in plasma and
urine for the suspected eczema, melanoma, and breast cancer induced
by the organic sunscreens (Afonso et al., 2014; DiNardo and Downs,
2018). The facility of UV filters depends upon the particular type of
vehicles used. We respectively used Pluronic P123 and Pluronic P123-
Pluronic F68 as the single and hybrid composite structure-directing
agents, respectively, to fabricate MSs for the comparison of avo-
benzone/oxybenzone permeation and UVA-filtering activity. It is im-
portant to formulate the sunscreens or their complexations in a cos-
metically acceptable dosage form (Latha et al., 2013). We incorporated
the avobenzone/oxybenzone-MS systems into hydrogels and creams to
obtain the suitable formulations for topical application. The skin ab-
sorption of avobenzone and oxybenzone was estimated by in vitro
Franz diffusion assembly by using pig skin and UVA-irradiated nude
mouse skin as the permeation barriers. The evidence of skin protection
by the topical filter-MS complexes was determined by cutaneous blood
flow, transepidermal water loss (TEWL), and immunohistochemistry
(IHC) after UVA exposure on the dorsal region of the mouse.

2. Materials and methods

2.1. Preparation of MSs

MSs were prepared by employing Pluronic P123 (single MS) or
Pluronic P123-Pluronic F68 (hybrid MS) as the structure-directing
agent and tetraethyl orthosilicate (TEOS) as the silica source. Pluronic
P123 (4 g) or the hybrid of Pluronic P123 (3 g) and Pluronic F68 (1 g)
was dissolved in 160ml of 2M HCl at 30 °C by 1-h stirring.
Subsequently TEOS was added into the solution with stirring at 30 °C
for 24 h. The solution was transferred to an autoclave for heating at
90 °C. After 24 h, the resulting precursor was filtered, washed with
water, and air-dried at 100 °C for 5 h. The resultant solid was then
placed in a furnace at 550 °C for 5 h to remove the template. The final
product was obtained after cooling down the temperature to 25 °C.

2.2. The loading of avobenzone/oxybenzone into MSs

Avobenzone or oxybenzone (20mg) was dissolved in absolute
ethanol (30ml). Then the MSs (90mg) was incorporated in the solution

with stirring for 24 h to maximize the avobenzone/oxybenzone loading
efficiency. The organic solvent was evaporated at 90 °C for 9 h. The
final product was obtained by further drying in a vacuum overnight.
The entrapment percentage of avobenzone/oxybenzone was de-
termined by utilizing the ultracentrifugation method to separate the
incorporated compound from the free form. The MSs in water was
centrifuged at 48,000×g and 4 °C for 40min. The free avobenzone/
oxybenzone in the supernatant and the encapsulated filter in the pre-
cipitate were analyzed by high-performance liquid chromatography
(HPLC) to measure the entrapment efficiency.

2.3. Nitrogen adsorption analysis

The specific surface area and pore size distribution of MSs was es-
timated from the adsorption of N2 adsorption-desorption isotherm by a
porosimetry system (ASAP 2000, Micromeritics, Norcross, GA, USA).
The surface area was calculated by the Brunauer-Emmett-Teller (BET)
process. The pore diameter and pore volume were calculated on the
adsorption branch of the isotherm based on the Barrett-Joyner-Halenda
(BJH) method.

2.4. Electron microscopy

High resolution transmission electron microscopy (HRTEM, JEM
2100, Jeol, Tokyo, Japan) and high resolution scanning electron mi-
croscopy (HRSEM, Nova NanoSEM 230, Thermo Fisher, Waltham, MA,
USA) were used to visualize the morphology of MSs. The instrument
was operated at 300 kV. The powder of MSs was dispersed on a copper
grid coated with the perforated carbon film before detection.

2.5. X-ray diffraction (XRD)

The powder XRD pattern of MSs was collected by a diffractometer
(Kappa Apex II, Bruker, Billerica, MA, USA). Cu Kα radiation was used
with a scan speed of 0.01°/min.

2.6. Differential scanning calorimetry (DSC)

The transition point of avobenzone in free form and MS form was
measured using a Q2000 calorimeter (TA Instruments, New Castle, DE,
USA). The samples were weighed and sealed in the calorimeter. The
heating curve was recorded from 40 to 150 °C at a scan rate of 10 °C/
min under nitrogen.

2.7. Preparation of topically applied semisolid vehicles

The Carbopol 940 (C940) hydrogel was prepared by dispersing
C940 (0.6%, w/w) and triethanolamine (2%) in water by stirring for
4 h. The MSs containing avobenzone or oxybenzone were added into
the hydrogel for further mixing. The avobenzone/oxybenzone con-
centration in the final product was 0.67%. The carboxymethyl cellulose
(CMC) hydrogel was prepared by adding CMC (6%) into water for 4-h
stirring. The avobenzone/oxybenzone-entrapped MSs was incorporated
into CMC hydrogel with a final avobenzone/oxybenzone concentration
of 0.67%. The hydrophilic cream containing 0.67% avobenzone/oxy-
benzone was prepared according to the common process used in com-
pounding practice. The cream was composed of white petrolatum
(20%), stearyl alcohol (18%), sodium dodecyl sulfate (0.45%), and
water to produce a total amount of 100%.

2.8. In vitro UVA protection analysis

The ratio of UVA absorbance to mean UVB absorbance was utilized
as the UVA protection parameter for avobenzone by using SPF 290S
analyzer (Optometrics, Littleton, MA, USA). This approach was carried
out according to the technique proposed by Diffey (1994). The sample
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(1.86 mg/cm2) was uniformly applied on polymethylmethacrylate plate
and irradiated with UVA (320–400 nm) and UVB (290–320 nm). The
UVA/UVB absorbance ratio was calculated based on the equation re-
ported previously (Moyal, 2008).

2.9. Animals

The pathogen-free, one-week-old pig was supplied by the Animal
Technology Institute Taiwan (Miaoli, Taiwan). The eight-week-old fe-
male nude mouse was provided by the National Laboratory Animal
Center (Taipei, Taiwan). The animal experiment was done in strict
accordance with the recommendations in the Guidelines for the Care
and Use of Laboratory Animals of Chang Gung University. The protocol
was approved by the Institutional Animal Care and Use Committee of
Chang Gung University. The protocol of epicutaneous sensitization for
inducing photoaged skin was the same as in our previous study (Hung
et al., 2015a, 2015b).

2.10. Skin permeation of avobenzone/oxybenzone

Franz diffusion cell was employed to measure avobenzone/oxy-
benzone penetration into and across the skin. The pig skin or photoaged
nude mouse skin was mounted between the donor and receptor with the
stratum corneum (SC) facing up toward the donor. The receptor
medium (5.5ml) was 30% ethanol in pH 7.4 buffer. The donor vehicle
(0.5 g) was avobenzone/oxybenzone in 20% propylene glycol (PG) or
semisolid preparations. The effective permeation area of the Franz cell
was 0.785 cm2. The stirring rate of the stir bar and the receptor medium
were kept at 600 rpm and 37 °C, respectively. At the determined in-
tervals, a 300-μl receptor medium was withdrawn to analyze avo-
benzone/oxybenzone penetration across skin. The fresh buffer was
added to the receptor for maintaining a constant volume. The skin was
removed at 24 h post-administration. We then washed and weighed the
skin, and placed it in MagNA Lyser (Roche, Indianapolis, IN, USA) for
homogenization. The homogenate was centrifuged at 10,000×g for
10min. The avobenzone/oxybenzone amount in the receptor and skin
reservoir was quantified by HPLC as described previously (Hung et al.,
2014).

2.11. In vivo UVA protection of avobenzone

The Bio-Sun illuminator (Vilber Lourmat, Marne-la-Vallée, France)
was used to irradiate UVA (365 nm). Avobenzone in the form of free
compound, single MS, or hybrid MS was incorporated into C940 hy-
drogel for topical application on the dorsal region. The hydrogel (0.4 g)
was spread onto the skin with an area of 24 cm2. Subsequently UVA was
irradiated to the animals. The distance between the nude mouse dorsal
skin and the lamp was about 10 cm. The spectral irradiance for UVA
was 10 J/cm2. The dorsal area was exposed with UVA every other day
for 5 d. After the course of UVA irradiation for 3 times, the mouse skin
was evaluated by skin blood flow (LAB Laser Doppler Flowmetry, Moor,
Devon, UK) and TEWL (TM 300, Courage and Khazaka, Köln,
Germany). The macroscopic appearance of skin surface was observed
using a handheld digital magnifier (Mini Scope-V, M&T Optics, Taipei,
Taiwan).

2.12. Histological analysis

The skin specimen was immersed in a 10% buffered formaldehyde
using ethanol, embedded in paraffin wax, and sliced at a thickness of
3 μm for hematoxylin and eosin (H&E) staining. The unstained slices
were prepared for IHC. After dewaxing and rehydration, the paraffin-
embedded sections were subjected to heat-induced epitope retrieval
according to the manufacturer's instructions, followed by blocking with
diluted normal serum. The sections were incubated with anti-mouse
TUNEL antibody, anti-mouse Ki67 antibody, or anti-mouse Ly6G

antibody for 1 h at room temperature; washed with saline containing
0.5% Tween 20, and subsequently incubated at ambient temperature
with biotinylated donkey anti-goat IgG for 20min. Photographs were
obtained using a Leica DMi8 microscopy (München, Germany).

2.13. Statistical analysis

The data are presented as mean and standard deviation (S.D.) of the
mean. The difference in the data of different treatment groups was
assayed using Kruskal-Wallis test. The post hoc test for checking in-
dividual differences was Dunn's test. Significance was indicated as
p < 0.05.

3. Results

3.1. Physicochemical characterization of MSs

We had prepared MSs based on the catalyzation reaction of TEOS in
the presence of Pluronic P123 (single MS) or Pluronic P123-Pluronic
F68 (hybrid MS). Table 1 summarizes the textural properties of MSs.
The specific surface area, pore diameter, and pore volume derived from
N2 adsorption estimation were 764m2/g, 55 Å, and 0.82 cm3/g, re-
spectively. These data supported the mesoporous architecture of the
MSs, indicating a high potential for loading sufficient avobenzone
amount. In comparison to single MS, the addition of Pluronic F68
(hybrid MS) led to a catalyst with higher BET surface area and narrower
pores (p < 0.05). The hybrid formulation had a surface area of
853m2/g and an average pore diameter of 47 Å, while the pore volume
was about 0.71 cm3/g. The two MSs had a pore size of approximately
50 Å, which was similar to the reference of SBA-15 (Castanheiro et al.,
2017).

The typical HRTEM and HRSEM images of MSs are illustrated in
Fig. 1. As shown in Fig. 1A, the rod-like MSs with mesopores are clearly
observed. The MSs were formed by a cluster of numerous silica parti-
cles. Fig. 1B is the higher magnification of HRTEM. The mesopores of
single MS are uniformly aligned along the long axes, exhibiting a ty-
pical mesoporous structure. In the case of hybrid MS, the regular me-
sopores packed in hexagonal symmetry were revealed, as is typical with
SBA-15-like structure. The HRSEM images of single MS and hybrid MS
exhibit the morphology of long and short kidney-shaped rods with a
particle size of about 1 and 1.5 μm, respectively (Fig. 1C). The MSs
could be controlled at a micrometer level.

Fig. 2A displays the XRD pattern of MSs. Both formulations showed
one prominent peak and two weak peaks in the 2θ region of 0.5° to 2°,
confirming the hexagonal array with a high degree of structural order,
the same as SBA-15 (Carrero et al., 2017). The addition of Pluronic F68
in the structure-directing agents (hybrid) exhibited broader and less
intense peaks than the single MS, suggesting less crystallinity. The DSC
thermograms of avobenzone, MSs, and avodenzone-loaded MSs are
depicted in Fig. 2B. The raw avobenzone was a highly crystalline
compound showing a strong endothermic peak at 79 °C. MSs displayed
a broad peak in the range of 80–100 °C, indicating a slight phase
change. This broad peak shifted to the lower temperature by using the
hybrid structure-directing reagents. This is an indication of crystallinity
reduction, confirming the result of XRD. The avobenzone-containing
MSs showed no significant peak at 79 °C, indicating that most of the

Table 1
Structural parameters of mesoporous silicas.

Formulation BET surface area (m2/
g)

Pore diameter (Å) Pore volume (cm3/
g)

Single 764.25 ± 6.61 54.62 ± 8.10 0.82 ± 0.10
Hybrid 852.54 ± 33.14 47.33 ± 0.05 0.71 ± 0.01

Each value represents the mean ± SD (n=3).
BET, specific surface area measured by Brunauer-Emmett-Teller method.
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avobenzone molecules were adsorbed in the MSs with less crystallinity.
The left shift of the broad peak demonstrated the greater crystallinity
reduction of avobenzone-loaded MSs than raw MSs. We also de-
termined the avobenzone encapsulation percentage in MSs by using the
ultracentrifugation method. HPLC was employed as the analytical tool
to detect the encapsulated avobenzone in MSs. The result revealed that
the respective entrapment percentages of avobenzone in single MS and
hybrid MS were 76.3% and 87.7%, respectively.

The in vitro UVA/UVB ratio is a screening approach representing a
fast and reasonable tool to determine the UVA protection ability. We

sought to evaluate the degree of UVA protection by MSs, as shown in
Fig. 2C. The raw avobenzone in 20% PG was prepared and tested along
as the control. The free control achieved a UVA/UVB ratio of 0.56. The
single MS and hybrid MS in 20% PG without avobenzone also showed
the capability of defense against UVA with ratios of 0.49 and 0.44,
respectively. A synergistic effect on UVA protection occurred when
avobenzone was adsorbed by the MSs. The MSs were incorporated in
hydrogels and cream for their applicability on topical administration.
The prepared semisolids were used for the UVA prevention test and
avobenzone absorption study. It could be seen that the synergistic UVA

(B)

(A)

(C)

Single

Single

Single

Hybrid

Hybrid

Hybrid

Fig. 1. The morphology of single MS and hybrid MS visualized by electron microscopy: (A) the HRTEM images with a lower magnification, (B) the HRTEM images
with a higher magnification, and (C) the HRSEM images.
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protection remained valid when the avobenzone-loaded MSs were dis-
persed in the semisolids. The UVA absorption spectrum of MSs was
affected by the vehicles. The hydrogels (C940 and CMC) had a higher
UVA/UVB ratio than the cream. The spectrophotometry data indicated
a comparable UVA protection between single MS and hybrid MS
(p > 0.05).

3.2. Skin permeation of avobenzone/oxybenzone

The target of this experiment was to assess the possibility of MS
inclusion for lessening percutaneous absorption of UV filter agents. We
employed Franz diffusion cell to evaluate the skin absorption. The
avobenzone/oxybenzone amount in the skin reservoir and across the
skin was determined. The accumulation within the skin indicates the
skin deposition, whereas the permeated amount across the skin an-
ticipates the transdermal transport to the deeper skin strata and sys-
temic circulation. Pig skin is a good model barrier for skin permeation
study because of its similarity to human skin. Fig. 3A illustrates avo-
benzone deposition in pig skin after a 24-h application of various ve-
hicles. The corresponding free avobenzone was examined as the con-
trol. The inclusion of MSs in 20% PG solution did not result in the
decrease of avobenzone deposition when compared to free control
(p > 0.05). On the other hand, the skin deposition of avobenzone was
significantly inhibited (p < 0.05) by MSs in the presence of semisolid
formulations. It can be seen that the MS-immobilized avobenzone ab-
sorption from semisolids was one-third to one-half that of the free
control. This result suggests that entrapment of avobenzone in the MSs
is a feasible strategy to reduce avobenzone uptake by the skin. There
was no significant difference (p > 0.05) among the free avobenzone
depositions from different vehicles. In the cases of C940 gel and cream,
the hybrid MS demonstrated lower avobenzone deposition compared to

single MS (p < 0.05).
No avobenzone molecules were detectable in the Franz cell receptor

after 24-h delivery. The percutaneous absorption of another UV filter,
oxybenzone, was additionally measured because of its easier penetra-
tion across skin than avobenzone (Hung et al., 2014). As shown in
Fig. 3B, oxybenzone deposition is not significantly decreased
(p > 0.05) by MS inclusion in PG solution, although a lower mean
value was achieved. The same as avobenzone, the skin deposition of
oxybenzone from semisolids was found to be lower in the MS form than
in the free form (p < 0.05) except for hybrid MS in CMC hydrogel.
Comparing MS-immobilized oxybenzone deposition from different
semisolids, C940 hydrogel was the vehicle showing the lowest ab-
sorption (p < 0.05). After topical application of hybrid MS in C940
formulation, oxybenzone deposition decreased by a factor of 3 com-
pared to the free form. Fig. 3C shows the time course of the permeated
amount of oxybenzone transported per unit area across pig skin. The
permeated oxybenzone amount was lesser in the MSs than in the free
form, with the hybrid MS exhibiting the greatest reduction (p < 0.05).
The semisolid preparations resulted in decreased oxybenzone diffusion
compared to the PG solution.

It is conceivable that the UV filters are frequently applied on the
photoaged skin; thus, it is important to know the absorption level of the
filter agents permeating into/across diseased skin. To understand
whether there was a risk of over absorption, we exposed the nude
mouse to UVA before the skin permeation experiment. As shown in
Fig. 3D, oxybenzone has a tendency to permeate the UVA-irradiated
skin with much greater deposition (p < 0.05) compared to the intact
pig skin. The single MS-immobilized oxybenzone permeated the bar-
rier-compromised skin at a deposition 2 times less than the free control
in PG. The deposition was not significantly different (p > 0.05) be-
tween the hybrid MS and free form in PG. Upon topical application of
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C940 and CMC hydrogels, oxybenzone deposition in UVA-irradiated
skin was generally reduced to one-half by MS inclusion compared to the
control group. In the case of cream, no significant difference
(p > 0.05) was observed regardless of the oxybenzone type in MSs and
free form. The permeated amount-time profiles of oxybenzone delivery
across the disrupted skin are given in Fig. 3E. Entrapment into MSs
suppressed oxybenzone penetration better than the free oxybenzone.

The hybrid MS produced lower penetration than single MS and free
control in the case of PG vehicle. The oxybenzone penetration across
UVA-exposed skin was not further decreased by the hybrid MS relative
to single MS (p > 0.05) when incorporated into the semisolids.
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Fig. 3. Skin deposition and permeated amount in receptor compartment after topical treatment of avobenzone or oxybenzone on pig and UVA-irradiated nude mouse
skins: (A) pig skin deposition of free and MS-immobilized avobenzone from different semisolid preparations, (B) pig skin deposition of free and MS-immobilized
oxybenzone from different semisolid preparations, (C) permeated amount-time curves of oxybenzone penetration across pig skin from different semisolid pre-
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(n=4).
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3.3. In vivo UVA protection of avobenzone

We examined whether avobenzone loaded in the MSs increased the
photoprotective activity in the nude mouse which was like the real-use
condition. The physiological and histological profiles of UVA-irradiated
skin were assessed with and without avobenzone treatment. We used
laser Doppler flowmetry to recognize the change of cutaneous blood
flow to UVA stimuli, as shown in Fig. 4A. UVA inhibited the blood flux
of nude mouse skin from 132 to 86 A.U. (p < 0.05). The blood flux
could be reserved to the baseline by the UVA prevention of avobenzone.
The blood flow of avobenzone application in the presence and absence
of MSs did not reach a statistical significance (p > 0.05). The barrier
integrity of UVA-irradiated skin was measured by TEWL, as summar-
ized in Fig. 4B. TEWL significantly increased from 8 to 33 g/m2/h
(p < 0.05) by UVA exposure. The treatment of free avobenzone and
avobenzone-loaded single MS did not improve the disrupted barrier
prompted by UVA. The topical application of hybrid MS on UVA skin
can prevent barrier damage by reducing TEWL to 19 g/m2/h. A hand-
held digital magnifier offered visualization of the change by UVA ex-
posure on the mouse skin surface. Fig. 4C exhibits the en face view of
the skin with and without photoaging. The morphology of the skin
surface without any treatment (normal skin) was found to be intact
with no damage. The mouse treated with UVA revealed deep and ex-
tensive wrinkling (arrows in the image) with sagging in the dorsal re-
gion. Clinical signs of dryness and slight peeling were also detected. The
deep furrow (arrows in the image) was still observed by the treatment
of free and single MS-loaded avobenzone. The UVA-irradiated mouse
treated by hybrid MS had no visible wrinkles in the back, demonstrating
superior protection against photodamage.

Fig. 5 shows the qualitative evaluation of skin histopathology with
the treatment of UVA with and without UV filter management. As
compared to the untreated healthy skin, UVA exposure results in a
pronounced structural alteration in the H&E-stained specimen
(Fig. 5A). A thinning of the SC and epidermis with the loss of kerati-
nocyte nuclei was evident, indicating cellular apoptosis and epidermal
degeneration by UVA. The SC thinning confirmed the deficiency of
barrier integrity as measured by the enhanced TEWL. Epidermal

hyperplasia was evident when applying the sunscreen formulation be-
fore UVA irradiation, suggesting a proliferative activity of the epi-
dermis. The epidermal layer with avobenzone treatment was thicker
than the normal skin. There was a significant increase in SC thickness in
the UVA-irradiated mouse pretreated with all avobenzone-containing
groups. The thickening of SC and epidermis seemed to be milder in the
mouse that received hybrid MS than that receiving free avobenzone and
single MS. The UV-induced internucleosomal DNA fragmentation is a
hallmark of apoptosis, which can be identified by TUNEL IHC assay.
Irradiation of the skin with UVA was found to elevate the number of
TUNEL-positive nuclei in both epidermis and dermis (Fig. 5B). The
images illustrated that avobenzone treatment prior to UVA sub-
stantially reduced the apoptotic DNA fragmentation. The number of
TUNEL-positive keratinocytes in the epidermis for the MS-treated group
was lower than the free avobenzone-treated mouse.

The phenomenon of epidermal proliferation was visualized by Ki67
staining (Fig. 5C). Exposure of UVA resulted in the scarce Ki67-ex-
pressing cells in the epidermis as compared to the healthy skin, con-
firming the cell death observed in the H&E staining. The number of
Ki67-stained cells was further increased after the treatment of avo-
benzone. The consequence of the increased proliferation was the epi-
dermal hyperplasia. The distribution of the infiltrated neutrophils in the
skin was determined using Ly6G IHC (Fig. 5D). Neutrophils are im-
portant in the regulation of immune and inflammatory responses of
UVA radiation. No neutrophilic migration was detected in the normal
skin. Extensive neutrophil infiltration was present in the dermis after
UVA treatment. The application of avobenzone reduced the neu-
trophilia, with the MSs displaying better attenuation. There was still a
focal neutrophil accumulation in the dermis of free avobenzone group.

4. Discussion

The harmful potential of UVA on skin has come into the highlight,
with the priority of UVA protection emerging. The solar care products
should provide a broad spectrum protection against aging, erythema,
and photocarcinogenesis. It is our aim to design the MS-based for-
mulations loaded with avobenzone/oxybenzone for examining the UVA
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protection capability and percutaneous absorption. The experimental
results demonstrated that MSs entrapped with avobenzone show a sy-
nergistic UVA protection ability. The incorporation of avobenzone/
oxybenzone into MSs had decreased skin penetration, thus preserving
the UVA filter effect and reducing the risk of possible toxicity. The
morphology and pore of MSs with SBA-15 type of structure could be
altered by changing the structure-directing agents. Utilizing the hybrid
structure- directing reagents yielded higher surface area and narrower
pores as compared to the single agents.

The MSs with a high surface volume of 0.5–1 cm3/g can facilitate a
large loading of drugs (Eltohamy et al., 2016). The surface volume of
our MSs fell within this range. The solvent evaporation was used as the
method for avobenzone loading in MSs. The loading process is con-
tinuous along with the evaporation, leading to the high adsorption on
the surface and in the mesopores of MSs (Geng et al., 2016). The su-
perior avobenzone entrapment efficiency of> 75% in MSs was attrib-
uted to the ordered mesopores. The complexation of avobenzone with
MSs was attested by the DSC. The less crystallinity of hybrid MS, as
measured by XRD and DSC, demonstrated the stronger interaction with
avobenzone compared to the single MS, indicating higher avobenzone
entrapment in hybrid MS than in single MS. Avobenzone is a UVA ab-
sorber used worldwide. However, the low stability and photo-
isomerization to inert compounds have limited its application
(González et al., 2008). Our result showed that raw MSs gave partial
protection against UVA in a manner comparable to avobenzone; this is
possible since the mesoporous structure may physically reflect or
scatter the light (Yamada et al., 2006; Li et al., 2014). This result de-
monstrated the potential of MSs as a raw material for filters, although
the UV protection ability of MSs alone can only be categorized as mild
in this study. A synergistic effect on the UVA protection ability of MSs

and avobenzone was detected due to the high specific surface area of
MSs for loading the avobenzone molecules and the additional light
scattering elicited by the mesoporous texture. The high entrapment of
avobenzone in MSs (> 75%) indicates that avobenzone was not just
mixed with MSs but also adsorbed in MSs. The synergistic impact of the
photoprotection can be attributed to light scattering in the mesopores
that enhanced the opportunity for absorption by avobenzone adsorbed
in the pores, leading to promoted UV absorption (Li et al., 2014, 2015).
Avobenzone and MSs used in this study may show different mechanisms
of UV protection for producing the synergistic effect. Cream is the most
common vehicle for sunscreen preparation (Scalia et al., 2007);
nevertheless, in our case, the UVA protection was lower for MSs in
cream type than those in hydrogels. The less relevant efficacy of avo-
benzone-loaded MSs in cream could be related to the encapsulation of
MSs in the oil droplets of cream, forming a protective barrier to absorb
or reflect UVA radiation. There is increasing evidence that the sunsc-
reens do not completely protect the skin against oxidative stress (Souza
and Maia Campos, 2017). It is of great interest that we had improved
the UVA protection by the development of MSs containing a low con-
centration of avobenzone (0.67%).

When administering UV filter to the skin, the absorption of the filter
agent into/across skin should be minimized to prevent the unwanted
effects to the body. Most of the studies examining UV filter permeation
employed the artificial membrane as the transport barrier; the artificial
membrane produces quite different permeation profiles as compared to
the real skin model (Wang et al., 2014). Besides avobenzone, oxyben-
zone was used as the model filter agent in the skin permeation ex-
periment since this molecule easily penetrates across the skin. The re-
tardation of oxybenzone penetration into circulation is important when
designing the sunscreen formulations. According to the experimental
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data, oxybenzone, but not avobenzone, could penetrate across the skin
into the receptor compartment perhaps due to the higher lipophilicity
of avobenzone (log P=4.56) than oxybenzone (log P=3.79) for a
preferable retention of avobenzone in skin reservoir. Oxybenzone is
commonly used as the UVA absorber at the dose of> 0.5% in personal
care products. Oxybenzone has a small molecular size of 228 g/mol for
a facile penetration across the skin. Previous clinical studies
(Gustavsson et al., 2002; Gonzalez et al., 2006) reported that a large
amount of topically applied oxybenzone was absorbed into the circu-
lation and excreted via the urine. Another study (DiNardo and Downs,
2018) demonstrated that 97% of the volunteers receiving topically
applied oxybenzone found this filter in their urine. The systemic ab-
sorption of oxybenzone can cause endocrine disrupting dysfunction
(Søeborg et al., 2007). It is also reported that oxybenzone located in
skin can induce allergic dermatitis and skin irritation (Heurung et al.,
2014).

The avobenzone/oxybenzone inclusion in MSs demonstrated the
desirable potential of lessening percutaneous absorption into and
through pig skin and UVA-irradiated mouse skin. The inclusion of filter
agents in the MS pores contributed to an obstacle of release, resulting in
less absorption into skin. As the MS particles were larger than 1 μm, the
penetration across the formidable SC layer could be prevented. The
vehicle in which the MS-immobilized filters incorporated is crucial to
decide the absorption level (Sapino et al., 2015). It is mentioned that
the UVA absorbers exhibited lower permeation in the semisolids than
solution; this could be due to the viscosity and cross-linkage structure of
the semisolid forms retarding avobenzone/oxybenzone release. Rating
the percutaneous absorption of topically applied actives relevant to
environmental exposure is essential for the assessment of efficacy and
toxicity. Most of the investigations for determining filter absorption are
established for intact skin. We had generated barrier-deficient skin by
UVA exposure as the model to estimate the skin absorption. UVA can
weaken the barrier function of skin by disorganizing intercellular SC
lipids and by keratinocyte apoptosis (Hung et al., 2015a, 2015b). The
structural deficiency of the skin allowed the enhancement of oxyben-
zone absorption in our study. MSs were still effective in reducing oxy-
benzone delivery into/across the barrier-disrupted skin. Thus the sys-
temic absorption through the skin can be expected to be restricted.

Reactive oxygen species (ROS) accumulation and impaired anti-
oxidant defense system by UVA have caused photoaging, necrosis, and
cutaneous cancer (Hseu et al., 2015). The signs of UVA-induced pho-
toaging include wrinkling, sagging, and laxity (Battie et al., 2014). A
similar appearance was observed in the UVA-irradiated nude mouse
skin in the present study. As reported in our data, the UVA protection
efficacy of avobenzone was enhanced upon immobilization in the MSs.
The administration of MSs led to photoprotection against apoptotic cell
death and neutrophil infiltration. TEWL is an indicator of the function
of skin barrier, especially SC integrity (Boireau-Adamezyk et al., 2014).
UVA had largely elevated TEWL, resulting in the increased oxybenzone
absorption as reported in this study. This elevation could be inhibited
by applying avobenzone-containing hybrid MS. The H&E staining also
demonstrated that the hybrid MS reversed the SC loss evoked by UVA.
Although the free avobenzone and single MS also increased the SC
thickness of UVA-irradiated skin, recovery of barrier function, as
measured by TEWL, was not detected.

The H&E images show the cell death and epidermal thinning in the
UVA-irradiated skin and the hyperplasia in the avobenzone-treated
UVA skin. The response of skin to UVA is considered to be dependent on
the quantity of radiation. It is possible that UVA creates skinfold
thickening in low or moderate energy (Tsukahara et al., 2005; de la
Coba et al., 2009). On the other hand, high intensity UVA can cause
quite a different impact on skin compared to the lower irradiation dose.
The apoptosis and coagulative necrosis could be formed in the skin with
high UVA intensity irradiation (Hung et al., 2012). This severe pho-
toaging is believed to be irreversible (Reeve et al., 2005). The UVA used
in this study led to a complete keratinocyte apoptosis without the

possibility of recovery. The hyperproliferation in the UVA skin treated
by avobenzone implied cutaneous healing, suggesting that avobenzone
could absorb the UVA radiation to reduce the UVA intensity reaching
the skin tissue. The proliferative activity in the epidermis results in the
thickening of epidermal layer. Ki67 as the marker of regenerative hy-
perplasia attested to the basal keratinocyte proliferation in the avo-
benzone-treated UVA skin. This effect was quite different to the UVA-
irradiated skin without avobenzone. A sharp decrease in Ki67-expres-
sing keratinocytes by UVA exposure was also demonstrated in the
previous study (Armento et al., 2015).

UVA raises the level of ROS in skin by the photosensitized process,
contributing to the DNA damage, caspase stimulation, and the sub-
sequent apoptosis (Kulms and Schwarz, 2000). UVA generates more
ROS causing plasma membrane damage 10-fold greater than UVB
(Damiani et al., 2006). The dermal fibroblasts are more sensitive to
UVA-activated oxidative stress than keratinocytes (Battie et al., 2014).
The TUNEL assay showed cell death in both the epidermis and dermis of
UVA skin. The UVA-induced apoptosis might produce the loss of skin
blood supply as evidenced by the decreased blood flux. Photoaging is
associated with lessened vasodilation of cutaneous microcirculation
because of the endothelial dysfunction (Tew et al., 2010). The apoptosis
was attenuated by the MSs, suggesting the DNA repair process and
tissue regeneration.

The overexposure of solar radiation causes cutaneous inflammation
characterized by neutrophil influx in the dermis (Lee et al., 2008). UVA
induces immunosuppression associated with ROS release in neu-
trophils. Our result demonstrated a significant neutrophil infiltration
after UVA application. The elastase and MMPs derived from the acti-
vated neutrophils would degrade collagen and elastic network to form
wrinkles and cause elasticity loss (Naylor et al., 2011). The experi-
mental result suggested the possibility of using MSs capable of re-
straining UVA-stimulated neutrophil infiltration and wrinkle formation.
This effect was especially significant for the hybrid MS. This hybrid
formulation generally revealed superior UVA protection than the single
MS based on the in vivo animal study, including TEWL, wrinkling, and
neutrophil migration. Since the in vitro UVA/UVB ratio was compar-
able for both formulations, the lower avobenzone absorption of hybrid
MS compared to single MS from C940 hydrogel could be the reason for
greater UVA protection in vivo. The hybrid MS retained more avo-
benzone molecules outside the skin, exhibiting a stronger UVA ab-
sorption. Another possibility was the higher specific surface area of
hybrid MS than single MS for rendering more mesopores to scatter the
UVA light, although this influence was not detected in the in vitro UVA
prevention test. Further study is needed to elucidate the detailed me-
chanisms.

Although the filter incorporation in nanoparticles was shown to
increase the filter efficiency, the nanotoxicity induced by the nano-
particles may cause cytotoxicity, genotoxicity, and photo-
carcinogenicity in some cases (Heng et al., 2011; Tran and Salmon,
2011). The development of the carriers at a micrometer level is able to
diminish the possibility of causing toxicity. The MSs fabricated in this
study can fit this criterion. The greasy feature of cream or ointment as
the vehicle of sunscreens has decreased consumer compliance and ex-
acerbated acne and rosacea (Latha et al., 2013). C940 hydrogel solves
these problems besides the employment as the vehicle of avobenzone
MSs showing good in vivo UVA protection.

5. Conclusions

The predominant concerns arising from the topical application of
UV filter agents are the potential of sunlight protection and whether the
filters may penetrate the skin to elicit the adverse effects. In the present
study, MSs were prepared to entrap avobenzone or oxybenzone in order
to achieve ideal sunscreen formulations. Avobenzone were adsorbed
inside the mesopores of MSs and found to reduce crystallization. The
results reported in this study indicate that avobenzone loading in MSs
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allowed a synergistic photoprotection due to the light scattering effi-
ciency of MSs. The MSs in various semisolid preparations generally
reduced the retention of avobenzone/oxybenzone in skin reservoir and
the penetration across skin, where their action would be undesirable.
The hybrid MS exhibited lower filter absorption as compared to the
single MS. Our finding demonstrated that UVA damaged nude mouse
skin, resulting in the keratinocyte death in the epidermis and neutrophil
infiltration in the dermis. These injuries could be minimized by avo-
benzone preparations, especially the formulation of hybrid MS. The
hybrid MS in C940 hydrogel also reversed the increased TEWL raised by
UVA exposure. The experimental results of this work suggest that MSs
are an attractive avobenzone/oxybenzone carrier for the protection of
UVA photodamage to the skin. Further studies are warranted to conduct
the clinical test for examining the UVA protection capability and safety
of the MSs.
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A B S T R A C T

Deinagkistrodon acutus, Trimeresurus stejnegeri, Protobothrops mucrosquamatus, Daboia russelii siamensis, Bungarus
multicinctus and Naja atra are the six medically important venomous snake species in Taiwan. In this study, we
characterized and compared their venom protein profiles using proteomic approaches. The major snake venom
proteins were identified by GeLC-MS/MS and the total venom proteome was characterized by in-solution di-
gestion coupled with LC-MS/MS. A total of 27–52 proteins, categorized into 23 protein families, were identified
in each snake's venom. The major venom components found in Viperidae species (D. acutus, T. stejnegeri, P.
mucrosquamatus and D. russelii) were C-type lectin, snake venom serine proteinase, venom metalloproteinase and
phospholipase A2, whereas three-finger toxin and phospholipase A2 were the major components detected in the
venom of Elapidae snakes (B. multicinctus and N. atra). This study also provided the first demonstration of some
low-abundance proteins in these six snake venoms, including 5′-nucleotidase, glutaminyl-peptide cyclo-
transferase and phosphodiesterase, among others. Furthermore, we found that cobra venom factor (CVF) is a
cobra-specific protein. We produced anti-peptide antibodies against CVF and used it to develop a highly sensitive
SISCAPA-MRM assay for quantifying CVF. The limit of detection and lower limit of quantification were 3.2 and
9.6 attomoles, respectively. This assay was used to precisely quantify CVF in 1 μg crude venom proteins from
three Naja species and king cobra. The amount of CVF varied from 0.9 to 54.36 femtomoles (equivalent to
0.16–10.03mg/g of venom protein).
Biological significance: There are six medically significant venomous snakes in Taiwan. The venoms of the four
Viperidae species (Deinagkistrodon acutus, Trimeresurus stejnegeri, Protobothrops mucrosquamatus and Daboia russelii
siamensis) cause local tissue swelling; this symptom is also seen in N. atra envenomation in humans, potentially
complicating the differential diagnosis of envenomation by N. atra and Viperidae species. Thus, characterization
of the venom proteomes of the six Taiwanese snakes, including the relative abundance of the major components
and species-specific protein(s) in each venom type, could be useful for future venom research, including the
development of new assay(s) for detecting snake species-specific venom protein(s) and new type(s) of anti-
venom.

1. Introduction

Bites and stings by venomous animals cause significant human
morbidity and mortality in all parts of the world [1]. Because of their
potential mortality, venomous snake bites require immediate medical
attention [2]. Snake envenomation is a life-threatening situation in

many regions of the world, particularly in tropical and sub-tropical
countries, as well as some poor rural communities [3–5]. According to
the epidemiological study of snakebite, at least 1,800,000–2,700,000
envenoming cases and 81,410–137,880 associated deaths occur glob-
ally each year [6]. Populations in South Asia, Southeast Asia, and Africa
are most at risk for venomous snakebites [6, 7].
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Taiwan is located in the South Pacific region, which provides ha-
bitats for more than 40 snake species [8] and where snakebites caused
by six venomous snakes need immediate medical attention [9]. Among
these six species, four—Deinagkistrodon acutus, Trimeresurus stejnegeri,
Protobothrops mucrosquamatus and Daboia russelii siamensis—belong to
the Viperidae family, whereas the other two—Bungarus multicinctus and
Naja atra—belong to the Elapidae family. Approximately 1000 en-
venoming cases occur between May and November each year in Taiwan
[10]. Owing to patients' awareness and the availability of antivenoms,
mortality due to snakebites in Taiwan is less than 1%. However, precise
identification of the snake species and timely treatment with appro-
priate antivenom are required to improve the outcome of snakebite
patients.

In clinical practice, early and correct diagnosis of the culprit snake
for a given snakebite is crucial for treatment and patient prognosis. For
example, antivenom treatment is unable to prevent acute renal failure if
administered more than 3–6 h after envenomation by D. russelii
[11–13]. N. atra snakebites are associated with rapid, extensive tissue
necrosis in the bitten limb [14, 15]. If treatment is delayed or the in-
correct antivenom is administered, cobra-envenomed patients require
multiple surgical debridement of tissue necrosis and skin grafts [16]. In
addition, bites by non-venomous snake species often occur, forcing
physicians to rely largely on the patient's description of the snakebite,
potentially resulting in a misdiagnosis [17, 18]. Developing a rapid and
reliable global diagnostic platform has become an emerging issue in
snakebite cases. Comprehensive characterization of the protein com-
position of venoms of closely related snake species could provide a solid
basis for further development of effective diagnostic assays and anti-
venoms for snakebite patients.

Multiple reaction monitoring mass spectrometry (MRM-MS), an MS
scanning mode performed on triple quadrupole mass spectrometers, is a
robust technology for analysis of chemical compounds in various fields
[19, 20]. When coupled with stable isotope-labeled (SIS) peptide
standards, MRM-MS enables precise and specific quantification of
target proteins using specific transitions from proteotypic peptides,
which represent the proteins in stoichiometric analyses [21–23].

Stable isotope standards and capture by anti-peptide antibodies
(SISCAPA) is a method that uses anti-peptide antibodies to enrich target
peptides from biological or clinical bodily fluid samples prior to MS
analysis [24]. The combination of SISCAPA and MRM-MS can generate
a more sensitive assay in which the limit of quantification can be as low
as nanograms of protein per milligram [25].

To date, only a few studies have analyzed the protein profiles of
venoms from some Taiwanese venomous snakes [26–28]. However,
only one previous study, which used multidimensional chromato-
graphic methods, has reported an analysis of differences in venom
protein patterns of all six Taiwanese snakes [28]. Notably, the identities
of venom proteins in the six Taiwanese venomous snakes have not been
fully investigated and the proteome profiles of these venoms have not
been comprehensively established and compared. In this study, we
applied proteomic technologies (GeLC-MS/MS and in-solution digestion
coupled with LC-MS/MS) to profile all venom proteins from the six
Taiwanese venomous snakes and characterize their major protein
components. We compared the identified proteins to establish which
proteins are present in common among all six venoms, as well as pro-
teins that are specific to only one type of venom. Finally, we selected
one cobra-specific protein, cobra venom factor (CVF), as a target to
develop a sensitive SISCAPA-MRM assay.

2. Materials and methods

2.1. Snake venoms

Six venoms from six species of snakes, Deinagkistrodon acutus,
Trimeresurus stejnegeri, Protobothrops mucrosquamatus, Daboia russelli
siamensis, Bungarus multicinctus and Naja atra were analyzed. Venom

was collected from adult snakes at various locations in Taiwan, then
freeze-dried and stored at −20 °C before use. We obtained the lyophi-
lized venom from Center of Disease and Control, Ministry of Health and
Welfare, Taiwan. The venoms of other three Southeast Asia Naja spe-
cies, Ophiophagus hannah, Naja kaouthia and Naja siamensis, were pur-
chased from Latoxan (Valence, France).

2.2. Proteomic analysis of snake venom

2.2.1. In-gel tryptic digestion of snake venoms
In preparation for venom proteome analyses, 100 μg of lyophilized

venom proteins was redissolved in PBS and applied to 12–18% linear
gradient gel for SDS-PAGE. After staining by Coomassie Brilliant Blue,
the protein bands were excised from the gel and subjected to in-gel
tryptic digestion as described by Lin et al. [29]. Briefly, the gel pieces
were destained three times with 40% acetonitrile containing 50mM
ammonium bicarbonate for 15min each, reduced by incubating with
10mM dithiothreitol (DTT) at 60 °C for 30min, and then alkylated by
incubating with 55mM iodoacetamide (IAM) at room temperature in
the dark for 30min. After washing out excess reagents, DTT and IAM,
with 40% acetonitrile containing 50mM ammonium bicarbonate, pro-
teins in the processed gel pieces were digested with freshly prepared
trypsin solution (20 μg/ml of trypsin (Promega, Madison, WI) in 50mM
ammonium bicarbonate) at 37 °C for 16 h, then extracted with 100%
acetonitrile containing 1% formic acid. Finally, the extracted tryptic
peptides were concentrated and dried by SpeedVac.

2.2.2. In-solution digestion of snake venoms
Each lyophilized venom containing 10 μg protein was dissolved in

100 μl of 25 mM ammonium bicarbonate and subjected to in-solution
tryptic digestion as described by Chen et al. [21]. Briefly, each venom
sample was reduced by incubating with 5mM DTT for 30min at 60 °C,
and alkylated by incubating with 5mM IAM for 30min at room tem-
perature in the dark. Before addition of trypsin, it was incubated with
5mM DTT for 30min at 60 °C again to neutralize excess IAM. Finally,
the samples were incubated with 1 μg/μl trypsin (at a 1:25 en-
zyme:substrate ratio) at 37 °C for 16 h. The tryptic peptides were then
lyophilized and stored at −80 °C for subsequent processing.

2.2.3. LC-MS/MS analysis
Each peptide sample was reconstituted with 0.1% formic acid, and

then analyzed on a nanoLC–LTQ-Orbitrap hybrid mass spectrometer
(Thermo Fisher, San Jose, CA, USA), as described previously [30].
Briefly, the sample loaded across a trap column (Zorbax 300SB-C18,
0.3× 5mm; Agilent Technologies, Wilmington, DE) at a flow rate of
0.2 μl/min in solution A (0.1% formic acid in H2O), and separated on a
resolving 10-cm analytical C18 column (inner diameter, 75 μm) using a
15-μm tip (New Objective, Woburn, MA). The peptides were eluted
using a linear gradient of 0–10% solution B (0.1% formic acid in
acetonitrile) for 3min, 10–30% solution B for 35min, 30–35% solution
B for 4min, 35–50% solution B for 1min, 50–95% solution B for 1min,
and 95% solution B for 8min with a flow rate of 0.25 μl/min across the
analytical column. The resolution of the Orbitrap is set at 30000. The
ion signal of (Si(CH3)2O)6H+at 445.120025 (m/z) was used as a lock
mass for internal calibration. A procedure that alternated between one
MS scan followed by ten MS/MS scans for the ten most abundant pre-
cursor ions in the MS scan was applied. The m/z values selected for MS/
MS were dynamically excluded for 180 s. For MS scan, the m/z value of
scan range was from 400 to 2000 Da. For MS/MS scan, over 1× 104

ions were accumulated in the ion trap for generating MS/MS spectra.
Both MS and MS/MS spectra were acquired using one scan with max-
imum fill-times of 1000 and 100ms for MS and MS/MS analysis, re-
spectively.

2.2.4. Database searching and bioinformatics analysis
MS raw data files were analyzed by Proteome Discoverer Software
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(version 1.4.1.14; Thermo Fisher, San Jose, CA, USA), and searched
against other lobe-finned fish and tetrapod clade taxonomy in the
Swiss-Prot database (released March 16, 2016; 548,457 entries) using
MASCOT. The enzyme specificity parameter was set to “trypsin” and
one missed cleavage was allowed. Carbamidomethylation of cysteine
was set as a static modification and oxidation of methionine, acetyl
(protein N-term) and Gln- > pyro-Glu (N-term Q) was set as dynamic
modification. The tolerance of MS is 10 ppm and MS/MS is 0.5 Da. The
criteria used for protein identification are set as below: the peptide
confidence is high; lowest peptide length is 5 amino acids; minimal
number of peptide per protein is 2.

2.3. Production and purification of anti-CVF antibody

The anti-CVF antibody was produced in rabbits using the D16
peptide (DDNEDGFIADSDIISR), corresponding to the amino acid re-
sidues 723–748 of cobra venom factor in venom of Naja atra, as the
antigen. This peptide was synthesized by Kelowna International
Scientific Inc. A cysteine residue was added to the N-terminus to fa-
cilitate coupling of the peptide to bovine serum albumin by the pro-
cedure described by Reichlin [31], with glutaraldehyde as the cross-
linker. The methods used for production and affinity purification of the
anti-peptide antibody were described previously [32, 33]. Briefly, the
peptide was coupled to bovine serum albumin and used as the antigen
to antibodies raised in rabbits as described above. The antiserum
(10ml) was then affinity-purified by the D16 peptide-coupled Se-
pharose 4B column (1 cm×5 cm). The bound antibodies were eluted
from the column with 20ml of 100mM triethylamine at pH 11.5, and
the eluted fractions (1 ml per tube) were collected in tubes containing
0.1 ml of 1M Tris/HCl, pH 8.0. The purified antibodies were con-
centrated to approximately 1ml, dialyzed against PBS containing 50%
(v/v) glycerol and 0.04% NaN3, and then stored at −20 °C. This pur-
ified antibody can specifically recognize the venom of Naja atra (see the
Results section).

2.4. Western blot analysis

Whole venom from each snake (containing 5 μg protein) was sepa-
rated by SDS-PAGE, transferred onto PVDF membranes (Millipore,
Billerica, MA, USA), and probed with anti-CVF antibody. Proteins of
interest on the PVDF membranes were detected by incubating for 1 h
with the appropriate alkaline phosphatase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology, Dallas, Texas, USA) and visualized
using the CDP-Star Western Blot Chemiluminescence Reagent
(PerkinElmer, Boston, MA, USA).

2.5. Enzyme-linked immunosorbent assay (ELISA)

Whole venom from each snake (containing 100 ng protein) was
diluted in 100 μl phosphate-buffered saline (PBS) and coated onto 96-
well polystyrene microplates (Corning, New York, USA) by incubating
at 4 °C overnight. The plates were washed six times with 300 μl of TTBS
buffer (20mM Tris-HCl (pH 7.4), 0.5M NaCl, 0.05% and 0.1% Tween-
20) and blocked with 200 μl of 1% ovalbumin in PBS at room tem-
perature for 2 h. After washing wells with TTBS six times, anti-CVF
antibody (1mg/ml) was serially diluted from 1:2000 to 1:128000 and
added to each well, then plate was incubated at room temperature for
2 h. After washing six times with TTBS, the alkaline phosphatase-con-
jugated secondary antibody (Santa Cruz Biotechnology, Dallas, Texas,
USA) was added to each well and the plate was incubated at room
temperature for 1 h. After washing six times with TTBS, the substrate, 4-
methyl umbelliferyl phosphate (100 μM, 100 μl/well; Molecular
Probes), was added to each well. Finally, fluorescence value was mea-
sured by a SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA) at excitation and emission wavelengths of 355 and
460 nm.

2.6. Stable isotope standards and capture by anti-peptide antibodies coupled
with multiple reaction monitoring (SISCAPA-MRM) analysis

2.6.1. Synthetic peptides and stable isotope standard (SIS) peptides
The synthetic D16 peptide, DDNEDGFIADSDIISR, was obtained

from Kelowna International Scientific Inc. (Taipei, Taiwan) without any
modification. The purity of synthetic peptide was higher than 85% as
measured by HPLC. The SIS peptide, DDNEDGFIADSDIIS[13C6,15N4]R
was purchased from New England Peptide Inc. (Gardner, MA). The
amino acid sequence of this SIS peptide is the same with the synthetic
peptide, but the C-terminal Arg residue was replaced with
[13C6,15N4]Arg.

2.6.2. Preparation of trypsin-digested human plasma
A bulk preparation of plasma, which was provided from volunteers,

was used as a background matrix for the experiments. To begin with,
20 μl of pooled human plasma was diluted with Tris-HCl (final con-
centration, 50mM, pH 8.5), denatured in 5% deoxycholate (DOC) at
100 °C for 5min, reduced with 5mM Tris(2-carboxyethyl)phosphine
(TCEP) at 65 °C for 30min, and then alkylated by 10mM iodoacetamide
(IAM) at 37 °C in dark for 30min. More Tris-HCl buffer (pH 8.5) was
added to the samples to decrease the concentration of DOC below 1%.
Subsequently, sequencing-grade modified trypsin (Promega, Madison,
WI) was added (enzyme-to-substrate ratio: 1 to 50), and the reaction
mixture was incubated at 37 °C overnight. After that, trifluoroacetic
acid (TFA) and formic acid (FA) were added to samples, as final con-
centrations of TFA and FA are 0.1% and 0.4%, to precipitate DOC. The
samples were then centrifuged at 15,500g for 10min at 4 °C, and the
supernatants were collected. The process was repeated once, and the
resulting supernatants were combined. Finally, the digested plasma
samples were desalted using Waters Oasis 30-mg HLB 96-well plate
(Waters, Milford, Massachusetts, USA), according to the manufacturer's
protocols, lyophilized and stored at −20 °C until use.

2.6.3. Immunoaffinity enrichment of target peptide
We adopted the method described by Whiteaker et al. [34] to es-

tablish the enrichment procedure, which consisted of following steps
with some modifications. These experiments were performed in 96-well
plates using the KingFisher magnetic particle processor (Thermo Sci-
entific, San Jose, CA, USA). The plasma digests derived from 20 μl of
original plasma (approximately 1.2 mg total proteins) were added to
each sample well, and 100 fmol of synthetic light peptide and varied
amounts of SIS peptide were then spiked into the sample wells. For
analysis, the KingFisher magnetic particle processor was used for au-
tomatically handling the transfer of magnetic beads in different plates
(plates 1 to 7) with the magnetic head. The wells of plate 1 contained
10 μl of protein G magnetic beads (GE Healthcare, Chicago, Illinois,
USA) in 190 μl of PBS with 0.03% 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate (CHAPS). The magnetic beads were
washed for 5min in plate 1 and subsequently transferred to plate 2
containing 10 μg anti-CVF antibodies and incubated for 1 h to form
antibody-bead complexes. The antibody-bead complexes were then
transferred to plate 3, where the wells contained plasma digests spiked
with peptides. After incubation for 2 h, the antibody-bead-peptide
complexes were transferred to plates 4, 5 and 6 for wash in PBS 3 times,
and then to plate 7 for eluting the bound peptides for 5min in 100 μl of
5% acetic acid and 70% ACN. Eluted peptides were lyophilized and
stored at −20 °C until analysis.

2.6.4. LC-MRM-MS analysis and data acquisition
The nanoACQUITY UPLC System was used for LC−MRM-MS

analysis. Samples were injected into the trap column (nanoACQUITY
UPLC C18, 180 μm×20mm, 5-μm particle size; Waters) at flow rate of
15 μl/min in solution A (0.1% formic acid in H2O), and separated on a
resolving analytical column (ACQUITY UPLC BEH130
C18,75 μm×150mm, 1.7-μm particle size; Waters) at a flow rate of
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400 nl/min with a 13-min linear gradient from 3 to 50% solution B
(0.1% formic acid in acetonitrile), followed by a 1-min linear gradient
from 50 to 95% solution B. The analytical column was then recondi-
tioned by holding solvent B at 97% for 5min prior to ramping back
down to 3% solvent B over 1min and re-equilibrating for 10min with
3% solvent B. A blank was analyzed between all samples to prevent
sample carryover on the HPLC column. An AB/MDS Sciex 5500 QTRAP
with a nano-electrospray ionization source controlled by Analyst 1.5.1
software (AB Sciex) was used for all LC-MRM-MS analyses. Acquisition
methods used the following parameters: ion spray voltage,
1900–2000 V; curtain gas setting, 20 psi (UHP nitrogen); interface
heater temperature, 150 °C; and MS operating pressure,
3.5× 10−5 Torr; Q1 and Q3 were set to unit resolution (0.6–0.8 Da full
width at half height). MRM acquisition methods were constructed using
three MRM ion-pairs per peptide with fragment-ion-specific tuned
collision energy (CE) voltage and retention time constraint. A default
collision cell exit potential of 35 V was used for all MRM ion pairs.

2.6.5. Data analysis for MRM
The LC-MRM-MS data analysis and protein quantification was per-

formed as previously described [35]. Briefly, the amino acid sequence
and retention time for synthetic D16 peptides were determined by LC-
MS/MS analysis. Response curve was generated for the CVF protein
using the heavy SIS peptide. All MRM data were processed using the
Skyline (MacCoss Lab Software) [36]. The mass list of transitions for
measuring CVF-derived D16 peptide sequences was preloaded, and the
peak areas of the selected target peptides were extracted for calculation.
All the retention times and transition profiles for the endogenous and
exogenously spiked heavy peptides were manually checked to ensure
that they were internally consistent. The endogenous peptide-specific
peaks were identified by comparison with the exogenously added
13C/15N-labeled peptides, which were 10 Da heavier for Arg-containing
peptides. The concentration of each 13C/15N-labeled peptide was
known, allowing the CVF protein concentration in each sample to be
determined from the observed peak area ratios. The limit of detection
(LOD) was determined using the MRM statistical software package,
QuaSAR; this software uses the “blank and low concentration sample”
method, in which the mean of the blank samples and the standard
deviations of the blank and low-concentration samples are estimated
[37]. The lower limit of quantification (LLOQ) was calculated as the
LOD value multiplied by 3 [38].

3. Results and discussion

3.1. Characterization of the venom proteomes of six Taiwanese snakes

Gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) coupled with Coomassie Blue staining was used to generate
a general overview of protein components in the six snake venoms,
allowing us to identify compositional differences among these venoms
(Fig. 1). This analysis revealed that major proteins with molecular
weights of 10–55 kDa were presented in venoms of D. acutus, T. stej-
negeri, and P. mucrosquamatus. On the other hand, the dominant protein
components of D. russelii, B. multicinctus, and N. atra were smaller than
15 kDa. Images of protein-stained gradient gels showed clear differ-
ences in snake venom protein patterns between Viperidae and Elapidae
families. More than half of the protein components of Elapidae family
snake venoms were approximately 10 kDa; however, major proteins of
venoms from snakes of the Viperidae family were evenly distributed
from 10 to 55 kDa.

To identify the major protein components in each venom, we per-
formed in-gel digestion of each band coupled with LC-MS/MS analysis.
This analysis showed that the major protein components in the six
snake venoms belonged to 4–6 of the following 11 protein families
(Table 1): C-type lectin, cysteine-rich secretory protein, L-amino-acid
oxidase, nerve growth factor, snake venom serine protease,

phospholipase A2, three-finger toxin, acetylcholinesterase, venom
complement C3 (CVF), venom metalloproteinase, and venom Kunitz-
type inhibitor. The proteins identified in the venom from each snake are
detailed in Supplemental Tables S1–S6.

Most of the identified proteins among D. acutus (DA), T. stejnegeri
(TS), P. mucrosquamatus (PM) and D. russelii (DR) venoms belong to
protein families commonly identified in Viperidae snake venoms
(Table 1). For example, C-type lectin (bands DA_9, DA_10, TS_6, PM_7,
PM_9, DR_4 and DR_8), snake venom serine protease (bands DA_3,
DA_4, DA_5, TS_3, TS_4, PM_3, PM_4 and DR_3), and venom metallo-
proteinase (bands DA_2, DA_6, DA_7, TS_2, TS_5, PM_2, PM_5, DR_1 and
DR_2) were present in all four Viperidae snake venoms. For venoms of
Elapidae snakes, the most abundant proteins in B. multicinctus (BM) and
N. atra (NA) (bands BM_5 and NA_7) belonged to the three-finger toxin
protein family. Apart from these proteins, which could be used to ca-
tegorize snakes according to family, some proteins were specifically
detected in only one species. For example, the venom Kunitz-type in-
hibitor (bands DR_9 and DR_10) and CVF (band NA_2) were identified
exclusively in the D. russelii and N. atra venom proteomes, respectively.
Additionally, a specific protein family, phospholipase A2, was pre-
dominant in all Taiwanese snake venoms (bands DA_8, TS_7, TS_8, TS_9,
PM_8, DR_6, DR_7, BM_4 and NA_5). Accordingly, in the case of snake
envenoming in Taiwan, detection of phospholipase A2 in blood samples
could be a feasible strategy for determining whether the victim was
bitten by a venomous or non-venomous snake. One research group in
Australia has been attempting to measure phospholipase A2 activity to
diagnose snake envenoming [39].

To provide a more comprehensive characterization of the venom
proteomes of these six Taiwanese snakes, we digested the crude venom
of each snake with trypsin, and analyzed the resulting tryptic peptides
by LC-MS/MS. This analysis enables the identification of numerous low-
abundance proteins in the venom proteome. The proteins identified in
each type of venom are detailed in Supplemental Tables S7–S12, and
the number of proteins in distinct protein families in the venoms of the
six Taiwanese snakes is summarized in Table 2.

As shown in Table 2, 34 proteins were identified in D. acutus venom
(see also Supplemental Table S7). These proteins could be classified
into 11 protein families. Notably, this is the first study to characterize
the venom proteome of D. acutus, and 5 protein families, glutaminyl
peptide cyclotransferase, nerve growth factor, ohanin,

Fig. 1. SDS-PAGE analysis of the venom protein profiles of six Taiwanese
snakes. Whole venom proteins (50 μg) from each snake species were resolved
on a linear gradient (12–18%) SDS gel and visualized by Coomassie Brilliant
Blue staining. DA, D. acutus; TS, T. stejnegeri; PM, P. mucrosquamatus; DR, D.
russelii siamensis; BM, B. multicintus; NA, N. atra. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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phosphodiesterase, and phospholipase B, identified in D. acutus venom
proteome did not be annotated in previous transcriptomic analysis of D.
acutus venomous gland [40, 41].

A total of 52 and 45 proteins were identified in T. stejnegeri and P.
mucrosquamatus venoms, respectively (Supplemental Tables S8 and S9),
and both showed similar venom protein profiles. The proteins in T.
stejnegeri venom could be categorized into 13 protein families, and the
identified proteins from P. mucrosquamatus venom could be classified
into 12 protein families (Table 2). Compared with previous venomics
studies of these two snakes [26], proteins belonging to the following
families were identified for the first time in the present study: 5′-nu-
cleotidase, glutaminyl-peptide cyclotransferase, phosphodiesterase,
glycosyl hydrolase, phospholipase B, protein disulfide-isomerase, and
vascular endothelial growth factor.

For D. russelii venom, 27 proteins were identified (Supplemental
Table S10); these could be classified into 12 protein families (Table 2).
Overall, the identified proteins were similar to those found in previous
venomics research on D. russelii from Myanmar [42]. In the current
study, however, we additionally identified proteins in six protein

families: 5′-nucleotidase, glutaminyl-peptide cyclotransferase, glycosyl
hydrolase, nerve growth factor, phosphodiesterase, and venom Kunitz-
type inhibitor. Among these protein families, venom Kunitz-type in-
hibitor may be the most significant; it has been reported to inhibit ac-
tivated protein C, trypsin, coagulation factor FXIa and plasmin in vitro
and promote coagulation in mice when factor V activator RVV-V
gamma (a snake venom serine protease type D. russelii protein) is co-
injected with inhibitor [43]. Its function is related to potentially fatal
thrombotic complications—the clinical symptoms of D. russelii en-
venomation [44] —indicating that venom Kunitz-type inhibitor pro-
teins are important components of Taiwanese D. russelii venom.

For snakes of the Elapidae family, we identified 27 and 30 proteins
in B. multicinctus and N. atra venom, respectively (Supplemental Table
S11 and S12). Proteins identified from B. multicinctus venom could be
categorized into 11 protein families, and venom proteins from N. atra
could be classified into 12 protein families (Table 2). The venom Ku-
nitz-type inhibitor proteins identified in B. multicinctus venom come
from β-bungarotoxin, a protein with two chains; the A chain is homo-
logous to phospholipase A2, and the B chain is homologous to venom

Table 1
Summary of the major protein components identified in the venoms of six Taiwanese snakes using SDS-PAGE coupled with LC-MS/MS analysis.

Protein family D. acutus T. stejnegeri P. mucrosquamatus D. russelli siamensis B. multicinctus N. atra

(DA) (TS) (PM) (DR) (BM) (NA)

Banda Bands Bands Bands Bands Bands

C-type lectin DA_9, DA_10 TS_6 PM_7, PM_9 DR_4, DR_8 – –
Cysteine-rich secretory protein – – PM_6 – – NA_4
L-amino-acid oxidase – TS_1 PM_1 – BM_2 –
Nerve growth factor – – – DR_5 – NA_6
Snake venom serine protease DA_3, DA_4, DA_5 TS_3, TS_4 PM_3, PM_4 DR_3 – –
Phospholipase A2 DA_8 TS_7, TS_8, TS_9 PM_8 DR_6, DR_7 BM_4 NA_5
Three-finger toxin – – – – BM_5 NA_7
Acetylcholinesterase – – – – BM_1 –
Venom complement C3 – – – – – NA_2, NA_3
Venom Kunitz-type inhibitor – – – DR_9, DR_10 – –
Venom metalloproteinase DA_2, DA_6, DA_7 TS_2, TS_5 PM_2, PM_5 DR_1, DR_2 – NA_1

a Bands: indicate the major sites of the protein family in the stained SDS-PAGE gel shown in Fig. 2.

Table 2
Overview of LC-MS/MS–identified proteins of different protein families in the venoms of six Taiwanese snakes.

Protein family Number of identified proteins

D. acutus T. stejnegeri P. mucrosquamatus D. russelli siamensis B. multicinctus N. atra

5′-nucleotidase 1 2 2 1 – 1
Acetylcholinesterase – – – – 1 1
C-type lectin 10 9 7 4 – –
Cysteine-rich secretory protein 1 2 1 – 1 2
Globin – – – – 1 –
Glutaminyl-peptide cyclotransferase 1 1 1 1 – –
Glycosyl hydrolase – 1 – 1 – –
L-amino-acid oxidase – 2 2 – 1 1
Natriuretic peptide – – – – 1 –
Nerve growth factor 1 1 1 1 1 2
Ohanin/Vespryn 1 – – – 1 1
Snake venom serine protease 2 12 9 2 – 1
Phosphodiesterase 1 1 1 1 – 1
Phospholipase A2 3 8 5 7 4 1
Phospholipase B 1 1 1 1 – –
Protein disulfide isomerase – 1 – – – –
Three-finger toxin (Long chain) – – – – 7 1
Three-finger toxin (Non-conventional) – – – – 3 2
Three-finger toxin (Short chain) – – – – 1 10
Vascular endothelial growth factor – – 1 2 – –
Venom complement C3 – – – – – 3
Venom Kunitz-type inhibitor – – – 3 4 –
Venom metalloproteinase 12 11 14 3 1 3
Total 34 52 45 27 27 30

C.-C. Liu et al. Journal of Proteomics xxx (xxxx) xxx–xxx

5 170



Kunitz-type inhibitor. However, the B chain does not have protease
inhibitor activity, but can function as a K+ channel blocker, even
though it belongs to the venom Kunitz-type inhibitor protein family
[45]. In addition, CVF, which has been claimed to be present in the
venom of Naja kaouthia [46], was identified in N. atra venom as well.

3.2. Comparison of the venom proteomes of six Taiwanese snakes

As expected, the venom proteomes of snakes from the same family
shared a number of highly similar proteins from major protein families
owing to their close evolutionary and phylogenetic relationships. Based
on venom toxin proteins identified by LC-MS/MS analysis from both in-
gel–digested samples of SDS-gel–fractionated bands and in-solu-
tion–digested samples of the whole venom, the major protein compo-
nents of Taiwanese snakes from the Viperidae family (D. acutus, T.
stejnegeri, P. mucrosquamatus, and D. russelii) belong to C-type lectin,
snake venom serine protease, phospholipase A2, and venom metallo-
proteinase families, whereas two protein families—phospholipase A2

and three-finger toxin—appear to be dominant in the venom of Elapidae
snakes (B. multicinctus and N. atra) in Taiwan. However, the informa-
tion obtained from our analytical strategy cannot provide the in-
formation regarding relative abundance of proteins identified.

In particular, our data revealed that phospholipase A2 family
members are not only the dominant components of venom of Viperidae
snakes, but are also the second-most important protein family in the
venom of Elapidae snakes. These enzymes are widely present in the
animal kingdom, and at least 15 groups have been described [47]. The
venom of snakes from Colubridae, Viperidae, and Elapidae families re-
present abundant sources of phospholipase A2 [48]. However, different
venom phospholipase A2 family members have been reported to possess
distinct toxic effects, including neurotoxic, myotoxic, hemolytic, ede-
matogenic, hyperalgesic, pro-inflammatory, hypotensive, anticoagulant
and cytotoxic, despite their similar three-dimensional structures [49].
For the purpose of improving the clinical management of snakebites in
Taiwan, phospholipase A2 may be a suitable marker for distinguishing
patients bitten by venomous snakes from those bitten by non-venomous
snakes.

Proteins of the three-finger toxin family are the most abundant
components in the venom proteome of Elapidae snakes [27, 50–52].
This family is subdivided into a number of subfamilies, including
neurotoxin, cytotoxin and cardiotoxin, each with its own specific ac-
tivity and function. According to our LC-MS/MS analysis and database
search results shown in the present study, α-bungarotoxin and κ-bun-
garotoxin, classified into the neurotoxin subfamily, are only present in
the venom of B. multicinctus. These proteins bind with high affinity to
muscular and neuronal nicotinic acetylcholine receptors and prevent
acetylcholine from binding to the receptor, thereby impairing neuro-
muscular and neuronal transmission [53, 54]. By contrast, cytotoxin
was the dominant protein component in the venom of N. atra. Proteins
belonging to this subfamily bind to cell membranes, exerting lytic ac-
tivity and depolarizing cardiomyocytes [55]. The functions of these two
subfamilies are known to correlate with clinical symptoms; victims
bitten by B. multicinctus exhibit rapid respiratory failure caused by re-
spiratory muscle paralysis, and those bitten by N. atra suffer serious
local damage, including wound necrosis, bleeding, and swelling.

LC-MS/MS analyses of in-gel digested (Table 1) and in-solution di-
gested (Table 2) samples showed that CVF protein was present only in
N. atra venom. Detailed structural and functional investigations of CVF
from the monocled cobra, N. kaouthia, have been reported previously
[56, 57]. CVF is composed of three chains: α, β and γ (Fig. 2A). Because
of its structural homology to the complement protein C3, CVF con-
tinuously activates the complement system, resulting in depletion of
complement activity [58]. The complement system represents part of
the immune system and plays important roles in both innate and
adaptive immunity; it is also involved in the pathogenesis of many
diseases. Thus, CVF has become an important research tool for studying

both the biological functions of complement and its role in the patho-
genesis of complement-related diseases [59]. In addition to N. kaouthia
and N. atra [27], several MS-based studies have revealed the presence
of CVF in the venom of Naja naja [60], Naja haje legionis [50], Naja
sumatrana [61] and Ophiophagus hannah [62]. To confirm that CVF is
present in the venom of N. atra but not in venoms of the other five
venomous Taiwanese snakes, we produced an in-house anti-CVF anti-
body in rabbits using the D16 peptide (DDNEDGFIADSDIISR), corre-
sponding to amino acids 723–748 of the CVF γ-chain, as the antigen
(Fig. 2A). This peptide sequence is apparently unique to CVF, as no
similar sequences could be found by BLAST search of protein databases
(UniProt Knowledgebase, UniProtKB). The affinity-purified anti-CVF
antibody was first used to probe the six Taiwanese snake venoms by
direct enzyme-linked immunosorbent assay (ELISA). As expected, a
significant ELISA signal was detected in the venom of N. atra, but not in
venoms of the other five snake species (Fig. 2B). Consistent with ELISA
data, Western blot analyses showed that this antibody clearly re-
cognized a major protein band at ~28 kDa in N. atra venom (Fig. 2C,
upper panel). In this Western blot, an additional weak signal band
detected at ~10 kDa in B. multicinctus venom was verified as a back-
ground signal attributable to the secondary antibody used (Fig. 2C,
lower panel).

3.3. Development of SISCAPA-MRM assay for quantification of CVF in
human plasma background

MRM-MS is a powerful tool for monitoring protein-derived peptides
obtained by proteolytic treatment and has been widely used to quantify
target proteins in complex biological samples [21, 63–65]. Combining
MRM-MS with the SISCAPA protocol (SISCAPA-MRM) could yield an
assay that would further improve the specificity and sensitivity of target
protein quantification. Taking advantage of the availability of an in-
house–generated antibody against a CVF peptide antigen, we sought to
develop a SISCAPA-MRM assay for CVF that could be useful for quan-
tification of this protein in whole venom or, potentially, in snake-en-
venomed patients. To this end, we first synthesized light and heavy
CVF-derived D16 peptides and chose three fragment ions derived from
the D16 peptide that had the highest intensities in positive ion mode
MS/MS analyses. The optimized MRM parameters used to detect light
and heavy D16 peptides in QTRAP 5500 are shown in Tables S13 and
S14, respectively.

To examine the performance of the SISCAPA-MRM assay, we con-
structed a concentration-response curve for D16 peptide. Serially di-
luted samples of heavy SIS peptide covering four orders of magnitude
(0.024 to 100 femtomoles) were prepared and spiked into 20 μl samples
of plasma digests containing an equal amount of the light peptide (100
fmol) as test samples. D16 peptides were then enriched by adding anti-
CVF antibody to each sample, and samples were analyzed by MRM-MS.
Fig. S1 shows the extracted ion chromatograms of three selected frag-
ment ions (2y7, 2y8 and 2y9) of the light and heavy SIS peptides. All
data were combined and the signals of these three fragment ions were
used to construct concentration-response curves (Fig. 3A and B). As is
evident from these response curves, the observed heavy peptide/light
peptide (H/L) peak area ratios were linearly correlated with the actual
spiked-in H/L ratios, and the R2 values for the three fragment ions were
all greater than 0.99 (Table 3). The measured coefficient of variation
(CV) values for each analyzed heavy peptide quantity, except for
0.0244 fmol, were less than 20% (Fig. 3C). The limit of detection (LOD)
and lower limit of quantification (LLOQ) of the SISCAPA-MRM assay
varied according to the fragment ion (Table 3); LOD values ranged from
3.2 to 10.73 amol, whereas the values of LLOQ ranged from 9.6 to
32.19 amol. The 2y9 fragment ion of this CVF-derived peptide had the
lowest LOD and LLOQ, and thus was used as the quantifier ion. This
work represents the first immune-MRM assay developed to date for
quantification of snake venom components.

A number of previous studies have identified CVF in the venom of
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Naja species, but none has assessed the proportion of CVF among total
venom proteins. Therefore, we used the newly developed SISCAPA-
MRM assay to quantify CVF in the venom of four cobras belonging to
the Naja genus: N. atra, N. kaouthia, N. siamensis and O. hannah (king
cobra). A fixed amount of venom protein (1 μg) was subjected to the
analysis described above. As expected, the CVF peptide (DDNEDGFIA-
DSDIISR) was detected in all venoms at amounts ranging from 0.9 to
54.36 fmol (Table 4). Extracted ion chromatograms of selected frag-
ment ions of heavy SIS peptide and the corresponding unlabeled pep-
tide from the endogenous CVF protein in the venom of four cobras are
shown in Fig. S2. The CVF level was determined to be 7.03, 10.03 and
8.38mg per gram of venom protein in the venom of N. atra, N. kaouthia
and N. siamensis, respectively, but only 0.16mg per gram in king cobra
(Fig. 3D). Thus, our newly developed SISCAPA-MRM assay was able to
precisely quantify CVF protein, and showed that CVF constitutes nearly
1% of total venom protein in Naja species and 0.1% in king cobra.

4. Conclusions

In this study, we applied MS-based approaches to characterize and

compare the venom proteomes of six Taiwanese venomous snakes that
collectively are responsible for almost 100% of clinically significant
incidents in Taiwan. Our data revealed that in the venom of Viperidae
snakes, C-type lectin, venom metalloproteinase and snake venom serine
proteinase are identified in the dominant protein bands resolved by
SDS-gels, whereas proteins of the three-finger toxin family are specific
venom components of Elapidae species. Moreover, we identified addi-
tional protein components in these six venoms that have not been
previously reported, including 5′-nucleotidase, acetylcholinesterase,
glutaminyl-peptide cyclotransferase, glycosyl hydrolase, phosphodies-
terase and phospholipase B. This information should contribute to a
deeper understanding of the biology and pathophysiology of these
Taiwanese snakes and aid in predicting clinical symptoms, which will
improve snakebite management.

The SISCAPA-MRM assay developed here is a highly sensitive assay
that is capable of quantifying proteins at the sub-femtomole level.
Notably, this study is the first to report the development of a SISCAPA-
MRM assay for snake venom proteins. Using the SISCAPA-MRM assay,
we quantified the N. atra-specific protein CVF, and precisely quantified
its levels in the venom of three Naja species and that of king cobra.

Fig. 2. Immunoassay-based detection of CVF in
venom of N. atra. (A) Three-dimensional structure of
CVF (PDB code: Q91132). The peptide segment used
as the antigen for generating the in-house anti-CVF
antibody is denoted in red. (B) An ELISA plate was
coated with whole venom proteins (100 ng) from
each snake, washed, and then CVF was detected
using the anti-CVF antibody. (C) Whole venom pro-
teins (5 μg) from each snake were resolved on SDS
gels, transferred to PVDF membranes, and then
probed with the anti-CVF antibody (upper panel) or
with the secondary antibody only (lower panel). The
CVF signal is indicated by an arrowhead; background
signals recognized by the secondary antibody alone
(control) are denoted by asterisks. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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Given that CVF has emerged as an important research tool for studying
the biological functions of complement and the pathogenesis of com-
plement-related diseases, the MS-based quantitative assay described
here should facilitate future CVF-related basic and clinical studies.
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Fig. 3. Concentration-response curves of the
SISCAPA-MRM assay for the CVF-derived peptide in
a human plasma matrix. Concentration-responses
curves shown in linear (A) and log (B) scale. The
dynamic range was from 24.4 amol to 100 fmol, with
4-fold serial dilutions. (C) CV% of each data point in
triplicate experiments. (D) The absolute concentra-
tion (mg/g) of CVF protein in four cobra venoms,
quantified using our SISCAPA-MRM assay. NK, N.
kaouthia; NS, N. siamensis; OH, O. Hannah.

Table 3
LOD and LLOQ of CVF peptides in the SISCAPA-MRM assay, determined from concentration-response curves.

Protein Peptide Transition.id slope y-intercept R2 LODa LLOQb

(amol) (amol)

Cobra venom factor (CVF) DDNEDGFIADSDIISR 2/9y⁎ 0.011489 ± 0.000358 0.000976 ± 0.000022 0.9989 3.20 9.60
DDNEDGFIADSDIISR 2/8y 0.011279 ± 0.000243 0.000300 ± 0.000015 0.9988 3.98 11.93
DDNEDGFIADSDIISR 2/7y 0.011072 ± 0.000366 0.001116 ± 0.000022 0.9981 10.73 32.19

⁎ Represents the Quantifier ion.
a LOD: Display the limit of detection of this transition ion.
b LLOQ: Represent the lower limit of quantification of this transition ion.

Table 4
Quantification of CVF protein in four Southeast Asia snake venoms.

Snake venom DDNEDGFIADSDIISR CVF protein

Mean± SDa (fmol) Mean± SDa (ng)

N. atra 38.113 ± 3.718 7.033 ± 0.686
N. kaouthia 54.360 ± 0.765 10.030 ± 0.141
N. siamensis 45.413 ± 1.701 8.380 ± 0.314
O. hannah 0.908 ± 0.044 0.168 ± 0.008

a Mean ± SD: shows the average value (Mean) and standard deviation (SD)
calculated from triplacate results.
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Abstract: The structures, names, bioactivities, and references of 82 natural products, including 48
new metabolites, purified from the gorgonian corals belonging to the genus Junceella are described
in this review. All compounds mentioned in this review were obtained from Junceella fragilis,
Junceella gemmacea, Junceella juncea, and Junceella sp., collected from tropical Indo-Pacific Ocean.
Some of these compounds exhibited potential biomedical activities.
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1. Introduction

Following previous review articles focused on marine-origin natural products, this review covers
the literature from October 2011 to August 2018, and describes 82 natural products (including 48
new metabolites) from gorgonian corals belonging to the genus Junceella (family Ellisellidae) [1–4].
Extending from previous reviews in 2004 and 2011 [5,6], this review provides structures, names,
bioactivities, and references for all compounds including briarane- and norcembrane-type diterpenoids,
sterol, and nucleosides. Many of these compounds exhibited interesting bioactivities in vitro, which
might indicate a potential for use in biomedical applications. This survey of natural products from
Junceella is presented taxonomically according to species.

2. Junceella

2.1. Junceella Fragilis

Eight 8-hydroxybriaranes, including four new compounds, frajunolides P–S (1–4), and four
known metabolites, umbraculolide A (5) [7,8], juncenolide C (6) [9], junceellonoid A (7) [10],
and juncin R (8) [11], were isolated from J. fragilis, collected from the waters of Taiwan [12] (Figure 1).
The structures of briaranes 1–4 were established by spectroscopic methods, and determination of the
absolute configuration of 1 was completed by X-ray diffraction analysis [12]. At a concentration of
10 µg/mL, briaranes 1 and 2 were found to exert inhibitory activities on elastase release (inhibition
rate = 35.6% and 34.1%, respectively) and superoxide anion production (inhibition rate = 32.5
and 28.7%, respectively) by human neutrophils [12].
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Figure 1. Structures of frajunolides P–S (1–4), umbraculolide A (5), juncenolide C (6), junceellonoid A
(7), and juncin R (8).

In 2014, J. fragilis, collected from the South China Sea, was found to contain 12 new briaranes,
fragilisinins A–L (9–20) [13], along with seven known analogues, junceellolides A (21) and B (22) [14],
junceol A (23) [15], junceellonoid D (24) [16,17], fragilide C (25) [18], and frajunolides A (26) [19] and E
(27) [20] (Figure 2) [13]. The structures of briaranes 9–20 were determined by spectroscopic methods.
Briaranes 17–20 were the first iodine-containing briaranes to be isolated. The absolute configuration
of briarane 9 was confirmed by single-crystal X-ray diffraction data [13]. Briaranes 13, 14, 18, 21,
and 24 showed potent antifouling activities against the settlement of barnacle Balanus amphitrite larvae,
with EC50 values of 14.0, 12.6, 11.9, 5.6, and 10.0 µM, respectively [13].

In addition, a new norditerpenoid, fragilolide A (28), 16 new briaranes, fragilolides B–Q
(29–44), along with two known briaranes, frajunolides H (45) [20] and N (46) [21], and three known
norcembranoids, scabrolide D (47) [22], sinuleptolide (48) [23], and 5-epi-sinuleptolide (49) [24–26],
were obtained from J. fragilis, collected from the inner coral reef around in Hainan Island of
China [27] (Figure 3). The structures of metabolites 28–44 were determined by spectroscopic methods,
including calculated electronic circular dichroism (ECD) data. The structures, including the absolute
configurations of briaranes 37 and 46, were further established by single-crystal X-ray diffraction
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analysis using Flack parameter in this study [27]. Compound 28 featured an unprecedented 4,13- and
7,11-fused tetracyclic norcembranoid [27].

Briarane 45 exhibited cytotoxicity toward Hep G2 (human hepatocellular carcinoma),
Huh7 (human hepatocellular carcinoma), SMMC-7721 (human papillomavirus-related endocervical
adenocarcinoma), A2780 (human ovarian carcinoma), BGC-823 (human gastric adenocarcinoma),
HGC-27 (human gastric carcinoma), MGC-803 (human gastric carcinoma), NCI-H1650 (human
bronchoalveolar carcinoma), and PA-1 (human ovarian mixed germ cell tumor) cells with IC50 values
0.89, 16.52, 0.61, 1.18, 2.10, 0.61, 1.97, 6.47, and 0.42 µM, respectively. Briaranes 31, 34, 36, 39, 43,
and 46 exerted selective inhibitory effects toward hepatitis B and antigen (HBeAg) in a dose of 10 µM,
whereas no activity was observed against the expression of hepatitis B surface antigen (HBsAg) [27].

Moreover, the norcembranoids 28 and 47–49 were assayed for their potential inhibitory
effects against nitric oxide (NO) production induced by lipopolysaccharides (LPS) (large molecules
consisting of lipids and polysaccharide composed of O-antigen joined by chemical bonds),
in RAW264.7 cells, and these four compounds exhibited the inhibitory activities with 27.8%, 43.5%,
56.0%, and 57.9% inhibition, respectively, at a dose of 100 µM [27]. In order to explore the mechanism
of these NO inhibitors, the expression of the antioxidant response element (ARE) mediated lufiferase
and NF-κB was evaluated. Norcembranoids 48 and 49 showed the effects against NF-κB by the
inhibitory rates of 25.1% and 28.6% in a dose of 50 µM, respectively. Significant induction of
luciferase was observed as the dose of 50 µM for 48 and 49 with 3.8 and 5.6 folds more than that of
blank control [27]. The antioxidant capacity of 28 and 47–49 were evaluated by the modified 2,2′-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) radical cation decolorization assay [27].
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sinuleptolide (48), and 5-epi-sinuleptolide (49).

In 2017, Cheng et al. reported the occurrence of four pairs of chlorinated briarane derivatives,
including five new metabolites, 3-deacetylpraelolide (50), 13-α-acetoxy-3-deacetylpraelolide (51),
13-α-acetoxy-2-deacetylpraelolide (52), 13-α-acetoxy-3-deacetyljunceellin (53), 13-α-acetoxy-2-
deacetyljunceellin (54), along with three known metabolites, fragilide J (55) [28], 3-deacetyl-
junceellin (56), and 2-deacetyljunceellin (57) [29], from J. fragilis, collected off the inner coral reef
in Hainan Island, China (Figure 4), although briaranes 56 and 57 were obtained as a pair of inseparable
mixture [30].

The structures of briaranes 50–54 were elucidated by spectroscopic methods in association with
chemical conversion. The absolute configurations of briaranes 50 and 55 were further determined by
acetylation of these two compounds to yield the same crystal product and analyses of X-ray crystal
data of this compound by Flack parameter further confirmed the absolute configurations of briaranes
50 and 55 [30], although briaranes 56 and 57 existed in an inseparable mixture in CHCl3 at room
temperature. Lowering the temperature to 4 ◦C resulted in the generation of a crystal, while the
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X-ray diffraction analysis using Flack parameter determined the crystal product to be in accordance
with briarane 56. Each pair of the isomers (50/55, 51/52, 53/54, and 56/57) featured by dynamical
interconversion through as acetyl migration in 1,2-diol, which was postulated to be generated under
the formation of cyclic orthoacetate intermediated. In the mixture of briaranes 56 and 57, increasing
temperature gradients resulted in the variation of 56/57 ratio, while the ratio of 56/57 varied from 1:1
to 2:3 at 50 ◦C [30]. The mixtures of 50/55, 51/52, 53/54, and 56/57 were tested for their inhibitory
effects against NO production induced by LPS in RAW264.7 cells and these four components displayed
inhibitory activities against NO production with the inhibition rates of 39.4%, 46.4%, 42.7%, and 36.3%,
respectively, at a concentration of 50 µM [30].
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juncins P (63) and ZI (64). 

Based on spectroscopic methods, the structures of briaranes 58 and 59 were elucidated and the 
cyclohexane rings in 58 and 59 were found to exist in chair and twist boat conformation, respectively. 
At a concentration of 10 μM, briaranes 59, 61, and 64 showed anti-inflammatory activity against the 
expression of pro-inflammatory protein inducible nitric oxide synthase (iNOS) to 49.13%, 36.22%, 
and 43.33%, respectively, and briaranes 60 and 61 elicited reduction of the pro-inflammatory protein 
cyclooxygenase-2 (COX-2) to 47.49% and 43.64%, respectively [38]. 

2.2. Junceella Gemmacea 

Four new briaranes, junceellolides M–P (65–68), along with seven known briaranes, 
junceellolides A–D (21,22,69,70) [14] (the structures of briaranes 21 and 22, please see Figure 2), 
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Figure 4. Structures of 3-deacetylpraelolide (50), 13-α-acetoxy-3-deacetylpraelolide (51), 13-α-
acetoxy-2-deacetylpraelolide (52), 13-α-acetoxy-3-deacetyljunceellin (53), 13-α-acetoxy-2-deacetyl-
junceellin (54), fragilide J (55), 3-deacetyljunceellin (56), and 2-deacetyljunceellin (57).

Two new briaranes, fragilides K (58) and L (59), along with five known chlorinated briaranes,
gemmacolides V (60) and X (61) [31], praelolide (62) [7,14,16,32–37], and juncins P (63) [35] and ZI
(64) [11], were obtained from a Formosan J. fragilis [38] (Figure 5).
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juncins P (63) and ZI (64).

Based on spectroscopic methods, the structures of briaranes 58 and 59 were elucidated and the
cyclohexane rings in 58 and 59 were found to exist in chair and twist boat conformation, respectively.
At a concentration of 10 µM, briaranes 59, 61, and 64 showed anti-inflammatory activity against the
expression of pro-inflammatory protein inducible nitric oxide synthase (iNOS) to 49.13%, 36.22%,
and 43.33%, respectively, and briaranes 60 and 61 elicited reduction of the pro-inflammatory protein
cyclooxygenase-2 (COX-2) to 47.49% and 43.64%, respectively [38].

2.2. Junceella Gemmacea

Four new briaranes, junceellolides M–P (65–68), along with seven known briaranes, junceellolides
A–D (21,22,69,70) [14] (the structures of briaranes 21 and 22, please see Figure 2), junceellin
A (= junceellin) (71) [7,14,16,34–37,39,40], praelolide (62) [7,14,16,32–37], and juncin ZI (64) [11]
(the structures of briaranes 62 and 64, please see Figure 5) were isolated from J. gemmacea,
collected from the South China Sea [41] (Figure 6). The structures, including the absolute configurations,
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of new briaranes 65–68 were deduced on the basis of spectroscopic analyses, particularly with
ECD experiments.
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Five 8-hydroxybriaranes, including a new briarane, (1S*,2S*,8S*,9S*,10S*,11R*,12R*,14S*,17R*)-
11,20-epoxy-14-(3-methylbutanoyl)-2,9,12-triacetoxy-8-hydroxybriar-5(16)-en-18,7-olide (72) along
with four known metabolites, gemmacolides A (73) and B (74) [42,43], and juncins H (75) [44] and K
(76) [45], were isolated from J. juncea collected from Tuticorin coast of the Indian Ocean (Figure 7) [46].
The structure of briarane 72 was established by spectroscopic data and 72 was found to exhibit
activities against the fungi Aspergillus niger, Candida albicans, and Penicillium notatum. Briaranes 73 and
74 displayed activities against the bacteria Bascillus pumilis and Escherichia coli. While the briaranes 75
and 76 showed activities against B. subtilis, B. pumilis, Proteus vulgaris, and E. coli [46].
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butanoyl)-2,9,12-triacetoxy-8-hydroxybriar-5(16)-en-18,7-olide (72), gemmacolides A (73) and B (74),
and juncins H (75) and K (76).

Furthermore, Chang et al. isolated three new briaranes, juncenlides M–O (77–79), from J. juncea,
collected in the waters of Taiwan [47] (Figure 8). Structures of new briaranes 77–79 were established by
spectroscopic methods. Briaranes 78 and 79 showed inhibitory activities against the release of elastase
and 79 also exhibited inhibitory activity against the generation of superoxide anon [47].
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2.4. Junceella sp.

Three known briaranes, junceellolide A (21) [14], praelolide (62) [7,14,16,32–37], and junceellin
A (71) [7,14,16,34–37,39,40], (the structures of briaranes 21, 62, and 71, please see Figure 2, Figure 5,
and Figure 6, respectively), and a known sterol, 5α,8α-epidioxy-24(ξ)-methylcholesta-6,22-dien-3β-ol
(80) [48] (Figure 9), were obtained from the ethanol extract of a gorgonian coral identified as Junceella sp.,
collected off the Vietnam Thu Island in May 2010 [49]. However, by assuming that enantiomeric series
for sterols, the configuration at C-24 in 80 should be assigned as S*-form on the basis of the 13C
NMR chemical shift of C-24 and C-28 [50]. Furthermore, two nucleosides, deoxyadenosine (81) and
deoxythymidine (82) [51,52], were obtained from aqueous solution of this specimen. Structures of all
isolates were established using spectroscopic data (Figure 9) [49].
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and deoxythymidine (82).

In the cytotoxic activity test, briaranes 71 and sterol 80 exhibited weak cytotoxicity toward
the THP-1 (human acute monocytic leukemia) tumor cells with IC50 values 55.4 and 130 µM,
respectively. Sterol 80 also possessed weak clonogenic activity with INCC50 53.3 µM toward THP-1.
Moreover, sterol 80 produced an inhibition zone 12 mm in diameter against Bacillus subtilis. Briarane 62
inhibited weakly Candida albicans. Briaranes 21 and 71 and sterol 80 inhibited weakly Vibrio
parahaemolyticus [49].

3. Conclusions

The natural products obtained from gorgonian corals belonging to the genus Junceella complied
in this review indicated that the terpenoid derivatives, particularly briarane-type diterpenoids, are the
major components of the natural products isolated. Of the 82 metabolites, 75 compounds (91.5%)
are briarane-type diterpenoids. Of the briaranes, 50 compounds are halogenated (50/75 = 66.7%).
Briarane-type natural products are a large family of natural products that are only isolated from
marine organisms and the compounds of this type were suggested originally synthesized from
the 3,8-cyclization of cembranoids by the host corals and not by their zooxanthellae [37,53,54].
Briarane-type diterpenoids continue to attract attention owing to their complex structures and potential
biomedical activities.

Studies on the novel substances for biomedical use from the marine invertebrates originally
distributed in the Indo-Pacific Ocean will play an important role in natural product research [55].
Marine natural products currently under clinical trials are limited. Based on the potential medical
use and complex structures, it is very difficult to obtain enough material for further studies by
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chemical methods. How to make the best use of aquaculture technology to enhance in captivity mass
production of raw materials needed for extraction of biomedical use marine natural compounds is
very important in the future [56].
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A B S T R A C T

Hypoxia is associated with poor prognosis in most solid tumors due to its multiple effects on therapy resistance,
angiogenesis, apoptotic resistance, and tumor invasion/metastasis. Here we used a comprehensive omics pro-
filing to investigate hypoxia-regulated gene expression in HCT116 colon cancer cells. Quantitative analyses of
proteome and secretome were performed in HCT116 cells cultured under hypoxic or normoxic conditions. A
total of 5700 proteins were quantified in proteome analysis and 722 proteins were quantified in secretome
analysis. Both datasets were combined with the transcriptome and translatome datasets for further analysis.
Verification of candidate proteins/genes in this integrated omics analysis was performed using immunoblotting
and quantitative real-time RT-PCR analyses. We also performed polysome profiling to assess changes in trans-
lational efficiency of hypoxia-induced genes. Notably, several genes were differently regulated at the tran-
scriptional and translational levels in HCT116 cells during hypoxia. Bioinformatics analysis suggested that hy-
poxia regulates translation of genes involved in extracellular matrix organization, extracellular exosomes, and
protein processing in endoplasmic reticulum. Aberrations in these metabolic pathways appear to be correlated
with an increased risk of tumor invasion/metastasis.
Biological significance: This study integrates transcriptome/translatome and proteome/secretome to analyze gene
expression changes in human colon cancer cells under hypoxic conditions. Candidate proteins/genes in this
integrated omics analysis were further validated by immunoblotting, quantitative real-time RT-PCR, and poly-
some profiling. The datasets would be useful to uncover the molecular mechanisms of hypoxia-induced gene
regulation in colorectal cancer.

1. Introduction

Cancer starts from a single cell that acquires genetic mutations to
promote uncontrolled cell division. Once the tumor reaches a size of
1–2mm in diameter, diffusion of oxygen provided by nearby blood
vessels is insufficient to maintain cancer cell growth and metabolic
homeostasis, a phenomenon called tumor hypoxia [1,2]. It has been
reported that hypoxia plays a critical role in cancer development and
progression, such as glycolysis, angiogenesis, genomic instability,
apoptotic resistance, and tumor invasion/metastasis [3,4]. Recent stu-
dies have established a direct link between hypoxia and the organiza-
tion of the extracellular matrix (ECM) which plays an important role in

tumor invasion/metastasis [5]. In addition, hypoxia has been im-
plicated in conferring resistance to anti-cancer radiotherapy and che-
motherapy [6–8].

In order to sustain survival and cell growth under hypoxic condi-
tions, cancer cells have to adapt to low oxygen stress by altering their
gene expression and metabolism [9,10]. Since hypoxia has profound
effects on cancer development and progression, it is very important to
understand gene expression changes under hypoxic conditions. Most of
the transcriptional changes are thought to be controlled by hypoxia
inducible factors (HIFs) during hypoxia. In response to hypoxia, cells
rapidly increase the protein level of HIF-1, a heterodimeric transcrip-
tion factor consisting of an oxygen-sensitive HIF-1α subunit and a
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constitutively expressed HIF-1β subunit [11,12]. HIF-1 plays a key role
during hypoxia by regulating the transcription of> 100 target genes,
which contain hypoxia response elements (HREs) in their promoter
regions. Overexpression of HIF-1 is frequently observed in different
types of cancer, and this has made it an attractive therapeutic target for
cancer treatment [13]. In addition to HIF-1, other transcription factors
have also been regarded as contributors in the transcriptional response
to hypoxia [14].

Compared to transcription, translational control permits more rapid
changes at the protein level. General translation is repressed by hypoxia
to conserve ATP for cell survival. It is thought that mammalian target of
rapamycin (mTOR) and the endoplasmic reticulum resident kinase
(PERK) play a key role in translational repression during hypoxia
[15–17]. Global translation is largely inhibited during hypoxia; how-
ever, selected mRNAs required for cellular adaption to hypoxia remain
to be translated. Hypoxia-induced translational activation requires al-
ternative mechanisms, such as internal ribosome entry site (IRES) or
upstream open reading frame (uORF) in the 5′ untranslated region
(UTR) of mRNAs [18–21]. Moreover, a subset of RNA-binding proteins
(RBPs) or microRNAs (miRNAs) have been shown to control translation
in the 3′ UTR of mRNAs during hypoxia [22]. Recently, an alternative
cap-dependent translation that depends on a complex composed of the
cap-binding protein eIF4E2, the RNA-binding protein RBM4, and the
oxygen-regulated HIF-2α was shown to express a subset of hypoxia-
induced genes [23]. It is proposed that hypoxia causes a switch from
eIF4E to eIF4E2-dependent translation initiation [24]. They also pro-
vide evidence that translational efficiency, rather than mRNA levels, is
the most important determinant of protein output under hypoxic con-
ditions. However, the molecular details of hypoxia-induced transla-
tional regulation are still not well characterized.

Because hypoxia does not affect translation of mRNAs to the same
extent [25], the expression of mRNAs can't completely reflect the
amount of protein [26]. Transcriptome analysis of the cellular response
to hypoxia has been extensively studied [27–29]. In contrast, proteomic
studies of hypoxia-regulated proteins in cancer cells are relatively
limited [30–32]. It has recently become possible to investigate changes
of protein expression profile of cultured cells using quantitative pro-
teome analysis. A lot of mass spectrometry (MS)-based quantitative
proteomic methods are commonly used today. Among them, stable
isotope labeling with amino acids in cell culture (SILAC) is a simple and
accurate method for relative quantitation of protein abundance
[33–35].

We previously used microarray analysis of total RNA and polysome-
associated mRNAs to identify hypoxia-regulated genes at the tran-
scriptional and translational levels in HCT116 colon cancer cells [17].
Here, we further performed quantitative proteome analysis using
SILAC-labeled HCT116 cells in conjunction with liquid chromatography
tandem-mass spectrometry (LC-MS/MS) to investigate changes in pro-
tein expression profile during hypoxia. Secretome is generally used to
refer to a subset of proteome in which all of the secreted proteins re-
leased from of a cell, tissue, or organism are analyzed. Cancer cell se-
cretome has received increasing interest for the discovery of diagnosis/
prognosis cancer biomarkers, and it can be a good source of information
on cancer biology [36,37]. To elucidate how gene expression could be
regulated during hypoxia, we performed integrated omics analysis of
transcriptome/translatome and proteome/secretome in hypoxic
HCT116 cells compared to normoxic controls. Functional annotation
clustering analysis of hypoxia-regulated proteins indicates that hypoxia
induces glucose metabolism but represses translational elongation and
cell cycle progression. Furthermore, translation of genes involved in
ECM organization is regulated by hypoxia. This suggests that hypoxia is
correlated with an increased risk of tumor invasion/metastasis.

2. Material and methods

2.1. Cell culture and hypoxic treatment

HCT116 cells were grown in DMEM medium supplemented with
10% fetal bovine serum at 37 °C in 5% CO2 incubator. For hypoxic (1%
O2) treatment, cells were transferred to a specially designed hypoxia
chamber (NexBiOxy Inc., Hsinchu, Taiwan) which was flushed with
95% N2 and 5% CO2 at 37 °C.

2.2. SILAC labeling

HCT116 cells were grown in lysine, arginine depleted DMEM
(Biological industries, CT, USA) supplemented with 10% heat-in-
activated dialyzed fetal bovine serum (Biological industries) at 37 °C in
5% CO2 incubator. Before use, media was re-supplemented with either
normal 100mg/l [12C6]lysine/[12C6]arginine or 100mg/l [13C6]lysine/
[13C6]arginine (Invitrogen, Carlsbad, CA USA) and additional 100mg/l
proline. Cells were grown for at least 6 doublings to allow full in-
corporation of labeled amino acids.

2.3. Conditioned media

The conditioned media from HCT116 cells were collected as pre-
vious described [38]. In brief, cells were grown in the 15-cm culture
dishes. The cells were washed with serum-free media and incubated in
serum-free media for 24 h. The serum-free media were then harvested
and removed the intact cells followed by centrifugation in Amicon
Ultra-15 tubes (molecular mass cutoff, 3 kDa; Millipore, Billerica, MA)
to concentrate and desalt the supernatants. The resulting supernatants
were used as conditioned media. The protein concentrations of the
conditioned media were determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific).

2.4. Dimethyl labeling

The sample (25 μg of proteolytic peptides in 100 μl of 0.1M TEAB
buffer, pH 8) was mixed with 7.5 μl of 2M sodium cyanoborohydride.
Four microliter of 4% (w/w) 12CH2-formaldehyde (light) or 13CD2-for-
maldehyde (heavy) solution was added to the mixture, and incubated
for 1 h at 37 °C [39,40]. After incubation, 4 μl of 1M ammonium bi-
carbonate was added to the mixture to quench the reaction. This pro-
cedure converts primary amines to dimethylamines in proteolytic
peptides (N-terminus and the side chain of lysine residues). The mass
shifts per labeling site were +28 Da or +34Da for light labeling or
heavy labeling samples, respectively.

2.5. Preparation and digestion of cell samples

To monitor isotopic amino acid incorporation and conversion,
trypsin digests were prepared from whole cell lysates and conditioned
medium samples for LC-MS/MS analysis. Cell culture media were re-
moved, and then washed twice with ice-cold PBS and lysed in lysis
buffer (0.1% SDS, 20mM HEPES, 1mM Na3VO4 and 2.5mM Na4P2O7,
1mM EDTA, 1mM glycerophosphate, 1 mM benzamidine and 1mM
phenylmethylsulfonyl fluoride) on ice. The cell lysates were collected
and sonicated on ice with a probe sonicator (model W-380, Heat
Systems-Ultrasonics) for 3× 10 s at 50% power output followed by
centrifugation at 11,000×g for 20min at 4 °C. The supernatant was
used as the cell extracts and subjected to protein concentration de-
termination by the Pierce BCA Protein Assay Kit. Five hundred and fifty
micrograms of the SILAC samples was used for proteome analysis. The
sample was subjected to reduction and alkylation by 10mM DTT at
56 °C for 1 h and 30mM iodoacetamide at RT for 30min in the dark and
quenched by 10mM DTT, followed by in-solution digestion with freshly
prepared sequencing-grade trypsin (20 ng/μl in 25mM NH4HCO3;
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Promega, Madison, WI) (protein: trypsin= 50:1) at 37 °C for 16 h. The
reaction was stopped by adding formic acid (FA) to a final concentra-
tion of 0.05%. Micro-columns (packed with LiChrospher® 100 RP-18)
were regenerated using the following steps: 100% acetonitrile (ACN)/
0.1% FA, 80% ACN/0.1% FA, 50% ACN/0.1% FA, and 0.1% FA. The
samples were acidified with 0.1% FA and desalted using a micro-
column by a brief centrifugation at 840×g for 2min at RT. The pep-
tides bound to the resins were sequentially eluted by 25% ACN/0.1%
FA, 50% ACN/0.1% FA, and 80% ACN/0.1% FA. The eluted fractions
were combined and re-concentrated in a vacuum centrifuge. Dried
fractions were dissolved in 0.1% FA for LC-MS/MS analysis.

2.6. On-line strong ion exchange/reverse phase liquid chromatography-
tandem mass spectrometry

For proteome analysis, peptides prepared from in-solution digestion
were separated and analyzed via the online two-dimensional (2D) LC-
MS/MS technique using a strong cation exchange (SCX) and reverse-
phase 18 (RP18) nanoscale liquid chromatography system coupled with
a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). Briefly,
equal mixtures of SILAC peptides were injected into an in-house packed
SCX column (Luna SCX, 5 μm, 0.5×150mm; Phenomenex, CA, USA)
and fractionated into 66 fractions using a 66 h (for secretome, sample
was fractionated into 22 fractions using a 22 h analysis) continuous
ammonium chloride gradient in the presence of 30% ACN and 0.1% FA.
Each effluent of SCX fraction (1 μl/min) was continuously mixed with a
stream of 0.1% FA/H2O (50 μl/min), and peptides were trapped on a RP
column (Source 15 RPC, 0.5×5mm; GE Healthcare, PA, USA) and
separated using coupled BEH C18 chromatography (1.7 μm,
0.1×120mm; Waters, MA, USA) with an acetonitrile gradient in 0.1%
FA.MS analysis was performed on a Dionex UltiMate 3000 nano LC
system.

2.7. MS data processing

Mass spectra were acquired in the positive ion mode applying a
data-dependent automatic switch between survey scan and tandem
mass spectra (MS/MS) acquisition. Proteome samples were analyzed
with a top 5 method; acquiring one Orbitrap survey scan in the mass
range of m/z 300–2000 followed by MS/MS of the five most intense
ions in the LTQ. The target value in the LTQ-Orbitrap was 1,000,000 for
survey scan at a resolution of 60,000 at m/z 400 using lock masses for
recalibration to improve the mass accuracy of precursor ions.
Fragmentation in the LTQ was performed by collision-induced dis-
sociation with a target value of 5000 ions. Ion selection threshold was
500 counts. Selected sequenced ions were dynamically excluded for
90 s.

2.8. Database search and protein quantification pipeline

The proteome MS datasets were analyzed with the software
Proteome Discoverer (version: 1.4.0.288; Thermo Fisher Scientific, San
Jose, CA, USA) with Mascot (version 2.2; Matrix Science, London, UK).
To perform the database search against respective Swiss-Prot protein
database (version: sprot_2014.fasta, number of sequences after tax-
onomy: 20266) for these raw data files. The search parameters used
were as follows: trypsin as enzyme specificity; maximum missed clea-
vage sites: 2; cysteine carbamidomethylation as a fixed modification;
protein N-terminal acetylation, Gln→ pyro Glu (N-term Q), methionine
oxidation, 13C(6) (K) and 13C(6) (R) as variable modifications. The
processing of secretome MS datasets were analyzed with similar setting
but Dimethyl:2H(4)13C(2) (K), Dimethyl:2H(4)13C(2) (N-term),
Dimethyl (K) and Dimethyl (N-term) as variable modifications. Peptide
charge: 1+ to 3+; peptide tolerance: 10 ppm; MS/MS tolerance: 0.6 Da;
identify sets peptide FDR (false discovery rates): 0.01; protein FDR:
0.01; min. peptide length: 7; Minimal number of peptides: 1, Count only

rank 1 peptides: True, Count Peptide only in top scored proteins: True.

2.9. Immunoblot analysis

Proteins were transferred onto a PVDF Transfer Membrane
(Millipore). The membranes were blocked with 3% skim milk in TBST
buffer (100mM Tris-HCl (pH 7.6), 150mM NaCl, and 0.05% Tween 20)
at RT for 1 h. Protein blots were incubated with primary antibodies in
blocking buffer at RT for 2 h, followed by incubation with HRP-con-
jugated secondary antibodies at RT for 2 h. After washing with TBST
buffer, signals were detected using Immobilon Western
Chemiluminescent HRP Substrate (Millipore) and images from auto-
radiograms were captured with the ChemiDoc™ Touch Imaging System
(Bio-Rad). For reprobing, the membranes were stripped with 2% SDS,
100mM β-mercaptoethanol and 62.5mM Tris at 56 °C for 45min with
occasional agitation. After washing with TBST buffer, the membranes
were re-probed with another antibody.

2.10. Quantitative real-time RT-PCR

Extracted RNA was reverse-transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific)
according to manufacturer's instructions. The resulting cDNA was
subjected to quantitative real-time PCR analysis using gene-specific
primers. Quantitative real-time PCR was performed using StepOne™
Real-Time PCR Systems according to suppliers' recommendations
(Thermo Fisher Scientific). The levels of mRNAs were detected with
Fast SYBR® Green Master Mix (Thermo Fisher Scientific). Quantitative
analysis was performed by the measurement of CT values during the
exponential phase of amplification. Relative quantitation values were
calculated using the 2−ΔΔCT method [41].

2.11. Sucrose gradient sedimentation and polysome profiling

Cells were collected in cold PBS containing 100 μg/ml cyclohex-
imide. All subsequent steps were performed at 4 °C. Cell pellets were
resuspended in RSB-150 (10mM Tris-HCl (pH 7.4), 3 mM MgCl2, and
150mM NaCl) containing 100 μg/ml cycloheximide, 40 μg/ml digi-
tonin (Calbiochem), 20 U/ml RNasin (Promega), and 1×protease in-
hibitor cocktail (Thermo Fisher Scientific). After incubation on ice for
5min, cells were disrupted by passage through a 26-gauge needle five
times. Cytoplasmic extracts were collected by centrifugation at
3000×g for 2min, and clarified by further centrifugation at 11,000×g
for 15min. The samples were loaded on a linear 15–40%sucrose gra-
dient and centrifuged at 178,000×g for 3 h in a Beckman SW41 rotor.
After centrifugation, total RNA was extracted from each fraction using
phenol/chloroform extraction in the presence of 1% SDS and 0.25M
NaCl, followed by ethanol precipitation. For polysome profile analysis,
the gradients were monitored at 254 nm using an ISCO fractionation
system (Lincoln, NE).

2.12. DAVID gene ontology (GO) and STRING network analyses

To detect significant GO biological processes from the omics ana-
lyses, the DAVID functional annotation clustering tool was used by
choosing the “GOTERM_BP_FAT”, “GOTERM_CC_FAT”, or
“GOTERM_MF_FAT” option or KEGG_PATHWAY [42]. The UNIPROT_
ACCESSION names corresponding to interesting proteins were searched
against the DAVID Bioinformatics Resources 6.7. The initial group
membership and final group membership were set at 2, while results
filter by P-value < 0.01. Pathway analyses of protein candidates ob-
tained from up/down-regulated proteins were performed using DAVID,
as well as by Kyoto Encyclopedia of Genes and Genomes (KEGG). The
statistical significance of the identified networks was based on P-values,
which are defined as the probability that a given number of proteins
from the input list will match a certain number of gene nodes in the
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pathway network. In addition, the gene symbols corresponding to
proteins of interest were searched against the STRING database version
11.0 for protein-protein correlations [43]. STRING defines a metric
called “confidence score” to define interaction confidence; it fetched all
correlations that had a confidence score≥ 0.4 (medium confidence).

2.13. Data availability

All uncropped versions of immunoblots are provided in
Supplementary figures (raw data). Most of the raw data for the figures
and tables presented in this paper are also provided in Supplementary
Datasets. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository [44] with the
dataset identifier (PXD009009).

3. Results

3.1. Quantitative proteome and secretome analysis in HCT116 cells during
hypoxia

In order to maintain cell survival under hypoxic stress, cancer cells
have to alter their gene expression and/or protein synthesis. Here, we
performed SILAC-based quantitative proteome analysis to monitor
protein expression changes in HCT116 colon cancer cells during hy-
poxia. Strategy to investigate proteomic changes in response to hypoxia
was shown in Fig. 1A. HCT116 cells were grown on medium containing
[12C6]Arg/[12C6]Lys (Light a.a.) and [13C6]Arg/[13C6]Lys (Heavy a.a.),
respectively. Proline was added to SILAC media to prevent the meta-
bolic conversion of Arg to Pro [45]. The light a.a.-labeled cells were
incubated under normoxic (21% O2) conditions and the heavy a.a.-la-
beled cells were subjected to hypoxia treatment (1% O2 for 24 h).
Protein extracts from both sets of SILAC-labeled cells were mixed in a
mass ratio of 1:1. The SILAC-labeled, Hypoxia/Ctrl.-treated samples
were simultaneously analyzed by conventional proteome analysis
(biological replicates, n= 2; 33 μg protein/66 fractions/experiment).
This data was further confirmed by a reciprocal experiment in which
the light a.a.-labeled cells were treated with hypoxia and the heavy a.a.-
labeled cells were incubated under normoxic conditions. Immunoblot
analysis showed that HIF-1α protein, a hallmark of hypoxia, was dra-
matically induced by hypoxia in the SILAC-labeled cells (Fig. 1B). HIF-1
has been shown to activate the transcription of vascular endothelial
growth factor (VEGF) during hypoxia [46]. However, the expression of
VEGF protein was only slightly increased in hypoxic HCT116 cells as
compared to normoxic controls (Fig. 1B). The expression of tubulin and
actin proteins remained almost unchanged under hypoxic conditions
and thus served as loading controls.

Cancer cells can secrete various soluble factors such as epidermal
growth factor (EGF) and VEGF that can promote cell proliferation and
angiogenesis. They also secrete cell-derived proteases that alter the
adjacent stroma toward a permissive and supportive environment for
cancer progression [5,38]. A comprehensive analysis of the hypoxic
cancer cell secretome may provide a valuable source for biomarker
discovery and putative therapeutic targets for cancer treatment
[36,47]. Metabolic labeling (SILAC) was applied not only for proteome
analysis, but also for secretome analysis in several reports [48,49]. The
main reason for using SILAC with 10% FBS is to encounter culture
conditions that are similar to those of transcriptome and translatome
datasets. However, most secretome studies were performed under
serum-free conditions for 24 h [48], and chemical labeling (dimethyl
labeling) is a cheaper and more convenient method for quantitative
secretome analysis. Although this research design is not perfect, we still
integrate all omics data to find the interesting regulations for further
validation. To perform quantitative secretome analysis, HCT116 cells
were incubated under hypoxic or normoxic conditions for 24 h. The
conditioned media were harvested and further purified into secreted

proteins (including ECM and exosomal proteins). As shown in Fig. 2A,
the conditioned medium collected from normoxic HCT116 cells was
digested by trypsin and labeled with heavy isotope of dimethyl com-
pound, while the conditioned medium collected from hypoxic HCT116
cells was digested by trypsin and labeled with light isotope of dimethyl
compound [39,40]. Both dimethyl-labeled protein samples were mixed
at a 1:1 mass ratio, and then subjected to proteomic analysis. This data
was further confirmed by a reciprocal experiment in which secreted
proteins of hypoxic cells were labeled with heavy isotope of dimethyl
compound. The dimethyl-labeled, Hypoxia/Ctrl.-treated samples were
simultaneously analyzed by conventional proteome analysis (biological
replicates, n= 2; 12.5 μg protein/22 fractions/experiment). Im-
munoblot analysis showed that HIF-1α was dramatically increased in
hypoxic cell lysates (Fig. 2B). VEGF was also strikingly increased in
conditioned medium from hypoxic HCT116 cells as compared to nor-
moxic cells. This indicates that secreted proteins, such as VEGF, should
be assessed by secretome rather than proteome analysis. Our experi-
ments also showed that 24 h of hypoxia treatment has no significant
effect on cell viability and cell death of HCT116 cells (Fig. 2C).
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Digestion and C18 micro-column desalting 
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Total lysate: 42 g 
Fig. 1. Strategy to investigate proteomic changes in HCT116 cells during hypoxia. (A)
HCT116 cells was grown on medium containing [12C6]Arg/[12C6]Lys (Light a.a.) or
[13C6]Arg/[13C6]Lys (Heavy a.a.), respectively. Both culture media were added proline to
prevent amino acid conversion. SILAC-labeled cells were subjected to 24 h of normoxic
(21% O2) or hypoxic (1% O2) treatment. Extracts from both sets of SILAC-labeled cells
were mixed in a mass ratio of 1:1, digested by trypsin, and then subjected to proteomic
analysis (on-line SCX/RP-LTQ-Orbitrap). Proteome Discoverer software was used for mass
spectrometric data analysis. (B) Total extracts (42 μg) from SILAC-labeled HCT116 cells
treated with hypoxia or normoxia for 24 h were resolved by 10% SDS-PAGE and subjected
to immunoblotting with the indicated antibodies.
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3.2. Improvement of the performance of quantitative proteome and
secretome analysis

To compare the relative levels of intracellular (proteome) and ex-
tracellular (secretome) proteins in hypoxic and normoxic HCT116 cells,
we used the Proteome Discoverer software to process the quantitative
mass spectrometric data. Data of biological reduplicates were combined
and processed using unified statistical criteria (Supplementary Fig.
S1A). The level of HIF-1α (HIF1A) protein is controlled by ubiquitin-
mediated degradation under normoxic conditions [50]. As expected,
HIF1A was obviously increased in hypoxia-treated HCT116 cells (mean
log2 (ratio)= 2.13, equivalent to 4.378-fold change from Exp. 1).
However, protein products of house-keeping genes such as nucleolin
(NCL) (mean log2 (ratio)=−0.015, equivalent to 0.989-fold change)
and actin (ACTG1) (mean log2 (ratio)= 0.069, equivalent to 1.049-fold
change) did not significantly change after hypoxic treatment. The MS-
based quantification results are consistent with those observed from
immunoblot analysis (Fig. 1B). In addition to the quantification of
paired light/heavy peptides, it is necessary to identify proteins with
unpaired peptides (i.e., light or heavy peptide observed alone in the
mass spectra) which have dramatic changes from these experiments.

The results from the analysis of SILAC-labeled HCT116 cells showed
that 28 and 29 proteins with unpaired peptides are only identified in
the hypoxic or normoxic cells, respectively (Supplementary Table S1).
The results from the analysis of secretome showed that 3 and 3 proteins
with unpaired peptides are only identified in the hypoxic or normoxic
cells, respectively (Supplementary Table S2). Although many inter-
esting targets have been unraveled in these datasets described above,
we narrowed down the target list from the quantitative proteome/se-
cretome analysis. For quantitative proteome analysis, replicated ex-
periments can improve the quantification coverage and accuracy. The
false quantification rate (FQR) is a measurement to evaluate the accu-
racy of quantification results [51]. However, it is important to test
whether combining multiple replicates and precision control criterion
can improve the accuracy of quantitative results. The data with at least
two ratio counts in reciprocal experiments were combined for evalua-
tion. By this way, the FQR of unique protein quantification was esti-
mated from 4.78% to 2.88% for the 5902 quantified proteins from
proteome dataset and from 33.3% to 28.76% for the 772 quantified
proteins from secretome dataset (Supplementary Table S3), respec-
tively. When the relative standard deviation (RSD) filter < 0.5 was
applied, their FQR were decreased to 2.21% for the 5700 quantified
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Fig. 2. Strategy to investigate secretomic changes in HCT116
cells during hypoxia. (A) The conditioned medium collected
from normoxic or hypoxic HCT116 cells was digested with
trypsin and labeled with heavy or light isotope of dimethyl
compound, respectively. Both dimethyl-labeled protein samples
were mixed in a mass ratio of 1:1, and then subjected to pro-
teomic analysis (on-line SCX/RP-LTQ-Orbitrap). Proteome
Discoverer software was used for mass spectrometric data ana-
lysis. (B) Total extracts (20 μg) and conditioned medium proteins
(20 μg) from HCT116 cells treated with normoxia or hypoxia for
24 h were subjected to 10% SDS-PAGE followed by im-
munoblotting with the indicated antibodies. (C) To compare cell
viability and cell death, HCT116 cells cultured in serum-free
medium were treated with normoxia or hypoxia for 24 h. Cell
viability is calculated as the number of viable cells divided by the
total number of cells within the grids on the hemocytometer. If
cells take up trypan blue, they are considered as cell death.
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proteins from proteome dataset and 25.48% for the 722 quantified
proteins from secretome dataset (Supplementary Table S3), respec-
tively. The scattered quantified results of potential experimental errors
were effectively removed by replicates and precision control criterion
that significantly improved the final quantitative accuracy (Tables 1
and 2). Compared to proteome, the difficulty in replicated measure-
ments of secretome is derived from their low abundance and high
complexity. The quantified proteins from proteome dataset have high
reproducibility than those from secretome dataset of the replicate ex-
periments (87.09% of quantified proteins from proteome dataset ex-
isted in both two experiments but only 74.3% of quantified proteins
from secretome dataset were observed) (Supplementary Figs. S1B and
S1C). Therefore, an alternative approach to improve the data accuracy
while retaining a large number of quantified results is required. To
quantify protein levels with high confidence, ambiguous targets which
contain single ratio count or ratio of relative standard deviation
(RSD)≥ 0.5 were removed. By this way, we have quantified the levels
of 5700 proteins from proteome dataset (Supplementary Dataset 1) and
722 proteins from secretome dataset (Supplementary Dataset 2) with
high confidence (Supplementary Figs. S1D and S1E). In this study,
summary statistics (Mean, Standard deviation, etc.) for proteome ana-
lysis have been shown in Supplementary Datasets 1 and 2. The methods
for data preprocessing were described in previous reports [52,53].
Briefly, data were normalized by raw median, and transformed to log2
format. Accuracy of quantitation depends on the abundance and signal-
to-noise ratio of the peptide pair, and missing values were filtered out.
Finally, we selected targets based on their ratios which are more than
mean ± 2SD in proteome (protein ratio > 1.473 or< 0.688) and
mean ± 1SD in secretome (protein ratio > 1.679 or< 0.628) as de-
scribed previously [53].

3.3. Selection of hypoxia-regulated proteins at the translational level

To elucidate hypoxia-induced gene expression and regulation in
HCT116 cells, we have monitored the changes of omics profiling:
transcriptome, translatome, proteome, and secretome. We first in-
tegrated transcriptome/translatome and proteome/secretome datasets
to search for hypoxia-regulated genes. This integrated analysis yielded

1189 genes with their corresponding transcription/translation/protein
levels (Supplementary Dataset 3). The following criteria were used to
select candidates with hypoxia-induced translational regulation for
further verification: (i) The candidates are significantly up-regulated at
the translation level in hypoxic HCT116 cells; (ii) The candidates have
secretory properties (Extracellular space, Secreted and Signal peptide)
which were defined by UniPort database (http://www.uniprot.org/) or
exosome database (http://www.exocarta.org/); (iii) The candidates
have important biological functions such as key regulatory enzymes or
transcription factors. By this way, 30 significantly up-regulated candi-
dates at the level of translation but not transcription (Table 3) and 27
significantly up-regulated candidates at both transcriptional and
translational levels (Table 4) were identified with high confidence in
hypoxic HCT116 cells. On the other hand, 19 significantly down-
regulated candidates at the level of translation but not transcription
(Supplementary Table S4) and 12 significantly down-regulated candi-
dates at both the transcriptional and translational levels (Supplemen-
tary Table S5) are shown. Half of the 30 translationally up-regulated
proteins have rare reports of hypoxia (≤5 references). LMAN2 and
PROS1 were identified as novel hypoxia-regulated proteins at the
translational level (Table 3). IGFBP6, LOXL2, COL12A1, COL6A1,
IGFBP2 and HYOU1 had also been identified as hypoxia-induced pro-
teins in U373MG glioma [54]. AREG and DNMT1 have already been
described as important oncogenes in human cancers [55,56]. Jagged1
has been described as a Notch ligand that has a positive effect on tumor
angiogenesis [57]. CD44 and ALCAM have been shown to be associated
with cancer metastasis [58,59]. Therefore, the hypoxia-induced pro-
teins may have the potential to provide new biomarkers for diagnosis
and prognosis prediction.

3.4. Validation of hypoxia-induced proteins in HCT116 cells

Supplementary Tables S6–S9 show list of the significantly up- or
down-regulated proteins from proteome and secretome datasets of
HCT116 cells during hypoxia. As shown in Supplementary Table S6,
ANGPTL4 (29.92-fold change), PLOD2 (10.24-fold change), P4HA1
(5.51-fold change), BNIP3L (4.83-fold change), PDK1 (4.52-fold
change), SLC2A1 (4.08-fold change), P4HA2 (3.48-fold change), and

Table 1
Numbers of unique proteins were identified and quantified in SILAC-labeled HCT116 cells after hypoxic treatment.

Hypoxia/ctrl. Identification Quantification Up-regulated protein
(>mean+2SD)

Down-regulated protein
(<mean− 2SD)

Proteome Exp. 1 6738 6397 122 149
Proteome Exp. 2 6628 6282 193 85
Sum of protein 7137 6777 163 (> 1.671) 124 (< 0.609)
Replicated protein 6229 5700a 127a(> 1.473) 108a(< 0.688)

All proteins were identified with at least two unique peptides (peptides FDR < 1%, protein FDR < 1%) and quantified with at least two H/L ratio counts from each experiments. The “a”
indicates protein with high confidence which were selected with at least two ratio counts from the reduplicate experiments (RSD < 0.5) and differently regulated parts (ratio more than
mean+2×SD or smaller than mean− 2× SD). FQR=2.21%.
Bold indicates the final results of “proteome dataset”.

Table 2
Numbers of unique proteins were identified and quantified from secretome of HCT116 cells after hypoxic treatment.

Hypoxia/ctrl. Identification Quantification Up-regulated protein
(>mean+1SD)

Down-regulated protein
(<mean− 1SD)

Up-regulated protein
(>mean+2SD)

Down-regulated protein
(<mean− 2SD)

Secretome Exp. 1 984 924 120 124 39 10
Secretome Exp. 2 946 887 117 127 33 9
Sum of protein 1102 1039 141 (> 1.802) 155 (< 0.613) 41 (> 3.088) 14 (< 0.358)
Replicated protein 828 722a 88 (> 1.679) 104 (< 0.628) 28a(> 2.746) 11a(> 0.384)

All proteins were identified with at least two unique peptides (peptides FDR < 1%, protein FDR < 1%) and quantified with at least two H/L ratio counts from each experiments. The “a”
indicates protein with high confidence which were selected with at least two ratio counts from the reduplicate experiments (RSD < 0.5) and differently regulated parts (ratio more than
mean+2×SD or smaller than mean− 2× SD). FQR=25.48%.
Bold indicates the final results of “secretome dataset”.
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Table 3
Thirty genes are significantly up-regulated at the translational level in hypoxic HCT116 cells.

Accession Gene Transcriptome
Hypoxia/ctrl.
Fold mean

Translatome
Hypoxia/ctrl.
Fold mean

Proteome
Hypoxia/ctrl.
Fold mean

Secretome
Hypoxia/ctrl.
Fold mean

Exosome
protein

Extracellular
space

Secreted Signal
peptide

PubMed (gene,
hypoxia)

P24592 IGFBP6 1.47 2.27 Hypoxia only X X X 7
Q9Y4K0 LOXL2 1.41 8.11 2.69 X X X X 23
P13726 F3 1.41 5.11 2.39 X X X 20
P16070 CD44 1.37 8.97 1.10 1.80 X X 185
Q99715 COL12A1 1.36 7.58 1.71 0.74 X X X X 1
P15514 AREG 1.36 5.61 1.59 X X 7
P31431 SDC4 1.29 4.33 2.61 X X X 6
Q9UBN6 TNFRSF10D 1.26 4.23 4.72 X X 1
P07686 HEXB 1.20 9.38 0.96 2.76 X X 1
Q96BD0 SLCO4A1 1.19 5.19 2.08 X 1
Q12907 LMAN2 1.19 3.54 0.96 3.34 X X 0
Q02487 DSC2 1.17 5.18 1.14 2.75 X X 2
P27797 CALR 1.16 9.03 1.09 1.92 X X X X 1
P21399 ACO1 1.16 2.50 1.07 2.11 X 3
P23284 PPIB 1.09 4.98 1.09 2.96 X X 1
P07225 PROS1 1.09 3.13 2.88 1.01 X X X 0
O43291 SPINT2 1.04 5.09 1.62 X X 4
Q13740 ALCAM 1.00 8.32 1.01 3.99 X X X 5
P18065 IGFBP2 1.00 4.71 1.86 X X X 32
P05067 APP 0.98 13.28 1.71 2.51 X X 149
O00180 KCNK1 0.98 3.77 1.52 1
P26358 DNMT1 0.98 3.54 0.73 2.45 X X 29
O15427 SLC16A3 0.91 7.97 1.61 X 9
Q13162 PRDX4 0.89 5.74 0.99 1.76 X X X 4
Q8NBS9 TXNDC5 0.83 4.61 1.03 4.95 X X 7
P78504 JAG1 0.81 8.55 1.96 X X 23
Q9BRK5 SDF4 0.81 5.21 1.00 1.78 X X 1
P12109 COL6A1 0.76 19.25 1.69 0.62 X X X X 3
O00767 SCD 0.76 6.18 1.65 163
Q9Y4L1 HYOU1 0.70 12.73 1.04 1.88 X X 11

The significance of transcriptome and translatome are defined with ratios out of> 1.5 or< 0.67 fold. The significance of proteome/secretome are defined with ratios out of mean ± 2
SD/±1 SD.

Table 4
Twenty-seven genes are significantly up-regulated at both the transcriptional and translational levels in hypoxic HCT116 cells.

Accession Gene Transcriptome
Hypoxia/ctrl.
Fold mean

Translatome
Hypoxia/ctrl.
Fold mean

Proteome
Hypoxia/ctrl.
Fold mean

Secretome
Hypoxia/ctrl.
Fold mean

Exosome
protein

Extracellular
space

Secreted Signal
peptide

PubMed (gene,
hypoxia)

P35318 ADM 10.29 5.99 Hypoxia only X X 123
P15408 FOSL2 6.55 2.37 5.09 6
P52789 HK2 5.78 3.22 3.42 192
P13674 P4HA1 5.74 8.23 5.51 X X 12
O76061 STC2 5.47 3.25 3.53 X X X 10
O00469 PLOD2 4.37 7.43 10.23 X X 14
P09972 ALDOC 4.35 2.05 4.39 2.40 X 5
P11166 SLC2A1 3.35 7.93 4.08 X 347
P14921 ETS1 2.88 2.24 1.72 54
Q02809 PLOD1 2.62 8.26 2.46 1.47 X X 2
P19012 KRT15 2.38 1.59 1.91 X 0
Q8NFJ5 GPRC5A 2.35 7.35 2.21 X 1
O95210 STBD1 2.33 2.91 1.72 0
O60281 ZNF292 2.30 1.61 1.93 2
Q96HE7 ERO1L 2.29 8.57 2.13 16
O15460 P4HA2 2.10 7.13 3.48 X 7
Q9H5V8 CDCP1 2.00 4.83 1.57 X X X 8
P06744 GPI 1.96 2.03 2.34 1.38 X X 78
P00558 PGK1 1.87 2.08 1.91 1.66 X 59
P19367 HK1 1.81 2.55 1.39 1.89 X 20
O94953 KDM4B 1.78 2.09 3.18 10
P13797 PLS3 1.72 2.07 1.58 1.43 X 0
Q9NQW6 ANLN 1.70 2.24 1.98 X X 0
P11021 HSPA5 1.66 23.43 1.12 1.71 X X 38
Q9Y4H2 IRS2 1.66 3.35 1.97 X X 17
P48723 HSPA13 1.55 9.16 5.59 X X 0
P50454 SERPINH1 1.54 6.46 1.25 1.78 X X 7

The significance of transcriptome and translatome are defined with ratios out of> 1.5 or< 0.67 fold. The significance of proteome/secretome are defined with ratios out of mean ± 2
SD/±1 SD.
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HK2 (3.42-fold change) are known as hypoxia-induced genes. To vali-
date proteomic data (Supplementary Table S6), we performed im-
munoblot analysis to determine the relative amount of up-regulated
candidates (PLOD2, P4HA1, FOSL2, ALDOC, SLC2A1, HK2, ERO1L,
ETS1, STBD1, and CDCP1) in HCT116 cells during hypoxia compared to
normoxia (Fig. 3A). The results of validation experiments are largely
consistent with those observed from the quantitative proteome analysis.
We also detected these hypoxia-induced proteins in HT-29 colon cancer
cells, and similar results were obtained (Supplementary Fig. S2). This
indicates that hypoxia regulates gene expression possibly through si-
milar mechanisms in colon cancer cells. From secretome analysis
(Supplementary Table S8), STC2 (3.53-fold change), LOXL2 (2.69-fold
change), and IGFBP2 (1.86-fold change) were significantly increased in
HCT116 cells during hypoxia. APP (0.98-fold change of transcriptome,
13.28-fold change of translatome, 1.71-fold change of proteome, 2.51-
fold change of secretome) and CD44 (1.37-fold change of tran-
scriptome, 8.97-fold change of translatome, 1.10-fold change of pro-
teome, 1.81-fold change of secretome) were increased at the levels of
translation and secretion. ALDOC (4.35-fold change of transcriptome,
2.05-fold change of translatome, 4.39-fold change of proteome, 2.40-
fold change of secretome) and HSPA5 (1.66-fold change of tran-
scriptome, 23.43-fold change of translatome, 1.12-fold change of

proteome, 1.71-fold change of secretome) were increased from tran-
scription to protein translation and secretion. We also performed im-
munoblot analysis to verify several up-regulated candidates (APP,
ALDOC, CD44, and HSPA5) from secretome (Supplementary Table S8).
The results of validation experiments are largely consistent with those
observed from secretome analysis (Fig. 3B). Furthermore, we also
performed quantitative real-time RT-PCR to detect the mRNA level of
these candidate genes. The majority of hypoxia-induced genes showed
increased mRNA expression in hypoxic HCT116 cells compared to
normoxic cells (Fig. 3C). Nevertheless, the mRNA level of HIF1A was
markedly decreased (0.27-fold change) but not increased in HCT116
cells during hypoxia. The molecular mechanism of its down-regulation
at the mRNA level remains unknown. Glycolytic enzyme GAPDH often
serves as a housekeeping gene in many studies. It has been reported that
GAPDH is up-regulated by HIF-1 in different cell lines [60,61]. Al-
though we also observed that the mRNA level of GAPDH was up-
regulated (2.18-fold change) in HCT116 cells during hypoxia (Fig. 3C),
its protein level was not significantly increased in proteome dataset
(GAPDH, 1.19-fold change) and immunoblot analysis (Fig. 3A). We
further demonstrated that translation of GAPDH mRNA is more sensi-
tive to hypoxia-induced translational repression than other mRNAs.

(C) 

Re
la

�
ve

 m
RN

A
 e

xp
re

ss
io

n 
)B()A( Fig. 3. Validation of the proteome and transcriptome data.

HCT116 cells were treated with normoxia or hypoxia for
24 h. (A) Total extracts from HCT116 cells were resolved
by 10% SDS-PAGE and subjected to immunoblotting with
the indicated antibodies. Induction of HIF-1α protein is a
hallmark of hypoxia. The expression levels of GAPDH, β-
actin, and α-tubulin proteins which remained almost
constant between normoxia and hypoxia served as loading
controls. (B) Conditioned medium proteins (20 μg) from
HCT116 cells treated with hypoxia or normoxia for 24 h
were analyzed as described above. (C) RNA extraction
from HCT116 cells was analyzed by quantitative real-time
RT-PCR using gene-specific primers. Bar graphs show re-
lative mRNA levels normalized to β-actin mRNA from at
least three independent experiments.
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3.5. GAPDH mRNAs are susceptible to hypoxia-induced translational
repression in HCT116 cells

Several lines of evidence indicate that translation of general mRNAs
is repressed by hypoxia in many different types of cells [15–17].
However, selected hypoxia-responsive genes can escape from transla-
tional repression under such a condition. We also performed sucrose
gradient sedimentation and polysome profile analysis to evaluate the
translational status of HCT116 cells in response to hypoxia. As

expected, hypoxia causes a decrease in polysomes and a corresponding
increase in translation initiation complexes, including 40S, 60S ribo-
somal subunits and 80S monosome (Fig. 4A, left panel). After sucrose
gradient centrifugation, the mRNA/ribosome complexes were separated
into 11 fractions (Fig. 4A, right panel). Denaturing agarose gel elec-
trophoresis of rRNAs also showed a shift from polysomes (fractions
7–11) into 40S (fractions 3–4), 60S (fraction 5) ribosomal subunits and
80S monosome (fraction 6). This indicates that general translation is
inhibited by hypoxia in HCT116 cells. We further analyzed translational
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Fig. 4. Validation of the translatome data using polysome profile analysis. HCT116 cells were treated with normoxia or hypoxia for 24 h. Cytoplasmic extracts were loaded on a 15–40%
linear sucrose density gradient, and followed by ultracentrifugation. (A) Polysome profiles of HCT116 cells were monitored at 254 nm using an ISCO fractionation system (left). RNA
extracted from sucrose gradient fractionation was resolved on a 1% formaldehyde/agarose gel. 28S and 18S rRNAs were visualized by ethidium bromide staining (right). The distribution
of ribosomes, including 40S and 60S ribosomal subunits, 80S monosome, and polysomes, are indicated. (B) The distribution of mRNAs (%) in each fraction was analyzed by quantitative
real-time RT-PCR. Bar graphs show mean ± standard deviation from at least three independent experiments. (C) Translational efficiency of β-actin, GAPDH, HIF1A, and ALDOC mRNAs
was calculated and shown as a percentage (%) in HCT116 cells under normoxic and hypoxic conditions. Bar graphs show mean ± standard deviation from at least three independent
experiments (*P < 0.05, **P < 0.01, ***P < 0.001).
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efficiency of several genes by polysome profiling and quantitative real-
time RT-PCR (Fig. 4B). The polysomal association of β-actin and
GAPDH mRNAs was decreased in HCT116 cells exposed to hypoxia.
Notably, translation of GAPDH mRNA is more susceptible to hypoxia-
induced translational repression than β-actin mRNA. In contrast, the
polysomal distribution of HIF1A and ALDOC mRNAs were increased in
HCT116 cells during hypoxia (Fig. 4B). This indicates that HIF1A and
ALDOC mRNAs remain efficiently translated during hypoxia. The dis-
tribution of an mRNA within the polysomal fractions is reflective of its
translational efficiency. After calculation, translational efficiency of
GAPDH mRNA changes from 69% to 30% in HCT116 cells exposed to
hypoxia (Fig. 4C). HIF1A and ALDOC mRNAs show an increase in
translational efficiency during hypoxia compared to normoxia (Fig. 4C),
suggesting that selected genes can escape from translational repression
and remain efficiently translated in HCT116 cells during hypoxia.
Therefore, only transcriptome is not sufficient to interpret gene ex-
pression under hypoxic conditions. We need to integrate multiple types
of omics data, including transcriptome, translatome, proteome, and
secretome.

3.6. Bioinformatics analysis of the hypoxia- regulated proteins in HCT116
cells

To figure out hypoxia-induced gene expression and regulation, the
DAVID functional annotation clustering was used to analyze the 420
hypoxia-regulated proteins (210 up-regulated proteins and 210 down-
regulated proteins) from the combined proteome and secretome data-
sets in the context of the Gene Ontology (GO) [42]. As shown in Fig. 5,
“translational elongation” was selectively enriched in biological process
(Fig. 5A, P-value=7.02E−09), and “cytosol” was selectively enriched
in cellular component (Fig. 5B, P-value=2.69E−12), and “RNA
binding” was selectively enriched in molecular function (Fig. 5C, P-
value=1.73E−10). If we only analyzed the 210 up-regulated proteins
from the combined proteome and secretome datasets, “glucose meta-
bolic process” was selectively enriched in biological process (Supple-
mentary Fig. S3A, P-value=1.44E−09), and “iron ion binding” was
selectively enriched in molecular function (Supplementary Fig. S3B, P-
value=9.73E−06). If we only analyzed the 210 down-regulated pro-
teins from the combined proteome and secretome datasets, “transla-
tional elongation” was selectively enriched in biological process (Sup-
plementary Fig. S4A, P-value= 4.20E−11), and “cytosolic ribosome”
was selectively enriched in cellular component (Supplementary Fig.
S4B, P-value=1.60E−11), and “RNA binding” was selectively en-
riched in molecular function (Supplementary Fig. S4C, P-
value=3.12E−10). Collectively, the results of bioinformatics analysis
indicate that hypoxia induces glucose metabolic process to generate
energy for cells but represses translational elongation.

For KEGG pathway analysis, the 210 up-regulated proteins from the
combined proteome and secretome datasets were analyzed. The results
showed that the “Glycolysis/Gluconeogenesis” pathway (P-
value=3.48E−06, Fold Enrichment= 9.43, FDR=3.79E−03) was
selectively enriched, including ALDOA, ALDOC, ENO2, GPI, HK1, HK2,
LDHA, and PGK1 (Supplementary Fig. S5A). The 210 down-regulated
proteins from the combined proteome and secretome datasets were also
analyzed. The results showed that the “Ribosome” pathway (P-
value=2.31E−10, Fold Enrichment= 10.77, FDR=2.37E−07) was
selectively enriched, including RPL10, RPL13, RPL13A, RPL18,
RPL18A, RPL35, RPSA, RPS2, RPS3, RPS8, RPS9, RPS16, RPS18, and
RPS20 (Supplementary Fig. S5B). The “Cell cycle” pathway (P-
value=1.64E−06, Fold Enrichment= 6.42, FDR=1.69E−03) was
also selectively enriched, including MCM4, PLK1, BUB3, TTK, CDK4,
CDC25B, CDC20, CDKN1A, MCM2, PKMYT1, BUB1B, and PRKDC
(Supplementary Fig. S5C). In addition to functional annotation de-
scribed above, 49 proteins from hypoxia-induced translational regula-
tion (30 significantly up-regulated candidates and 19 significantly
down-regulated candidates) were further mapped to protein-protein

correlation networks using the STRING database [43]. This analysis
revealed that 30 proteins (25 candidates with 5 interactors) in different
correlations from distinct protein complexes were involved in “extra-
cellular matrix organization (CD44, COL6A1, COL12A1, and SDC4)”
(FDR=1.74E−03), “extracellular exosome (APP, CALR, CHD2,
COL6A1, HYOU1, NEDD4L, PROS1 and SDF4)” (FDR=2.91E−09),
and “protein processing in endoplasmic reticulum (CALR, DNAJB1,
HSP90B1, HYOU1, LMAN2, TXNDC5)”(FDR=2.91E−09) (Supple-
mentary Fig. S5D).

4. Discussion

Given that hypoxia may alter transcription, translation, and protein
stability, we present comprehensive transcriptome/translatome/pro-
teome/secretome analyses to study changes in gene expression that
occur in HCT116 cells during hypoxia. Quantitative mass spectrometry
analysis of the hypoxic proteome and secretome was performed using
SILAC or Dimethyl labeling approach. It is necessary to establish that in
existing cancer cells hypoxia permanently, rather than transiently, al-
ters the expression of proteins involved in energy metabolism, angio-
genesis, and tumor invasion/metastasis. Hypoxia induced intra- and
inter-cellular proteins (ECM context) which are important for tumor
heterogeneity and invasion/metastasis. The integrated omics analysis of
omics profiling may provide the possibility of developing new methods
of anti-cancer therapy [62]. In contrast to the genetic and epigenetic
changes that induce host cell transformation to initiate tumor devel-
opment, those that promote the malignant progression of cancer remain
poorly understood. Emerging evidence suggests that the hypoxic tumor
microenvironment could remodel the chromatin-associated proteome
(chromatome) to induce epigenetic changes and alter gene expression
in cancer cells [63]. Mammalian gene expression patterns change pro-
foundly in response to hypoxia. These changes in gene expression are
strongly influenced by post-transcriptional mechanisms mediated by
RNA-binding proteins (RBPs) and microRNAs (miRNAs). RBPs are also
involved in the processes of subcellular localization, translation initia-
tion, mRNA stability, and RNA degradation. Among the putative factors
for hypoxia-induced translational regulation are heterogeneous nuclear
ribonucleoproteins (hnRNPs), which control the fate of cytosolic
mRNAs. Several miRNAs have been functionally implicated in hypoxic
cells. For example, biogenesis of miR-210 and miR-215 were induced in
pancreatic cancer (PC) cells and glioma-initiating cells [64,65], re-
spectively. The miR-210 expression in PC cells is induced by hypoxia
through the HIF-1-dependent pathway, and the GTPase-activating
protein GIT2 may be potential miR-210 target in PC cells [64]. Al-
though we found that hypoxia can induce GIT2 expression at the mRNA
level (1.8-fold change of transcriptome), there is no significant differ-
ence at the protein level (1.0-fold change of proteome) between nor-
moxic and hypoxic HCT116 cells (Supplementary Table S4). This is a
hint on how to explain why the protein level of GIT2 is not correlated
with its transcription, implicating that post-transcriptional and trans-
lational controls have a major impact on gene expression and regulation
during hypoxia.

Protein translation typically begins with the recruitment of the 43S
ribosomal complex to the 5′ cap of mRNAs by a cap-binding complex
eIF4F (eIF4E-eIF4G1-eIF4A). However, a subset of mRNAs may be
translated in a cap-independent manner during hypoxia. It was recently
reported that mRNAs containing N6-methyladenosine (m6 A) in their 5′
UTR can be translated in a cap-independent manner under stress con-
ditions [66]. More recently, it was proposed that an alternative cap-
dependent translation that depends on eIF4FH (eIF4E2-eIF4G3-eIF4A)
complex mediates translation of selected mRNAs during hypoxia [24].
This study also showed that hypoxic cells depend on a switch in
translation, rather than mRNA levels, to alter protein expression pat-
tern. Among the reported candidates [24], P4HA1 (5.7-fold change of
transcriptome, 8.2-fold change of translatome, 5.5-fold change of pro-
teome), PLOD2 (4.4-fold change of transcriptome, 7.4-fold change of
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translatome, 10.2-fold change of proteome), and SLC2A1 (3.4-fold
change of transcriptome, 7.9-fold change of translatome, 4.1-fold
change of proteome) were also identified as candidate genes in our
translatome dataset.

Here, we identified 30 candidates whose translation is up-regulated
by hypoxia (Table 3). Among these candidates, lectin mannose binding
2 (LMAN2) (1.2-fold change of transcriptome, 3.5-fold change of
translatome, 1-fold change of proteome, 3.3-fold change of secretome)
and protein S (PROS1) (1.1-fold change of transcriptome, 3.1-fold
change of translatome, 2.9-fold change of proteome, 1-fold change of
secretome) are two novel hypoxia-induced proteins at the translational
level. Although PROS1 has been identified as a secreted protein in
androgen-independent prostate cancer cells, no secretion was detected
in the secretomes of normal and androgen-dependent cell lines [67].
We herein show that hypoxia increases the intracellular level of PROS1
protein through translational regulation, with no detectable changes in
the secretome. LMAN2 functions as an intracellular lectin in the early
secretory pathway, and it was identified in the gastric cancer secretome
[68]. PROS1 is a ligand of the proto-oncogenic receptor protein tyrosine
kinases TAMs (TYRO3, AXL, and MER). PROS1 had been reported as a

mediator of cell proliferation, survival, and migration in oral squamous
cell carcinoma (OSCC) [69]. Moreover, the 27 significantly up-regu-
lated candidates at both the transcriptional and translational levels in
hypoxic HCT116 cells contain several novel hypoxia-induced proteins,
including KRT15, ANLN, PLS3, and adrenomedullin (ADM) (Table 4).
KRT15 had been identified as one of the up-regulated genes in a subset
of urothelial cell carcinomas [70]. ANLN is required for cytokinesis and
has been reported as a prognostic biomarker of CRC [71]. Microarray
analyses suggested a major role of ANLN in cell migration and several
cancer-related signaling pathways. The actin-bundling protein PLS3 can
be used as a circulating tumor cells (CTC) marker for metastatic CRC
cells [72]. In particular, ADM is a potent hypotensive and vasodilator
agent. ADM is only identified in the hypoxic cells, and it has been
shown to promote angiogenesis and increase the tolerance of cells to
oxidative stress and hypoxic injury [73].

Tumor invasion/metastasis is a complex process involving the re-
ciprocal interplay between cancer cells and host stroma at both primary
and secondary sites, and is strongly influenced by microenvironmental
factors such as hypoxia. Tumor-secreted proteins may play a crucial
role in tumor invasion/metastasis and have therapeutic potential. The

Fig. 5. Functional annotation clustering of hypoxia-regulated proteins in HCT116 cells during hypoxia. The 420 hypoxia-regulated proteins in HCT116 cells were analyzed by Gene
Ontology (GO) enrichment analysis (Top 10 and FDR < 0.05). (A) The “translational elongation” was selectively enriched in biological process (P-value=7.02E−09). (B) The “cytosol”
(P-value= 2.69E−12) were selectively enriched in cellular component. (C) The “RNA binding” (P-value= 1.73E−10) was selectively enriched in molecular function.
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obtained results will improve our understanding of the complex events
in the cancer microenvironment by providing reliable information
about changes from genes to proteins in cancer cells under hypoxic
conditions. Quantitative analysis of the relative abundance of expressed
proteins is an essential issue in comprehensive proteomics for ver-
ification. Further functional studies based on our results can provide
important clues with regard to cancer biology such as tumor invasion/
metastasis or angiogenesis and the development of biomarkers and
therapeutic targets for human cancers.

5. Conclusions

Here, we use a combined omics approach to investigate gene ex-
pression and regulation in HCT116 cells during hypoxia. Quantitative
mass spectrometry (MS) analyses of hypoxic and normoxic proteome/
secretome were performed in human colon cancer cells for the first
time. A total of 1189 MS-identified proteins were compared to tran-
scriptome and translatome datasets, and we found that 49 proteins were
regulated during hypoxia at the translational level, including 30 up-
regulated and 19 down-regulated genes. Notably, secretory proteins
IGFBP6 and LOXL2 which have been suggested as hypoxia biomarkers
were up-regulated in hypoxic HCT116 cells. This approach provides a
more comprehensive view of gene expression and regulation during
hypoxia in cancer cells. Identified hypoxia-regulated genes may provide
a novel therapeutic target for cancer treatment and biomarkers for di-
agnosis/prognosis. We also found that hypoxia induces translation of
many genes involved in extracellular matrix organization, extracellular
exosome, and protein processing in endoplasmic reticulum in colon
cancer cells. These findings support the idea that hypoxia is correlated
with an increased risk of tumor invasion/metastasis.
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Summary
Objective: The aim of this study was to examine the comorbid rates of thyroid 
dysfunction among patients with attention-deficit/hyperactivity disorder (ADHD) 
and the general population. We further examined whether pharmacotherapy affects 
ADHD patients’ risk of developing thyroid dysfunction.
Design and Measurement: We recruited 75 247 newly diagnosed ADHD patient and 
75 247 healthy controls between January 1999 and December 2011 from the 
National Health Insurance database in Taiwan. We compared hyperthyroidism, hypo-
thyroidism and other common paediatric psychiatric diseases between ADHD 
patients and controls. We carried out logistic regression analysis to identify an inde-
pendent factor for predicting thyroid dysfunction. Furthermore, we analysed the 
time sequence of the diagnosis and the risk of developing a thyroid disorder after 
receiving pharmacotherapy.
Results: Compared to the control group, the ADHD group had higher comorbidity 
rates of both hyperthyroidism (1.1% of ADHD vs 0.7% of controls, aOR: 1.72, 
P < 0.001) and hypothyroidism (0.6% of ADHD vs 0.2% of controls, aOR: 2.23, 
P < 0.001). Of the ADHD patients with comorbid thyroid dysfunction, about two-
thirds and half of patients were diagnosed with ADHD prior to their diagnosis of hy-
perthyroidism and hypothyroidism, respectively. Furthermore, pharmacotherapy had 
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1  | INTRODUC TION

Attention-deficit/hyperactivity disorder (ADHD) affects 5%-8% of 
children worldwide.1 This disorder is characterized by difficulty sus-
taining attention, an inability to control impulses and an inability to 
present proper behaviours for specific situations. The aetiology of 
ADHD is still not completely understood. The endocrine system is as-
sociated with the neurological development and behaviour of children. 
Within the endocrine system, thyroid dysfunction (both hyperthyroid-
ism and hypothyroidism) commonly exhibits behavioural and cognitive 
symptoms.2 Molecular mechanisms underlie the various effects of the 
thyroid hormone on proliferation, differentiation, migration, synapto-
genesis and myelination in the developing nervous system.3

In the past, studies have explored the relationship between thy-
roid function and ADHD, but the findings have varied.4-10 Weiss 
et al4 found that the prevalence of thyroid abnormalities is higher 
(5.4%) in children with ADHD than in the general population (<1%). 
Furthermore, Kuppili et al11 indicated that serum levels of thyroxine 
(T4) were significantly lower in children with ADHD compared with 
those in healthy control subjects. One previous study reported that 
patients with X-linked IGSF1 deficiency syndrome, who were charac-
terized by central hypothyroidism, demonstrated attention defects 
and lower energy.12 However, many studies have found no associ-
ation between thyroid dysfunction and ADHD and have disputed 
the suggestion that thyroid function should be routinely screened 
for in ADHD children.5-8 Furthermore, Soldin et al13 reported that 
neonatal thyroxine levels had no correlation with the subsequent 
risk of developing ADHD. However, Alvarez-Pedrerol et al14 re-
ported that high thyroid-stimulating hormone (TSH) concentrations 
are associated with a lower cognitive function, and high TSH and 
low free T4 are linked to ADHD symptoms in healthy preschoolers. 
Meanwhile, dysregulated thyroxine and TSH concentrations are also 
related to mood symptoms and the severity of children’s behavioural 
symptoms.9,10,15

Over the past decade, studies have turned their focus on ges-
tational thyroid hormones in infants. Thyroid dysfunction during 
pregnancy has been found to influence the neurodevelopment of 
neonates, especially before mid-gestation, at which point the thy-
roid gland of the foetus begins to mature, consequently causing be-
havioural and psychiatric disorders16 or ADHD.17-20 Maternal thyroid 

dysfunction has been regarded as an independent risk factor that 
exposes children to the potential of developing ADHD,19,21,22 while 
one study recognized maternal thyroid dysfunction as only being re-
lated to the development of inattention in female children.23 Many 
polluting chemical substances can interfere with thyroid hormone 
(TH) metabolism, which may lead to abnormalities in the neurologi-
cal development of a foetus or child.24 However, maternal thyroxine 
supplement during pregnancy did not improve children’s cognitive 
function.25

Pharmacotherapy is an effective treatment option for ADHD. 
Pharmacotherapy works by enhancing catecholamine function (do-
pamine or norepinephrine) in the brain. Whether pharmacotherapy 
affects the endocrine system has been the subject of considerable 
debate. Bereket et al26 reported that during a 4-month stimulant 
treatment, they observed decreasing levels of serum T4 and free-T4 
and increasing levels of TSH in children with ADHD, although the 
pre- and post-treated levels of T4, free-T4 and TSH were maintained 
within normal limits. ADHD medication influences the function of 
dopaminergic neurotransmitters at the hypothalamic level27 and 
may also affect thyroid function.

Hyperthyroidism is a condition in which the thyroid gland is 
overactive and makes excessive amounts of thyroid hormone. In 
contrast, hypothyroidism refers to the thyroid gland not making 
enough thyroid hormone to keep the body functioning properly. 
However, no studies have used a large-scale database to investi-
gate the relationship between hyperthyroidism or hypothyroidism 
and ADHD. Furthermore, it remains unclear whether ADHD treat-
ment with medication influences thyroid function. Therefore, we 
conducted this nationwide population-based analysis to explain the 
co-occurrence rate of ADHD and thyroid dysfunction. We also ex-
amined whether pharmacotherapy may affect ADHD patients’ risk 
of developing thyroid dysfunction.

2  | METHODS

2.1 | Data source

This study has been approved by the institutional review board 
of Chang Gung Memorial Hospital. We obtained data for this 

no significant influence on the risk of developing hyperthyroidism (aHR: 1.09, 
P = 0.363) or hypothyroidism (aHR: 0.95, P = 0.719) among ADHD patients.
Conclusion: Patients with ADHD had greater comorbid rates with thyroid dysfunc-
tion than the control subjects, but pharmacotherapy for treating ADHD did not affect 
thyroid dysfunction later in life. However, these findings should be further verified 
using a clinical cohort with comprehensive laboratory assessment in future.

K E Y W O R D S

ADHD, comorbidity, epidemiology, medication, thyroid dysfunction
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study from the ambulatory claims database of the National Health 
Insurance Research Database of Taiwan (NHIRD-TW). First imple-
mented in 1995, Taiwan’s National Health Insurance (NHI) pro-
gramme is a compulsory universal health insurance programme, 
and the Bureau of NHI is the single payer for healthcare services. 
The Bureau of NHI has contracted 93% of all health care providers 
in Taiwan, and at least 96% of insured people have used healthcare 
services once or more through those contracted hospitals and 
clinics since the programme’s start. As of the end of 2008, 22.8 
million people in Taiwan (more than 98% of the population) had 
been enrolled in the NHI programme. The contracted medical care 
institutions are required to electronically submit medical expense-
related claim documents every month. The electronic claim forms 
include such information as the patient’s gender, as well as the 
medical institution visited, diagnostic codes, the date of any pre-
scriptions given, the drugs prescribed and any claimed medical ex-
penses. The Bureau of NHI have medical experts regularly review 
the rationality of patients’ diagnoses, prescribed drugs or disposal 
and to some extent also maintain the validity of the health insur-
ance data. The reliability of diagnostic codes, medication use and 
health system utilization in the NHIRD has already been proven in 
a previous study.28,29

2.2 | Selection of ADHD patients

We studied all patients newly diagnosed with ADHD between 
January 1999 and December 2011 and whose records were found 
in the NHIRD-TW (N = 146 063). To reduce potential misdiagno-
sis, ADHD was defined as at least two NHI claims records with 
the International Classification of Diseases, 9th revision, Clinical 
Modifications (ICD-9-CM) code 314.X. The incidence of ADHD in 
this data set has been published previously, ADHD diagnosis rate 
among the study cohort increased from 0.11% in 2000 to 1.24% in 
2011.30 The prevalence in this study is similar to that of previous 
studies that have used the same research database.31,32 The con-
trol group in this study was selected from another subset cohort of 
the NHIRD-TW, the Longitudinal Health Insurance Database 2000 
(LHID2000). As all subjects in the LHID2000 were born before 
31 December 1999, this database cannot be used to find a match 
for any ADHD patient born after 31 December 1999. Therefore, 
patients with ADHD born after 31 December 1999 were excluded 
(n = 70 816). After excluding these patients, our data set included 
75 247 patients in the ADHD group. We defined the index date 
as the date when ADHD was first diagnosed, and the patients’ 
medical records in the NHIRD-TW were followed through 31 
December 2011.

2.3 | Selection of the control group

We selected the control group from another subset cohort of the 
NHIRD-TW, the LHID2000, which consists of the original claims 
data for one million beneficiaries randomly sampled from the 2000 
Registry of Beneficiaries of the NHIRD-TW. The control subjects had 

no ADHD diagnosis between 1 January 1996 and 3 December 2011. 
In this study, we used the propensity score matching technique to 
create a matching control with a ratio of 1:1 for the ADHD group. 
The propensity scores were determined using multivariate logistic 
regression analysis with gender and birth year as the confounding 
covariates.33,34 We determined an index date for each matched 
control, which was established as the ADHD diagnosis date from 
its matching ADHD case. This study utilizes the aforementioned 
matched index dates to reduce potential temporal biases for subse-
quent survival analysis. The 75 247 controls were followed from this 
entry date until the end of the study period (31 December 2011).

2.4 | Comorbidities and outcomes

We further identified neurodevelopmental disorders commonly co-
morbid with ADHD, which are oppositional defiant disorder (ODD) 
(ICD-9-CM code 313.81), conduct disorder (ICD-9-CM code 312.X), 
autism spectrum disorder (ASD) (ICD-9-CM code 299.X) tic disor-
ders (ICD-9-CM codes 307.2X), and intellectual disability (ICD-9-CM 
code 317 to 319). In our ADHD cohort, patients are mostly children 
and teenagers. They are mostly enrolled to the NHI after birth imme-
diately and continued the insurance during the follow-up. Therefore, 
the death and emigration factors were not taken into account in the 
analysis.

Thyroid dysfunction was defined as having a diagnosis of thyro-
toxicosis with or without a goitre (ICD-9-CM code 242.X), congenital 
hypothyroidism (ICD-9-CM code 243.X) or acquired hypothyroidism 
(ICD-9-CM code 244.X). Diagnoses of thyroid dysfunction and the 
date of diagnosis were identified based on insurance status and 
outpatient and hospitalization claims databases. We established a 
diagnosis of hyperthyroidism (ICD-9-CM code 242.X) and one of 
hypothyroidism (ICD-9-CM code 243.X or 244.X) as two different 
outcomes and analysed them separately.

2.5 | Definition of pharmacotherapy

Medications were acknowledged using the Anatomical Therapeutic 
Chemical classification system.35 Methylphenidate (MPH) and ato-
moxetine (ATX) are two medications that have been approved by 
the NHI Bureau for treating ADHD in Taiwan. Patients treated 
with medication were defined as those who had any prescription 
record of MPH or ATX in an ambulatory care, pharmacy or hospital 
care claim. To explore the potential influence of pharmacotherapy 
on developing thyroid dysfunction in ADHD patients, we followed 
their medical records in the NHIRD-TW until 31 December 2011 
or the development of a thyroid dysfunction. To prevent an im-
mortal time bias,36 we defined the index date as the date when 
ADHD medication was first prescribed in patients that received 
pharmacotherapy.

We also studied patients with hyperthyroidism and received 
treatment with carbimazlole propythiouracil or methimazole, and 
patients who were diagnosed with hypothyroidism and received 
treatment with levothyroxine.
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2.6 | Statistical analysis

We used the Statistical Package for the Social Sciences (spss) ver-
sion 16.0 (spss Inc., Chicago, IL, USA) to carry out all the statistical 
analyses in this study. We considered a two-tailed value of P < 0.05 
as statistically significant.

A chi-square (χ2) test or t-test was adopted to compare char-
acteristics between the ADHD group and the control group. 
Furthermore, we used a multivariate logistic regression model to 
examine the potential influence of ADHD on the comorbidity of 
thyroid dysfunction and controlled for the effects of age, gender 
and comorbidities. We treated a diagnosis of hyperthyroidism and 
one of hypothyroidism as two different outcomes and analysed 
them individually. We calculated the adjusted odds ratio (aOR) and 
95% confidence interval (CI).

We then utilized the Cox regression model to estimate the po-
tential influence of pharmacotherapy on the risk of developing 
thyroid dysfunction, controlling for the effects of age, gender and 
psychiatric comorbidities. The time function of the survival analysis 
was calculated as the number of days from the initial observation 
until 31 December 2011 (end of follow-up). To avoid the immortal 
time bias,36,37 we set drug therapy as a time-dependent covariate in-
vthe Cox regression model and calculated both the adjusted hazard 
ratio (aHR) and the 95% confidence interval (CI).

We have further performed sensitivity analyses, in which the 
patients with hyperthyroidism were defined as ICD-code plus 
the drug prescription history. In the sensitivity analyses for hy-
pothyroidism, hypothyroidism was defined as ICD-code plus the 
drug prescription history, and we excluded patients who had his-
tory of hyperthyroidism prior to the hypothyroidism diagnosis. 
We also used a multivariate logistic regression model to examine 
the association between ADHD and thyroid dysfunction, and we 
utilized the Cox regression model to estimate the potential influ-
ence of ADHD pharmacotherapy on the risk of developing thyroid 
dysfunction.

3  | RESULTS

Table 1 shows the characteristics of the ADHD group (mean age: 
9.8 years, 79.4% male) and the control group (mean age: 10.2 years, 
69.1% male). During the study period, 71.3% of ADHD patients 
received pharmacotherapy. Compared to the control group, the 
ADHD group had higher comorbidity rates of both hyperthyroid-
ism (1.1% of ADHD vs 0.7% of controls) and hypothyroidism (0.6% 
of ADHD vs 0.2% of controls). The ages at which a patient was 
diagnosed with hyperthyroidism in the ADHD patient group were 
generally younger than those of the control group, while the ages 
when diagnosed with hypothyroidism did not differ significantly 
between the groups.

The multivariate logistic regression models, as shown in 
Table 2, demonstrate that ADHD patients were more likely to be 
diagnosed with hyperthyroidism (aOR, 1.72; 95% CI, 1.53-1.94) or 

hypothyroidism (aOR, 2.23; 95% CI, 1.85-2.68) than the control sub-
jects. Being female and an older recruitment age were collectively 
associated with the comorbidity of hyperthyroidism or hypothyroid-
ism. Furthermore, subjects also diagnosed with a conduct disorder 
were associated with a greater risk of hyperthyroidism, while sub-
jects diagnosed with an intellectual disability were associated with a 
greater risk of hypothyroidism.

Table 3 provides the time sequence of comorbid thyroid dys-
function diagnoses among ADHD patients. Of the ADHD patients 
who also had hyperthyroidism (n = 818), 34.5% were diagnosed with 
hyperthyroidism prior to being diagnosed with ADHD, while 65.5% 
of patients were diagnosed with ADHD first. Of the ADHD patients 
who also had hypothyroidism (n = 439), 50.1% were diagnosed with 
hypothyroidism prior to being diagnosed with ADHD, while 49.9% of 
patients received their ADHD diagnosis first.

We further examined the potential influence of pharmacother-
apy on the risk of developing thyroid dysfunction (Table 4) in ADHD 
patients. Upon controlling for the effects of age, gender and psychi-
atric comorbidities, we found that pharmacotherapy did not signifi-
cantly influence the risk of developing hyperthyroidism (aHR, 1.09; 
95% CI, 0.90-1.32) or hypothyroidism (aHR, 0.95; 95% CI, 0.72-1.26). 
Among ADHD patients, being female and an older age at ADHD di-
agnosis were collectively associated with an increased risk of both 
hyperthyroidism and hypothyroidism. Having a conduct disorder 
was associated with a greater risk of hyperthyroidism diagnosis, 
while having an intellectual disability was associated with a greater 
risk of hypothyroidism diagnosis.

We found that approximately 19%-20% and 18%-22.5% of in-
dividuals diagnosed with hyperthyroidism/hypothyroidism received 
relevant drug therapy. The sensitivity analyses (outcomes defined 
as patients who had ICD-code of hyperthyroidism/hypothyroid-
ism plus the drug prescription history) revealed similar results. 
Compared to the control group, the ADHD group had higher co-
morbidity rates of both hyperthyroidism (aOR: 3.29, 95% CI, 2.57-
4.21) and hypothyroidism (aOR: 2.32, 95% CI, 1.55-3.46) (Table S1 
found in the Supporting Information). Also, pharmacotherapy had 
no significant influence on the risk of developing hyperthyroidism 
(aHR: 1.12, 95% CI, 0.76-1.72) or hypothyroidism (aHR: 0.55, 95% CI, 
0.24-1.28) among ADHD patients (Table S2 found in the Supporting 
Information).

4  | DISCUSSION

From our nationwide database, we found that ADHD patients were 
more likely to be comorbid with hyperthyroidism (1.72 fold) or 
with hypothyroidism (2.23 fold) than control subjects. These find-
ings are consistent with those of Weiss et al4 who reported that 
hypothyroidism is more frequent than hyperthyroidism in ADHD 
children. A greater incidence of abnormal thyroid function was 
noted within ADHD children.4,9-11 Two previous studies have sup-
ported the relationship between lower free-T4 and inattention,4,10 
while two other studies indicated that free-T4 was only related to 
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delinquent behaviour.9,11 Still other studies showed no correlation 
between ADHD and thyroid dysfunction or TSH levels compared 
with the control group.5-8 Hauser et al38 divided affected individu-
als into two subgroups: inattention and hyperactivity/impulsivity. 
When diagnosed according to DSM-IV criteria, in which impulsiv-
ity is reassigned from the inattention to the hyperactivity category, 
the abnormal total T3 and total T4 only correlated to the hyper-
activity/impulsivity subgroup. In Holtmann et al’s15 study of 114 
children aged 4-17.7 years, those with a Child Behaviour Checklist 
Dysregulation Profile (CBCL-DP) greater than 2.5 SD were found to 
have a higher serum TSH, but no differences were found in serum 
free T3 and free T4 levels. In general, the incidence of thyroid dys-
function did not differ significantly between non-familial ADHD 
children and the general population, and therefore, routine thyroid 
hormone screening has not been suggested.5,7,8

Thyroid hormone concentration’s effect on neonatal neurocog-
nitive function has been proven in Simic’s study.39 The fundamental 
role of thyroid hormones on the development of monoaminergic and 
cholinergic neurotransmitter systems was noted in attention deficit 

in an animal model,40 but the results have not been replicated in 
human trials. A greater prevalence of comorbid ADHD in children 
with generalized resistance to thyroid hormone (GRTH) has been 
found in two previous studies.4,41 Children with GRTH have an in-
cidence rate of 5.4% of being comorbid with ADHD, compared with 
<1% in the general population.4 However, children with GRTH are 
relatively rare, even within the ADHD population.6 In Joustra’s study 
of patients with IGSF1 deficiency syndrome that manifest central hy-
pothyroidism, a mild defect in attentional control and reduced activ-
ities were recorded.12 The two symptoms resemble the inattentive 
presentation of ADHD. Stein et al42 compared ADHD patients with 
and those without resistance to thyroid hormone (RTH). Although 
their behavioural index was similar on the Conners Parent ques-
tionnaire, ADHD patients with RTH performed significantly worse 
in wide-ranging achievement tests, indicating a weaker perceptual-
organization ability and school performance within this group.

In our study population, the prevalence of hyperthyroidism and 
hypothyroidism was 0.7%-1.1% and 0.2%-0.6%, respectively. In 
comparison with international data, a nationwide study revealed 

TABLE  1 Characteristics of patients with ADHD and control subjects in Taiwan from 2002 to 2011

Characteristics ADHD (N = 75 247) Controls (N = 75 247) Statistics P-value

Age at diagnosis or recruitment (y) 9.8 ± 4.0 10.2 ± 4.2 20.39 <0.001*

Gender

Female 15 501 (20.6) 23 239 (30.9) 2081.39 <0.001*

Male 59 746 (79.4) 52 008 (69.1)

Comorbidity

Oppositional defiant disorder 4360 (5.8) 28 (0.0) 4405.16 <0.001*

Conduct disorder 4555 (6.1) 167 (0.2) 4209.71 <0.001*

Tic disorders 4905 (6.5) 609 (0.8) 3474.34 <0.001*

Autism spectrum disorder 6573 (8.7) 193 (0.3) 6299.23 <0.001*

Intellectual disability 10 724 (14.3) 699 (0.9) 9520.75 <0.001*

Received pharmacotherapy 53 674 (71.3) 74 (0.1) 83 148.31 <0.001*

Age at first prescription (y) 10.5 ± 3.6 12.0 ± 4.9 2.57 0.012*

Diagnosed hyperthyroidism 818 (1.1) 513 (0.7) 70.52 <0.001*

Age at diagnosis (y) 14.5 ± 5.2 15.5 ± 5.1 3.45 0.001*

Drug for treating hyperthyroidisma

Carbimazlole 48 (5.9) 35 (6.8) 0.491 0.483

Propythiouracil 115 (14.1) 61 (11.9) 1.291 0.256

Methimazole 60 (7.3) 42 (8.1) 0.324 0.569

Any drug of above 159 (19.4) 100 (19.5) 0.001 0.980

Diagnosed hypothyroidism 439 (0.6) 182 (0.2) 106.80 <0.001*

Age at diagnosis (y) 10.8 ± 6.9 10.7 ± 6.5 0.18 0.857

Drug for treating hypothyroidismb

Levothyroxine 78 (17.8) 41 (22.5) 1.882 0.170

Previous history of hyperthyroidismb 43 (9.8) 15 (8.2) 0.367 0.545

Data is expressed by n (%) or mean ± SD; Statistic values were expressed using Pearson’s χ2 or t using an independent t-test.
ADHD, attention-deficit hyperactivity disorder.
aDenominator is patients with diagnosis of hyperthyroidism.
bDenominator is patients with diagnosis of hypothyroidism.
*P < 0.05.
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that incidence of juvenile thyrotoxicosis ranged from 1.31 to 
1.83/100 000 person-years during 1982-2012.43 A review article in-
dicated that congenital hypothyroidism occurs in one in 1500-3000 
newborns.44 And the prevalence of autoimmune hypothyroidism in 
childhood is an estimated 1%-2%.45 The prevalence both hyperthy-
roidism and hypothyroidism in our cohort varied with the reported 
figures elsewhere for children of this age.46 Some methodological 
issues might be related to the discrepancies. First, race/ethnic-
ity differences had been observed in the prevalence of thyrotoxi-
cosis.47 Second, our rates of hyperthyroidism and hypothyroidism 

represented prevalence rates, but some international studies re-
ported incidence rates.43,44 In addition, our study population was 
patients who had used medical service; therefore, the prevalence of 
hyperthyroidism/hypothyroidism could be higher than which inves-
tigated in communities.

Furthermore, we reviewed the timing of ADHD diagnosis and 
thyroid dysfunction in those subjects with comorbid diseases. Given 
that ADHD frequently predates the thyroid diagnosis, it may be at-
tributed to that clinicians might routinely screen thyroid function for 
children with neuropsychiatric symptoms. This ascertainment bias 
may influence the results. Interestingly, in subjects comorbid with 
hyperthyroidism, two-thirds were diagnosed with ADHD prior to hy-
perthyroidism. However, in subjects comorbid with hypothyroidism, 
only half of the patients were diagnosed with ADHD prior to hypo-
thyroidism. This result may be due to the diagnosis of ADHD being 
based on the observation of symptoms. ADHD children comorbid 
with hyperthyroidism were more likely to display labile mood and 
social misbehaviours,10 thus increasing the burden of care on their 
parents and teachers; as a result, such caregivers may seek psychi-
atric help before a thyroid scan. In contrast, ADHD subjects comor-
bid with hypothyroidism were more likely to present inattention, 

TABLE  3 Time sequence of receiving diagnoses among patients 
who had a comorbidity of ADHD and thyroid dysfunction

Time sequence of 
receiving diagnoses

Hyperthyroidism 
(N = 818)

Hypothyroidism 
(N = 439)

n (%) n (%)

Thyroid dysfunction 
diagnosis prior to ADHD

282 (34.5) 220 (50.1)

ADHD diagnosis prior to 
thyroid dysfunction

536 (65.5) 219 (49.9)

TABLE  2 Logistic regression models for the risk of diagnosis with thyroid dysfunction among youths in Taiwan

Variables

Hyperthyroidism Hypothyroidism

n/N (%) aOR (95% CI) P-value n/N (%) aOR (95% CI) P-value

Age at recruitment - 1.13 (1.12-1.14) <0.001* - 1.07 (1.05-1.09) <0.001*

Gender

Female 518/38 740 (1.3) 1.97 (1.76-2.20) <0.001* 244/38 740 (0.6) 2.05 (1.74-2.42) <0.001*

Male 813/111 754 (0.7) 1 377/111 754 (0.3) 1

ADHD

With 818/75 247 (1.1) 1.72 (1.53-1.94) <0.001* 439/75 247 (0.6) 2.23 (1.85-2.68) <0.001*

Without 513/75 247 (0.7) 1 182/75 247 (0.2) 1

ODD

With 42/4388 (1.0) 0.94 (0.68-1.28) 0.677 19/4388(0.4) 0.85 (0.53-1.35) 0.481

Without 1289/146 106 (0.9) 1 602/146 106 (0.4) 1

Conduct disorder

With 73/4722 (1.5) 1.54 (1.21-1.97) 0.001* 27/4722 (0.6) 0.96 (0.65-1.42) 0.829

Without 1258/145 772 (0.9) 1 594/145 772 (0.4) 1

Tic disorders

With 51/5514 (0.9) 1.12 (0.84-1.49) 0.434 32/5514 (0.6) 1.27 (0.89-1.83) 0.191

Without 1280/144 980 (0.9) 1 589/144 980 (0.4) 1

ASD

With 58/6766 (0.9) 1.02 (0.78-1.35) 0.866 48/6766 (0.7) 1.15 (0.84-1.57) 0.398

Without 1273/143 728 (0.9) 1 573/143 728 (0.4) 1

Intellectual disability

With 111/11 423 (1.0) 0.97 (0.79-1.19) 0.786 128/11 423 (1.1) 2.38 (1.92-2.94) <0.001*

Without 1220/139 071 (0.9) 1 493/139 071 (0.4) 1

95% CI, 95% confidence interval; ADHD, attention-deficit hyperactivity disorder; aOR, adjusted odds ratios; ASD, autism spectrum disorder; n, number 
of diagnosed thyroid dysfunction; ODD, oppositional defiant disorder.
*P < 0.05.
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withdrawal and social isolation10 and therefore may easily be ne-
glected until a significant academic performance delay is noticed. 
Meanwhile, these patients are more likely to undergo physical ex-
amination before being transferred to a psychiatric department. It is 
noticeable that the children with ADHD were more likely to receive 
medical information and hospital contact, and frequent diagnosis of 
milder degrees of thyroid dysfunction. This sampling bias could in-
flate the comorbidity rate of ADHD and thyroid dysfunction, and it 
should be cautious to explain the study results.

In our study, we observed no significant difference of incidence 
in either hyperthyroidism or hypothyroidism between patients with 
and without pharmacotherapy. This finding agrees with that of 
Bereket et al26 reporting that thyroid levels were within normal lim-
its after 4 months of methylphenidate treatment in ADHD patients. 
We found no evidence that the use of methylphenidate in ADHD 
subjects would cause secondary thyroid dysfunction, although a 
more precise case-control study should be conducted in the future. 
Moreover, we found that approximate 19%-20% and 18%-22.5% 
of individuals diagnosed with hyperthyroidism/hypothyroidism 

received relevant drug therapy. This finding indicated that only a 
proportion of patients with hyperthyroidism/hypothyroidism who 
exhibited certain clinical manifestations received drug therapy. But 
the sensitivity analyses (ICD-code plus drug prescription history) still 
revealed that drug therapy for treating thyroid dysfunction did not 
confound the association between ADHD, its pharmacotherapy and 
the risk of developing hyperthyroidism or hypothyroidism.

This study has a number of limitations that should be mentioned 
at this point. First of all, this study is based on reimbursement data 
from NHIRD-TW, and thus, the diagnosis of ADHD was identified 
according to ICD records, instead of being validated using struc-
tural diagnostic instruments. Therefore, the classification of ADHD 
may not be rigorous enough. Second, the database did not show 
the severity of the symptoms of affected individuals, and clinically 
severe patients are more likely to receive pharmacotherapy. Due to 
the baseline differences between the patients receiving pharmaco-
therapy and those who did not, the ability to declare a disconnect 
between ADHD medication and the development of thyroid dys-
function was limited. Third, the assessment of thyroid dysfunction 

TABLE  4 Relationships of pharmacotherapy and diagnoses of thyroid dysfunction among patients with ADHD, controlling for sex, age 
and psychiatric comorbidities

Variables

Hyperthyroidism Hypothyroidism

n/N (%) aHR (95% CI) P-value n/N (%) aHR (95% CI) P-value

Pharmacotherapy

With 611/53 674 (1.1) 1.09 (0.90-1.32) 0.363 311/53 674 (0.6) 0.95 (0.72-1.26) 0.719

Without 207/21 573 (1.0) 1 128/ 21 573 (0.6) 1

Age at ADHD 
diagnosis

- 1.14 (1.12-1.16) <0.001* - 1.11 (1.08-1.15) <0.001*

Gender

Female 305/15 501 (2.0) 2.15 (1.79-2.57) <0.001* 160/15 501 (1.0) 2.69 (2.05-3.53) <0.001*

Male 513/59 746 (0.9) 1 279/59 746 (0.5) 1

ODD

With 42/4360 (1.0) 1.09 (0.76-1.57) 0.647 19/4360 (0.4) 1.03 (0.56-1.91) 0.918

Without 776/70 887 (1.1) 1 420/70 887 (0.6) 1

Conduct disorder

With 72/4555 (1.6) 1.53 (1.15-2.03) 0.003* 30/4905 (0.6) 1.10 (0.66-1.81) 0.721

Without 746/70 692 (1.1) 1 409/70 342 (0.6) 1

Tic disorders

With 47/4905 (1.0) 1.31 (0.94-1.82) 0.108 26/4555 (0.6) 1.59 (0.99-2.56) 0.054

Without 771/70 342 (1.1) 1 413/70 692 (0.6) 1

ASD

With 57/6573 (0.9) 1.05 (0.77-1.43) 0.776 47/6573 (0.7) 1.25 (0.82-1.91) 0.295

Without 761/68 674 (1.1) 1 392/68 674 (0.6) 1

Intellectual disability

With 99/10 724 (0.9) 0.80 (0.62-1.02) 0.073 119/10 724 (1.1) 1.65 (1.20-2.26) 0.002*

Without 719/64 523 (1.1) 1 320/64 523 (0.5) 1

95% CI, 95% confidence interval; ADHD, attention-deficit hyperactivity disorder; aHR, adjusted hazards ratios; ASD, autism spectrum disorder;  
n, number of diagnosed thyroid dysfunction; ODD, oppositional defiant disorder.
*P < 0.05.
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was made according to ICD records, so this study lacks laboratory 
data related to thyroid function. Therefore, we were unable to 
validate the diagnostic accuracy of hyperthyroidism and hypothy-
roidism using laboratory data. Fourth, several factors which may 
be relevant to a diagnosis of ADHD, such as socio-economic class, 
parental education and parental income, were undetectable in the 
claims data. The results of our study might have been confounded 
by these factors. Finally, despite applying a propensity score match-
ing strategy, significant differences in raw data were still found 
among the ADHD group and control group. This matter was the 
result of the recruited number being so large, so the LHID 2000 
cohort could not provide enough perfectly matched controls to the 
given criteria.

In conclusion, we propose that patients with ADHD had greater 
comorbid rates with hyperthyroidism or hypothyroidism than the 
control subjects. Nevertheless, receiving pharmacotherapy did not 
significantly influence the risk of developing thyroid dysfunction 
among ADHD patients. Clinicians should pay attention to identify 
potential thyroid dysfunction among ADHD patients, and caregivers 
and patients with ADHD can be reassured that pharmacotherapy 
will have no effect on their thyroid function later in life. However, 
the findings in this study should be further verified using a clinical 
cohort with comprehensive laboratory assessment in future.
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Aim: Lactoferrin (LF)-targeted gliadin nanoparticles (GL-NPs) were developed for targeted oral therapy
of hepatocellular carcinoma. Materials & methods: Celecoxib and diosmin were incorporated in the hy-
drophobic matrix of GL-NPs whose surface was decorated with LF by electrostatic interaction for binding
to asialoglycoprotein receptors overexpressed by liver cancer cells. Results: Targeted GL-NPs showed en-
hanced cytotoxic activity and increased cellular uptake in liver tumor cells compared with nontargeted
NPs. Moreover, they demonstrated superior in vivo antitumor effects including reduction in the expres-
sion levels of tumor biomarkers and induction of caspase-mediated apoptosis. Ex vivo imaging of isolated
organs exhibited extensive accumulation of NPs in livers more than other organs. Conclusion: LF-targeted
GL-NPs could be considered as an efficient nanoplatform for targeted oral drug delivery for liver cancer
therapy.
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Hepatocellular carcinoma (HCC) is one of the most malignant types of liver cancers [1]. Surgical resection is
believed as the optimal treatment for HCC, but this is not always feasible as many patients are diagnosed in
the late stage or underlying liver dysfunction. Moreover, traditional cytotoxic chemotherapy is not successful in
improving the survival rate of liver cancer patients and is associated with significant toxicities due to the lack of
tumor selectivity [2]. Nanoparticle (NP)-based drug carriers are employed to improve the therapeutic outcome
of chemotherapeutic drugs through targeting the desired cells, which offers the potential for a successful HCC
therapy [3–5].

Celecoxib (CXB), a nonsteroidal anti-inflammatory drug, selectively inhibits the COX-2 enzyme overexpressed in
various cancer tissues. It was reported that COX-2 enzyme has an important contribution to hepatocarcinogenesis;
thus, selective COX-2 inhibitors, for example, CXB showed antiproliferative and proapoptotic actions in HCC
cells [6]. Moreover, selective COX-2 inhibitors (CXB) have been shown to act additionally through COX-2-
independent mechanisms, indicating that CXB can be considered as efficient therapy of HCC by both COX-2-
dependent and independent mechanisms [7]. On the other hand, diosmin (DSN) is a potent herbal drug with
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chemopreventive action against hepatic cancer. It acts by downregulation of NF-κB and p38 MAP kinase in liver
cancer cells resulting in reduced expression of COX-2 and iNOS liver [8]. Moreover, DSN causes apoptosis in
human liver cancer cells through mitochondria-dependent apoptotic pathway [9]. Therefore, CXB and DSN are
anticipated to have a synergistic anticancer action due to their common inhibitory effects on COX-2, NF-κB
and TNF-α [8–11]. Furthermore, both drugs have common inhibitory effect on PI3K/AKT signaling pathway
in cancer [12,13]. Accordingly, it would be beneficial to develop a novel drug-delivery system allowing combined
delivery of both drugs.

Unfortunately, DSN has very low solubility in water and most organic solvents together with a pH-dependent
solubility. Limited attempts were reported to enhance aqueous solubility and intestinal permeability of DSN. Freag
et al. [14], reported that DSN nanosuspension remarkably improved DSN dissolution with about 100% of drug was
dissolved within 5 min in comparison with only 51% of pure drug. In another study also, lyophilized phytosomal
nanocarriers for DSN, with improved dissolution and permeation characteristics, were developed [15]. However,
the literature still lacks studies that proved the enhanced in vivo antitumor activity of DSN via its targeted delivery.
Also, CXB has poor solubility in water (3–7 μg/ml at 37◦C), which in turn causes poor oral bioavailability [16].
Moreover, the marketed oral formulations of DSN (Daflon R©) and CXB (Celebrex R©) offer uncontrolled delivery,
lack specificity, often lead to poor patient compliance and result in systemic side effects following long treatment
such as thromboembolism and cardiovascular risk for CXB. In addition, these drugs are also rapidly cleared
from circulation, which can reduce their therapeutic concentration at tumor site. Therefore, novel tumor-targeted
delivery systems are required to enhance tumor targeting and decrease toxicity of both drugs, thus improving their
clinical utility.

Oral drug delivery is known as one of the easiest and most convenient routes for drug administration [17]. Despite
the presence of marketed products for CXB and DSN in tablet form for oral administration, they have low oral
bioavailability due to their poor solubility. Recently, hydrophobic and amphiphilic food proteins have demonstrated
great potential for development of oral nanoparticulate drug-delivery systems. Soy protein isolate (SPI)-coated
nanoemulsion was found to improve the intestinal permeation and hence the absorption of water-insoluble drugs,
for example, fenofibrate [18]. The hydrophobic shell provided by SPI could help cellular internalization and escape
the endolysosomes. The nanocarriers demonstrated enhanced intestinal penetration into the systemic circulation
followed by distribution to different tissues. In our laboratory, nanocapsules fabricated from the hydrophobic
protein, zein, were developed for oral delivery of exemestane and resveratrol. The nanocapsules displayed efficient
solubilization and controlled release of drugs within their oily core as well as higher oral stability and resistance to
digestion via hydrophobic protein shell could be enabled by glutaraldehyde cross-linking of zein [19,20]. However, all
previous trials used nontargeted protein nanocarriers for oral drug-delivery which may result in undesired toxicity
to normal tissues.

Gliadin (GL), a gluten protein, was exploited for oral drug delivery based on its biocompatibility, hydrophobic
nature, bioadhesive properties and its resistance to enzymatic digestion [21]. GL was successfully used for preparation
of mucoadhesive NPs that effectively protected the encapsulated drugs and controlled their release after oral
administration [21–23]. On another avenue, recent studies revealed that the cationic ion-binding protein, lactoferrin
(LF), could successfully internalized into hepatocytes via binding to low-density lipoprotein-related protein receptors
and asialoglycoprotein receptors (ASGP-R) [24].

In this study, we propose LF-coated GL nanospheres coloaded with CXB and DSN (CXB/DSN/LF–GL-NPs)
for oral-targeted therapy of HCC. First, to overcome its high hydrophobicity and improve its oral bioavailability,
DSN was entrapped within the hydrophobic GL matrix via pH-modulated nanoprecipitation technique. Second,
for improving their antitumor efficacy, both drugs, CXB and DSN were coencapsulated within GL nanospheres.
Finally, the surface of GL was coated with LF through electrostatic interaction to enhance tumor selectivity and
improve the internalization of GL nanospheres into HCC cells, via binding to lipoprotein-related protein receptor
and ASGP-R overexpressed by HCC cells. The developed delivery system was thoroughly investigated in vitro and
in vivo to prove the antitumor superiority of combined drug nanocarriers.

Materials & methods
Materials
DSN was purchased from Xi’an Natural Field Bio-Technique CO., Ltd (Shaanxi, China), while CXB was kindly
supplied by Amriya Pharmaceutical Industries (Alexandria, Egypt). LF was donated by Westland Milk Products
(Hokitika, NZ). Hydroxypropyl methylcellulose (HPMC) was purchased from Zhengzhou Sino Chemical Co.
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Ltd. (Henan, China). GL, fetal bovine serum, 3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bromide, rho-
damine B isothiocyanate (RBITC), dimethyl sulfoxide (DMSO), EDTA, Triton X100, Hematoxylin solution,
Eosin solution and Canada balsam were purchased from Sigma–Aldrich (MO, USA). 2-(4-Ethoxyphenyl)-6-[6-(4-
methylpiperazin-1-yl)-1H-benzimidazol-2-yl]-1H-benzimidazole (Hoechst) was purchased from Thermo-Fisher
(MA, USA). A mounting medium known to be composed of a mixture of distyrene (a polystyrene), a plasticiser
(tricresyl phosphate), and xylene (DPX) mounting medium was obtained from Loba Chemie Pvt. Ltd. (Mumbai,
India). Sodium lauryl sulfate and absolute ethanol were obtained from ADWIC Pharmaceutical Chemicals Co.
(Cairo, Egypt). Methanol HPLC grade was purchased from JT Baker (NJ, USA). Human liver cancer cells HepG2
were supplied by the American Type Culture Collection.

Preparation of drug-loaded GL-NPs
GL-NPs were prepared by the nanoprecipitation method using HPMC as stabilizer [25]. GL (100 mg) was dissolved
in 70% v/v aqueous ethanolic solution (adjusted to pH 9.5 to ensure solubilization of DSN). Different quantities
of DSN and/or CXB were dissolved in the GL hydroalcoholic solution. The drug/protein solution was then
added into aqueous phase containing HPMC (adjusted to pH 2.0) under continuous stirring (200 rpm) at room
temperature. The organic:aqueous phase ratio was 1:5 v/v. The resulting NPs were left under constant stirring
till ethanol evaporation and then purified by two cycles of centrifugation (3–30 KS Sigma, Darmstadt, Germany)
at 16,000 rpm for 30 min at 4◦C. The aqueous redispersed NPs were then spray-dried using Büchi B-290 Mini
spray-dryer (Flawil, Switzerland), with inlet temperature of 125◦C, outlet temperature of 50◦C, aspiration air of
90%, feed flow of 5 ml/min, spraying pressure of 5.0–5.8 mbar and air flow rate of 320 l/h.

Preparation of LF-coated GL-NPs
GL-NPs were prepared the same as mentioned above. After centrifugation, the pH of GL-NPs aqueous suspension
(∼2 mg protein/ml) was adjusted to 7.8 using 0.1 N NaOH. Different concentrations of LF aqueous solution
(0.05, 0.1, 0.2% w/v) was added dropwise to the GL-NPs suspensions under mild stirring for 30 min [26]. The
resulting NPs suspension were then spray-dried as mentioned in the previous section.

Physicochemical characterization of GL-NPs
The methodologies for assessing NP size, zeta potential [27], drug-encapsulation efficiency [28,29], drug release,
morphology, solid-state characteristics including fourier transform infra-red spectroscopy (FTIR) spectra and
differential scanning calorimetry (DSC) thermograms, and hemolytic stability [30,31] were performed as described
and detailed in the Supplementary Materials.

In vitro cytotoxicity & uptake study
The cytotoxicity of the free drugs, blank GL-NPs, dual-drug-loaded GL-NPs and LF-coated dual-drug-loaded GL-
NPs on HepG2 liver cancer cells was assessed by the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
assay [30] performed as described and detailed in the Supporting Information. Cellular uptake of RBITC-labeled
GL-NPs, LF–GL-NPs and free RBITC into HepG2 liver cancer cells was evaluated using confocal microscopy as
described previously and detailed in the Supplementary Materials [32].

In vivo studies
Animals

The antitumor efficacy of targeted (LF–GL-NPs) and nontargeted (GL-NPs) was evaluated compared with free
CXB, free DSN and CXB/DSN solution on tumor-bearing mice housed in stainless steel mesh cages following
standard protocol mentioned in the Supplementary Materials.

HCC induction in mice

Induction of HCC in mice was achieved chemically by weekly intraperitoneal injection of diethyl nitrosamine
(DEN) at a dose of 75 mg/kg for the first 3 weeks and followed by 100 mg/kg for another 3 weeks [33] as described
and mentioned in the Supplementary Materials.
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In vivo antitumor efficacy

Mice were randomly divided into seven groups (seven mice each). The mice groups included negative control,
positive control (untreated HCC-bearing mice) and groups treated with: free CXB, free DSN, free combined CXB–
DSN in cosolvent solution (DMSO:PEG400:Saline 1.5:3:5 v/v), nontargeted GL-NPs (CXB/DSN/GL-NPs, S8),
LF-targeted GL-NPs (CXB/DSN/LF–GL-NPs, M4). The tumor-bearing mice were treated orally using oral gavage
with the drugs either free solution (in DMSO:PEG400:Saline 1.5:3:5 v/v) or NPs equivalent to 7 mg/kg CXB
and 7 mg/kg DSN three times weekly for 3 weeks with continuous monitoring to mice weights. All the surviving
animals were sacrificed after 21 days of treatment. The excised livers were divided into two parts: one part was
stored at -80◦C for determination of tumor growth biomarkers and the second part was fixed with 10% formalin
for histopathological studies.

Reverse transcription polymerase chain reaction (RT-PCR) analysis of liver tissues
RT-PCR was used to assess mRNA expression levels of COX-2, VEGF, TNF-α and NF-kB, semiquantitatively.
The experimental method is detailed in the Supplementary Materials.

ELISA of liver tissues
The tumor growth biomarkers were determined quantitatively using ELISA. The experimental method is detailed
in the Supplementary Materials[34].

Measurement of serum hepatotoxicity markers
The serum hepatotoxicity-indicating enzymes: ALT and AST levels were quantified via AU5400 biochemical
analyzer (Beckman Coulter, IN, USA) [35].

Histopathological & immunohistochemical analysis of liver tissues
The liver samples were examined for histopathological changes as well as proliferation extent. The experimental
method is detailed in the Supplementary Materials[36].

Ex vivo imaging of isolated organs

RBITC-conjugated LF–GL-NPs and free RBITC at concentration (6.75 mg/kg) have been administered orally to
tumor-bearing mice. At predetermined postadministration time points, the mice were sacrificed and excised organs
were imaged using in vivo photon imager [37,38].

Statistical analysis

Data analysis is detailed in the Supplementary Materials.

Results & discussion
Preparation of single & dual drug-loaded GL nanospheres
DSN or CXB single-loaded GL-NPs

In this study, GL was exploited as a carrier for oral drug delivery to HCC based on its hydrophobicity, resistance
to the enzymatic digestion and mucoadhesive properties which are advantageous for oral administration.

GL nanospheres were prepared using nanoprecipitation technique where the organic phase containing GL
and drugs codissolved in hydroalcoholic solution (pH 9.5) was added dropwise to antisolvent aqueous solution
containing HPMC as a stabilizer under mild stirring (Figure 1). The diffusion of the organic solvent in the
aqueous solution resulted in the precipitation of GL-NPs with size range of 163.6–281.8 nm in agreement with
the previously obtained results [25]. At the final pH of GL-NPs suspension (4.5 < pIof GL; 6.5), the resultant NPs
were positively charged (+12.2 to +4.3 mV, Table 1) [39]. The stability of bare protein NPs is often limited because
of their sensitivity to environmental conditions, including pH, temperature and ionic strength. Although reported
that the optimum colloidal stability of nanocarriers is usually observed with a surface charge higher than 30 mV [40],
the stability of our nanospheres could be attributed to steric stabilization conferred by the HPMC. HPMC was
reported to form a relatively thick layer around the particles hindering their aggregation, besides stabilization via
hydrogen bonding to a lesser extent [41]. Moreover, the zeta potential values of our elaborated GL-NPs could be
more favorable than very high zeta potential values as it is reported that the later might hinder GL-NPs formation
due to electrostatic repulsion. Finally, the formed GL-NPs dispersion was spray-dried to convert the nanocarriers
into redispersible powder of long-term stability. The effect of the drug/polymer ratio on the physicochemical
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Figure 1. Schematic diagram for lactoferrin-coated gliadin nanoparticles.
GL-NPs: Gliadin nanoparticles; HPMC: Hydroxypropyl methylcellulose.

Table 1. Composition and physicochemical characteristics of gliadin nanoparticles prepared at pH 4.5.
Nanoparticles Gliadin (mg) Diosmin (mg) Celecoxib

(mg)
HPMC (%
w/v)

Particle size
(nm)

PDI Zeta potential
(mV)

Yield %EE DSN %EE CXB

S0 100 – – 0.25 163.6 ± 0.46 0.135 +12.2 ± 0.36 65.5 – –

S1 100 25 – 0.25 281.8 ± 0.66 0.557 +13.0 ± 0.35 75.2 88.2 –

S2 100 20 – 0.25 243.3 ± 0.11 0.183 +15.1 ± 0.34 73.2 85.5 –

S3 100 10 – 0.25 179.9 ± 0.68 0.265 +18.0 ± 0.23 67.8 92.0 –

S4 100 – 10 0.25 234.6 ± 0.13 0.380 +13.2 ± 0.52 60.0 – 73.9

S5 100 10 10 0.25 557.8 ± 0.65 0.392 +4.65 ± 0.47 53.0 N.A. N.A.

S6 100 5 5 0.25 348.1 ± 0.48 0.253 +4.9 ± 0.61 60.5 84.5 82.7

S7 50 5 5 0.25 528.1 ± 0.72 0.327 +5.5 ± 0.52 69.18 93.0 79.24

S8 100 5 5 0.5 220.3 ± 0.71 0.252 +4.3 ± 0.36 71.1 95.5 88.0

N.A.: The formulation S5 showed large size with low stability and tends to aggregate quickly, which did not allow determination of EE.
CXB: Celecoxib; DSN: Diosmin; EE: Encapsulation efficiency; EPR: Enhanced Permeation and Retention Effect; HPMC: Hydroxypropyl methylcellulose; PDI: Polydispersity index.

properties of the resultant NPs was investigated. Accordingly, it was found that a drug/GL ratio of 1:10 resulted in
formation of DSN/GL-NPs with acceptable particle size of 179.9 ± 0.68 nm (S3), and the highest encapsulation
efficiency (92.0%) for DSN. Also, CXB/GL-NPs (S4) were prepared using the same drug/GL ratio resulted in
NPs with particle size of 234.6 ± 0.13 and encapsulation efficiency of 73.9% for CXB.

In the dual CXB/DSN-loaded GL-NPs, increasing the drug/polymer ratio to 1:5 resulted in formation of
GL-NPs with higher particle size of 557.8 ± 0.65 and 528.1 ± 0.72 nm for S5 and S7, respectively, compared with
348.1 ± 0.48 nm for S6 (1:10 drug/polymer ratio). Therefore, the 1:10 drug/polymer ratio was selected as the
optimized one. However, the size of formed nanospheres (S6) was still outside the size range suitable for enhanced
permeation and retention effect (EPR) effect. For this reason, the amount of the stabilizer was modulated in order
to further reduce the particle size of nanospheres. Increasing the HPMC concentration from 0.25 to 0.5% w/v, an
NP dispersion of smaller particle size (220.3 ± 0.71) and good PDI (0.252) was obtained with good encapsulating
efficiency for both drugs (S8; 88.0, 95.5% for CXB and DSN, respectively; Table 1). Therefore, GL-NPs (S8)
prepared using 0.5% HPMC was selected for further investigation.

LF-coated (DSN/CXB/LF–GL-NPs; M3, M4, M5)

For active targeting of ASGP-R overexpressed on HCC cells, the cationic protein (pI 8.7), LF, was used for coating
of DSN/CXB–GL-NPs. At pH 7.8 (above GL pI 6.5), the positively charged LF molecules can be electrostatically
adsorbed on the surface of negatively charged GL-NPs [41,42]. Upon addition of 0.05% w/v LF, the zeta potential
of GL-NPs was changed from -8.95 to -1.9 mV together with an increase in particle size from 284.0 ± 0.72 to
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Figure 2. Physicochemical characteristics of gliadin nanoparticle. (A) Size distribution diagram of targeted
celecoxib/diosmin/lactoferrin–gliadin nanoparticles (M4) measured by dynamic light scattering. (B) Zeta potential of targeted
celecoxib/diosmin/lactoferrin–gliadin nanoparticles (M4). (C) Charge reversal of gliadin nanoparticles upon adding different lactoferrin
concentration. (D) Transmission electron microscopy images showing morphology of targeted celecoxib/diosmin/lactoferrin–gliadin
nanoparticles (M4).
LF: Lactoferrin.

Table 2. Composition and physicochemical characteristics of blank and drug-loaded gliadin nanoparticles prepared at pH
7.8.
Nanoparticles LF (% w/v) HPMC (% w/v) Particle size

(nm)
Zeta potential
(mV)

PDI % yield %EE DSN %EE CXB

M1 – 0.25 271.1 ± 0.59 -9.33 ± 0.26 0.350 61.0 67.86 72.66

M2 – 0.2 284.0 ± 0.72 -8.95 ± 0.39 0.364 63.2 87.34 84.08

M3 0.05 0.2 509.0 ± 0.66 -1.9 ± 0.35 0.449 60.5 N.A. N.A.

M4 0.1 0.2 241.0 ± 0.80 +9.86 ± 0.47 0.220 64.6 87.53 88.1

M5 0.2 0.25 315.0 ± 0.50 +15.1 ± 0.34 0.490 59.44 76.6 80.44

N.A.: The formulation M3 showed large size with low stability and tends to aggregate quickly, which did not allow determination of EE.
CXB: Celecoxib; DSN: Diosmin; EE: Encapsulation efficiency; GL-NP: Gliadin nanoparticle; HPMC: Hydroxypropyl methylcellulose; LF: Lactoferrin; PDI: Polydispersity index.

509.0 ± 0.66 nm. Further increasing the concentration of added LF from 0.05 to 0.1% w/v, reversal of surface
charge to +9.86 ± 0.47 mV was observed together with a decrease in particle size to 241.0 ± 0.80 nm (Figure 2A–C
& Table 2). Further increasing in the amount of LF caused a large increase in particle size to 315.0 nm with no
significant change of zeta potential (+15.1 ± 0.34 mV). The initial increase in particle size upon adding LF could
be due to reduction in the value of surface charge resulting in colloidal instability (particle aggregation), since the
amount of LF was not sufficient to provide complete coverage of the particle surface. The consequent reduction
in particle size observed upon further increasing the amount of LF added, indicated firm electrostatic interaction
between the negatively charged GL-NPs and cationic LF molecules, which was further confirmed by reversal of zeta
potential to a higher positive value. Further increase in LF concentration beyond 0.1% w/v caused a significant
increase in particle size which could be attributed to the formation of thick layer of LF on the surface of GL-NPs.
In similar study, LF was used as a stabilizer in zein NPs preparation that intended for oral drug delivery [43].
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Figure 3. In vitro drug release, colloidal stability and hemocompatibility study of GL-NPs. In vitro release study of (A) CXB and (B) DSN
from different formulations in medium simulating intestinal fluid at 100 rpm and 37◦C using the dialysis bag method. (C) Physical stability
of nontargeted CXB/DSN/GL-NPs (S8) and targeted CXB/DSN/LF–GL-NPs (M4) showing the change in particle size with time. Hemolytic
potential of S8 and M4 showing % hemolysis (D) and hemocompatibility image (E) after 1 h of incubation with RBC at 37◦C. The samples
include: (A) negative control, (B) positive control, (C) nontargeted GL-NPs (S8), (D) LF-targeted GL-NPs (M4).
CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle; LF: Lactoferrin; RBC: Red blood cell.

Furthermore, it has been observed that LF is relatively resistant to proteolysis in the GI tract, so it could be used as
promising targeted oral drug-delivery system [44].

Morphological examination

TEM analysis of targeted DSN/CXB LF–GL-NPs showed that the particles were spherical and with relatively
smooth surface with no aggregation observed (Figure 2D). The apparent size measured by TEM (around 80 nm)
was less than that measured by DLS, which could be attributed to the dehydration-induced shrinkage of particles
during preparation for TEM analysis [45].

In vitro drug release

The in vitro release of drug was performed in a medium simulating GI fluid with 0.5% sodium lauryl sulfate to
maintain sink conditions. A sustained release behavior of CXB from GL-NPs (S4) was observed with 45% of the
drug was released over 48 h without initial burst effect. Thus, GL-NPs succeeded in sustaining CXB release by
entrapping drug in hydrophobic matrix of GL-NPs, which is anticipated to avoid the premature drug release in
circulation and decrease side effects. This in contrast to the free drug that showed almost 100% released within 6 h
(Figure 3A). In Figure 3B, since free DSN has negligible solubility in water and most of organic solvents, it could not
maintain its solubility in the dialysis bag and tends to precipitate quickly resulting in very slow release pattern [46]. In
contrast, our GL-NPs succeeded in solubilizing DSN within its hydrophobic core while being compatible with the
aqueous medium based on their nanosize and thus significantly improved its release profile. These results confirm
our rationale of NP design, so that encapsulation of the highly insoluble drug DSN into GL-NPs could enable
its administration, improve its solubility and consequently enhance its bioavailability. Overall, DSN showed slow
release from DSN/GL-NPs with about 28.49% of drug was released after 24 h (Figure 3B). The slow release of
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both drugs might be correlated to their hydrophobic nature of CXB and DSN that in turn increases their affinity
for hydrophobic interaction with GL matrix [47]. Upon coencapsulation of DSN and CXB in the NPs, a reduction
in the release rate of both drugs was observed where only 20.49 and 11.45% of CXB and DSN, respectively, were
released after 48 h (Figure 3A & B). This may be attributed to the possible drug–drug hydrophobic interaction
within NP core. However, the sustained drug release from our hydrophobic GL-NPs is considered advantageous
property to reduce the premature drug leakage in the GI tract until reaching its site of action at tumor. Since the in
vitro release medium is not simulating the real-tumor conditions where NPs would degrade by lysosomal enzymes
in cancer cells, the encapsulated drugs would be released reaching the effective concentration of drugs and thus
achieving the required therapeutic effect. Our results are in agreement with previous findings that showed sustained
release of docetaxel from biodegradable hydrophobic Polylactic-co-glycolic acid (PLGA) NPs [48].

Solid-state characterization

The DSC thermograms of free CXB and DSN displayed sharp melting endothermal peaks at 165 and 291◦C,
respectively, revealing their crystallinity (Supplementary Figure 1) [14,15,49]. On the other hand, the DSN and CXB
endothermic peaks disappeared in the thermogram of GL-NPs suggesting their possible transformation into the
amorphous form upon successful encapsulation within GL-NPs. A new broad peak appeared at around 190◦C,
which may indicate an interaction between CXB and GL within the nanomatrix.

In the FTIR spectrum of nontargeted CXB/DSN/GL-NPs (S8), the characteristic peaks of DSN at 3500 and
950 cm-1 corresponding to OH stretching and C–H bonds, respectively, were detected (Supplementary Figure
2) [15]. Most of the characteristic peaks of CXB disappeared when it was loaded in GL-NPs, this could indicate
the intermolecular interaction between CXB and GL [50]. Moreover; the characteristic CXB peaks corresponding
to S = O symmetric and asymmetric stretching were shifted from 1162.03 to 1119 cm-1 and from 1346.44 to
1373 cm-1, respectively. These shifts may be associated with interactions, for example, hydrogen bonds, hydrophobic
forces and electrostatic interactions between the GL and CXB (More details in the Supplemenrary Information).

Physical stability

After 3 months storage, spray-dried noncoated CXB/DSN/GL-NPs (S8) showed increase in particle size from
220.3 ± 0.42 to 315.6 ± 0.22 nm. However, the size of spray-dried coated CXB/DSN/LF–GL-NPs (M4)
showed a minor increase in particle size from 241.0 ± 0.64 to 254.8 ± 0.34 nm (Figure 3C). This indicated that
the postproduction coating of GL-NPs with LF maintained their physical stability [26]. The stability of LF–GL-
NPs is probably due to surface coating of GL-NPs by LF providing both hydrophilic surface and charge-based
stabilization [51]. In addition, the glycan chains of LF may add steric stabilization mechanism. These findings are
in agreement with previous literature that reported the increased stability of GL-NPs after surface coating with
hydrophilic polysaccharide (0.10 w/v % pectin). Below this concentration, aggregation was observed while above
this concentration, a significant increase in particle size was noticed [26].

In vitro hemolysis test

The hemolytic assay is widely used to evaluate the hemocompatibility of the nanoformulation by measuring the
extent of damage to red blood cells via the release of hemoglobin. Upon incubation with RBCs for 1 h, nontargeted
(S8) and LF-targeted (M4) GL-NPs demonstrated 1.14 and 0.25% hemolysis, respectively (Figure 3D & E). The
low hemolytic potential was due to its proteinaceous composition proves the blood compatibility of GL-NPs,
indicating their possible use for systemic administration [52]. Similarly, the hemocompatibility of apotransferrin
and LF–NPs was previously noticed to be below 2% [53].

In vitro cytotoxicity

Cell viability testing of free CXB, free DSN, free CXB/DSN combination, nontargeted, LF-targeted
CXB/DSN/GL-NPs as well as blank GL-NPs was carried out using HepG2 liver cancer cells at 48 h (Fig-
ure 4). Blank NPs (S0) demonstrated very little toxicity to HepG2 cells (viability was >94% after 48 h). The IC50

values of free CXB (IC50, CXB) and free DSN (IC50, DSN) against HepG2 cells at 48 h were 56.44 and 105.324 μM,
respectively (Table 3). On the other hand, the combination of the two free drugs caused a reduction of the IC50

values by 1.31- and 2.44-fold compared with that of CXB and DSN, respectively, which proves synergistic cy-
totoxicity ( Table 3). The low improvement of in vitro cytotoxicity of drugs upon nanoencapsulation is mainly
attributed to the significantly sustained drug release from NPs. Actually, this slow and gradual drug release pattern
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Table 3. IC50 values of free drugs compared with the prepared nanocarriers on HepG2 liver cancer cells at the
concentration of 0–200 μM after 48 h.
Formula IC50 value (μM)

Free CXB 56.4452

Free DSN 105.324

Free CXB + DSN 43.135

Nontargeted CXB/DSN/GL-NPs (S8) 36.2748

Targeted CXB/DSN/LF–GL-NPs (M4) 28.1347

Blank GL-NPs (S0) 0.04471

CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle; LF: Lactoferrin.

upon degradation of the polymeric NPs inside the cells helps reduce the emergence of drug resistance [54]. Hence,
NPs are taken up by the cell via endocytosis often bypass the ABC transporters responsible for efflux of drugs once
released into the cytoplasm while free drugs enter cell by simple diffusion [55]. Therefore, the availability of high
drug concentration as in free mix (CXB + DSN) will decrease IC50 but activate the efflux pump quickly resulted
in drug resistance [56].

It seemed that coating of GL-NPs with LF enhanced the drug combination potency compared with the free
combined drugs solution and the nontargeted GL-NPs. This was demonstrated by the reduction in IC50 of HepG2
cells treated with LF-targeted GL-NPs by 1.53- and 1.19-fold compared with free drug combination and nontargeted
GL-NPs, respectively. These results clearly demonstrated the superior anticancer efficacy of LF-targeted GL-NPs and
the efficient active targeting potential of LF. The higher internalization of LF-targeted NPs into liver cancer cells via
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Figure 5. Confocal images showing cellular uptake of free RBITC, RBITC-nontargeted GL-NPs and RBITC-targeted
LF-GL nanoparticles within HepG2 liver cancer cells after incubation for 4 and 24 h.
GL-NP: Gliadin nanoparticle; LF: Lactoferrin; RBITC: Rhodamine B isothiocyanate.

asialoglycoprotein receptor-mediated endocytosis could be responsible for its enhanced cytotoxicity [57]. Our results
are in agreement with the previously reported stronger antiproliferative effects of LF-modified, doxorubicin-loaded
PEGylated liposomes on ASGP-R-expressing HCC cells compared with nonmodified liposomes [58].

In vitro cellular uptake of NPs

The cellular uptake of LF-targeted GL-NPs (S8), nontargeted GL-NPs and free RBITC into HepG2 liver cancer
cells (overexpressing ASGP-R) upon 4 and 24 h incubation was evaluated by visualization of the fluorescent images
obtained by confocal laser scanning microscopy. The fluorescent dye RBITC was conjugated via its thiocyanate
group to the amino group of GL to develop fluorescently labeled GL-NPs (Figure 5). Confocal microscopy revealed
bright red fluorescence signals in the cytoplasm of HepG2 cells, which was attributed to RBITC, indicating that
RBITC-conjugated NPs successfully entered the cells. Intracellular fluorescence signal intensity in all groups were
increased with increasing incubation time, indicating that the cellular uptake of RBITC-conjugated NPs was
time-dependent. At the same incubation time, the uptake of LF–GL-NPs by HepG2 was noticeably higher than
that of nontargeted GL-NPs, which would be related with the receptor-mediated endocytosis through LF moiety
due to high surface expression of ASGP-R on HepG2 cells [58]. LF was reported to interact with high affinity to
ASGP-R on HepG2 cells in a galactose-independent manner, indicating the suitability of LF is a good ligand to
ASGP-R binding. In addition to, the positive surface charge promotes the cellular internalization of NPs that is
possibly due to the negatively charged cell surface prefer to uptake the positively charged NPs via their electrostatic
interaction [59].
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Figure 6. Expression profile for mRNA levels of COX-2, VEGF, TNF-α and NF-κB in groups treated with free CXB, free
DSN, free combined CXB/DSN, nontargeted CXB/DSN/GL-NPs (S8), targeted CXB/DSN/GL-NPs (M4) individual tissues
was measured by (RT-PCR) and normalized to GAPDH, n = 7.
CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle; LF: Lactoferrin.

In vivo antitumor efficacy
Measurement of cell necrosis markers expression levels

NF-κB
Activated NF-κB is reported to contribute an essential role in tumor angiogenesis by upregulating necessary genes
including VEGF, iNOS, IL-6 and IL-8 [60]. In our study, we assessed the expression level of NF-κB by RT-PCR
(Figure 6 to 7). The group treated with free combined drugs showed a significant (p < 0.01) suppression of the
expression level of NF-κB unlike the group treated with either CXB or DSN where no significant reduction in level
of NF-κB was detected compared with the positive control. Both groups treated with either nontargeted (S8) or
LF-targeted (M4) GL-NPs showed a significant inhibition (p < 0.001) in NF-κB expression level compared with
the positive control, although no significant difference was observed between both groups. CXB was reported to
efficiently suppress nuclear translocation and activation of NF-κB in liver cancer cells [11]. In addition, some studies
reported the role of DSN in suppressing NF-κB expression level in HCC-induced rats [8,61]. This could account
for the superior performance of such drug combination assumed in our study.

TNF-α
TNF-α is a multifunctional cytokine that plays a key role in regulating signaling pathways involved in tumorigenesis
and inflammation [62]. CXB is reported to potently inhibit TNF-α-induced transcriptional activity [11,63]. DSN
was also reported to show a remarkable decrease in the hepatic TNF-α levels [8,61]. In our study, we also assessed
the expression level of TNF by RT-PCR (Figure 6 to 7). The mice treated with the nontargeted dual-drug-loaded
GL-NPs (S8) showed no significant difference in the expression level of TNF-α compared with the group treated
with the free combined drugs (p > 0.05). On the other hand, the group receiving LF-targeted GL-NPs (M4)
demonstrated a significant (p < 0.001) decrease in the expression level of TNF-α compared with all the other
treated groups ensuring their effective delivery to their desired site of action. There was no significant difference
(p > 0.05) between the TNF-α expression level measured in such group and that of the negative control.

Measurement of COX-2 expression level

COX-2 enzyme is implicated in stimulating angiogenesis by induction of VEGF and FGF-2 [64]. Moreover, COX-2
has found to be a key mediator involved in cancer-associated inflammation and progression. In our study, COX-2
expression level was determined by RT-PCR (Figure 6 to 7). The combined free drugs (CXB + DSN) exhibited
significant reduction (p < 0.001) in the level of COX-2 compared with positive control that could be related
to a synergistic effect. The privilege of passively targeted CXB/DSN/GL-NPs (S8) was obvious by its significant
inhibitory effect (p < 0.01) on the expression level of COX-2 compared with the free combined drugs. The group
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Figure 7. Quantitative expression of VEGF, TNF-α, COX-2 and NF-κB levels quantified by RT-PCR for the studied groups, normalized
according to GAPDH, n = 7.
*p < 0.05 vs negative control; #p < 0.05 vs positive control; ?p < 0.05 vs free DSN; €p < 0.05 vs free Celecoxib; %p < 0.05 vs free
celecoxib/diosmin; $p < 0.05 vs nontargeted gliadin nanoparticles.
CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle.

treated with LF-targeted NPs (M4) exerted demonstrated significantly 4.5- and 2.58-fold lower level of COX-2
expression than free combined drugs treated group (p < 0.001) and nontargeted NPs treated group (p < 0.01),
respectively. Moreover, treatment with LF-targeted GL-NPs showed the ability to reduce the COX-2 expression
level to the normal values with no significant difference from normal control (p > 0.05). While CXB is known to
inhibit COX-2 [7,65,66], DSN was also reported to downregulate both COX-2 and iNOS by reducing the expression
of NF-κB and p38 MAP kinase in HCC-induced rats [8]. Accordingly, the combination of both drugs in a single
nanoparticulate carrier augments their effect, which is further fortified by their active targeting to the tumor site.

Detection of antiangiogenic effect

VEGF is a secreted protein that strongly contributes in tumor-related angiogenesis [67]. Therefore, VEGF expression
level was assessed at both the mRNA level and protein level by RT-PCR and ELISA, respectively (Figure 6–8A).
The group treated with free combined drugs did not show a significant difference (p < 0.05) in reduction VEGF
expression compared with free CXB-treated group at both mRNA and protein level. CXB is reported to inhibit
angiogenesis via downregulating the mRNA expression of VEGF gene, reduce tumor growth and promote apoptosis
in HCC cells [68]. However, there were no data found about the effect of DSN on VEGF expression level, which
explains why there was no significant difference between CXB-treated group and free combined treated group.
Incorporation of both drugs in nontargeted GL-NPs (S8) resulted in a significant 1.9-fold reduction (p < 0.01)
in VEGF expression at both mRNA and protein levels compared with free combined treated group. Moreover,
LF-targeted GL-NPs (M4) demonstrated a highly significant suppression in VEGF expression level (p < 0.001)
with 2.8-fold reduction in the VEGF mRNA expression level compared with free combined treated group with no
significant difference from the normal control (p > 0.05).

Measurement of apoptosis induction

Caspases 3 and 9 play a critical role in the programmed cell death and in particular caspase 3 is implicated in the
terminal phase of apoptosis [69]. Previous reports indicated that CXB promotes apoptosis of HCC cells through
activation of caspases 3 and 9 by COX-2 dependent and independent cell growth inhibition [7]. DSN also showed
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Figure 8. In vivo anti-tumor efficacy of GL-NPs. Comparison between the studied groups (free CXB, free DSN, free CXB/DSN cosolvent,
nontargeted CXB/DSN/GL-NPs (S8) and targeted CXB/DSN/LF–GL-NPs (M4) treated groups in addition to the positive and negative
control groups) according to (A) VEGF-1 level and active caspase-3 levels, (B) RLW%, (C) ALT level and (D) AST level, n = 7.
*p < 0.05 vs negative control, #p < 0.05 vs positive control, ?p < 0.05 vs free DSN, €p < 0.05 vs free CXB, %p < 0.05 vs free CXB/DSN, $p
< 0.05 vs nontargeted GL-NPs.
CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle; LF: Lactoferrin; RLW: Relative liver weight.

increased expression of caspases 3 and 9, thus confirming its apoptotic induction potential [70]. Therefore, in our
study, apoptosis was assessed by measuring the expression level of caspase-3 by ELISA in HCC tumor tissue of mice
(Figure 8A). Compared with the positive control, the group treated with free combined drugs showed 3.6-fold
increase in the level of caspase 3. While the groups treated with nontargeted (S8) and LF-targeted GL-NPs (M4)
showed 5.52- and 7.57-fold elevation in the level of caspase 3, respectively, compared with the positive control.
This demonstrated the privilege of nanoencapsulation of both drugs, which is further fortified by active targeting.

Measurement of serum AST & ALT levels & relative liver weight %

In comparison with normal mice, the liver/body weight ratio (relative liver weight [RLW] %) in positive control
mice has shown remarkable increase from 3.12 ± 0.2 to 6.08 ± 0.2 (Figure 8B). The serum levels of ALT and AST
were highly increased in positive control mice group in comparison with negative control one, revealing the liver
damage caused by DEN [35]. Compared with free combined drugs treated group, nontargeted dual-drug-loaded
GL-NPs (S8) caused about 1.08-fold reduction in the liver/body weight ratio, 1.38- and 1.167-fold decrease in the
expression levels of ALT and AST, respectively (Figure 8C & D). LF-targeted GL-NPs (M4)-treated group caused
about 1.3-fold decrease in the liver/body weight ratio and 1.79- and 1.37-fold decrease in the expression levels of
ALT and AST, respectively, compared with the group treated with the free combined drugs, which was comparable
to negative control. These results confirmed the potential effect of LF-targeted dual-drug-loaded GL-NPs (M4) on
alleviation of liver damage induced by DEN.

Histopathological study

The liver specimens from negative control mice showed normal liver parenchyma with granulated cytoplasm,
central vein and small uniform nuclei (Figure 9A). The hepatic lobules were intact with polygonal cells around
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Figure 9. Hematoxylin & eosin staining of liver cancer tissues of negative control, positive control group, free drug
combination, nontargeted celecoxib/diosmin/gliadin nanoparticles (S8) and targeted
celecoxib/diosmin/lactoferrin-gliadin nanoparticles (M4) treated group. (A) Immunohistopathological staining of the
proliferative marker Ki-67 in liver cancer tissues of positive control group and free CXB/DSN combination,
nontargeted CXB/DSN/GL-NPs (S8) and targeted CXB/DSN/LF–GL-NPs (M4).
CXB: Celecoxib; DSN: Diosmin; GL-NP: Gliadin nanoparticle; LF: Lactoferrin.

the central vein with one or rarely two spherical nuclei and abundant strongly eosinophilic cytoplasm. In contrast,
mice of positive control treated with DEN (HCC induced) demonstrated abnormal irregular-shaped cytoplasm
and enlarged nuclei (Figure 9A). Numerous binucleated hepatocytes were noticed with abundant vacuoles in the
cytoplasm surrounding the nucleus [33]. Treatment of mice with nontargeted dual-drug-loaded GL-NPs has shown
improvement in the hepatic architecture with less altered hepatocytes in comparison with the group treated with
free combined drugs (Figure 9A). The cellular architecture of hepatic specimens from mice that treated with
LF-targeted dual-drug-loaded GL-NPs were comparable with that of the negative control mice. The hepatocytes
from such mice group showed a compact cytoplasm revealing the absence of hepatic toxicity.

Immunohistochemical analysis of cell proliferation (Ki-67 antigen)

Ki-67 is considered the most widely used proliferation-associated prognostic marker in HCC patients [71]. The
antibody kit detects a specific antibody bounded to Ki-67 antigen in tissue sections. As can be seen in Figure 9B,
Ki-67 was strongly stained in tumor specimens of the positive control and free drug-treated mice group compared
with tumor specimens of LF-targeted (M4) and nontargeted dual-drug-loaded GL-NPs (S8). The reduced density
of Ki-67-stained cells of the NPs-treated groups reflected the high efficiency of NPs in suppression of cancer cell
proliferation thereby reducing the tumor growth. The % expression of the proliferation protein Ki-67 in liver
cancer tissues, as quantified using digital image analysis technique, was summarized in Figure 10. The results
showed a significant elevation of Ki-67 (96.10%) in the positive control group compared with mice treated with
nontargeted dual-drug-loaded GL-NPs (26.70%) and to mice treated with LF-targeted dual-drug-loaded GL-NPs,
which exhibited the lowest density of Ki-67 corresponding to 16.20%.

Ex vivo imaging of isolated organs

The ex vivo images of isolated organs demonstrated time-dependent accumulation of RBITC/LF–GL-NPs into
the organs (Figure 11A). At 4 h after oral delivery of RBITC/LF–GL-NPs, the optical imaging signals increased
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in the liver which was increased by twofold after 14 h compared with 4 h after oral administration (Figure 11B).
Particularly, it was previously reported that LF has receptors found in the intestinal epithelium that can facilitate
the absorption and transport of NPs across GI tract [54,72]. On the other hand, the optical imaging signal in mice
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liver that orally received free dye faded after 14 h. These results ensuring the effective targetability of LF-targeted
NPs to liver cancer cells.

The ‘proof of concept’ presented here substantiates the notion that the fabricated LF-coated GL-NPs offer
potential targeted carriers with promising antitumor effects against HCC-bearing animals upon oral administration.
Future work will extend to investigate the pathway of these NPs through GIT and tracking their uptake via LF
receptors in intestinal epithelium. In addition, comparing the efficacy of NPs when administrated through tail
vein versus oral administration. Also, pharmacokinetic study for dual-drug-loaded NPs will conducted upon
administration via intravenous and oral routes. For theranostic approach, inorganic NPs such as quantum dots may
be conjugated to the surface of NPs to enable tumor imaging and therapeutic goals.

Conclusion
As an orally active nanocarrier, hydrophobic GL-NPs-encapsulating CXB and DSN were successfully prepared by
nanoprecipitation technique followed by spray-drying. For active targeting to ASGP-R overexpressed by HepG2
cells, the surface of GL-NPs was coated with LF layer via electrostatic interactions. Both LF-targeted and nontargeted
GL-NPs exhibited acceptable particle size and zeta potential, good entrapment efficiency and sustained release
properties for both drugs. LF-targeted GL-NPs have shown higher cellular uptake and enhanced antitumor efficacy
compared with nontargeted GL-NPs, which would be related to the receptor-mediated endocytosis into HepG2
cells through LF moiety. In vivo anticancer efficacy in HCC-bearing mice revealed the superiority of LF-targeted
GL-NPs as manifested by the marked reduction in the evaluated tumor markers (TNF-α, NF-κB, COX-2, VEGF)
as well as minimal histopathological and immunohistochemical alterations.

Summary points

• We have developed hydrophobic gliadin nanoparticles (GL-NPs) prepared by nanoprecipitation technique
followed by spray-drying for the targeted codelivery of celecoxib (CXB) and diosmin (DSN).

• To achieve active tumor-targeting, the surface of drug-loaded GL-NPs was coated with lactoferrin (LF) via
electrostatic interactions for binding to asialoglycoprotein receptors overexpressed by human liver cancerous
cells.

• The resultant LF–GL-NPs exhibited uniform spherical shape with high encapsulation efficiency for CXB and DSN
and a sustained release property for both drugs.

• Solid-state characterization showed the disappearance of the characteristic endothermal peak of DSN indicating
its conversion to amorphous state, while the CXB endothermal peak was shifted and broadened indicating an
interaction between CXB and GL within the nanomatrix.

• In vitro cytotoxicity studies on HepG2 liver cancer cells revealed that the LF-targeted GL-NPs enhanced the
combination potency compared with the free combined drugs solution and the nontargeted GL-NPs.

• Cellular uptake study revealed that at the same incubation time, the uptake of LF–GL-NPs within HepG2 liver
cancer cells was noticeably higher than that of nontargeted GL-NPs, which would be related with the
receptor-mediated endocytosis through LF moiety due to high surface expression of asialoglycoprotein receptors
on HepG2 cells.

• Biological evaluations of the antitumor effects of the elaborated formulations revealed the superiority of the
LF–GL-NPs as manifested from the marked reduction in the expression levels of TNF-α, NF-κB, COX, VEGF and
induction of caspase-mediated apoptosis process.

• Ex vivo imaging of isolated organs showed that LF–GL-NPs exhibited a much higher accumulation in livers more
than other organs after oral administration in hepatocellular carcinoma-induced mice.
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A B S T R A C T

Chemical investigation of the EtOAc-soluble fraction from the MeOH/DCM extract of a cultured octocoral
Briareum violaceum afforded two new briarane diterpenoids, briaviolides O (1) and P (2). The structures of
briaranes 1 and 2 were elucidated on the basis of spectroscopic analysis, and 1 was shown to inhibit the ac-
cumulation of pro-inflammatory iNOS protein in LPS-stimulated RAW264.7 macrophage cells.

1. Introduction

The octocoral Briareum violaceum (family Briareidae) (Samimi-
Namin and van Ofwegen, 2016) is a rich source of diterpenoids with a
briarane carbon skeleton that often have complex structures and
bioactivities (Ito et al., 2007; Iwasaki et al., 2006; Liaw et al., 2014;
Sheu et al., 1996; Xu et al., 2000, 2018). In studies of the chemical
constituents of cultured B. violaceum, two new briaranes, briaviolides O
(1) and P (2), wereobtained (Fig. 1). We isolated these two compounds,
determined their structures, and further studied their anti-in-
flammatory activities in terms of inhibition of inducible oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2) in an in vitro pro-inflammatory
macrophage culture model.

2. Results and discussion

Briaviolide O (1) was obtained as an amorphous powder. HRESIMS

of compound 1 showed a pseudomolecular peak at m/z 675.26248,
which established the molecular formula C32H44O14 (calcd for
C32H44O14 + Na, 675.26233), indicating eleven degrees of unsatura-
tion. Absorption peaks at 3580, 1781 and 1738 cm–1 in the IR spectrum
of 1 indicated a structure containing hydroxy, γ-lactone and ester
groups. Data from a DEPT experiment and 1H NMR study, together with
analysis of the molecular formula, suggested the existence of one ex-
changeable proton, which required the presence of one hydroxy group.
A trisubstituted olefin was identified from two carbon signals (δC 143.1
and 123.5; C and CH, respectively), and a tetrasubstituted epoxide
containing a methyl substituent was confirmed from signals of two
oxygenated quaternary carbons (δC 70.3 and 66.1; both C) and from the
proton signal of a methyl (δH 1.78, 3H, s) in the 13C and 1H NMR
spectra of 1 (Table 1), respectively. In addition, six carbonyl resonances
(δC 172.4, 170.2, 170.1, 170.0, 170.0 and 168.0) further confirmed the
existence of one γ-lactone and five other ester groups. On the other
hand, the results of 1H NMR spectrum analysis indicated four acetate
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methyls (δH 2.24, 2.05, 2.00 and 1.97; all 3H, s); the additional ester
group was identified as an n-butyroxy group, and 1H–1H COSY corre-
lations revealed seven contiguous protons [δH 0.97 (3H, t), 1.67 (2H,
sext) and 2.33 (2H, t); all J values 7.2 Hz] (Table 1). Based on corre-
lations identified by HMBC analysis, the carbon signal (δC 172.4, C) was
found to be associated with the signals of the methylene protons (δH
2.33 and 1.67) (Fig. 2), and was consequently assigned as the carbon
atom of the n-butyrate carbonyl. From the aforementioned data, me-
tabolite 1 was identified as a compound with four rings.

From the 1H–1H COSY spectrum of 1, four different structural units,
H-2/H2-3/H-4, H-6/H-7 and H-12/H2-13/H-14, were identified (Fig. 2),

which were assembled with the assistance of an HMBC experiment. The
HMBC correlations between protons and quaternary carbons of 1
(Fig. 2), such as H-2, H2-3, H-9, H-10, H2-13, H3-15/C-1; H2-3, H-7, H3-
16/C-5; H-9, H-10, H3-18/C-8; H-9, H-10, H-12, H2-13, H3-20/C-11; H-
9, H3-18/C-17; and H-7, H3-18/C-19, permitted elucidation of the
carbon skeleton of 1. The ring-junction C-15 methyl group was posi-
tioned at C-1 in light of the HMBC correlations between H3-15/C-1. At
C-5, a vinyl methyl connected to this carbon was confirmed by HMBC
correlations between H3-16/C-5, and further supported by allylic cou-
pling between H-6 and H3-16 in the 1H–1H COSY spectrum analysis of
1. At C-12, an n-butyrate ester was located according to connectivity
between H-12 (δH 4.80) and the carbonyl carbon of the n-butyrate (δC
172.4). Furthermore, the other four acetoxy groups were located at C-2,
C-4, C-9 and C-14 based on the HMBC correlations of the oxymethine
protons at δH 5.10 (H-2), 5.03 (H-4), 5.83 (H-9) and 4.70 (H-14) with
the ester carbonyls at δC 170.0, 170.0, 168.0 and 170.1, respectively.
Thus, the remaining hydroxy group was positioned at C-11, an oxyge-
nated quaternary carbon at δC 73.8. The aforementioned data defined
the molecular framework of 1.

The stereochemistry of 1 was established by a NOESY experiment,
and further supported by MM2 force field analysis (Allinger, 1977),
demonstrating that the most stable conformer of 1 was as shown in
Fig. 3. In the NOESY spectrum of 1, H-10 was associated with H-2 and
H-9, while no associations were seen with Me-15 and Me-20, which
suggested that these protons were positioned on the α face, due to the
fact that the C-15 and C-20 methyls were β-substituents at C-1 and C-
11, respectively. H-12 showed a correlation with Me-20, and H-14 was
correlated with Me-15; there were no correlations between H-10/H-12
and H-10/H-14, demonstrating that the n-butyroxy group at C-12, hy-
droxy group at C-11 and acetoxy group at C-14 were α-oriented. One of
the C-3 methylene protons (δH 2.96) showed a correlation with H-7, but
not with H-2, and this proton was designated β-oriented. A correlation
between H-7 and H-3β, but not H-6, as well as a large coupling constant
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Fig. 1. The structures of briaviolides O (1), P (2), L (3), M (4) and K (5).

Table 1
1H and 13C NMR data for briaranes 1 and 2.

1 2

Position δH (J in Hz)a δC, Mult.b δH (J in Hz)a δC, Mult.b

1 47.5, C 46.5, C
2 5.10 d (8.0) 73.3, CH 5.17 d (7.2) 75.3, CH
3α/β 2.02m; 2.96 dd

(15.2, 12.4)
37.5, CH2 1.99m; 2.62 ddd

(15.2, 15.2, 9.6)
32.2, CH2

4/4′ 5.03 dd (12.4,
5.2)

72.3, CH 2.53 br d (15.2);
1.97 m

28.6, CH2

5 143.1, C 146.2, C
6 5.38 d (8.8) 123.5, CH 5.29 br d (9.2) 117.4, CH
7 5.54 d (8.8) 73.8, CH 5.38 d (9.2) 75.1, CH
8 70.3, C 70.7, C
9 5.83 s 67.2, CH 5.74 d (2.0) 68.0, CH
10 2.30 s 45.4, CH 2.35 d (2.0) 44.9, CH
11 73.8, C 75.9, C
12 4.80 br s 74.0, CH 4.83 dd (2.8, 2.8) 75.3, CH
13/13′ 2.26m; 1.97 m 25.8, CH2 2.18m; 2.01 m 24.2, CH2

14 4.70 br s 73.3, CH 4.72 dd (3.2, 3.2) 74.9, CH
15 1.24 s 14.4, CH3 1.28 s 14.8, CH3

16 2.16 s 25.4, CH3 2.05 s 27.0, CH3

17 66.1, C 64.6, C
18 1.78 s 10.3, CH3 1.70 s 10.2, CH3

19 170.2, C 171.3, C
20 1.24 s 23.2, CH3 1.31 s 30.0, CH3

2-OAc 170.0, C 170.3, C
2.00 s 21.3, CH3 2.00 s 21.3, CH3

4-OAc 170.0, C
2.05 s 21.1, CH3

9-OAc 168.0, C 169.4, C
2.24 s 21.1, CH3 2.22 s 21.5, CH3

12-OAc 169.8, C
2.06 s 21.2, CH3

14-OAc 170.1, C 170.4, C
1.97 s 21.4, CH3 1.98 s 21.5, CH3

12-n-OC(O)
Pr

172.4, C

2.33 t (7.2) 36.3, CH2

1.67 sext (7.2) 18.3, CH2

0.97 t (7.2) 13.7, CH3

11-OH n. o.c 2.12 s

a Spectra recorded at 400MHz in CDCl3 at 25 °C.
b Spectra recorded at 100MHz in CDCl3 at 25 °C.
c n. o. = Not observed.
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between H-7 and H-6 (J =8.8 Hz), suggested that the dihedral angle
between H-7 and H-6 was nearly 180°, and H-7 was β-oriented and the
8,17-epoxy group was α-oriented according to modeling analysis. The
Z-configuration of the C-5/6 double bond was confirmed based on the
fact that the C-6 olefin proton (δH 5.38) was correlated with the C-16
vinyl methyl (δH 2.16). Furthermore, correlation of H-4 with H3-16
indicated that the acetoxy group at C-4 was β-oriented. Thus, on the
basis of the above results, 1 was found to possess the configurations
1S*,2S*,4R*,7S*, 8R*,9S*,10S*,11S*,12R*,14S*,17R*. It was found
that the NMR signals of 1 were similar to those of known briarane
analogues, briaviolides L (3) and M (4) (Fig. 1) (Xu et al., 2018), except
that the signals corresponding to the acetoxy group at C-4 in 1 were
replaced by signals for a proton in 3; and the signals corresponding to
the proton at C-11 in 4 were replaced by signals for a hydroxy group in
1 (Xu et al., 2018).

Briaviolide P (2) was found to have the molecular formula
C28H38O12 based on the HRESIMS peak at m/z 589.22546 (calcd for
C28H38O12 + Na, 589.22555). Its absorption peaks in the IR spectrum
showed an ester carbonyl, a γ-lactone and broad OH stretching at 1730,
1779 and 3480 cm–1, respectively. The 13C NMR spectrum indicated
that one γ-lactone and four esters were present, as carbonyl resonances
were observed at δC 171.3, 170.4, 170.3, 169.8 and 169.4, respectively
(Table 1). The 1H NMR spectrum also indicated the presence of four
acetate methyls (δH 2.22, 2.06, 2.00 and 1.98, each 3H× s) (Table 1),
and the NMR data were found to be similar to those of a known
briarane analogue, briaviolide K (5) (Fig. 1) (Xu et al., 2018), with the
exception that the 12-n-butyroxy group in 5 was replaced by an acetoxy
group in 2. The locations of the functional groups were further con-
firmed by other 1H–1H COSY and HMBC correlations (Fig. 4), and hence
briaviolide P (2) was assigned the structure of 2, with the same ste-
reochemistry as that of briaviolide K (5), because the stereogenic cen-
ters that 2 had in common with 5, in addition to the 1H and 13C NMR
chemical shifts and proton coupling constants, matched well, and were
further supported by a NOESY experiment.

The relative stereochemistry of 2 was established based on the NOE
interaction results from a NOESY experiment (Fig. 5). In the NOESY
spectrum of 2, H-10 was associated with H-2, H-9 and H3-20, while no
association was seen with Me-15, which suggested that these protons
were positioned on the α face, due to the fact that the C-15 methyl and
11-hydroxy group were β-substituents at C-1 and C-11. H-12 showed
correlations with H3-20 and C-13 methylene protons (δH 2.18 and
2.01), and H-14 was correlated with Me-15; there were no correlations
between H-10/H-12 and H-10/H-14, demonstrating that the acetoxy
groups at C-12 and C-14 were α-oriented. As one of the methylene
protons at C-4 (δH 2.53) was correlated with H-7, these two protons

Fig. 3. Selected protons with key NOESY correlations of 1.
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were β-oriented according to modeling analysis. The Z-configuration of
the C-5/6 double bond was established based on the interaction be-
tween H-6 and H3-16. Furthermore, correlation between H-9 and H3-18
indicated that Me-18 should be positioned on the β-face in the γ-lactone
ring. Thus, on the basis of the above results, 2 was found to possess the
configuration 1S*,2S*,7S*,8R*,9S*,10S*,11R*,12R*,14S*,17R*.

In an in vitro anti-inflammatory activity assay, Western blot analysis
was used to evaluate the upregulation of pro-inflammatory iNOS and
COX-2 protein expressions in lipopolysaccharide (LPS)-stimulated
RAW264.7 macrophage cells. At a concentration of 10 μM, briarane 1
was found to significantly reduce the level of iNOS to 10.53% in
comparison with control cells stimulated with LPS only (Table 2 and
Fig. 6).

3. Experimental

3.1. General

Melting points of the natural products were determined using Fargo
apparatus and the values were uncorrected. Optical rotation values
were measured using a Jasco P-1010 digital polarimeter. IR spectra
were obtained with a Thermo Scientific Nicolet iS5 FT-IR spectro-
photometer. NMR spectra were recorded on a 400MHz Jeol ECZ 400S
NMR spectrometer using the residual CHCl3 signal (δH 7.26 ppm) and
CDCl3 (δC 77.1 ppm) as the internal standard for 1H NMR and 13C NMR,
respectively; coupling constants (J) are presented in Hz. ESIMS and
HRESIMS were recorded using a Bruker 7 T solariX FTMS system.
Column chromatography was carried out with silica gel (230–400
mesh, Merck). TLC was performed on plates precoated with Kieselgel
60 F254 (0.25-mm-thick, Merck), then sprayed with 10% H2SO4 solution
followed by heating to visualize the spots. Normal-phase HPLC (NP-
HPLC) was performed using a system comprised of a Hitachi L-7100
pump and a Rheodyne 7725 injection port. A semi-preparative normal-

phase column (YMC-Pack SIL 250×20mm l.D.S-5, 5 μM,) was used for
NP-HPLC. Reverse-phase HPLC (RP-HPLC) was performed using a
system equipped with a Hitachi L-2130 pump, a Hitachi L-2455 pho-
todiode array detector, a Rheodyne 7725 injection port, and a
250mm×21.2mm column (5 μM, Luna RP-18e) or a 25 cm×10mm
column (5 μM, Ascentis C18 Cat#:581343-U, Sigma- Aldrich).

3.2. Animal material

Specimens of the octocoral B. violaceum were collected from the
waters off Taiwan and relocated to a 270-ton cultivation tank located in
the National Museum of Marine Biology and Aquarium (NMMBA),
Taiwan, in 2011; the material used for this study was cultured-type B.
violaceum collected from the tank in December 2016. This organism was
identified by comparison with previous descriptions. A voucher spe-
cimen was deposited in the NMMBA, Taiwan (NMMBA- CSC-002).

3.3. Extraction and isolation

Sliced bodies of B. violaceum (wet and dry weights, 251 and 95.0 g,
respectively) were extracted with a mixture of organic solvent
(MeOH:CH2Cl2 = 1:1; volume ratio). The resulting 9.79 g extract was
partitioned between ethyl acetate (EtOAc) and H2O. The EtOAc layer
(3.30 g) was separated on silica gel and eluted with a mixture of n-
hexane/EtOAc (stepwise from 100:1 to 100% EtOAc; volume ratio) to
yield fifteen subfractions A–O. Fraction M was separated by silica gel
column chromatography and then eluted with a mixture of n-hexane/
EtOAc (stepwise 5:1 to 100% EtOAc; volume ratio) to afford twelve
subfractions M1–M12. Fraction M6 was purified by NP-HPLC using a
mixture of n-hexane/acetone/CH2Cl2 (8:4:1; volume ratio) to afford
twenty-one subfractions M6A-M6U. Fraction M6H was purified by RP-
HPLC using a mixture of MeOH/H2O (80:20 of volume ratio at a flow
rate of 2.0 mL/min) to yield 2 (0.6 mg). Fraction M7 was purified by
RP-HPLC using a mixture of MeOH/H2O (70:30 of volume ratio at a
flow rate of 5.0 mL/min) to yield 1 (1.0 mg).

3.4. Briaviolide O (1)

Amorphous powder; mp 90–92 °C, [α]eq \o(\s\up 6(25),\s\do
2(D)) +62 (c 0.05, CHCl3), IR (neat) νmax 3580, 1781, 1738 cm−1; 1H
and 13C NMR data, see Table 1. ESIMS: m/z 675 [M+Na]+, HRESIMS:
m/z 675.26248 (calcd for C32H44O14 + Na, 675.26233).

3.5. Briaviolide P (2)

Amorphous powder; mp 99–101 °C, [α]eq \o(\s\up 6(20),\s\do

Table 2
Effects of briaranes 1 and 2 (10 μM) on LPS-induced iNOS and COX-2 protein
expressions in macrophages.

Compounds iNOS COX-2
Expression (% of LPS) Expression (% of LPS)

Control 5.31 ± 1.47 1.54 ± 0.27
LPS 100 ± 8.96 100 ± 3.91
1 10.53 ± 1.38 84.31 ± 2.14
2 78.72 ± 25.07a 87.83 ± 3.36

a Compound 2 did not statistically significantly inhibit iNOS protein ex-
pression.

Fig. 6. Effects of compounds 1 and 2 on pro-inflammatory iNOS
and COX-2 protein expressions in the LPS-stimulated murine
macrophage cell line RAW264.7. (A) Relative density of the iNOS
immunoblot; (B) relative density of the COX-2 immunoblot. The
relative intensity of the LPS-stimulated group was taken to be
100%. Band intensities were quantified by densitometry and are
indicated as the percentage change relative to that of the LPS-
stimulated group. Briarane 1 significantly inhibited LPS-induced
iNOS protein expression in macrophages. The experiments were
repeated three times (* p<0.05, significantly different from the
LPS-stimulated group).

J.-H. Xu et al. Phytochemistry Letters 27 (2018) 129–133

132 231



2(D)) +20 (c 0.03, CHCl3), IR (neat) νmax 3480, 1779, 1730 cm−1; 1H
and 13C NMR data, see Table 2. ESIMS: m/z 589 [M+Na]+; HRESIMS:
m/z 589.22546 (calcd for C28H38O12 + Na, 589.22555).

3.6. In vitro anti-inflammatory assay

RAW264.7 (TIB-71) cells were purchased from the American Type
Culture Collection (ATCC, No TIB-71) (Manassas, VA, USA). The in vitro
anti-inflammatory activities of compounds 1 and 2 were measured by
investigating their inhibition effects on LPS-induced pro-inflammatory
iNOS and COX-2 protein expressions in the macrophage cell line using
Western blot analysis (Huang et al., 2012; Jean et al., 2008, 2009).
Briefly, an inflammation response in RAW264.7 cells was induced by
incubating cells in medium containing only LPS (10 μM) without test
compounds for 16 h. For the anti-inflammatory activity assays, com-
pounds 1 and 2 were added to the cells 10min before LPS treatment.
After incubation, the cells were lysed and the protein lysates analyzed
by Western blotting. The protein expression levels were determined
based on the immunoreactivity of proteins to antibodies, and were
calculated with respect to the average optical density of the corre-
sponding LPS-stimulated cells. Moreover, the effects of compounds 1
and 2 on the viability of RAW264.7 cells were also evaluated by the
trypan blue exclusion test (Jean et al., 2008, 2009). For statistical
analysis, the data were analyzed by one-way analysis of variance
(ANOVA), followed by the Student–Newman–Keuls post hoc test for
multiple comparisons. A significant difference was defined as a p-value
of< 0.05.
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BACKGROUND AND PURPOSE
Haem oxygenase-1 (HO-1) is induced by thiazolidinediones including rosiglitazone and exerts anti-inflammatory effects in various
models. However, the molecular mechanisms underlying rosiglitazone-induced HO-1 expression remain largely unknown in
human pulmonary alveolar epithelial cells (HPAEpiCs).

EXPERIMENTAL APPROACH
HO-1 expression was determined by real time-PCR, Western blotting and promoter reporter analyses. Signalling pathways
were investigated using pharmacological inhibitors or specific siRNAs. Interactions between nuclear factor erythroid-2-related
factor (Nrf2) and antioxidant response elements (ARE) binding site of the HO-1 promoter were investigated with chromatin
immunoprecipitation assays.

KEY RESULTS
Up-regulation of HO-1 in HPAEpiCs or in mice by rosiglitazone blunted ICAM-1 expression and monocyte adhesion to HPAEpiCs
challenged with LPS. Rosiglitazone-induced HO-1 expression was significantly attenuated by NADPH oxidase (NOX) inhibitors
(apocynin and diphenyleneiodonium) or ROS scavenger (N-acetyl cysteine). The involvement of NOX activity and ROS
generation in rosiglitazone-induced HO-1 expression was confirmed by transfection with p47phox or NOX2 siRNA. Moreover,
pretreatment with the inhibitors of c-Src (c-Srci II), proline-rich tyrosine kinase 2 (Pyk2) (PF431396), Akt (Akti VIII) or PPARγ
(GW9662) and transfection with siRNA of c-Src, Pyk2, Akt or PPARγ abolished the rosiglitazone-induced HO-1 expression in
HPAEpiCs. Subsequently, Nrf2 was activated by phosphorylation of c-Src, Pyk2 and Akt, which turned on transcription of HO-1
gene by binding to AREs binding site and enhancing ARE promoter activity.

CONCLUSIONS AND IMPLICATIONS
Rosiglitazone induces HO-1 expression via either NOX/ROS/c-Src/Pyk2/Akt-dependent Nrf2 activation or PPARγ in HPAEpiCs and
suppresses LPS-mediated inflammatory responses, suggesting that PPARγ agonists may be useful for protection against
pulmonary inflammation.
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Abbreviations
AREs, antioxidant response elements; ChIP, chromatin immunoprecipitation; DHE, dihydroethidium; H2DCFDA, 20,70-
dichlorodihydrofluorescein diacetate; HO-1, haem oxygenase-1; HPAEpiCs, human pulmonary alveolar epithelial cells;
ICAM-1, intercellular adhesion molecule; IF, immunofluorescence; IHC, immunohistochemistry; Keap1, Kelch like ECH
associated protein 1; Nrf2, nuclear factor erythroid-2-related factor; Pyk2, proline-rich tyrosine kinase 2; TZDs,
thiazolidinediones

Introduction
LPS triggers acute lung inflammation during bacterial infec-
tions, through up-regulation of adhesion molecules, such as
intercellular adhesion molecule (ICAM-1) and VCAM-1,
leading to the recruitment of polymorphonuclear cells to in-
flammatory tissues and airway fluid (Liou et al., 2016;
Woodfin et al., 2016). The up-regulation of adhesion mole-
cules is involved in pathological changes in the lung. Thus,
either ICAM-1 or VCAM-1 could serve as an inflammatory
marker and have been used to evaluate the anti-inflammatory
effects of haem oxygenase 1 (HO-1) in our studies. We also
confirmed that LPS-induced ICAM-1 or VCAM-1 expression
and monocytes (THP-1) adhesion might be used to evaluate
the progression of lung inflammation (Cho et al., 2016).
Therefore, pursuing an effective medicine to target these crit-
ical components is important in the management of pulmo-
nary inflammatory diseases.

Thiazolidinediones (TZD) have been shown to activate
PPARγ and have potential value in treatment of animal
models of inflammatory diseases. Their anti-inflammatory
effects result from up-regulation of HO-1 which suppresses
pulmonary artery cell proliferation and vascular remodelling
(Kronke et al., 2007; Li et al., 2010) and decreases LPS-induced
lung inflammatory responses (Liu et al., 2005; Wang et al.,
2014). We recently also confirmed that suppression of
LPS-mediated inflammation (VCAM-1 expression and cell
adhesion) by HO-1, induced by rosiglitazone, was
mediated through PKCα/AMPKα/p38 MAPKα/SIRT1-
dependent deacetylation of Ac-PGC1α and fragmentation of
NCoR/PPARγ activation in human pulmonary alveolar epi-
thelial cells (HPAEpiCs) (Cho et al., 2018). These studies dem-
onstrate that PPARγ agonists could exert anti-inflammatory
effects through a PPARγ-dependent HO-1 up-regulation.

HO-1 induced by various stimuli and oxidative stresses
protects against inflammatory responses (Rushworth et al.,
2005; Huang et al., 2014). The ROS-dependent activation of
signalling kinases (Polvani et al., 2012) by PPAR agonists
could regulate the expression of various genes (Gardner
et al., 2005). PPARγ ligands could also inhibit airway inflam-
mation and hyperresponsiveness via a PPARγ-independent
mechanism in mouse models challenged with allergen
(Donovan et al., 2012). In addition, the NADPH oxidase
(NOX)ROS system could induce HO-1 expression through
different signalling components. Indeed, c-Src is an up-
stream component of proline-rich tyrosine kinase 2 (Pyk2)
phosphorylation stimulated by TZDs (Peng et al., 2003;
Dewar et al., 2007), which is regulated by ROS (Ke et al.,
2014), leading to HO-1 expression in various cell types (Han
et al., 2009; Chi et al., 2015; Yang et al., 2015). Activated
Akt triggers nuclear factor erythroid-2-related factor (Nrf2)/
HO-1 expression which could protect against cellular injury
and promote cell survival (Deng et al., 2013; Xu et al.,

2015b). However, whether rosiglitazone-induced HO-1 ex-
pression mediated through NOX/ROS, c-Src, Pyk2, Akt and
Nrf2 was still unknown in HPAEpiCs.

Nrf2 is involved in the HO-1 gene transcription through
binding to antioxidant response elements (AREs) in the pro-
moter region in response to ROS (Alam and Cook, 2007;
Loboda et al., 2016). On exposure to ROS, Nrf2 dissociates
from kelch like ECH associated protein 1 (Keap1) and trans-
locates into the nucleus, wherein Nrf2 oligomerizes with the
protein Maf binding to the ARE sites of target genes and lead-
ing to gene transcription (Itoh et al., 1999; Baird et al., 2013;
Foresti et al., 2013). However, the detailed mechanisms of in-
tracellular signalling pathways involved in the rosiglitazone-
induced HO-1 expression in HPAEpiCs were not completely
defined. Here, we have shown that the expression of HO-1 in-
duced by rosiglitazone is mediated through not only PPARγ-
dependent but also through a separate NOX/ROS/c-Src/
Pyk2/Akt-dependent Nrf2 activation pathway and protects
against the LPS-mediated inflammatory responses.

Methods

Animal care and experimental procedures
All animal care and experimental procedures complied with
the guidelines of the Animal Care Committee of Chang
Gung University (Approval Document No. CGU 16-046)
and NIH Guides for the Care and Use of Laboratory Ani-
mals. Animal studies are reported in compliance with the
ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015).

Male ICR mice aged 6–8 weeks were purchased from the
National Laboratory Animal Centre (Taipei, Taiwan). Mice
were assigned randomly into three groups: sham [0.1 mL of
DMSO-PBS (1:100) with 0.1% (W/V) BSA treated mice], LPS
(LPS-treated mice) and Rosi + LPS (rosiglitazone plus LPS
mice); fivemice in each group/cage and kept in standard indi-
vidually ventilated cages in an animal facility under stan-
dardized conditions (12 h light/dark cycle, 21–24°C,
humidity of 50–60%) with food and water ad libitum. Mice
treated with rosiglitazone (i.p.; 0.1 mg·kg�1) and 1 h later
were anaesthetized with pentothal (i.p.; 50 mg·kg�1). Mice
were placed individually on a board in a near vertical
position and the tongues withdrawn with lined forceps. LPS
(3 mg·kg�1; 45 μL in 30g mouse) was placed posteriorly in
the throat and aspirated into lungs for 16 h to provide a model
of lung inflammation (Hsu et al., 2014). At the end of the
experimental period, mice were killed by an overdose of pento-
thal (i.p.; 100 mg·kg�1) for collection of lung tissues. These
tissues were extracted for protein (right superior lobe + post
caval lobe) and mRNA (right middle lobe + right inferior lobe)
for ICAM-1, HO-1 or β-actin. Data collection and evaluation of
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all in vivo and in vitro experiments were performed without
knowledge of the treatment of the group.

Immunohistochemical (IHC) staining
To examine the cellular expression and location of the ICAM-1
orHO-1 protein, immunohistochemical (IHC) stainingwas per-
formed on the sections of the lung tissues (left lung), which
were deparaffinized, rehydrated and washed with TTBS (com-
position; 50 mM Tris-HCl, 150 mM NaCl, 0.05% (w/v) Tween
20, pH7.4). Non-specific binding was blocked by preincubation
with PBS containing 5 mg·mL�1 of BSA for 1 h at room
temperature. The sections were incubated with an anti-ICAM-
1 or anti-HO-1 antibody (1:100 dilution) at 4°C for 16 h and
then with anti-mouse or anti-rabbit HRP antibody at room
temperature for 1 h. Bound antibodies were detected by
incubation in 0.5 mg·mL�1 of 3,3-diaminobenzidine/0.01%
(v/v) hydrogen peroxide (H2O2) in 0.1 M Tris–HCl buffer, as
chromogen (Vector Lab, Burlingame, CA, USA).

Cell culture
HPAEpiCs were purchased from the ScienCell Research Labo-
ratories (San Diego, CA, USA). Cells were cultured in
DMEM/F12 medium containing 10% (v/v) FBS and antibi-
otics (100 U·mL�1 penicillin G, 100 μg·mL�1 gentamicin
and 250 ng·mL�1 fungizone) at 37°C in a humidified 5%
CO2. Experiments were performed with cells from passages
4 to 7. The growth medium was changed after 24 h and then
every 3 days. The viability of HPAEpiCs after treatment with
1% (v/v) DMSO or the pharmacological inhibitors alone was
determined by a cell counting Kit-8 assay, which showed no
significant differences (data not shown).

Protein preparation and Western blot analysis
Cells were incubated with or without different concentra-
tions of rosiglitazone at 37°C for the indicated time periods.
When inhibitors used, they were added 1 h prior to the appli-
cation of rosiglitazone. The collected cells were lysed with a
lysis buffer. The mixed samples (15 μL) were subjected to
10% SDS-PAGE and transferred to nitrocellulose membrane.
Membranes were washed with TTBS four times for 5 min
each, incubated with anti-rabbit or anti-mouse HRP antibody
(1:2000 dilution) for 1 h. The immunoreactive bands were
detected by ECL reagents and captured by a UVP BioSpectrum
500 Imaging System (Upland, CA, USA). The values of
Western blot were quantified by UN-SCAN-IT gel version
6.1 (Utah, USA) and normalized to GAPDH or total protein
for five individual experiments. Changes after LPS are
expressed as fold change, relative to the mean basal value.

Real-time PCR analysis
Total RNAwas extracted fromHPAEpiC using TRIzol reagent. The
mRNA was reverse-transcribed into cDNA and analysed by real-
time PCR. Real-time PCR was performed with a StepOnePlus™
real-time PCR system (ThermoScientific-Applied Biosystems,
Waltham, MA, USA) and Kapa Probe Fast qPCR Kit Master Mix
(2X) Universal (KK4705; KAPA Biosystems, Wilmington, MA,
USA). The expression ofHO-1 and ICAM-1was quantified bynor-
malization to the GAPDH expression. Relative gene expression
was determined by the ΔΔCt method, where Ct meant threshold
cycle. All experiments were performed five times (n = 5).

Adhesion assay
HPAEpiCs were plated on six-well culture plates with cover-
slips and pretreated with rosiglitazone for 1 h, and then incu-
bated with or without ZnPP IX before incubation with LPS for
16 h at 37°C in a humidified 5% CO2 atmosphere. THP-1 cells
(human monocytic cell line, BCRC Cat# 60430, RRID:
CVCL_0006) were purchased from Bioresource Collection
and Research Center (Hsinchu, Taiwan) and maintained
in suspension in DMEM/F-12 containing 10% (v/v) FBS
medium. Before labelling, THP-1 cells were washed and
resuspended in warm PBS. BCECF-AM (10 μM) was added to
THP-1 in warm PBS for 1 h at 37°C. After labelling, cells were
washed thrice and resuspended in warm PBS and kept in the
dark at room temperature and then the labelled THP-1 cells
were added to HPAEpiCs. The cultures were incubated in a
CO2 incubator for 1 h. Non-adherent cells were removed
from the plate by gentle washing with warm PBS. The
numbers of adherent THP-1 cells were determined by
counting four fields per 200X high-power field well using a
fluorescence microscope (Axiovert 200M, Zeiss, Jena,
Germany). Experiments were performed in triplicate and
repeated five times (n = 5).

Transient transfection with siRNAs in
HPAEpiCs
Human siRNAs of scrambled, SMARTpool RNA duplexes cor-
responding to p47phox (SASI_Hs02_00302212), NOX2
(SASI_Hs01_00086110), c-Src (SASI_Hs01_00112905), Pyk2
(SASI_Hs01_00032249), Akt (SASI_Hs01_00105954), Nrf2
(SASI_Hs02_00302212), Keap1 (SASI_Hs01_00080908) and
Scrambled control siRNA were from Sigma-Aldrich (St. Louis,
MO, USA). Briefly, siRNA (100 nM) was formulated with Lipo-
fectamine 2000 transfection reagent according to the manu-
facturer’s instruction.

NADPH oxidase activity assay
After exposure to 30 μM rosiglitazone for the indicated time in-
tervals, cells were gently scraped and centrifuged at 400× g for
10 min at 4°C. The cell pellet was resuspended with 35 μL of
ice-cold PBS, and the cell suspension was kept on ice. To a final
200 μL volume of pre-warmed (37°C) PBS containing either
NADPH (1 μM) or lucigenin (20 μM), 5 μL of cell suspension
(2 × 104 cells) was added to initiate the reaction followed by im-
mediatemeasurement of chemiluminescence in a luminometer
(SynergyH1 Hybird Reader, BioTek, Winooski, VT, USA).

Measurement of intracellular ROS
accumulation
Cells were cultured in DMEM/F-12 for 24 h and then treated
with rosiglitazone. When inhibitors were used, they were
added 1 h prior to the application of rosiglitazone. After
washing twice with warm PBS, the cells were stained with
20,70-dichlorodihydrofluorescein diacetate (H2DCFDA)
(10 μM) or DHE (5 μM) for 30 or 10 min. After staining, the
cells were recovered with DMEM/F-12 containing 10% (v/v)
FBS for 30 min in H2DCFDA group. For ELISA assay, the fluo-
rescence for DCF and DHE staining was detected at 495/529
and 518/605 nm using a fluorescence microplate reader
(SynergyH1 Hybird Reader, BioTek) and FACSCalibur
equipped with CellQuest software (BD Biosciences, San Jose,

R-L Cho et al.

3930 British Journal of Pharmacology (2018) 175 3928–3946

235



CA, USA). For immunofluorescence staining, the stained cells
were washed three times with cold-PBS and then the fluores-
cence for DCF and DHE staining was detected at 495/529
and 518/605 nm, respectively, using a fluorescence micro-
scope (Axiovert 200M, Zeiss).

Transfection and promoter luciferase assay
ARE-luc reporter construct plasmids were transiently
transfected at a concentration of 0.8 μg·mL�l, and the control
pGal encoding for β-galactosidase presented at 0.2 μg·mL�1 to
normalize the transfection efficiency. ARE-luc luciferase ac-
tivities were determined by using a luciferase assay system
(Abcam, Cambridge, UK) according to the manufacturer’s in-
structions. Detected firefly luciferase activities were standard-
ized with β-galactosidase activity.

Isolation of subcellular fractions
The cytosolic and nuclear fractions were isolated, as described
previously (Cho et al., 2016). The cells were harvested, soni-
cated for 10 s at output 1.5 with a sonicator (Misonix,
Farmingdale, NY, USA) and centrifuged at 5000× g at 4°C for
15 min. The pellet was collected as the nuclear fraction and
the supernatant collected as the cytosolic fraction.

Chromatin immunoprecipitation (ChIP) assay
To detect the association of transcription factors with the
human HO-1 promoter, the ChIP analysis was performed
as previously described (Cho et al., 2016). Briefly, HPAEpiCs
were cross-linked with 1% (v/v) formaldehyde at 37°C for
30 min and stop this reaction with 0.125 M glycine, then
washed three times with ice-cold PBS containing 1 mM
PMSF, 1% (v/v) aprotinin and 1% (v/v) leupetin. Soluble
chromatin was prepared using a ChIP assay kit (Upstate) ac-
cording to the instructions of the manufacturer and
immunoprecipitated without (control) or with an anti-Nrf2
antibody and normal goat IgG. Following washing and elu-
tion, immunoprecipitates were heated overnight at 65°C to
reverse cross-linking of DNA and protein. To avoid the pos-
sibility of amplification artefacts, PCR products for all SYBR
Green primer pairs were verified to produce single products
by agarose electrophoresis and high resolution melt curve.
The relative mRNA levels were calculated using the compar-
ative Ct method (ΔΔCt). The DNA was extracted and resus-
pended in H2O and subjected to PCR amplification with
the ARE primers:

ARE (327 bp)

F: 50-GCTGC CCAAA CCACT TCTGT-30

R: 50-GCCCT TTCAC CTCCC ACCTA-30

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). Statistical analysis was performed
only when n = 5 independent samples were acquired. All data
are expressed as means ± SEM, from five individual experi-
ments (n ≥ 5). Statistical analysis was performed by using
GraphPad Prizm Program 6.0 software (GraphPad, San Diego,
CA). We used one-way ANOVA followed by Dunnett’s post
hoc test when comparing more than two groups of data and

one-way ANOVA with a non-parametric Kruskal–Wallis test,
followed by Dunnett’s post hoc test when comparing multiple
independent groups. Post tests were run only if F achieved
P < 0.05 and there was no significant variance inhomogene-
ity. P < 0.05 was considered to show statistical significance.
Error bars are omitted when they fell within the dimensions
of the symbols.

Materials
Apocynin (APO), diphenyleneiodonium chloride (DPI) was
from Biomol (Plymouth Meeting, PA, USA). Anti-GAPDH
(mouse monoclonal antibody, Cat# MCA-1D4, AB_2107599)
antibody was from EnCor Biotechnology (Gainesville, FL,
USA). Anti-β-actin (C4) (mouse monoclonal antibody, Cat# sc-
47778 HRP, RRID:AB_2714189), anti-c-Src (SRC 2) (rabbit
polyclonal antibody, Cat# sc-18, RRID:AB_631324), anti-Akt1/
2/3 (H-136) (rabbit monoclonal antibody, Cat# sc-8312, RRID:
AB_671714), anti-Nrf2 (C-20) (rabbit polyclonal antibody,
Cat# sc-722, RRID:AB_2108502), anti-Keap1 (H-190) (rabbit
polyclonal antibody, Cat# sc-33569, RRID:AB_2280949), anti-
Lamin A (H-102) (rabbit polyclonal antibody, Cat# sc-20680,
RRID:AB_648148), anti-ICAM-1 (H-108) (rabbit polyclonal
antibody, Cat# sc-7891, RRID:AB_647486) antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-HO-1
pAb (rabbit polyclonal antibody, Cat# ADI-SPA-895, RRID:AB
10618757) was from Enzo Life Sciences (Farmingdale, NY,
USA). Anti-NOX2/gp91phox [EPR6991] (rabbit monoclonal
antibody, Cat# ab129068, RRID:AB_11144496), anti-Pyk2
[E354] (rabbit monoclonal antibody, Cat# ab32448, RRID:
AB_777568), anti-ICAM-1 [EPR16608] (rabbit monoclonal
antibody, Cat# ab179707) (animal experimentation used) and
Anti-Nrf2 (phospho S40) [EP1809Y] (rabbit monoclonal
antibody, Cat# ab76026, RRID:AB_1524049) were from Abcam.
Anti-p47phox (Phospho-Ser370) (rabbit polyclonal antibody, Cat#
A1171, RRID:AB_10696129) was from Assay Biotech
(Sunnyvale, CA, USA). Anti-p47phox (D21F6) (rabbitmonoclonal
antibody, Cat# 4301S, RRID:AB_2150286), anti-phospho-c-Src
family (Tyr416) (rabbit polyclonal antibody, Cat# 2101, RRID:
AB_331697), anti-phospho-Pyk2 (Tyr402) (rabbit polyclonal an-
tibody, Cat# 3291, RRID:AB_2300530) and anti-phospho-Akt
(Ser473) (rabbit polyclonal antibody, Cat# 9271, RRID:
AB_329825) were from Cell Signaling Technology (Danvers,
MA, USA). Rosiglitazone, GW590735, GW0742, ciglitazone,
pioglitazone, troglitazone, GW9662 and ZnPPIX were
fromCaymanChemical (Ann Arbor, MI, USA). PF431396, c-Srci
II and Akt inhibitor VIII were from Merck (Merck Millipore,
Billerica, MA, USA). BCECF-AM, dihydroethidium (DHE) and
CM-H2DCFDA were from Molecular Probes (Eugene, OR,
USA). N-acetyl-L-cysteine (NAC), LPS (L2630) and other
chemicals were from Sigma-Aldrich. SDS-PAGE supplies were
fromMDBio Inc (Taipei, Taiwan).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide to
PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c)
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Results

Up-regulation of HO-1 inhibits inflammatory
responses in mice challenged with LPS
HO-1 has been shown to protect against the inflammatory
responses induced by various insults including LPS (Liu et al.,
2005; Xu et al., 2015a). Therefore, we confirmed these results
in an in vivo study. We observed that LPS markedly induced
ICAM-1 expression, which was attenuated by rosiglitazone
through up-regulation of HO-1, determined by IHC staining

(Figure 1A). We also found that LPS significantly enhanced
ICAM-1 mRNA and protein expression, which were attenuated
by rosiglitazone via up-regulation of HO-1 (Figure 1B,C). These
results suggested that up-regulation of HO-1 by rosiglitazone
protects lung tissues against the expression of inflammatory pro-
teins such as ICAM-1, following exposure to LPS.

PPARs stimulate expression of HO-1 protein
Activation of PPARs by agonists could inhibit the prolifera-
tion of pulmonary artery cells and reduce pulmonary

Figure 1
Rosiglitazone alleviates LPS-induced pulmonary inflammatory responses in vivo. (A) Mice were pre-treated with rosiglitazone (i.p., 0.1 mg·kg�1) or
vehicle and 1 h later treated with or without LPS (intra-tracheally; 3 mg·kg�1) for 16 h. H&E and immunohistochemical staining for ICAM-1 and
HO-1 in serial sections of the lung tissues from Sham [0.1 mL of DMSO-PBS (1:100) with 0.1% (W/V) BSA treated mice], LPS (LPS-treated mice)
and Rosi + LPS (rosiglitazone plus LPS mice). The arrows indicate the ICAM-1 and HO-1 expression on pulmonary alveolar cells. All images are rep-
resentative of five mice per group. (B, C) Lung tissues were homogenized to extract protein and mRNA. The protein and mRNA levels of ICAM-1
and HO-1 were determined by Western blot and real-time PCR. Data are expressed as mean ± SEM, from five independent experiments (n = 5).
#P < 0.05, significantly different as indicated.
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vascular remodelling by HO-1 up-regulation (Kronke et al.,
2007; Li et al., 2010). To investigate whether PPARα,
PPARδ or PPARγ agonists could induce HO-1 expression
in HPAEpiCs, the cells were treated with the agonist of
PPARα (GW590735), PPARδ (GW0742) or PPARγ
(rosiglitazone) for the indicated time intervals. These

agonists time-dependently induced HO-1 protein expres-
sion (Figure 2A). Other PPARγ agonists (ciglitazone,
pioglitazone and troglitazone) over a range of concentra-
tions (0.1 - 30 μM) were used to induce HO-1 expression.
At the highest concentration (30 μM), these three agonists,
but not rosiglitazone, induced cell death of HPAEpiCs. We

Figure 2
PPAR agonists induce HO-1 expression in HPAEpiCs. (A) The effects of PPARα, PPARδ and PPARγ agonists on HO-1 expression, the cells were treated
with the agonist of PPARα (GW590735), PPARδ (GW0742) or PPARγ (rosiglitazone) for the indicated time intervals. (B) The effects of PPARγ
agonists on HO-1 expression, the cells were treated with various concentrations of ciglitazone, pioglitazone or troglitazone for 16 h. The levels
of HO-1 and GAPDH protein were determined by Western blot. Data are expressed as mean ± SEM, from five independent experiments
(n = 5). #P < 0.05, significantly different from vehicle (0 h) alone.
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therefore chose lower concentrations of ciglitazone, pioglit-
azone and troglitazone to induce the expression of HO-1
(Figure 2B). As the level of HO-1 expression by
rosiglitazone (3.6 ± 0.1 fold; Figure 3A) was greater than
those after ciglitazone (2.7 ± 0.2 fold), pioglitazone
(2.8 ± 0.1 fold) and troglitazone (3.0 ± 0.3 fold) over 16 h
(all at 10 μM). Therefore, we chose rosiglitazone as an
inducer for the following experiments in this study.

Rosiglitazone induces HO-1 expression
The mechanisms underlying rosiglitazone-induced HO-1
gene expression were dissected in HAPEpiCs. We found
that rosiglitazone time- and concentration-dependently in-
duced HO-1 protein expression (Figure 3A). There was a
significant increase within 10 h and reaching a maximal re-
sponse within 24 h. Moreover, the levels of HO-1 mRNA
were also enhanced by rosiglitazone (Figure 3B). We also
evaluated the effect of HO-1 up-regulation induced by
rosiglitazone on LPS-induced ICAM-1 expression.
HPAEpiCs were pretreated with 30 μM rosiglitazone for
1 h and then continuously incubated with or without
1 μM ZnPPIX (a HO-1 activity inhibitor) for 1 h, and
finally treated with 20 μg·mL�1 LPS for 16 h. As shown in
Figure 3C,D the levels of HO-1 protein and mRNA were
significantly increased in HPAEpiCs challenged with
rosiglitazone, which accompanied with down-regulation
of ICAM-1 expression induced by LPS and was reversed
by treatment with ZnPPIX. In addition, treatment with
ZnPPIX also blunted the reduction, induced by
rosiglitazone, of the adhesion of THP-1 cells to HPAEpiCs
challenged with LPS (Figure 3E), suggesting that HO-1 in-
duction by rosiglitazone protects against monocyte adhe-
sion to HPAEpiCs, challenged with LPS.

NOX-derived ROS generation is required for
rosiglitazone-induced HO-1 expression
HO-1 is induced by intracellular oxidative stress or imbal-
ance between intracellular redox conditions (Loboda et al.,
2016). Activation of NOX is one of the sources of ROS which
could act as second messengers leading to HO-1 expression
(Seo et al., 2011). To determine whether NOX activation
and ROS generation were involved in the HO-1 expression,
HPAEpiCs were pretreated with a scavenger of ROS (NAC),
or inhibitors of p47phox (APO) or NOX (DPI). As shown in
Figure 4A,B, these treatments concentration-dependently at-
tenuated the induction of HO-1 protein (Figure 4A) and
mRNA (Figure 4B) by rosiglitazone. In NOX enzymes,
NOX2 has been shown to distinctly recruit p22phox (pres-
ence) and p47phox (regulatory subunits) to produce superox-
ide (O2

•�) in pulmonary alveolar epithelial cells (Tickner
et al., 2011). To confirm the roles of p47phox and NOX2 in
rosiglitazone-induced responses, the levels of p47phox and
NOX2 protein were knocked down by their respective
siRNAs. As shown in Figure 4C, transfection with either
p47phox or NOX2 siRNA knocked down the of level p47phox

or NOX2 protein and attenuated the rosiglitazone-induced
HO-1 expression in HPAEpiCs.

Phosphorylation of p47phox is a key event in NOX activation
and ROS generation (Lam et al., 2010). We found that, in
HPAEpiCs, rosiglitazone-stimulated p47phox phosphorylation,

which was significantly inhibited by APO (Figure 5A). To
further investigate whether rosiglitazone stimulates NOX
activity leading to ROS generation, as shown in Figure 5B,
rosiglitazone-stimulated NOX activity was blocked by pre-
treatment with APO (100 μM) or DPI (3 μM). Furthermore,
to directly detect ROS generation in rosiglitazone-treated
HPAEpiCs, the levels of intracellular H2O2 and O2

•� were
determined by H2DCFDA and DHE respectively. Pretreatment
with either APO or DPI inhibited the ROS generation induced
by rosiglitazone (Figure 5C). These results were further
supported by the data of DCF and DHE fluorescence images
obtained by fluorescence microscopy (Figure 5D). These
results suggested that rosiglitazone-induced HO-1 expression
is mediated through NOX2-dependent ROS generation in
HPAEpiCs.

Rosiglitazone-induced HO-1 expression is
mediated via a NOX/ROS-dependent
c-Src/Pyk2/Akt pathway
NOX/ROS production activates downstream components
such as c-Src and Pyk2 to modulate cellular functions (Peng
et al., 2003; Ke et al., 2014). In addition, rosiglitazone also at-
tenuated endothelial progenitor cell dysfunction and in-
creased NO production via phosphorylation of Akt, which is
one of downstream signalling components of the c-Src/Pyk2
pathway (Liang et al., 2009; Deng et al., 2013). Therefore, we
investigated whether the rosiglitazone-induced HO-1 expres-
sion is mediated through activation of ROS-dependent c-Src,
Pyk2 and Akt signalling components in HPAEpiCs. The in-
hibitors of c-Src (c-Srci II), Pyk2 (PF431396) and Akt (Akti
VIII) were used for these purposes. Pretreatment with c-Srci
II, PF431396 or Akti VIII significantly attenuated the
rosiglitazone-induced HO-1 protein and mRNA expression
in HPAEpiCs (Figure 6A,B). To confirm the involvement of
c-Src, Pyk2 and Akt in rosiglitazone-mediated responses, as
shown in Figure 6C, transfection with c-Src, Pyk2 or Akt
siRNA down-regulated the level of c-Src, Pyk2 or Akt protein
and then attenuated the rosiglitazone-induced HO-1 protein
expression.

We further determined whether phosphorylation of c-Src,
Pyk2 and Akt participated in rosiglitazone-induced HO-1 ex-
pression in HPAEpiCs, by Western blot, using an antibody
specific for the phosphorylated form of c-Src, Pyk2 or Akt.
Rosiglitazone-stimulated the phosphorylation of c-Src which
was attenuated by the siRNA for p47phox or NOX2 and APO,
DPI or c-Srci II (Figure 7A,B). Similarly, pretreatment with
c-Srci II inhibited rosiglitazone-stimulated phosphorylation
of Pyk2, but not p47phox (Figure 7B), suggesting that
rosiglitazone-stimulated c-Src-dependent Pyk2 phosphoryla-
tion is mediated through NOX/ROS. Moreover, pretreatment
with PF431396 attenuated rosiglitazone-stimulated Pyk2
phosphorylation, but not c-Src (Figure 7C), implying that
Pyk2 was a downstream component of NOX/ROS/c-Src cas-
cade. Further, rosiglitazone time-dependently stimulated
Akt phosphorylation which was attenuated by pretreatment
with either PF431396 or Akti VIII (Figure 7C,D). Akti VIII
failed to inhibit the Pyk2 phosphorylation. Collectively,
these data suggested that rosiglitazone-induced HO-1 expres-
sion is mediated through a NOX/ROS/c-Src/Pyk2/Akt cascade
in HPAEpiCs.
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Figure 3
Overexpression of HO-1 inhibits LPS-mediated monocyte adhesion in vitro. (A) Cells were incubated with different concentrations of rosiglitazone
(30, 10, 3 or 1 μM) for various time intervals. The levels of HO-1 and GAPDH expression were determined by Western blot. (B) Total RNA was iso-
lated fromHPAEpiCs treated with rosiglitazone (30 μM) for the indicated time intervals. The levels of HO-1 and GAPDHmRNAwere determined by
real-time PCR. (C–E) Cells were pretreated rosiglitazone for 1 h, then incubated with ZnPPIX for 1 h and finally stimulated with LPS for 16 h (pro-
tein and cell adhesion) or 4 h (mRNA). The levels of ICAM-1, HO-1 and GAPDH protein and mRNA were determined by Western blot and real-time
PCR respectively. (E) The adhesion of THP-1 cells was measured. Data are expressed as mean ± SEM, from five independent experiments (n = 5).
#P < 0.05, significantly different from vehicle alone (A, B); or significantly different as indicated (C–E).
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Figure 4
Activated NADPH oxidase and ROS generation are involved in rosiglitazone-increased HO-1 expression. (A) The cells were pretreated with various
concentrations of NAC, APO or DPI for 1 h and then incubated with vehicle or rosiglitazone (30 μM) for 16 h. The levels of HO-1 and GAPDH pro-
tein were determined byWestern blot. (B) The cells were pretreated with NAC (100 μM), APO (100 μM) and DPI (3 μM) for 1 h and then incubated
with vehicle or rosiglitazone (30 μM) for 8 h. The levels of HO-1 and GAPDH mRNA were determined by real-time PCR. (C) HPAEpiCs were
transfected with p47phox or NOX2 siRNA and then incubated with rosiglitazone for 16 h. The levels of HO-1, p47phox, NOX2 or GAPDH were de-
termined by Western blot. Data are expressed as mean ± SEM, from five independent experiments (n = 5), #P < 0.05, significantly different from
rosiglitazone alone (A, B); or significantly different as indicated (C).
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Up-regulation of ARE promoter activity is
mediated through NOX/ROS/c-Src/Pyk2/Akt/
Nrf2 cascade
Nrf2, an oxidative stress sensitive transcription factor, regu-
lates the expression of antioxidant genes including HO-1
(Alam and Cook, 2007; Loboda et al., 2016). As addressed,
Keap1 accelerates the degradation of Nrf2 via facilitating the
binding of E3 ligase, and themodification of cysteine residues
of Keap1 releases functional Nrf2 (Baird et al., 2013). To assess
the involvement of Keap1/Nrf2 in our model, HPAEpiCs were
transfected with Nrf2 or Keap1 siRNA. As shown in Figure 8A
(left panel), knockdown of Nrf2 protein expression by Nrf2
siRNA attenuated HO-1 expression induced by rosiglitazone.
In contrast, transfection with Keap1 siRNA down-regulated
the levels of Keap1 protein and enhanced the rosiglitazone-
induced HO-1 expression (Figure 8A, right panel). Accumu-
lated nuclear Nrf2 further binds to ARE on HO-1 promoter
and initiates HO-1 gene expression. We found that
rosiglitazone enhanced the recruitment of Nrf2 to the proxi-
mal ARE binding site on the HO-1 promoter (Figure 8C).
The subcellular fractions and real-time PCR analyses further

confirmed that pretreatment with APO, DPI, Srci II,
PF431396 or Akti VIII significantly attenuated the
rosiglitazone-stimulated Nrf2 phosphorylation and translo-
cation into the nucleus and its association with the ARE bind-
ing site on the HO-1 promoter (Figure 8B,D). Further, to
investigate whether rosiglitazone stimulated transcriptional
activation of ARE, HPAEpiCs were co-transfected with an
ARE luciferase reporter construct (ARE-Luc) and an internal
control (pGal-Luc) and then stimulated with rosiglitazone.
Rosiglitazone significantly stimulated ARE-Luc reporter activ-
ity which was attenuated by pretreatment with the respective
inhibitors of NOX, c-Src, Pyk2 and Akt (Figure 8D). These re-
sults suggested that rosiglitazone-induced HO-1 expression is
mediated through a NOX/ROS/c-Src/Pyk2/Akt pathway
which then activates the Nrf2-ARE axis in HPAEpiCs.

Involvement of PPARγ in rosiglitazone-induced
HO-1 expression
PPARγ is known to contribute to several cellular functions in
different cell types. However, PPARγ ligands may act through
PPARγ-dependent and -independent manners to protect

Figure 5
Activation of p47phox/NOX contributes to rosiglitazone-induced HO-1 expression. (A) HPAEpiCs were pretreated with APO and then incubated
with vehicle or rosiglitazone (30 μM) for the indicated time intervals. Western blot was performed by using an anti-phospho-p47phox or anti-
p47phox antibody. (B–D) Rosiglitazone-induced NADPH oxidase activity and ROS generation (ELISA and immunostaining) were reduced by pre-
treatment with APO or DPI in HPAEpiCs. Data are expressed as mean ± SEM, from five independent experiments (n = 5). #P < 0.05, significantly
different from rosiglitazone alone.
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Figure 6
Activated c-Src, Pyk2 and Akt play crucial roles in rosiglitazone-induced HO-1 expression. (A) The cells were incubated with various concentrations
of c-Srci II, PF431396 or Akti VIII for 1 h and then stimulated by vehicle or rosiglitazone (30 μM) for 16 h. The levels of HO-1 and GAPDH protein
were determined by Western blot. (B) The cells were pretreated with c-Srci II (10 μM), PF431396 (10 μM) or Akti VIII (10 μM) for 1 h and then
incubated with vehicle or rosiglitazone (30 μM) for 8 h. The levels of HO-1 and GAPDH mRNA were determined by real-time PCR. (C) HPAEpiCs
were transfected with c-Src, Pyk2 or Akt siRNA and then incubated with rosiglitazone for 16 h. The levels of HO-1, c-Src, Pyk2 and GAPDH protein
were determined byWestern blot. Data are expressed as mean ± SEM, from five independent experiments (n = 5). #P< 0.05, significantly different
from rosiglitazone alone (A, B); or significantly different as indicated (C).
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Figure 7
Rosiglitazone-induced HO-1 expression via NOX/ROS-dependent c-Src/Pyk2/Akt pathway. HPAEpiCs were (A) transfected with p47phox or NOX2
siRNA, and pretreated with APO or DPI, (B) c-Srci II, (C) PF431396 or (D) Akti VIII for 1 h, and then incubated with vehicle or rosiglitazone (30 μM)
for the indicated time intervals. Western blot was performed by using an anti-phospho-c-Src, anti-c-Src, anti-phospho-Pyk2, anti-Pyk2, anti-
phospho-Akt or anti-Akt antibody. Data are expressed as mean ± SEM, from five independent experiments (n = 5). #P< 0.05, significantly different
from rosiglitazone alone.
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against inflammatory responses (Chawla et al., 2001). As
shown in Figure 9A, pretreatment of HPAEpiCs with the
PPARγ antagonist, GW9662, concentration-dependently
inhibited the rosiglitazone-induced HO-1 protein and mRNA
expression. These results were further confirmed by transfec-
tion with PPARγ siRNA, which markedly knocked down the
level of PPARγ protein of either control or rosiglitazone treat-
ment (control: 44 ± 7%; rosiglitazone: 51 ± 6%, si-PPARγ vs.
Scrb) and also reduced the rosiglitazone-induced HO-1

expression by 33 ± 4% in HPAEpiCs (Figure 9B). Further, we
observed that rosiglitazone time-dependently enhanced
PPARγ promoter activity, which was inhibited by pretreat-
ment with PPARγ antagonist GW9662 (Figure 9C). These re-
sults suggested the participation of PPARγ in the
rosiglitazone-induced HO-1 expression in HPAEpiCs. Phos-
phorylation on Ser112 residue of PPARγ has been shown to
correlate to its binding affinity with PPARγ ligands and post-
translational events (Burns and Vanden Heuvel, 2007; Rai

Figure 8
The involvement of NOX/ROS/c-Src/Pyk2/Akt/Nrf2 cascade in the rosiglitazone-stimulated ARE promoter activity. (A) HPAEpiCs were transfected
with Nrf2 or Keap1 siRNA and then incubated with rosiglitazone for 16 h. The levels of Nrf2, Keap1, HO-1 and GADPH proteins were determined
by Western blot. (B) Cells were pretreated with APO, DPI, c-Srci II, PF431396 or Akti VIII for 1 h and then stimulated with rosiglitazone for 2 h.
The cytoplasmic and nuclear fractions were extracted and analysed by Western blot by using an anti-Nrf2, anti-phospho-Nrf2, anti-GAPDH or
anti-Lamin A antibody. (C, D) Cells were treated with 30 μM of rosiglitazone for the indicated time points or pretreated with APO, DPI, c-Srci
II, PF431396 and Akti VIII for 1 h and then stimulated by rosiglitazone for 2 h. The levels of Nrf2 binding to ARE region of the HO-1 promoter
were detected by a ChIP assay (C) or SYBR green real-time PCR (D, open bars). ARE-luc plasmids transfected HPAEpiCs were pretreated with
APO, DPI, c-Srci II, PF431396 or Akti VIII for 1 h and then incubated with vehicle or rosiglitazone (30 μM) for 2 h. ARE promoter luciferase activity
was determined. Data are expressed as mean ± SEM, from five independent experiments (n = 5). #P< 0.05, significantly different as indicated (A);
significantly different from rosiglitazone alone (B, D); or significantly different from vehicle (0 h) alone (C).
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Figure 9
Rosiglitazone induces HO-1 expression through a PPARγ-dependent manner. (A) HPAEpiCs were pretreated with various concentrations of
GW9662 for 1 h and then incubated with vehicle or rosiglitazone (30 μM) for 16 h. The levels of HO-1 and GADPH proteins were determined
by Western blot. (B) Cells were transfected with PPARγ siRNA and then incubated with rosiglitazone for 16 h. The levels of PPARγ, HO-1 and
GAPDH were detected by Western blot. (C) PPARγ-RE reporter construct-transfected cells were pretreated with GW9662 (30 nM) for 1 h and then
incubated rosiglitazone (30 μM) for 2 h. PPARγ RE promoter luciferase activity was determined in the cell lysates. (D, E) HPAEpiCs were pretreated
with GW9662 and transfected with PPARγ, p47phox, NOX2, c-Src, Pyk2, Akt or Nrf2 siRNA, and then incubated with vehicle or rosiglitazone
(30 μM) for the indicated time intervals. Western blot was used to detect the phosphorylation of PPARγ and the levels of total PPARγ. Data are
expressed as mean ± SEM, from five independent experiments (n = 5). #P < 0.05, significantly different from rosiglitazone alone (A, D); or signif-
icantly different as indicated (B–D).
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et al., 2014). Data in Figure 9D showed that both PPARγ antag-
onist (GW9662) and PPARγ siRNAmarkedly attenuated phos-
phorylation of PPARγ stimulated by rosiglitazone. Thus,
whether rosiglitazone stimulated PPARγ phosphorylation
via activation of NOX/ROS/c-Src/Pyk2/Akt/Nrf2 cascade was
determined in HPAEpiCs. We found that transfection with
p47phox, NOX2, c-Src, Pyk2, Akt or Nrf2 siRNA had no
significant effect on PPARγ phosphorylation stimulated by
rosiglitazone (Figure 9E). Further, we also differentiated
whether rosiglitazone-induced HO-1 expression was
mediated through a PPARγ-dependent c-Src/Pyk2/Akt
\cascade. We found that pretreatment with GW9662 or
transfection with PPARγ siRNA failed to reduce the
phosphorylation of c-Src, Pyk2 or Akt (Supporting Information
Figure S1). These results suggested that rosiglitazone-induced
HO-1 expression is mediated through either PPARγ-dependent
or -independent manner in HPAEpiCs.

Discussion
Accumulating evidence indicates that rosiglitazone exerts
anti-inflammatory effects through up-regulation of HO-1 in
the pulmonary system (Liu et al., 2005; Kronke et al., 2007;
Li et al., 2010; Xu et al., 2015b), suggesting a possible thera-
peutic application for treatment of inflammatory diseases
(Belvisi and Mitchell, 2009). In our previous study, we found
that rosiglitazone suppressed LPS-induced nuclear transloca-
tion of phosphorylated NF-κB (p65) and expression of adhe-
sion molecules through a PPARγ-dependent, up-regulation
of HO-1 (Cho et al., 2018). Here, we confirmed that
rosiglitazone inhibited LPS-induced lung inflammation by
inducing HO-1 independently of PPARγ. Further, application
of pharmacological inhibitors and transfection with siRNAs
inhibited rosiglitazone-induced HO-1 expression in
HPAEpiCs. Our results demonstrated that HO-1 expression
induced by rosiglitazone was mediated through activation
of either a NOX/ROS/c-Src/Pyk2/Akt/Nrf2 pathway or a
PPARγ cascade to suppress the inflammatory responses trig-
gered by LPS (Figure 10).

PPAR subtypes are expressed in many tissues (Kota et al.,
2005), and regulate several cellular functions (Michalik
et al., 2006). PPAR agonists such as WY-14643 (PPARα),
GW501516 (PPARβ/δ) and rosiglitazone (PPARγ) induce HO-
1 expression to inhibit inflammatory responses (Kronke
et al., 2007; Sodhi et al., 2014). Consistent with these find-
ings, our results showed that agonitsts of these three subtypes
of PPAR enhanced HO-1 expression in HPAEpiCs. Particu-
larly, rosiglitazone possesses potential effects against acute
lung injury and inflammation via HO-1 expression (Lin
et al., 2014; Lv et al., 2016). Our results also confirmed that
treatment of mice or HPAEpiCs with rosiglitazone signifi-
cantly attenuated LPS-induced ICAM-1 expression and leuko-
cyte adhesion, via up-regulation of HO-1.

ROS act as messengers in normal physiological functions
or as inflammatory mediators, dependent on their concentra-
tion (Kamata and Hirata, 1999). NOX/ROS-dependent HO-1
expression is induced by different stimuli (Srisook et al.,
2006; Jamal Uddin et al., 2016). Recently, an endogenous
PPARγ ligand, 15d-PGJ2, induced ROS generation which pro-
moted Nrf2-dependent expression of HO-1 (Koyani et al.,

2016). Therefore, NOX-dependent ROS generation may be
involved in HO-1 up-regulation induced by rosiglitazone in
HPAEpiCs. This was confirmed by the results that
rosiglitazone-induced HO-1 expression was inhibited by
NAC, APO and DPI. Moreover, NOX inhibitors prevent
p47phox phosphorylation or translocation to the membrane
and thus inhibit NOX activation and ROS generation
(Barbieri et al., 2004). In line with these reports, our results
demonstrated that pretreatment with APO or DPI attenuated
rosiglitazone-induced NOX/ROS generation associated with
HO-1 expression, suggesting that NOX/ROS play an impor-
tant role in these responses.

NOX/ROS-dependent HO-1 expression has been shown
to be mediated through the activation of c-Src and Pyk2
(Han et al., 2009; Chi et al., 2015) and PI3K/Akt (Deng et al.,
2013; Xu et al., 2015b), which protects against oxidative in-
jury. Our results confirmed that c-Src, Pyk2 and Akt are in-
volved in HO-1 expression in HPAEpiCs, which may result
from the phosphorylation of c-Src, Pyk2 and Akt stimulated
by rosiglitazone. We also demonstrated that c-Src, Pyk2 and
Akt are downstream targets of NOX/ROS, as rosiglitazone-
stimulated phosphorylation of c-Src was attenuated by NOX
inhibitors or siRNA. The relationship among c-Src, Pyk2 and
Akt in rosiglitazone-mediated responses was further differen-
tiated by using the corresponding inhibitors. Pretreatment
with c-Srci II inhibited the rosiglitazone-stimulated phos-
phorylation of c-Src and Pyk2, whereas PF43139 only attenu-
ated phosphorylation of Pyk2, suggesting that Pyk2 is
downstream of c-Src in rosiglitazone-mediated responses.
We also observed that rosiglitazone-stimulated Akt phos-
phorylation was attenuated by PF431396 or Akti VIII, imply-
ing that Akt is downstream of c-Src/Pyk2. It is worth noting
that phosphorylation of c-Src, Pyk2 and Akt was not changed
by GW9662 or PPARγ siRNA. These results confirmed that
rosiglitazone-induced HO-1 expression through a
NOX/ROS-mediated c-Src/Pyk2/Akt phosphorylation is inde-
pendent on PPARγ in HPAEpiCs.

Nrf2 controls the basal and inducible expression of an ar-
ray of ARE-dependent genes to regulate the pathophysiologi-
cal outcomes of oxidant exposure (Espinosa-Diez et al., 2015).
In our study, rosiglitazonemediated Nrf2 phosphorylation by
promoting the degradation of Keap1 and nuclear accumula-
tion of Nrf2 in HPAEpiCs. Phosphorylated Nrf2 translocation
from the cytosol into the nucleus and binding to ARE were es-
sential for HO-1 induction (Yang et al., 2015). Indeed, ChIP
assay suggested that rosiglitazone increases Nrf2 interactions
with ARE binding sites on the HO-1 promoter. Silencing Nrf2
expression by its siRNA attenuated HO-1 expression, but
down-regulated Keap1 expression increased HO-1 protein
levels in rosiglitazone-stimulated HPAEpiCs. These results
are consistent with the reports that expression of HO-1, in re-
sponse to up-regulated Nrf2 in post-transcriptional sites, pro-
tects cells from apoptosis in an Nrf2-denpendent manner
(Foresti et al., 2013). Moreover, the Akt/Nrf2 signalling path-
way protects against toxicity (de Oliveira et al., 2015). Here,
we reported that blockade of the NOX/ROS/c-Src/Pyk2/Akt
cascade by their respective inhibitors reduced rosiglitazone-
stimulated phosphorylation/nuclear translocation of Nrf2,
HO-1 promoter binding and ARE promoter activity in
HPAEpiCs. These results suggested that Nrf2 is an acceptor
of these protein kinases in rosiglitazone-mediated responses.
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On the other hand, PPARγ activation by rosiglitazone
significantly increases HO-1 expression and attenuates air-
way inflammation and remodelling (Xu et al., 2015a). In
this study, blockade of PPARγ by its antagonist (GW9662)
or siRNA, diminished rosiglitazone-mediated PPARγ phos-
phorylation and promoter activity in HPAEpiCs, suggesting
the dependence of PPARγ on HO-1 expression. These results
were consistent with the report indicating that PPARγ ago-
nists block cigarette smoke extract-induced inflammatory
responses through multiple PPARγ-mediated mechanisms
(Lakshmi et al., 2014). However, phosphorylation of PPARγ
was independent on Nox/ROS/c-Src/Pyk2/Akt/Nrf2 cascade
in rosiglitazone-stimulated HPAEpiCs. This was confirmed
by transfection with respective siRNAs which had no signif-
icant effect on the rosiglitazone-stimulated phosphoryla-
tion of PPARγ. We also noted that both PPARγ-dependent
and PPARγ-independent pathways are regulated by
rosiglitazone. Our previous report indicated that

rosiglitazone activated PPARγ binding to PPRE on HO-1 pro-
moter to induce HO-1 transcription (Cho et al., 2018).
Moreover, in the present study, we focused on the Nrf2 ac-
tivity in HO-1 induction. The studies of promoter activity
indicated that PPARγ-PPRE (�1740 to �1881 bp) and Nrf2-
ARE (�4019 to �4082 bp) response elements exhibited a
similar trend in the transcriptional regulation (Kronke
et al., 2007; Wang et al., 2013). Our previous report also in-
dicated that arachidonic acid increases HO-1 expression
through the association of Nrf2 and PPARγ with ARE in
rat astrocytes (Lin et al., 2018). Rosiglitazone shared the
similar mechanism to induce the cooperation of PPARγ
and Nrf2 on HO-1 expression.

In summary, these findings suggest that rosiglitazone-
induced HO-1 expression might play a protective role in
lung inflammatory diseases, mediated via either NOX/ROS-
dependent c-Src/Pyk2/Akt activation of Nrf2 which binds
to ARE regions or PPARγ. Although several detailed

Figure 10
A schematic pathway for rosiglitazone induced HO-1 expression in HPAEpiCs. Rosiglitazone attenuated LPS-induced ICAM-1 expression and lung
monocyte/leukocyte accumulation by up-regulating HO-1 expression via two manners: PPARγ dependence and PPARγ independence. Activated
PPARγ directly bound to PPARγ responsive element of HO-1 promoter, which increased the expression of HO-1 gene. In the PPARγ independent
pathway, rosiglitazone enhanced NADPH oxidase activity, which resulted in the accumulation of intracellular ROS. Imbalance of oxidative stress
promoted the phosphorylation of c-Src/Pyk2/Akt and the activation of Nrf2. After nuclear translocation, Nrf2 binds to the ARE region of HO-1 pro-
moter and increases the expression of the HO-1 gene.
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mechanisms should be elucidated in the future, these find-
ings expand the application of PPARγ agonists as potential
interventions for the prevention or treatment of pulmonary
inflammatory diseases. Treatment with rosiglitazone at
2–4 weeks was associated with a modest improvement in
pre-bronchodilator FEV1 (forced expiratory volume in 1 s),
peak expiratory flow and FEF25–75 (forced expiratory flow
between 25 and 75% of the forced vital capacity) of asth-
matic reaction (Spears et al., 2009; Richards et al., 2010).
Compared with rosiglitazone, administration of pioglita-
zone in mild asthma failed to improve any markers of air-
way inflammation, although it produced significant
weight gains in asthmatic who were obese (Dixon et al.,
2015; Anderson et al., 2016). Rosiglitazone has been re-
ported to be associated with an increased risk of congestive
heart failure, acute myocardial infarction and mortality in
the patients during treatment for Type 2 diabetes. However,
they are still of research value because of their anti-
inflammatory activity in lung diseases (Home et al., 2007;
Azimova et al., 2014).
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Figure S1 Rosilitazone-induced c-Src/Pyk2/Akt pathway
through the PPARγ-independent manner. HPAEpiCs were
pretreated with GW9662 or transfected with PPARγ siRNA,
and then inculated with vehicle or rosiglitazone (30 μM) for
the indicated time intervals. Western blot was performed by
using an anti-phospho-c-Src, anti-c-Src, anti-phospho-Pyk2,
anti-Pyk2, anti-phospho-Akt or anti-Akt antibody, Data are
expressed as mean ± SEM, from five independent experi-
ments (n = 5). #P < 0.05, as compared with the cells exposed
to rosiglitazone alone.
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Abstract
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vegetables that was recently identified to have potential biological functions in improving 
allergic airway inflammation, as well as anti-oxidative and anti-tumor properties. Fisetin has also been demonstrated to have anti-obesity properties in mice. However, the effect 
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accumulation and increased lipolysis and β-oxidation in hepatocytes. Conclusion: This study 
suggests that fisetin is a potential novel treatment for alleviating hepatic lipid metabolism and 
improving NAFLD in mice via activation of the sirt1/AMPK and β-oxidation pathway.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common liver disease typically 
characterized by excessive lipid accumulation and metabolic disorder in hepatocytes [1]. 
The initial symptoms of NAFLD generally implicate the progress of simple fatty liver, which 
gradually develops into increasingly severe forms of liver disease, including nonalcoholic steatohepatitis, liver fibrosis, cirrhosis, and hepatocellular carcinoma [2]. Obesity would increase the risk of chronic diseases, including type 2 diabetes, hypertension, stroke, and 
cancer [3]. In addition, excess triglycerides (TGs) stored in hepatocytes may cause hepatic 
steatosis and interfere with the metabolic function of the liver [4]. Therefore, obesity could 
cause hepatic steatosis, which an important risk factor for the development of NAFLD.

Sterol regulatory element binding protein 1c (SREBP-1c) is an essential transcription 
factor in the regulation of lipid synthesis and maintenance of cellular homeostasis [5]. 
Previous studies have found that peroxisome proliferator–activated receptor (PPAR) and

CCAAT/enhancer-binding protein (C/EBP) are also important transcription factors for 
controlled lipid biosynthesis and can switch on fatty acid synthase (FAS) gene expression to 
synthesize fatty acid chains [6]. Therefore, the activation of lipid transcription factors would 
accelerate liver lipid accumulation and result in fatty liver disease.AMPK is a heterotrimeric enzyme that is composed by AMPKα (a catalytic subunit), AMPKβ (a scaffolding subunit), and AMPKγ (a regulatory subunit) [7]. Recent studies have 
found that AMPK regulates energy balance [8]. When the liver, muscle, and adipose tissue 
accumulate excessive energy, these tissues activate the AMPK pathway to regulate lipid and 
glucose metabolism [9]. AMPK activity could induce ACC phosphorylation and decrease 
ACC activity for suppressed lipid biosynthesis [10, 11]. Thus, phosphorylation of AMPK 
can not only maintain energy balance, but also inhibit the formation of TGs to reduce lipid 
accumulation in the liver. In addition, sirt1 plays a role in regulating AMPK activity to enhance AMPK phosphorylation in adipocyte and hepatocytes [12]. Sirt1-deficient mice lack AMPK 
activity, but SREBP-1c expression is promoted in mice with induced obesity and hepatic 
steatosis compared to wild-type HFD-induced obese mice [13]. Animal studies have found 
that metformin is an antidiabetic drug that can activate AMPK and reduce hepatic steatosis by increasing fatty acid β-oxidation and reducing SREBP-1c expression [14, 15]. Therefore, 
sirt1/AMPK pathway activity potentially inhibits lipid accumulation in hepatocytes and 
improves hepatic steatosis.

Interestingly, accelerating lipid decomposition is an important strategy for improving 
NAFLD [6]. In the liver, excessive lipid biosynthesis is mainly a phenomenon of excessive 
energy accumulation. Exercise or calorie restriction can increase lipolysis to consume liver TGs and eliminate liver steatosis [16, 17]. Many studies have suggested that some vegetable and fruit extracts could increase TG metabolism in NAFLD therapy [18-20]. Omega-3 fatty 
acids (DHA and EPA), medium-chain fatty acids, Lactobacillus plantarum, and mulberry anthocyanins also reduce TG levels in the liver [21-23]. Furthermore, hepatocytes activate 
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) to decompose TGs and form glycerol and free fatty acids in the citric cycle for energy production [24]. However, free fatty acids will stimulate liver macrophages and cause inflammatory responses, and activated macrophages release inflammatory mediators to induce insulin resistance in hepatocytes [25]. Notably, excess TGs in the liver are broken down, and released free fatty acids must be decomposed to produce energy via fatty acid β-oxidation and reduce the 
damage to liver and adipose tissue.

© 2018 The Author(s)Published by S. Karger AG, Basel
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Fisetin is a flavonoid isolated from various fruits and vegetables [26] that can suppress inflammatory effects, with strong anti-oxidant and anti-tumor effects [27, 28]. Previous studies have found that fisetin can enhance the levels of adiponectin in 3T3-L1 adipocytes by enhancing sirt1 expression, and inhibit mTORC1 signaling to block differentiation of 3T3-L1 preadipocytes [29, 30]. Fisetin can also regulate fatty acid synthase (FAS), ATP citrate 
lyase, and glucose 6-phosphatase gene expression and enhance glucose transporter type 4 gene expression in hepatocytes compared to HFD-fed mice [30], but how fisetin regulates 
lipid accumulation in the liver and improves NAFLD is not clear. In the present study, we evaluated whether fisetin regulates lipid metabolism in FL83B hepatocytes in vitro. We also investigated whether fisetin modulates adipogenesis and lipolysis in steatotic hepatocytes, 
and improves NAFLD in HFD-induced obese mice.

Materials and Methods

Animals and administration of fisetinFour-week-old male C57BL/6 mice were procured from the National Laboratory Animal Center, 
Taipei, Taiwan. All experimental animals were approved and supervised by the Laboratory Animal Care Committee of Chang Gung University of Science and Technology (IACUC approval numbers 2016-002 and 2017-007). The mice were housed in an air conditioned room at a constant temperature of 23 ± 2°C, and 
maintained on a normal chow diet with clean water ad libitum for 1 week before being randomly divided into three groups of 12 (Fig. 1A): normal mice maintained with normal chow diet (11.4% fat), HFD-fed mice maintained with HFD (60% fat), and F20 mice maintained with HFD and administered 20 mg/kg fisetin (purity ≥98%, St. Louis, MO, USA) dissolved in DMSO. The HFD and normal mice administered DMSO as control by intraperitoneal injection twice a week for last 10 weeks. F20 groups were maintained on HFD for 4 weeks and then treated with 20 mg/kg fisetin by intraperitoneal injection twice a week for last 10 weeks. Food intake was defined as weight of consumed food (g) x calorie of diet per day, and the diet intake of mouse was monitored per day and body weight recorded weekly [31]. We also calculated the food efficiency ratio as defined by weight gain (g)/food intake (g) x 100 [32].

Biochemical analysisAfter sacrificing the mice, serum was collected and assayed by a biochemistry analyzer (DRI-CHEM 
NX500, Fuji, Tokyo, Japan). We investigated the levels of total cholesterol (TC), high-density lipoprotein 
(HDL), and total TGs according to the manufacturer’s instructions. Free fatty acid was measured using 
the free fatty acid quantitation kit (Sigma) and the manufacturer’s protocol. Serum treated with the assay reagent and the levels of free fatty acids were determined by the absorbance at 570 nm using a microplate 
reader (Multiskan FC, Thermo, Waltham, MA, USA).

Histological analysisLiver and adipose tissue was fixed in 10% formalin and embedded with paraffin before staining with 
hematoxylin and eosin (HE) solution as previously described [33, 34]. Periodic acid-Schiff (PAS) stain using 
the periodic acid-Schiff staining system (Sigma) indicated glycogen accumulation in liver tissue as described previously [35]. All biopsy specimens were assayed using a light microscope (Olympus, Tokyo, Japan).

Immunohistochemistry (IHC)The liver was fixed and embedded with paraffin and the tissue sliced into 6-μm sections. Each slide was incubated with CPT-1 or sirt1 antibody (1:50) overnight, washed, and incubated with HRP anti-rabbit 
secondary antibody. Finally, the slide was treated with DAB substrate and CPT-1 or sirt1 expression observed 
with a light microscope.
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Western blot analysisProtein bands were separated on 8–10% SDS–PAGE gels and transferred to polyvinylidene difluoride 
(PVDF) membrane for probing with primary antibodies overnight. The membrane was washed and incubated with secondary antibodies and specific protein signals detected with Luminol/Enhancer solution 
(Millipore, Billerica, MA, USA) by the BioSpectrum 600 system (UVP, Upland, CA, USA). Primary antibodies 
included acetyl CoA carboxylase-1 (ACC-1), phosphorylated-ACC-1 (pACC-1), ATGL, HSL, phosphorylated HSL (pHSL), C/EBPα, C/EBPβ, PPAR-α and PPAR-γ (Abcam, Cambridge, MA, USA), phosphorylated AMPKα (pAMPKα), AMPKα, FAS, carnitine palmitoyltransferase 1 (CPT-1), CPT2, sirt1, SREBP-1c (Cell Signaling Technology, MA, USA), and β-actin (Sigma).

Cell culture and induced fatty liver cells
Normal mouse liver cell line FL83B was purchased from the Bioresource Collection and Research Center (BCRC, Taiwan). Cells cultured in F12 medium (Invitrogen-GibcoTM, Paisley, Scotland) contained 10% FBS at 37°C in a 5% CO2 atmosphere. FL83B cells were incubated with 0.5 mM oleic acid to induce lipid accumulation in hepatocytes for 48 h, then treated with fisetin (0-100 μM) for 24 h to analyze the 

experimental results.

Cell viability assayFisetin was dissolved in DMSO and ≤0.1% DMSO was used in all cell experiments. FL83B cells were incubated with fisetin for 24 h and treated with MTT solution (Sigma) for 4 h. The culture plate was then treated with isopropanol and absorbance measured at 570 nm to evaluate cell viability using a 
spectrophotometer (Multiskan FC).

Oil red O staining  
FL83B cells were seeded in 6-well plate and incubated with 0.5 mM oleic acid for 48 h before being treated with fisetin (0- 100 μM) for 24 h. FL83B cells were fixed with formalin and oil droplets stained using oil red O solution (Sigma) as described previously [36]. The oil droplets in hepatocytes were observed using an inverted microscope (Olympus).
Hepatic lipid accumulation and lipoperoxidation
FL83B cells were seeded in culture plates and incubated with 0.5 mM oleic acid for 48 h before being treated with fisetin (0- 100 μM) for 24 h. FL83B cells were fixed with formalin, and stained with BODIPY 581/591 C11 and BODIPY 493/503 (Invitrogen, Carlsbad, CA, USA) to investigate lipoperoxidation and lipid accumulation, respectively. Cell nuclei were stained with DAPI and all results observed with a fluorescence microscope (Olympus).
Hepatic fatty acid uptakeFL83B cells were incubated with 0.5 mM oleic acid for 48 h and then treated with fisetin for 24 h before staining with BODIPY FL C12 fluorescent probe to evaluate fatty acid uptake by fluorescence microscopy (Olympus).
Statistical analysisStatistical analyses included one-way analysis of variance (ANOVA) and a Dunnett post hoc test. Results are expressed as mean ± SEM. P-values < 0.05 were considered significant.
Results

Fisetin reduced HFD-induced obesity in mice
Visual observation revealed that HFD mice had greater body weight than normal mice. Interestingly, F20 mice had significantly reduced body weight compared to HFD mice in the last weeks of the experiment (Fig. 1B). We also found that F20 mice did not have altered 

food intake, but inhibited food efficiency ratio compared to HFD mice (Fig. 1C-D). The last week of the experiment, F20 mice had significantly reduced body weight compared to HFD 
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mice (34.5±1.41 g vs. 39.4±1.52 g; Fig. 1E). As fisetin was given for 10 weeks, body weight in F20 mice was significantly decreased compared to HFD mice (Fig. 1F). Weight gain was measured in the last week, and F20 mice were significantly decreased weight gain compared to HFD mice (F20: 4.62±1.25 g vs. HFD: 9.55±1.38 g; Fig. 1G).
Fisetin attenuated liver steatosis in obese mice
Grossly, the livers of the normal group were dark brown/red, and the livers of the HFD group were yellowish and lacked luster. The F20 group had recovered the dark brown/red color of the liver (Fig. 2A). Interestingly, fisetin did not eliminate the liver weight and relative weight of liver/body weight compared to obese mice (Fig. 2B-C). However, histologically, many lipid droplets and fat vacuoles were observed in HFD mice, and fisetin significantly reduced the number of lipid droplets and fat vacuoles in F20 mice (Fig. 2D-E). Glycogen 

accumulation in hepatocytes was evaluated by PAS staining, which showed that the HFD group had significantly reduced glycogen accumulation. Fisetin elevated glycogen accumulation in F20 mice compared to HFD mice (Fig. 2F).

Fig. 1. Fisetin reduced body weight in HFD-induced obese mice. (A) Male mice were fed a HFD (containing 60% fat) for 14 weeks, and administered DMSO, 20 mg/kg fisetin (F20) by intraperitoneal injection (I.P.) twice a week from Week 4 to Week 14. (B) The appearance of the animal, (C) food intake, (D) food efficiency ratio, and (E) body weight. (F) Weight gain was measured when fisetin was administered by intraperitoneal injection for 10 weeks. (G) Weight gain was measured in the last week. Data are presented as mean ± SEM; n = 12. *P<0.05, **P<0.01 compared to mice with HFD-induced obesity.
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Fisetin attenuated the weight of adipose tissue in obese miceFisetin significantly reduced the epididymal adipose tissue weight compared to HFD mice (Fig. 3A-B). Histological staining and analysis demonstrated that fisetin reduced 
adipocyte size compared to HFD mice (Fig. 3C).

Fig. 2. Fisetin ameliorated hepatic steatosis in HFD-induced obese mice. (A) The appearance of the liver, (B) liver weight, and (C) relative weight of the liver. (D) HE staining of liver tissues (200× magnification). (E) Calculated number of lipid droplets in liver tissue (400× magnification). Data are presented as mean ± SEM; n = 12. **P<0.01 compared to mice with HFD-induced obesity. (F) PAS stain demonstrating the glycogen 
distribution in the liver.
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Fig. 3. Fisetin reduced 
the epididymal tissue 
weight in HFD-induced 
obese mice. (A) 
Appearance and (B) 
weight of epididymal 
adipose tissue. (C) HE 
staining of epididymal adipose tissue (200× magnification). Data 
are presented as mean ± SEM; n = 12. **P<0.01 
compared to mice with 
HFD-induced obesity.
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Effects of fisetin on serum lipid metabolismSerum analysis showed that fisetin did not significantly decrease TC, TG, and HDL levels in HFD mice (Fig. 4A-C). However, fisetin significantly decreased free fatty acid levels compared to the HFD group (Fig. 4D). Fisetin also significantly suppressed serum leptin 
levels compared to HFD mice (Fig. 4E).

Fisetin regulated adipogenesis in liver tissueWestern blot detecting specific liver proteins showed that fisetin significantly 
suppressed transcription factor expression associated with adipogenesis, including SREBP-1c, C/EBPα, C/EBPα, and PPAR-γ, compared to the HFD group. However, fisetin increased PPARα expression and suppressed FAS expression compared to the HFD group (Fig. 5A).

Fisetin regulated the AMPK/sirt1 pathway and lipolysis in liver tissueIn liver tissue, fisetin significantly enhanced sirt1, pAMPKα, and pACC-1 expression compared to the HFD group (Fig. 5B). In lipolysis, fisetin could also promote ATGL and the 
phosphorylation of HSL expression compared to the HFD group (Fig. 5C). Fisetin increased CPT-1, but not CPT2, expression in the fatty acid β-oxidation pathway compared to the HFD 
group (Fig. 5C). Using IHC, we examined stained liver tissue slides to observe the distribution 

Fig. 5. Effects of fisetin 
on lipid metabolism 
in mouse liver tissue. 
(A) Transcription 
factors associated 
with adipogenesis and 
lipogenesis, (B) the 
sirt-1/AMPK pathway, 
and (C) lipolysis and β-oxidation were 
detected by Western 
blot. Three independent 
experiments were analyzed using β-actin 
as an internal control.
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Fig. 4. Effects of fisetin 
on serum biochemical 
analysis. (A) HDL, (B) 
TC, (C) TG, (D) free fatty 
acids, (E) leptin. Data 
are presented as mean ± SEM; n = 12. *P<0.05, **P<0.01 compared to 
mice with HFD-induced 
obesity.
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of sirt1 and CPT-1 protein, finding a large amount of sirt1 and CPT-1 in the normal group, but sirt1 and CPT-1 was significantly decreased in the liver tissue of HFD mice. Notably, fisetin significantly recovered sirt1 and CPT-1 expression in the liver tissue compared to the HFD 
group (Fig. 6).

Cell viability of fisetin in FL83B cellsWe investigated whether fisetin can modulate lipid metabolism in hepatocytes in vitro. First, we used the MTT assay to investigate the cytotoxicity of fisetin in FL83B hepatocytes. We found no cell cytotoxicity at fisetin concentrations ≤100 μM (data not shown), and 3–100 μM fisetin was assayed in all cell experiments.
Fisetin regulated lipid accumulation and lipoperoxidation in FL83B cellsFisetin alleviated lipid droplets induced by oleic acid treatment (Fig. 7). The fluorescent dye BODIPY 493/503 confirmed that fisetin treatment decreased lipid accumulation (Fig. 8A).  Furthermore, BODIPY 581/591 C11 detected hepatic lipoperoxidation, and the immunofluorescent images demonstrated that fisetin significantly decreased 

lipoperoxidation compared to oleic acid-induced hepatocytes (Fig. 8B). Next, fatty acid uptake was detected using the BODIPY FL C12 fluorescent probe at 0 and 24 h. Oleic acid promoted fatty acid uptake in hepatocytes after 24 h. Fisetin clearly suppressed fatty acid 
uptake compared to the oleic acid group (Fig. 9).

Fig. 7. Fisetin reduced lipid 
accumulation in FL83B cells. 
FL83B cells were treated with 0.5 mM oleic acid (OA) at 37°C for 48 h to induce lipid 
accumulation in hepatocytes, followed by fisetin (3–100 μM) for 24 h. Oil Red O stain shows 
lipid accumulation. Three 
independent experiments 
were analyzed.
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Fisetin 30 μMFisetin 10 μM Fisetin 100 μM

Fig 7

Fig. 6. Fisetin modulated sirt-
1 and CPT-1 expression in the 
liver. (A) sirt1 and (B) CPT-
1 expression was analyzed 
by immunohistochemistry 
and labeled as a brown color 
drop. Three independent 
experiments were analyzed .

B
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Fig 6
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Fig. 8. Fisetin 
reduced lipid 
accumulation 
in FL83B cells. 
FL83B cells 
were treated 
with 0.5 mM 
oleic acid (OA) at 37°C 
for 48 h to 
induce lipid 
accumulation 
in hepatocytes, 
f o l l o w e d by fisetin (3–100 μM) for 24 h. The f l u o r e s c e n t dyes BODIPY 
4 9 3 / 5 0 3 
(green) and B O D I P Y 
581/591 C11 (red) were used to detect hepatic lipid droplets and lipoperoxidation, respectively, under a fluorescent microscope. Three independent experiments were analyzed. Nuclei were stained with DAPI 
(blue).

100 μm100 μm

BA

Fig 8

Fig. 9. Fisetin 
reduced fatty 
acid uptake 
into FL83B 
cells. FL83B 
cells were 
treated with 
0.5 mM oleic acid (OA) and fisetin (3–30 μM) and 
observed by fluorescence 
m i c r o s c o p y. BODIPY FL C12 (green) 
was used to 
detect fatty 
acid uptake by 
h e p a t o c y t e s at 0 and 24 
h. Three 
independent 
experiments 
were analyzed. 
Nuclei were stained with DAPI (blue).

50 μm 50 μm
Fig 9
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Effect of fisetin on lipid metabolism in hepatocytesWestern blot showed that fisetin reduced SREBP-1c, PPAR-γ, and C/EBPα expression, but not C/EBPβ expression, compared to oleic acid (Fig. 10A). Fisetin also increased ATGL 
and pHSL expression in a concentration-dependent manner compared to oleic acid (Fig. 10B). Furthermore, fisetin significantly promoted sirt1, phosphorylation of AMPK, and 
phosphorylation of ACC, and decreased FAS production compared to oleic acid (Fig. 10C). Finally, fisetin increased CPT-1, but not CPT2, expression (Fig. 10D).

DiscussionObesity is an important factor in many serious chronic diseases, and studies have shown that obesity is a high risk group for hypertension, coronary atherosclerosis, type 2 diabetes, and cancer [1, 37]. Being overweight and obesity do not only increase adipocyte size and 
hyperplasia, but in these states the liver tissue accumulates excessive lipid droplets, causing hepatic steatosis, the early stage of NAFLD [3, 37]. Therefore, in the hepatic steatosis stage, 
treating and maintaining liver health and function, or attenuating the deterioration of liver 
steatosis, would create an opportunity to prevent and attenuate the development of NAFLD. 
In liver tissue, excessive lipid accumulation would interfere with the normal physiological 
function of hepatocytes, causing lipid and carbohydrate metabolism abnormalities, liver cell inflammation, peroxidation, and insulin resistance [1, 3]. These symptoms may not only cause diabetes, but can also promote chronic liver fibrosis and liver cancer [2]. A recent 
study pointed out that new therapy targets of hepatic steatosis mainly block lipid generation 
and accumulation in the liver, leading to the decomposition of fat oil droplets, enhancing the β-oxidation metabolism of fatty acids, and maintaining mitochondrial function [14, 38, 39].

In recent years, some plant compounds have been found to improve NAFLD [19, 40-42]. In obese mice, resveratrol can improve body weight and reduce hepatic steatosis by 

Fig. 10. Effects of fisetin on lipid metabolism in FL83B cells. FL83B cells were treated with 0.5 mM oleic acid (OA) for 48 h to induce lipid accumulation in hepatocytes, followed by fisetin (3–100 μM) 24 h. (A) 
Transcription factors associated with adipogenesis and lipogenesis proteins, (B) lipolysis, (C) the AMPK/Sirt-1 pathway, and (D) β-oxidation were detected by Western blot. Three independent experiments were analyzed using β-actin as an internal control.
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enhancing sirt1 and AMPK activity [38]. Luteolin could attenuate NAFLD by blocking the expression of liver X receptor and SERBP-1c [43]. Quercetin has also been confirmed to 
alleviate oxidized LDL levels in the liver and decrease hepatic steatosis in HFD-induced obese mice [44]. In this current study, fisetin effectively alleviated body weight and epididymal adipose tissue weight. However, fisetin did not decrease the liver weight. Interestingly, fisetin 
could suppress lipid accumulation and fat vacuoles in the livers of HFD-fed mice. Fisetin also inhibited lipogenesis, regulated the sirt1/AMPK pathways, and enhanced β-oxidation to reduce the development of hepatic steatosis in HFD-induced obese mice. Therefore, fisetin 
has the potential to ameliorate obesity-induced NAFLD.

AMPK is an important enzyme in sensing and regulating cellular and whole-body energy 
balance, and sitr-1 has a regulatory effect on lipid metabolism by activating AMPK expression for the maintenance and regulation of energy metabolism [45]. Phosphorylation of Thr172 in AMPKα is required for kinase activity and enhanced more 100-fold activation [46]. AMPKα 
activation can inhibit lipid biosynthesis, accelerating the decomposition of lipid to reducing 
liver fat accumulation [10]. Sirt1 is an NAD-dependent deacetylase and has been reported to have many beneficial effects for controlled glucose homeostasis, lipid metabolism, and insulin resistance in the liver tissue of obese mice [12]. In our current experiment, we found that HFD obese mice treated with fisetin express increased level of sirt1 and pAMPKα in liver tissue, and FL83B hepatocyte experiments demonstrated that fisetin significantly promotes sirt1 and pAMPKα expression in vitro. Resveratrol, a sirt1 agonist, could significantly 
increase sirt1 and pAMPK expression in the liver tissue of NAFLD mice [38]. Resveratrol 
could reduce total cholesterol and triacylglycerol in serum and reduce liver adipogenesis through increased phosphorylation of ACC to regulate fatty acid synthesis [47]. Our results also demonstrate that fisetin could significantly increase ACC phosphorylation in HFD-
induced obese mice and oleic acid-induced hepatocytes in vitro. Activated ACC could catalyze acetyl CoA to produce malonyl-CoA for elongated fatty acid chains [24]. Recent research 
found that phosphorylation of AMPK could stimulate phosphorylation of its substrate, which 
suppresses ACC phosphorylation [10]. Interestingly, dephosphorylation of ACC is activated and phosphorylation of ACC switched off [24]. Thus, we thought that fisetin could effectively increase sirt1 and pAMPKα expression to block the synthesis of fatty acid chains.

Hepatocytes took up excessive free fatty acids and switched transcription factors on for 
lipogenesis, causing lipid accumulation, and these free fatty acid would reduce AMPK activity 
and disturb the energy balance [6, 9]. Previous studies reported that AMPK phosphorylation 
can suppress the expression of lipogenesis-related transcription factors, including SREBP-
1c, PPAR, and C/EBP [48]. In this study, the HFD mice had increased expression of SREBP-1c, C/EBPα, and PPAR-γ, and fisetin significantly suppressed SREBP-1c, C/EBPα and PPAR-γ expression in liver tissue. Similarly, fatty liver cells treated with fisetin exhibited attenuated SREBP-1c, PPAR-γ, and C/EBPα expression in vitro. Previous studies confirmed that C/EBPα and C/EBPβ are able to assist adipocyte differentiation and increase lipid accumulation in adipocytes and hepatocytes [49]. However, our results demonstrated that fisetin does not significantly regulate C/EBPβ expression in cellular and animal models. The results confirm that fisetin has the ability to block lipid synthesis in hepatocytes, mainly by blocking the transcription factors SREBP-1c, C/EBPα, and PPAR-γ.

ACC could switch on the synthesis of fatty acid chains and stimulate FAS expression [24]. Therefore, activated AMPK could reduce ACC activity to block FAS production for 
lipid synthesis. SREBP-1c could bind to the FAS gene promoter to give assist fatty acid chain synthesis in hepatocytes [49]. Obviously, HFD-induced obese mice, liver tissue could significantly FAS expression, and fisetin could reduce FAS production compared to obese mice. We found that fisetin can reduce FAS expression in oleic acid-induced fatty liver cells. Cell and animal experiments confirmed that fisetin has the ability to block FAS expression to 
reduce lipid synthesis in liver tissue, improving hepatic steatosis.

Another strategy for improving hepatic steatosis is to accelerate lipid metabolism in 
hepatocytes [50]. Many studies have suggested that a good lifestyle and regular exercise 
promote liver lipid metabolism and restore normal liver function [39, 51]. In addition, 
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appropriate diet could regulate the liver lipid metabolism and attenuate the development 
of NAFLD. Previous studies found that quercetin not only inhibits the differentiation of 
adipocytes and lipid synthesis, but also enhances the decomposition of lipids in obese 
mice [44]. Quercetin has also been shown to promote lipolysis in the livers of NAFLD mice. α-Linolenic acid-rich flaxseed oil also increases lipolysis through enhanced ATGL expression, preventing alcoholic hepatic steatosis in mice [16]. Ginsenoside Rb2 also suppresses lipid 
accumulation in the liver by upregulating ATGL and phosphorylation of HSL in obese mice [52]. In the current study, fisetin markedly increased ATGL and pHSL production in the livers 
of obese mice and fatty hepatocytes in vitro, indicating a direct role for ATGL and HSL in 
lipolysis in the mouse liver. ATGL can hydrolyze TGs to from diglycerides and release a free 
fatty acid, and phosphorylation of HSL hydrolyzes diglycerides to from monoglycerides and releases a free fatty acid [53]. Consequently, fisetin is effective at reducing lipid accumulation, 
improving hepatic steatosis in obese mice.

Excess TGs, which are broken down into excess free fatty acids and released into the blood to interfere with metabolism, stimulate inflammatory responses in the liver and 
vasculature, deteriorating into insulin resistance, metabolic syndrome, and cardiovascular 
disease [54, 55]. Therefore, these free fatty acids need to be immediately converted into energy via β-oxidation or the formation of cholic acid through fecal exclusion to reduce the inflammatory response [56, 57]. In β-oxidation, CPT-1 functions to transfer the acyl group of a long-chain fatty acyl-CoA to form acyl carnitines [24]. Studies have shown that AMPK and sirt1 activation can enhance CPT-1 expression, promoting β-oxidation [58]. Resveratrol could increase AMPK activity to inhibit ACC activity, reducing fatty acid synthesis; resveratrol promotes lipolysis and increases β-oxidation, decreasing lipid accumulation in hepatocytes [59]. Celastrol also increases sirt1/AMPK expression, promoting β-oxidation for lipolysis and decreasing inflammatory and oxidative damage in the livers of NAFLD mice [13]. We used IHC to confirm CPT-1 expression in the liver and found that fisetin can significantly recover CPT-1 expression. Therefore, we thought that fisetin could accelerate the decomposition of fatty acids and reduce inflammatory damage. In addition, the decomposition of fatty acids will result in liver cell oxidative damage [25, 37]. Using BODIPY 581/591 C11 fluorescent dye, we found that fisetin ameliorates lipid peroxidation in oleic acid-induced fatty liver cells. Thus, fisetin could accelerate the decomposition of fatty acids and reduce lipid peroxidation 
causing cell damage.We found that the caloric intake of both F20 and HFD mice did not differ from the normal mice. However, the F20 and HFD mice had greater food efficiency than the normal mice and the HFD contained more fat energy, which could significantly increase body weight and 
lead to the accumulation of excess oil droplets, interfering with carbohydrate metabolism for glycogen synthesis. Interestingly, fisetin could significantly decrease the epididymal adipose tissue and body weight. PAS stain demonstrated that fisetin could recover glycogen 
accumulation in hepatocytes compared to HDF-induced obese mice and has the potential 
to regulate lipid accumulation and glycogen synthesis to maintain liver metabolic function.

Adipose tissue secretes leptin, which binds to the leptin receptor of hypothalamic 
neurons to suppress appetite and reduce body weight [60]. Studies have shown that blood 
levels of leptin are higher in obesity, and reducing leptin levels would improve insulin resistance and metabolic syndrome [61]. Fisetin significantly reduced serum leptin levels, but appetite was not affected. Therefore, whether fisetin regulates insulin sensitivity needs 
to be studied further.Our experimental results confirmed that fisetin can inhibit body weight and epididymal adipose tissue weight. Fisetin also significantly suppresses lipid accumulation in the liver 
tissue of obese mice through activation of the sirt1/AMPK pathway and enhances lipolysis and β-oxidation to ameliorate hepatic steatosis. We conclude that fisetin is an excellent anti-obesity flavonoid for blocking NFLD development.
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Spilanthol Inhibits COX-2 and ICAM-1 Expression
via Suppression of NF-κB and MAPK Signaling
in Interleukin-1β-Stimulated Human Lung Epithelial Cells

Wen-Chung Huang,1,2 Ling-Yu Wu,3 Sindy Hu,4,5 and Shu-Ju Wu1,3,4,6

Abstract— Spilanthol a phytochemical derived from the Spilanthes acmella plant has antimi-
crobial, antioxidant, and anti-inflammatory properties. This study evaluated its effects on the
expression of intercellular adhesion molecule 1 (ICAM-1) and inflammation-related mediators in
IL-1β-stimulated human lung epithelial A549 cells. Human lung epithelial A549 cells were
pretreated with various concentrations of spilanthol (3–100 μM) followed by treatment with IL-
1β to induce inflammation. The protein levels of pro-inflammatory cytokines, chemokines, and
prostaglandin E2 (PGE2) were measured using ELISA. Cyclooxygenase-2 (COX-2), heme
oxygenase (HO-1), nuclear transcription factor kappa-B (NF-κB), and mitogen-activated protein
kinase (MAPK) were measured by immunoblotting. The mRNA expression levels of ICAM-1
andMUC5ACwere determined by real-time polymerase chain reaction. Spilanthol decreased the
expression of PGE2, COX-2, TNF-α, and MCP-1. It also decreased ICAM-1 expression and
suppressed monocyte adhesion to IL-1β-stimulated A549 cells. Spilanthol also significantly
inhibited the phosphorylation of MAPK and I-κB. These results suggest that spilanthol exerts
anti-inflammatory effects by inhibiting the expression of the pro-inflammatory cytokines, COX-2,
and ICAM-1 by inhibiting the NF-κB and MAPK signaling pathways.

KEYWORDS: chemokines; ICAM-1; MAPK; NF-κB; spilanthol.

INTRODUCTION

The airway inflammation associated with asthma
is regulated by mutually interacting cytokines [1].

Asthma, a heterogeneous chronic inflammatory air-
way disease, is associated with interleukin-1β (IL-
1β), a pro-inflammatory cytokine that drives inflam-
mation and induces airway smooth muscle (ASM)
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responsiveness in asthma [2]. Studies have shown
that IL-1β levels are elevated in the early phases of
the inflammatory response and in the airways of
patients with asthma, which show altered responsive-
ness [3]. IL-1β acts by upregulating adhesion mole-
cules on endothelial cells and by inducing the syn-
thesis of tumor necrosis factor-α (TNF-α) and MCP-
1, both of which are cytokines. Notably, TNF-α
causes airway hyper-responsiveness and stimulates
ASM cells, thereby playing an important role in the
pathogenesis of asthma [4].

In inflamed airway epithelium, ICAM-1 upregu-
lation mediates increased eosinophil adhesion to the
endothelium [5]. Specifically, when endothelial cells
are exposed to the pro-inflammatory mediators TNF-α
and IL-1β, ICAM-1 is upregulated on the endothelial
cell surface [6]. Studies indicate that the inflammatory
response is mediated by phosphatidylinositol 3-kinase
(PI3K), protein kinase (PKC), and reactive oxygen
species (ROS), leading to NF-κB activation [7]. Lung
endothelial cell ICAM-1 mRNA expression is induced
by NF-κB activation, suggesting that the induction of
ICAM-1 is mediated by NF-κB in the A549 cell by
IL-1β [8]. Notably, NF-κB acts as an activator of
multiple cytokines, chemokines, and adhesion mole-
cules that play important roles in inflammatory dis-
eases such as asthma. Consequently, NF-κB is con-
sidered as an attractive therapeutic target in asthma
[9]. Indeed, airway epithelial NF-κB activation is ob-
served in asthma patients, implying that NF-κB is a
critical modulator of inflammation in the pathogenesis
of this lung disease [10, 11].

Airway epithelial NF-κB is a central mediator in
the inflammatory and immune responses to infections
and environmental insults that modulate allergic sen-
sitization and the severity of subsequent allergic air-
way disease [12]. Furthermore, MCP-1 is involved in
mast cell, eosinophil, and macrophage recruitment and
promotes PGE2 generation. PGE2 is biosynthesized
from arachidonic acid, showing that COX-2 is primar-
ily responsible [13]. COX-2 can be induced by cyto-
kines IL-β and TNF-α, which are involved in patho-
logical processes such as cancer and inflammatory
diseases and play important roles in the pathogenesis
of asthma [14]. The MAPK pathways regulate the
production of chemokines in primary epithelial cells
[15]. Studies show that asthmatic patients have in-
creased phosphorylated- (p)-ERK1/2, p-p38 (p-p38)
and pJNK1/2/3 (pJNK) in their airway epithelium
and smooth muscle cells [12]. Indeed, MAPK activity

is significantly higher in the lungs of asthmatic mice
than in normal controls [16].

A previous study reported that spilanthol has an
anti-inflammatory effect in lipopolysaccharide (LPS)-
stimulated macrophages [17]. We assumed that
spilanthol could inhibit IL-1β-induced inflammatory
responses and suppress ICAM-1 expression to reduce
leukocyte adherence to lung epithelial cells. Hence,
in this study, we evaluated the anti-inflammatory
effect of spilanthol and the signaling mechanism of
the NF-κB and MAPK pathways in IL-1β-induced
A549 human lung epithelial cells.

MATERIALS AND METHODS

Materials

Figure 1a shows the chemical structure of
spilanthol (ChromaDex, Irvine, CA, USA) which
was prepared as a 100 mM stock solution in dimeth-
yl sulfoxide (DMSO) and stored at − 20 °C. The
final DMSO concentration was ≤ 0.1% in culture
medium, as described previously. All chemicals and
reagents were purchased from Sigma (St. Louis, MO,
USA). Antibodies against β-actin, COX-2, and HO-1
were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against JNK,
ERK, p38, phosphorylated (phospho)-JNK, phospho-
ERK, and phospho-p38 were purchased from
Millipore (Billerica, MA, USA). Enzyme-linked im-
munosorbent assay (ELISA) kits were obtained from
R&D Systems (Minneapolis, MN, USA).

Cell Line and Treatment

The A549 human lung epithelial cell line was
purchased from the Bioresource Collection and Re-
search Center (BCRC, Taiwan) and cultured in F12
medium (Invitrogen-Gibco™, Paisley, Scotland) sup-
plemented with 10% heat-inactivated fetal bovine
serum (Biological Industries, Haemek, Israel), peni-
cillin (100 units/mL), streptomycin (100 μg/mL), and
2 mM L-glutamine. All cells were incubated under a
humidified atmosphere of 5% CO2 at 37 °C, and the
cells were sub-cultured twice each week.

Cell Viability Assay

The inhibitory effect of spilanthol on cell viabil-
ity was assessed using 3-(4,5-dimethylthiazol -2-yl)-
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2,5-diphenyltetrazolium bromide (MTT, Sigma) as
described previously [18]. In brief, cells (104 cells/
well) were seeded in 96-well plates and treated with
various concentrations of spilanthol for 24 h. After
treatment, the supernatant was removed and incubat-
ed with 5 mg/mL MTT solution for 4 h. Then, the
medium was removed, and isopropanol was added to
dissolve the formazan crystals. Absorbance was mea-
sured at 570 nm with a microplate reader (Multiskan
FC, Thermo Fisher Scientific, Waltham, MA, USA).

Measurement of Pro-inflammatory Cytokines,
Chemokines, and PGE2

A549 cells (106 cells/mL) were cultured and
pretreated with different concentrations of spilanthol (50–
150 μ5) in 24-well plates for 1 h, then IL-1β (1 ng/mL)
was added and the cells were cultured for an additional
24 h. The supernatants were tested using ELISA kits spe-
cific for MCP-1, TNF-α, PGE2, and ICAM-1 (R&D Sys-
tems, Minneapolis, MN, USA). The OD was determined

spectrophotometrically at 450 nm in a microplate reader
(Multiskan FC).

Preparation of Total and Nuclear Proteins

To assay the total protein and phosphorylated
protein content, A549 (106 cells/mL) cells were
pretreated with or without spilanthol for 1 h in 6-
well plates. Then, the cells were stimulated with or
without IL-1β (1 ng/mL) for 30 min (before assaying
for protein phosphorylation) or for 24 h (to evaluate
total protein. The cells were harvested in 300 μL
protein lysis buffer (50 mM Tris-HCl, pH 8,
150 mM NaCl, 1 mM EDTA, 0.5% NP40, 0.1%
SDS) containing protein inhibitor cocktail and phos-
phatase inhibitors (Sigma). Cells were also cultured
for 1 h to detect NF-κB. To investigate the expres-
sion of nuclear proteins, cells were treated using the
NE-PER® nuclear and cytoplasmic extraction reagent
kits (Pierce, Rockford, IL, USA). All protein concen-
trations were measured with the BCA protein assay
kit (Pierce).

Fig. 1. The chemical structure (a) and cytotoxicity of spilanthol in A549 cells (b). The effects of spilanthol on IL-1β-induced production of TNF-α (c) and
MCP-1 (d). Cells (106 cells/well) were pretreated with the indicated concentrations of spilanthol (SP) for 1 h and then stimulated with IL-1β (1 ng/mL) for
24 h. The data are presented as the mean ± SD; *p < 0.05, **p < 0.01 compared with the IL-1β-treated group.
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Western Blot Analysis

Protein samples (10–30 μg) were loaded onto 10%
SDS polyacrylamide gels, and the gels were transferred
to polyvinylidene fluoride membranes (Millipore, Bil-
lerica, MA, USA). The membranes were blocked and
incubated overnight at 4 °C with the following primary
antibodies: antibodies to HO-1, COX-2, IκB-α, phos-
phorylated-IκB-α, and p65 (Santa Cruz, CA, USA); to
ERK1/2, p38, JNK, phospho-ERK 1/2, phospho-p38,
and phospho-JNK (Millipore); and to ICAM-1 and β-
actin (Sigma). After the membranes were washed three
times in Tris-buffered saline with Tween 20 (TBST)
buffer (150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1%
Tween 20), they were incubated with secondary anti-
bodies for 1 h at room temperature. Next, the mem-
branes were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature. Finally, the
membranes were washed with TBST and incubated with
Luminol/Enhancer Solution (Millipore), exposed to
film, and bands were quantitated using the BioSpectrum
600 system (UVP, Upland, CA, USA).

Real-Time PCR to Quantitate Gene Expression

The mRNA expression levels of ICAM-1 and
MUC5AC were determined by real-time polymerase
chain reaction (PCR) using the β-actin-encoding gene
as an internal reference. Total RNA was prepared
using TRIzol solution (Invitrogen, Carlsbad, CA,
USA). RNA was isolated according to the manufac-
turer’s instructions. TaqMan real-time quantitative
PCR was performed and analyzed according to the
manufacturer’s instructions (Applied Biosystems, Fos-
ter City, CA, USA). The primers used for amplifica-
tion were as follows: for ICAM-1, forward 5′-AGA
CGC AGA GGA CCT TAA-3′ and reverse 5’-CAC
ACT TCA CAG TTA CTT GG-3′; for MUC5AC,
forward 5’-CTG TTA CTA TGC GAT GTG TAG-3′
and reverse 5′-GTG GCG TGG TAG ATG TAG-3′;
and for β-actin, forward 5′-AAG ACC TCT ATG
CCA ACA CAG T -3′ and reverse 5′- AGC CAG
AGC AGT AAT CTC CTT C -3′. The results are
expressed as arbitrary units and normalized against
β-actin mRNA expression.

Fig. 2. The effects of spilanthol on IL-1β-induced production of COX-2 and HO-1 (a), COX-2 and HO-1relative protein expressions were measured relative
to the expression ofβ-actin were detected byWestern blots (n = 3 per group) in (b) (c), respectively. The effects of spilanthol on IL-1β-induced production of
PGE2 (d). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01 compared with the IL-1β-treated group.
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Cell Adhesion Assay

A549 cells were treated with spilanthol for 1 h and
incubated with 1 ng/mL IL-1β for 24 h. Then, human
monocytic THP-1 cells in calcein AM solution (Sigma)
were co-cultured with A549 cells for 1 h. Cells were washed
and the adhesion of THP-1 cells to A549 cells was observed
under fluorescence microscopy (Olympus, Tokyo, Japan).

Statistical Analysis

Data are reported as themean ± standard deviation (SD).
The significance of differences was assessed using one-way
analysis of variance (ANOVA) and Tukey’s test. Differences
were considered statistically significant at p< 0.05.

RESULTS

The Effects of Spilanthol on the Viability of Human
Lung Epithelial A549 Cells

To determine the cytotoxicity of spilanthol in A549
cells, the MTT assay was used to measure cell viability.

Spilanthol did not significantly affect cell viability at concen-
trations ≤ 150 μM (Fig. 1b). Therefore, all subsequent exper-
iments used concentrations of spilanthol that ranged from 50
to 150 μM.

Pretreatment with Spilanthol Efficiently Inhibits
Pro-inflammatory Cytokines and Chemokines in
IL-1β-Induced A549 Cells

Spilanthol is reported to have anti-inflammatory ef-
fects on LPS-induced macrophages [18]. Therefore, we
investigated whether spilanthol could suppress the inflam-
matory response in terms of affecting IL-1β-induced pro-
inflammatory cytokine and chemokine production. A549
cells were pretreated with 50, 75, 100, and 150 μM
spilanthol and stimulated with IL-1β (1 ng/mL) for 24 h.
Analysis showed that IL-1β significantly induced the re-
lease of the inflammatory cytokine TNF-α and the chemo-
kine MCP-1, and addition of spilanthol significantly sup-
pressed the secretion of these inflammatory mediators at all
concentrations of spilanthol compared with IL-1β alone.
We found that 50–150 μM spilanthol significantly de-
creased TNF-α and MCP-1 levels compared with IL-1β

Fig. 3. The effects of spilanthol on IL-1β-induced the phosphorylation of IκBα, total IκB-α and NF-κB protein expressions (a). Phosphorylation of IκBα,
total IκB-α and NF-κB relative protein expressions were measured relative to the expression of β-actin in (b) (c) (d), respectively. Phosphorylation of IκBα,
total IκBα and NF-κB proteins were detected by western blots (n = 3 per group). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01 compared with
the IL-1β-treated group.
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alone (TNF-α; SP50 10.18 ± 0.45 ng/mL, p < 0.05; SP75
8.19 ± 0.16 ng/mL, p < 0.01; SP100 7.43 ± 0.15 ng/mL,
p < 0.01; SP150 5.14 ± 0.11 ng/mL, p < 0.01 versus IL-
1β alone 13.53 ± 0.25 ng/mL, respectively. MCP-1; SP50
10.12 ± 0.13 ng/mL, p < 0.05; SP75 10.11 ± 0.14 ng/mL,
p < 0.05; SP100 9.21 ± 0.19 ng/mL, p < 0.01; SP150 8.65
± 0.12 ng/mL, p < 0.01 versus IL-1β alone 13.41 ±
0.88 ng/mL, respectively). Further, the inhibitory effects
of spilanthol on TNF-α and MCP-1 levels were dose-
dependent (Fig. 1c, d).

Spilanthol Inhibits PGE2 Production and Affects
COX-2 and HO-1 Protein Expression in IL-1β-
Induced A549 Cells

To investigate the effect of spilanthol on COX-2 pro-
tein expression, A549 cells were pretreated with spilanthol,
followed by stimulation with IL-1β for 24 h. Pretreatment
with 75–150 μM spilanthol significantly inhibited COX-2
expression compared with IL-1β-stimulated cells that were

not treated with spilanthol (Fig. 2a, b). In addition, spilanthol
modulated the expression of HO-1, which has anti-
inflammatory and anti-oxidant activity [19]. Specifically,
≥ 100 μM spilanthol concentrations increased HO-1 expres-
sion compared with IL-1β treatment alone (Fig. 2a, c).
Spilanthol also significantly decreased the level of PGE2
compared to IL-1β alone (Fig. 2d).

The Effects of Spilanthol on IκBα Phosphorylation,
and Suppression of IκB Degradation in IL-1β-
Activated Human Lung Epithelial Cells

The NF-κB pathway plays a critical role in the in-
flammatory response by regulating the expression of in-
flammatory cytokines, including IL-1β, IL-6, and TNF-α.
The rapid protease-mediated degradation of IκBα leads to
NF-κB release from the cytoplasm into the nucleus [20].
Therefore, we investigated whether spilanthol could regu-
late NF-κB activity in A549 cells treated with IL-1β
(Fig. 3a). Interestingly, spilanthol significantly decreased

Fig. 4. The effects of spilanthol on the IL-1β-induced phosphorylation of MAPK. A549 cells were pretreated with varying concentrations of spilanthol (SP)
for 1 h and then incubated with or without IL-1β (1 ng/mL) for 30 min. Protein samples were analyzed byWestern blotting with phospho-specific antibodies
(a). The phospho-specific JNK, ERK, and p38 relative protein expressions were measured relative to the expression of total MAPK levels were used as the
internal control in (b) (c) (d), respectively. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01 compared with the IL-1β-treated group.
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IκBα phosphorylation, and suppression IκB degradation
which is an indication that spilanthol suppresses NF-κB
transcriptional activation and translocation to the nucleus
induced by IL-1β-stimulated in A549 cells (Fig. 3b, c, d).

Spilanthol Inhibits MAPK Phosphorylation in IL-1β-
Activated Human Lung Epithelial Cells

The MAPK signaling pathways regulate cellular ac-
tivities and the release of pro-inflammatory cytokines. We
investigated whether spilanthol could modulate MAPK
signaling pathways, including the ERK1/2, p38, and JNK
proteins, in A549 cells treated with IL-1β (Fig. 4a). We
found that spilanthol significantly decreased the phosphor-
ylation of ERK1/2, p38, and JNK in a concentration-
dependent manner compared with IL-1β treatment alone
(Fig. 4b, c, d). These results indicated that spilanthol

modulated the activation of the MAPK signaling pathways
in A549 cells that were treated with IL-1β.

Spilanthol Inhibited ICAM-1 andMUC5ACExpression
in IL-1β-Stimulated Human Lung Epithelial Cells

Previous studies have demonstrated that the ex-
pression of ICAM-1 by inflammatory endothelial cells
results in eosinophil adhesion [11]. Here, we found that
spilanthol significantly reduced ICAM-1 production
compared to IL-1β treatment alone (Fig. 5a). In addi-
tion, ≥ 50 μM spilanthol concentrations significantly
suppressed ICAM-1 protein expression (Fig. 5b, c).
Together, these results showed that spilanthol signifi-
cantly decreased ICAM-1 production and suppressed its
release into the cell culture medium. We used real-time
PCR to assess gene expression and found that spilanthol

Fig. 5. The effects of spilanthol on the IL-1β-induced production of ICAM-1 andMUC5AC. A549 cells (106 cells/mL) were stimulated with IL-1β for 24 h,
then the level of ICAM-1 in the supernatant was assayed by ELISA (a), the level of ICAM-1 protein in the cells was assayed byWestern blot (n = 3 per group)
(b), and ICAM-1 protein relative expressions were measured relative to β-actin (c). The cells were pretreated with the indicated concentrations of spilanthol
(SP) for 1 h and then stimulated with IL-1β (1 ng/mL) for 4 h before assaying the ICAM-1 (d) and MUC5AC (e) gene expression levels, which were
determined using real-time RT-PCR. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01 compared with the IL-1β-treated group.
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significantly decreased the mRNA levels of ICAM-1
and MUC5AC in A549 cells (Fig. 5d, e).

Spilanthol Suppresses Monocyte Adhesion to Human
Lung Epithelial Cells

The human cell line THP-1withmonocytic properties
can be active to macrophage-like cells in the inflammatory
response. Activated THP-1 release more inflammatory
mediators and adhesion molecules and caused cells adher-
ence [27]. We found that spilanthol significantly reduced
ICAM-1 gene expression in IL-1β-stimulated A549 cells
(Fig. 5d). Therefore, we further investigated whether
spilanthol inhibited monocyte adhesion to IL-1β-
stimulated A549 cells (Fig. 6a–f). THP-1 cells were stained
with calcein AM and co-cultured with IL-1β-induced

A549 cells. We found that THP-1 cells adhered to IL-1β-
activated A549 cells and that pretreatment with spilanthol
significantly reduced this adhesion (Fig. 6g).

DISCUSSION

When respiratory epithelial cells andmacrophages are
activated, they release pro-inflammatory cytokines increas-
ing the secretion of chemokines and evoking an inflamma-
tory response [20]. One study indicated that bacterial stim-
uli induce respiratory epithelial cells to secrete pro-
inflammatory mediators such as IL-1β and TNF-α, which
leads to upregulation of adhesion molecules [21]. There is
also evidence that LPS-stimulated airway bronchiolar and
alveolar epithelial cells induce NF-κB activation and

Fig. 6. Spilanthol inhibits the adherence of THP-1 cells to activated A549 cells. THP-1 cells were labeled with calcein AM, mixed with A549 cells, and
observed using fluorescence microscopy. The adherence of THP-1 cells to normal (a) and IL-1β-activated A549 cells (b) is shown. THP-1 cells were treated
with 50μMspilanthol (c), 75μMspilanthol (d), 100μMspilanthol (e), or 150μMspilanthol (f). Fluorescence intensity of THP-1 cell adhesion to A549 cells
(g). THP-1 cell adhesion in spilanthol treated cells were detected by fluorescence microscope (n = 3 per group). Data are presented as the mean ± SD;
*p < 0.05, **p < 0.01 compared with the IL-1β-treated group.
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increase ICAM-1 expression [22]. In adult respiratory dis-
tress syndrome (ARDS) the levels of pro-inflammatory
cytokines TNF-α and IL-1β are increased. Notably, IL-
1β is the major cytokine that maintains lung inflammation
in ARDS [23]. Studies show that IL-1β is an important
factor in inflammatory responses as well as in
fibroproliferative processes in the lungs of adult patients
with ARDS [24].

Spilanthol is the compound (2E,6Z,8E)-N-
isobutylamide-2,6,8-decatrienamide and a physiologically
active substances from Spilanthes acmella, which is
known as the anti-toothache plant and which has anti-
bacterial effects [25]. An aqueous extract of S. acmella
has important anti-inflammatory and analgesic properties
in animal models [26]. One study suggested that spilanthol
attenuates the LPS-induced inflammatory responses in
murine RAW 264.7 macrophages, in part due to the inac-
tivation of NF-κB, which negatively regulates the produc-
tion of proinflammatory mediators [27]. However, the anti-
inflammatory effects of spilanthol have not been shown
previously in human lung epithelial cells. In this study, we

found that spilanthol can downregulate COX-2 production
and decrease TNF-α and MCP-1 production in IL-1β-
stimulated lung epithelial cells. In particular, spilanthol
significantly decreased the phosphorylation of IκBα and
MAPK pathways compared with IL-1β alone. These re-
sults indicated that spilanthol can inhibit the activation of
NF-κB and MAPK pathways in IL-1β-activated A549
cells. We demonstrated hypothesis that spilanthol dampen
the inflammatory effects of IL-1β in stimulated lung epi-
thelial cells.

Earlier studies showed that a hydroethanolic extract
of S. acmella has anti-inflammatory properties that could
decrease the levels of the lipid peroxidation product
malondialdehyde (MDA) and increase antioxidant enzyme
activity (catalase and superoxide dismutase) [26, 28]. We
found that spilanthol enhanced heme oxygenase-1 (HO-1)
protein expression. HO-1 can regulate the balance of anti-
inflammatory mediators and has antioxidant properties
[29], prompting us to evaluate the anti-inflammatory mo-
lecular mechanisms underlying the effects of spilanthol.
Our results showed that spilanthol significantly reduced

Fig. 7. Model explaining the mechanism underlying the anti-inflammatory effects of spilanthol (SP). Spilanthol decreased the levels of pro-inflammatory
cytokine (TNF-α) and chemokine (MCP-1), and inhibited COX-2 and ICAM-1 expression via suppression of the NF-κB and MAPK signaling in IL-1β-
stimulated human lung epithelial cells. SP also inhibited leukocyte adherence to lung epithelial cells by reducing ICAM-1 expression via inhibition of the IL-
1β pathway. Spilanthol is a potential anti-inflammatory compound that could ameliorate inflammatory in human lung epithelial cells.
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COX-2 and PGE2 production in LPS-stimulated macro-
phages and IL-1β-activated human lung epithelial cells.
We suggest that spilanthol may be useful as a COX-2
inhibitor to attenuate the inflammatory response. In addi-
tion, bronchoalveolar lavage fluid from patients with inter-
stitial lung disease containsmoreMCP-1, TNF-α, and IL-8
than normal tissue [4]. We found that spilanthol signifi-
cantly decreased TNF-α and MCP-1 in IL-1β-stimulated
lung epithelial cells, suggesting that spilanthol might sup-
press the inflammatory response of lung epithelial cells and
improve lung disease symptoms.

As part of their response to inflammation of lung
epithelial cells express cell adhesion molecules including
ICAM-1 and VCAM-1, which induce monocyte adherence
and lead to neutrophil migration and infiltration into lung
tissue [5]. Inflammatory mediators are released from acti-
vated monocytes and neutrophils, thereby increasing lung
inflammation. In this study, real-time PCR andWestern blot
analysis showed that spilanthol suppressed ICAM-1 gene
and protein expression. In addition, inflammatory epithelial
cells release Bsoluble^ intercellular adhesion molecule-1
(sICAM-1), which is a marker of inflammation and pro-
mote the inflammatory responses. In inflammation-relative
diseases, as in autoimmune diseases, viral infections and
bronchoalveolar lavage fluid of asthma patients serum
sICAM-1 levels increase more than healthy individual.
Inflammatory mediators (IL-1β, TNF-α, IL-6 and angio-
tensin II) could stimulate epithelial cells and endothelial
cells to secrete sICAM-1 in circulating [30]. Inflammatory
lung epithelial cells express ICAM-1 were cleaved to
sICAM-1 and released into the supernatant. In this study,
ELISA analysis showed that spilanthol decreased ICAM-1
levels. Although the roles of sICAM-1 have not been
completely clear, the evidence suggests its implication in
lung epithelial cells inflammatory progression at this works.

Further, to understandwhether the spilanthol decrease
in ICAM-1 expression could decrease lymphocyte adhe-
sion to inflammatory lung epithelial cells, we co-cultured
monocyte THP-1 cells with IL-1β-stimulated A549 cells.
We found that spilanthol decreased THP-1 adherence to
A549 cells compared with IL-1β treatment alone. Lung
epithelial cells secrete excessive mucus as part of the
inflammatory response, which obstructs the airway and
leads to difficulty breathing and even to suffocation [6].
By preventing ICAM-1 expression, spilanthol decreases
inflammatory leukocyte infiltration into lung tissue,
possibly reducing mucus production. Comprehensive
detections of sICAM-1, ICAM-1 gene and protein ex-
pression and THP-1 adherence to A549 cells indicated
that spilanthol decreased ICAM-1 expression in

adherent monocytes as well. We confirmed hypothesis
that spilanthol could suppress ICAM-1 expression to
reduce leukocyte adherence to lung epithelial cells.

To summarize, we found that spilanthol not only
inhibited the levels of TNF-α and MCP-1, but it also
suppressed COX-2 protein expression and promoted
HO-1 protein expression by suppressing NF-κB acti-
vation and MAPK pathways in IL-1β-activated hu-
man lung epithelial cells. In addition, we found evi-
dence that spilanthol decreased ICAM-1 expression
in these cells. Based on these results, we propose a
model that explains the anti-inflammatory effects of
spilanthol (Fig. 7).

CONCLUSION

We conclude that spilanthol, which is a natural anti-
inflammatory agent, acts as a regulatory factor in MAPK
pathways and in NF-κB activation of COX-2 and ICAM-1
expression. Further studies are needed to investigate its
effects in vivo.
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Abstract: Fifty-seven compounds were purified from the stems of Tinospora sinensis, including
three new compounds characterized as a lignan (1), a pyrrole alkaloid (11), and a benzenoid
(17), respectively. Their structures were elucidated and established by various spectroscopic and
spectrometric analytical methods. Among the isolates, fifteen compounds were examined for their
anti-inflammatory potential in vitro. The results showed that several compounds displayed moderate
inhibition of N-formyl-methionyl-leucyl-phenylalanine/cytochalasin B (fMLP/CB)-induced superoxide
anion generation and elastase release.

Keywords: Menispermaceae; lignan; pyrrole alkaloid; superoxide anion generation; elastase release

1. Introduction

Inflammation is the first response of the immune system to infection or irritation. Neutrophils
play an important role in eliminating most of the exogenous pathogens. Various autoimmune
diseases are linked to neutrophil overexpression, such as rheumatoid arthritis, ischemia, and asthma,
etc. [1–3]. According to response of diverse stimuli, activated neutrophils will secrete a series of
cytotoxins. The superoxide anions and neutrophil elastase are the major secreted products of stimulated
neutrophils in infected tissues and organs, which contribute to the destruction of tissue in chronic
inflammatory diseases [4–6]. Therefore, inhibition of superoxide anion generation and elastase release
by natural compounds is considered to be an effective screening platform to evaluate anti-inflammatory
drug candidates.
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The genus Tinospora, belonging to family Menispermaceae, is composed of more than 20 species
all over the tropical regions of the Eastern Hemisphere [7]. This genus is traditionally medical used
in Southeast Asian countries for treating malaria, skin diseases, gout, and diabetes [8]. The majority
of scientific reports of this genus state their physiological activities including antioxidation,
anti-inflammation, and cytotoxicity, especially with the most extensively explored hypoglycemic
activity [9–13]. However, the bioactive principles of T. sinensis remained poorly understood. Therefore,
this plant was selected for study to discover novel anti-inflammatory lead compounds due to their
relieving rigidity of muscles and activating collaterals effects in long-term folk medicine usage,
which may be related to anti-inflammatory bioactivity. According to the preliminary screening
results, the methanol extract of T. sinensis collected from Vietnam displayed half maximal inhibitory
concentration (IC50) values of 6.66 µg/mL and 4.68 µg/mL in the inhibition of superoxide anion
generation and elastase release, respectively (Table S1). Further chromatography purification resulted
in the characterization of nine lignans (1–9), six pyrrole alkaloids (10–15), seventeen benzenoids
(16–32), ten terpenoids (33–42), eight steroids (43–50), four amides (51–54), one coumarin (55), and
two others (56–57), respectively. The chemical structures of new compounds 1, 11, and 17 (Figure 1)
were established on the basis of nuclear magnetic resonance (NMR) and mass spectrometric analyses.
Some of these purified compounds were examined for inhibition of superoxide anion generation and
elastase release, thereby evaluating their in vitro anti-inflammatory potentials.
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Figure 1. Structures of compounds 1 and 11–17.

2. Results and Discussion

The dried stems of T. sinensis were refluxed with methanol and the obtained extract was
divided into chloroform (CHCl3) and water (H2O) soluble fractions by liquid–liquid partition.
Further purification over silica gel column and preparative thin layer chromatography (pTLC)
resulted in the isolation of fifty-seven compounds. Among the isolated compounds, 1, 11, and 17
were new compounds. The other fifty-four known compounds were identified, including eight
lignans, (+)-pinoresinol (2) [14], syringaresinol (3) [15], medioresinol (4) [16], (+)-epi-syringaresinol
(5) [15], (+)-pinoresinol monomethyl ether (6) [17], (+)-glaberide I (7) [18], sesamin (8) [19],
and sesamolin (9) [20]; five pyrrole alkaloids, 5-(hydroxymethyl)-1H-pyrrole-2-carbaldehyde
(10) [21], methyl 4-[formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl] butanoate (12) [22,23], methyl 4-[formyl-
5-(methoxymethyl)-1H-pyrrol-1-yl] butanoate (13) [22,23], 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl]
butanoic acid (14) [22,23], and 4-[formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl] butanoic acid (15) [23];
seventeen benzenoids, rhodiolate (16) [24], methyl ferulate (18) [25], β-hydroxypropiovanillone
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(19) [26], 2-methyl-4,5-dimethoxybenzoic acid (20) [27], vanillic acid (21) [28], p-hydroxyl phenethanol
(22) [29], tachioside (23) [30], icariside D2 (24) [31], salidroside (25) [32], syringin (26) [33],
cordifolioside A (27) [34], p-hydroxybenzoic acid (28) [35], 4-(2-hydroxyethyl)benzoic acid (29) [36],
syringic acid-4-O-α-L-rhamnoside (30) [37], isovanillic acid (31) [38], syringic acid (32) [39]; ten
terpenoids, loliolide (33) [40], abscisic acid (34) [41], 3(17)-phytene 1,2-diol (35) [42], malabarolide
(36) [43], lupeol (37) [44], 3-O-acetyloleanolic acid (38) [45], cycloeucalenol (39) [46], cycloabyssinone
(40) [47], cycloartane-3β,25-diol (41) [48], and cycloart-22-ene-3β,25-diol (42) [49]; eight steroids,
β-sitosterol (43) [50], stigmasterol (44) [50], 7α-hydroxysitosterol (45) [51], 7α-hydroxystigmasterol
(46) [51], 6β-hydroxystigmast-4-en-3-one (47) [52], 6β-hydroxystigmasta-4,22-dien-3-one (48) [52],
7-ketositosterol (49) [53], and 3β-hydroxy-stigmasta-5,22-dien-7-one (50) [53]; four amides,
5,6-dimethoxy-N-methylphthalimide (51) [54], N-trans-feruloyldopamine (52) [55], N-trans-
feruloyltyramine (53) [56], N-cis-feruloyltyramine (54) [57]; and one coumarin, scopoletin (55) [58]; and
two others, lichexanthone (56) [59] and 2,6-dimethoxy-p-quinone (57) [60], respectively. The chemical
structures of these new constituents were determined on the basis of 1D and 2D NMR and mass
spectrometric analyses elucidated as follow.

The molecular formula of compound 1 was determined as C34H48O19 by high resolution
electrospray ionization mass spectrometry (HR-ESI-MS) which showed a quasi-molecular ion peak
[M − H − H2O]− at m/z 741.2612. The 1H and 13C-NMR spectra (Table 1) revealed the presence
of two sets of 1,3,4,5-tetrasubstituted symmetrical aromatic rings [δH 6.66 (H-2, 6, 2′, 6′) and
δC 133.7 (C-1, 1′), 104.2 (C-2, 6, 2′, 6′), 152.6 (C-3, 5, 3′, 5′), 137.1 (C-4, 4′)], two oxymethylenes
[δH 4.18 (dd, J = 9.0, 6.7 Hz), 3.84 (dd, J = 9.0, 3.2 Hz) and δC 71.3 (C-9, 9′)], two methines
[δH 3.09 (m, H-8, 8′) and δC 53.6 (C-8, 8′)], two oxymethines [δH 4.66 (brd, J = 3.8, H-7, 7′) and
δC 85.0 (C-9, 9′)], and two methoxy groups (δH 3.76 and δC 56.4). The correlation spectroscopy
(COSY) spectrum provided key correlations between H-7 (δH 4.66) and H-8 (δH 3.09), and between
H-8 (δH 3.09) and methylene H-9 protons (δH 4.18 and 3.84). Its heteronuclear multiple bond
correlation (HMBC) spectrum provided further correlations from H-7 to C-1, C-2, C-6, and C-8
suggested the aromatic ring was attached to C-7 (Figure 2). From these spectral information, 1 was
indicated as a 2,5-diaryl tetrahydrofuranoid type lignan. Two sets of β-glucopyranosyl unit [δH 4.90
(br d, J = 5.2 Hz) and δC 102.6 (G-1, 1′), δH 3.59, 3.40 and δC 102.6 (G-6, 6′)] were also observed.
The glucosylation shifts at C-9, -9′ (δC 71.3) and C-8, -8′ (δC 53.6) constructed the location of the
glucosyl units at C-9 and C-9′ of the aglycone, when compared with unbound C-9 (δC 61.2) and
C-8 (δC 54.9) reported in the literature [61]. The relative configurations between C-7 and C-8
(also C-7′ and C-8′) were established as trans-configurations due to no nuclear Overhauser effect
(NOE) correlations between H-7 and H-8 (also H-7′ and H-8′) in the nuclear Overhauser enhancement
spectroscopy (NOESY) experiment (Figure 2). Thus, the structure of compound 1 was determined
as dihydroxymethylbis(3,5-dimethoxy-4-hydroxyphenyl)tetrahydrofuran-9,9′-O-β-diglucopyranoside
and named trivially as tinosporide A.
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Compounds 11–15 all exhibited similar ultraviolet (UV) and infrared (IR) absorption
characteristics. Their UV spectra all displayed absorption maxima close to 293 nm, which are
characteristic of the pyrrole-2-carbonyl basic skeleton [62]. The 1H-NMR spectrum (Table 2) exhibited
signals for two methine protons at δH 6.16 (d, J = 3.9 Hz, H-4) and 7.01 (d, J = 3.9 Hz, H-3). Chemical
shifts at δC 110.8 (C-4), 119.0 (C-3), 121.6 (C-2), and 136.9 (C-5) in 13C-NMR spectrum implied the
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occurrence of a heterocyclic ring containing a nitrogen atom and their proton coupling constants
also indicated the 2,5 di-substituted pyrrole ring (Table 2). The 1H and 13C-NMR spectra of 11
also evidenced the presence of a butanoic acid moiety which appeared at δH 4.37 (br t, J = 7.6 Hz,
H-1′), 2.36 (t, J = 7.3 Hz, H-3′), and 2.04 (m, H-2′), confirmed by HMBC correlations from H-3′

and H-2′ to a carbonyl carbon (δC 173.4, C-4′). The connection of the butanoic acid moiety on the
nitrogen atom was suggested by observing long range correlation peaks from δH 4.37 (H-1′) to
δC 136.9 (C-5) and δC 121.6 (C-2) in the HMBC spectrum (Figure 3). These spectral data clearly
determined that a butanoic acid moiety was attached to N-1 of the pyrrole ring. An oxomethylene
group connected to C-5 of pyrrole ring was proved by the HMBC correlation of δH 4.43 (H-7) and δC

136.9 (C-5). Two additional methoxy groups (δH 3.34, δC 51.6; δH 3.67, δC 57.7) were also observed
and deduced to be located at C-7 and C-4′ by HMBC analysis (Figure 3). However, the HR-ESI-MS
analytical data was unavailable due to the sample lability. Therefore, the molecular formula of 11
was proposed as C12H17NO5 according to the above-mentioned NMR spectral analysis and gas
chromatograph–mass spectrometer (GC–MS) analytical results which exhibited a molecular ion peak at
m/z 255 (see Supplementary Materials). On the basis of these data, the structure of 11 was determined
as 1-(4-methoxy-4-oxobutyl)-5-(methoxymethyl)-1H-pyrrole-2-carboxylic acid and named trivially as
tinosporin A.

Compound 12 displayed very similar 1H and 13C-NMR signals (Table 2) as those of 11 except an
additional aldehyde signal (δH 9.42 (s, H-6) and δC 180.9 (C-6)) and one methoxy group (δH 3.66
(s, OCH3) and δC 52.2 (OCH3)). Its HMBC spectrum exhibited the correlations from methoxy
protons to butanoic acid C-4′ (δC 175.1), as shown in Figure 3. The molecular formula of 12 was
proposed as C11H15NO4 also based on the GC–MS analytical data of the molecular ion peak at
m/z 225 (see Supplementary Materials). Accordingly, the structure of 12 was established as methyl
4-[formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl] butanoate. Compound 13 was shown to possess the
molecular formula of C12H17O4N by GC–MS measurement. An additional methoxy group (δH 3.36)
was observed in 13 by comparison of its 1H-NMR spectra with that of 12. The structure of compound
13 was elucidated as a methyl 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl] butanoate. Furthermore,
compounds 14 and 15 were determined as 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl] butanoic acid
and 4-[formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl] butanoic acid, respectively, by comparison of their
spectral data with those reported [22,23]. According to the above results, pyrrole alkaloids 10–15 were
reported from Tinospora genus for the first time.
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Compounds 16 and 17 showed the same adduct ion peaks and were both assigned the same
molecular formula C17H22O6. The 1H-NMR spectrum of 16 revealed the existence of an aromatic
protons at δH 7.07 (dd, J = 8.2, 1.8 Hz, H-6), 7.04 (d, J = 1.8 Hz, H-2), and 6.92 (d, J = 8.2 Hz, H-5);
five methylenes at δH 4.19 (t, J = 6.6 Hz, H-6′), 2.34 (t, J = 7.4 Hz, H-2′), 1.67 (m, H-3′, 5′), and 1.47
(m, H-4′); and two methoxy singlets at δH 3.95 and 3.67. Additional signals at δH 7.59 (d, J = 16.0 Hz,
H-7) and 6.47 (d, J = 16.0 Hz, H-8) suggested the presence of a trans double bond. The 13C-NMR
spectrum revealed the existence of seventeen carbon atoms included an aromatic ring (δC 109.3, 112.7,
123.1, 127.0, 146.6, and 147.9), five methylenes (δC 64.0, 33.8, 28.1, 25.3, and 24.5), two methoxyls
(δC 55.9 and 51.5), two carbonyls (δC 173.9 and 167.5), and a pair of olefinic carbons (δC 144.8 and
115.5). A 3,4-disubstituted cinnamoyl group linked with a hexanoyl alcohol was deduced from the
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NMR data which described above (Table 1). This was further confirmed by the key HMBC correlations
from δH 3.67 (OCH3) to 173.9 (C-1′), from δH 4.19 (H-6′) to δC 167.5 (C-9), and 28.1 (C-5′), as shown
in Figure 4. Therefore, compound 16 was confirmed as rhodiolate by comparison of its spectral data
with those reported [24]. Compound 17 displayed closely related 1D NMR spectroscopic and mass
spectrometric characteristics to 16 and was determined to have a similar structure to 16. However,
a pair of olefinic protons at δH 6.80 (d, J = 12.9 Hz, H-7) and 5.81 (d, J = 12.9 Hz, H-8) suggested the cis
double bond feature. However, 2D NMR spectral analysis of 17 could not be furnished because of the
rapid transformation of cis–trans double bond. Thus, the structure of compound 17 was concluded
to be methyl 6-((Z)-3-(4-hydroxy-3-methoxyphenyl)acryloyloxy)-hexanoate and assigned the trivial
name as tinosporin B.
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Table 1. NMR Spectroscopic Data of Compounds 1, 16, and 17.

Position
1 a 17 b 16 b

δH δC HMBC (H→C) δH δH δC

1 133.7 s 127.0 s

2 6.66 s 104.2 d 85.0, 104.2, 137.1, 152.6 7.76 d (1.9) 7.04 d (1.8) 109.3 d

3 152.6 s 146.6 s

4 137.1 s 147.9 s

5 152.6 s 6.88 d (8.3) 6.92 d (8.2) 112.7 d

6 6.66 s 104.2 d 85.0, 104.2, 137.1, 152.6 7.10 dd (8.3, 1.9) 7.07 dd (8.2, 1.8) 123.1 d

7 4.66 br d (3.8) 85.0 d 53.6, 71.3, 104.2, 137.1 6.80 d (12.9) 7.59 d (16.0) 144.8 d

8 3.09 m 53.6 d 5.81 d (12.9) 6.28 d (16.0) 115.5 d

9 3.84 dd (9.0, 3.2) 71.3 t 53.6, 85.0 167.5 s

4.18 dd (9.0, 6.7) 53.6, 85.0, 104.2

1′ 133.7 s 173.9 s

2′ 6.66 s 104.2 d 85.0, 104.2, 137.1, 152.6 2.31 t (7.6) 2.34 t (7.4) 33.8 t

3′ 152.6 s 1.66 m 1.67 m 24.5 t

4′ 137.1 s 1.37 m 1.47 m 25.3 t

5′ 152.6 s 1.66 m 1.67 m 28.1 t

6′ 6.66 s 104.2 d 85.0, 104.2, 137.1, 152.6 4.12 t (6.6) 4.19 t (6.6) 64.0 t

7′ 4.66 br d (3.8) 85.0 d 53.6, 71.3, 104.2, 137.1

8′ 3.09 m 53.6 d

9′ 3.84 dd (9.0, 3.2) 71.3 t 53.6, 85.0

4.18 dd (9.0, 6.7) 53.6, 85.0, 104.2

Bz-OMe 3.76 s 56.4 q 3.93 s 3.95 s 55.9 q

OMe 3.67 s 3.67 s 51.5 q

Glc H1, 1′ 4.90 d (5.2) 102.6 d 76.5, 74.1

Glc H2, 2′ 3.17 m 76.5 d 74.1

Glc H3, 3′ 3.17 m 74.1 d 76.5

Glc H4, 4′ 3.11 m 69.9 d 76.5

Glc H5, 5′ 3.02 m 77.2 d 69.9

Glc H6, 6′ 3.40 m 60.9 t 77.2

3.59 m
a 1H and 13C-NMR data measured in deuterated dimethyl sulfoxide (DMSO-d6) at 500 MHz and 125
MHz, respectively; b 1H and 13C-NMR data measured in deuterated chloroform (CDCl3) at 400 MHz and
100 MHz, respectively.
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Fifteen purified compounds were examined for their inhibition bioactivity of superoxide anion
generation and elastase release by human neutrophils in response to fMLP/CB (Table S2) [63,64].
However, most displayed weak inhibition percentages at the test concentration (10 µM). Among
these, 1, 16, and 17 displayed higher inhibitions of superoxide anion generation at 10 µM with
inhibition percentages ranged from 10.2 ± 7.1 to 20.2 ± 5.1%. In addition, compound 39 (10 µM) also
exhibited inhibitory effect on elastase release with inhibition percentage of 22.3 ± 10.0% (Table S2).
Columbin, an important furanoditerpenoid isolated from several Tinosporae Radix, exhibited significant
anti-inflammatory activities in a dose-dependent manner [65]. However, based on our research data
the related furanoid bisnorditerpenoid, malabarolide (36), was not the predominant component, maybe
due to the different parts of plant materials. The conventional use of T. sinensis in traditional Chinese
medicine is for relieving rigidity of muscles and activating collaterals, and the mechanism of action
may be related to anti-inflammatory bioactivity. The present experimental data not only suggest that
the extracts and purified compounds of the stems of T. sinensis have the potential to be developed
as novel anti-inflammatory lead drugs or health foods, but also merit further investigation of the
anti-inflammatory mechanism.

Table 2. NMR spectroscopic data of compounds 11–15.

Position
11 a 12 b 13 a 14 c 15 c

δH δC δH δC δH δH δH

2 121.6 s 133.5 s

3 7.01 d (3.9) 119.0 d 6.98 d (4.0) 126.5 d 6.87 d (4.0) 6.96 d (4.0) 6.97 d (4.0)

4 6.16 d (3.9) 110.8 d 6.26 d (4.0) 111.5 d 6.23 d (4.0) 6.27 d (4.0) 6.25 d (4.0)

5 136.9 s 144.6 s

6 162.2 s 9.42 s 180.9 d 9.50 s 9.45 s 9.40 s

7 4.43 s 65.8 t 4.63 s 56.4 t 4.45 s 4.52 s 4.65 s

1′ 4.37 br t (7.6) 44.7 t 4.38 dd (7.4, 6.0) 45.7 t 4.36 br t (7.6) 4.35 br t (7.6) 4.37 dd (7.5, 6.0)

2′ 2.04 m 26.5 t 2.01 m 27.5 t 2.01 m 1.96 m 1.98 m

3′ 2.36 t (7.3) 31.0 t 2.35 t (7.3) 31.6 t 2.36 t (7.2) 2.23 t (7.5) 2.27 t (7.5)

4′ 173.4 s 175.1 s

OCH3 3.67 s 57.7 q 3.66 s 52.2 q 3.68 s

CH2OCH3 3.34 s 51.6 q 3.36 s 3.36 s
1H and 13C-NMR data measured in a CDCl3 at 400 MHz and 100 MHz; b CD3OD at 400 MHz and 100 MHz;
c CD3OD at 500 MHz and 125 MHz, respectively.

3. Materials and Methods

3.1. General Information

Optical rotations and UV spectra were measured using a Atago AP-300 digital polarimeter (Atago,
Tokyo, Japan) and a GBC Cintra 101 spectrophotometer (GBC Scientific Equipment Ltd., Dandenong,
Australia), respectively. IR spectra were obtained with a Shimadzu FT-IR Prestige-21 spectrophotometer
(Shimadzu, Kyoto, Japan). 1H and 13C-NMR spectra were recorded on Bruker AV 700, AV 500, and Avance
III 400 NMR spectrometers (Bruker, Billerica, MA, USA). Chemical shifts are shown in δ values (ppm)
with tetramethylsilane as an internal standard. GC–MS were analyzed using a Shimadzu GC-2010 gas
chromatograph/mass spectrometer equipped with a quadrupole mass analyzer (Shimadzu, Kyoto, Japan).
The HR-ESI-MS were taken on a Bruker Daltonics micrOTOF orthogonal ESI-TOF mass spectrometer
(Bruker, Billerica, MA, USA). Column chromatography (CC) was performed on silica (70–230 mesh and
230–400 mesh, Merck, Darmstadt, Germany) and Diaion HP-20 (Mitsubishi, Tokyo, Japan) gels, and
preparative thin-layer chromatography (TLC) was conducted on Merck precoated silica gel 60 F254 plates
(Merck, Darmstadt, Germany), using UV light to visualize the spots. Methanol, chloroform (GR grade),
n-hexane, ethyl acetate, benzene, and acetone (ACS grade) were purchased from Merck (Darmstadt,
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Germany) and Mallinckrodt (St. Louis, MO, USA), respectively. DMSO-d6, CD3OD, and CDCl3 were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Materials

The stems of T. sinensis were collected from Vietnam in August 2009, and the plant material
was identified and authenticated by Assoc. Prof. Dr. Vu Xuan Phuong, Institute of Ecology
and Biological Resources, Vietnamese Academy of Science and Technology. A voucher specimen
(Viet-TSWu-2009-1801-001) was deposited in the herbarium of the Institute of Ecology and Biological
Resources, Vietnamese Academy of Science and Technology, Hanoi, Vietnam.

3.3. Extraction and Isolation

The dried stems of T. sinensis (10 kg) was refluxed with methanol (30 L × 8 × 8 h) and then
filtered and concentrated under reduced pressure to obtain the methanol extract (400 g). The extract
was suspended in distilled water and successively partitioned with chloroform to yield a chloroform
layer (60 g) and water soluble (340 g). The chloroform layer was chromatographed directly on silica
gel and eluted with a gradient of n-hexane and acetone to afford 10 fractions (CF 1-10). Fractions CF 1,
2, and 4 did not show any significant spots under TLC check and therefore were not purified further.
Fraction CF 3 was isolated by CC on silica gel with a step gradient with benzene and acetone mixtures
and the subfraction CF 3-6 was further purified by TLC using n-hexane-ethyl acetate (50:1) to yield
cycloabyssinone (40, 3 mg). Fraction CF 5 was purified using silica gel CC eluted with gradient mixtures
of n-hexane and acetone to afford thirteen subfractions (CF 5-1 to 5-13). CF 5-2 was fractionated by
silica gel CC eluted with benzene ethyl acetate and then lupeol (37, 8 mg), cycloeucalenol (39, 15 mg),
and a mixture of β-sitosterol (43) and stigmasterol (44) (364 mg), respectively, was purified from
the minor fractions by TLC using n-hexane-ethyl acetate (50:1). CF 5-5 was performed on silica
gel CC with gradient mixtures of hexane and acetone to produce ten minor fractions. One minor
fraction CF 5-5-7 was purified by silica gel CC with mixture of benzene and acetone and further
purification by TLC using chlorofrom-acetone (9:1) yielded a mixture of 7α-hydroxysitosterol (45)
and 7α-hydroxystigmasterol (46) (6 mg). CF 5-7 was subjected to silica gel CC eluted with a gradient
mixture of benzene ethyl acetate to afford ten minor fractions. CF 5-7-4 was further isolated by silica
gel CC, eluted with hexane ethyl acetate and subsequent TLC using hexane ethyl acetate (6:1) to afford
3-O-acetyloleanolic acid (38, 4 mg).

Fraction CF 6 was isolated by silica gel CC by gradient elution with mixture of n-hexane and
ethyl acetate to result in eleven subfractions (CF 6-1 to 6-11). CF 6-4 was further purified by silica gel
CC eluted with n-hexane-acetone to produce eight minor fractions (CF 6-4-1 to 6-4-8). Lichexanthone
(56, 4 mg) was purified by TLC using chloroform-ethyl acetate (100:1) from CF 6-4-3. CF 6-4-4
was subjected to silica gel CC eluted by benzene-acetone gradient mixtures and further purified
by TLC using chloroform:acetone (10:1) to afford 2-methyl-4,5-dimethoxybenzoic acid (20, 4 mg).
CF 6-5 was subjected to silica gel CC with chloroform and methanol gradient mixtures to afford
five minor fractions. CF 6-5-2 was isolated by silica gel CC eluted by chloroform:ethyl acetate
gradient mixtures and subsequent TLC using hexane-ethyl acetate (10:1) to produce tinosporin A
(11, 1 mg), 3(17)-phytene 1,2-diol (35, 3 mg), cycloart-22-ene-3β,25-diol (42, 4 mg), 5,6-dimethoxy-
N-methyl-phthalimide (51, 8 mg), respectively. CF 6-6 was isolated by silica gel CC with chloroform
and methanol gradient mixtures and further purified by TLC using hexane:acetone (10:1) to yield
methyl 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl] butanoate (13, 2 mg).

Fraction CF 7 was chromatographed on silica gel column eluted with gradient mixtures of
chloroform and ethyl acetate to afford seven subfractions (CF 7-1 to 7-7). CF 7-2 was purified by silica
gel CC successively eluted with hexane:acetone, hexane ethyl acetate, and chloroform ethyl acetate and
one minor fraction (CF 7-2-5-3) to afford methyl ferulate (18, 5 mg). Another minor fraction CF 7-2-5-4
was further isolated by silica gel CC with gradient elution of benzene and acetone, and subsequent
purification by TLC using hexane ethyl acetate (5:1) to give rhodiolate (16, 2 mg) and tinosporin B
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(17, 2 mg). CF 7-3 was also performed silica gel CC eluted with hexane ethyl acetate to afford ten
minor fractions, and CF 7-3-7 was further isolated by silica gel CC eluted with hexane-ethyl acetate
and subsequent TLC using benzene ethyl acetate (30:1) to afford (+)-pinoresinol monomethyl ether
(6, 3 mg). CF 7-4 was isolated by silica gel CC eluted with hexane ethyl acetate to yield ten minor
fractions. Of these, CF 7-4-5 was further purified by silica gel CC (hexane-acetone mixing eluents)
and subsequent TLC using chloroform:acetone (20:1) to afford cycloartane-3β,25-diol (41, 16 mg).
CF 7-4-6 was also subjected into silica gel CC (hexane:acetone mixing eluents) to give seven minor
fractions. Further purification of CF 7-4-6-4, CF 7-4-6-5, and CF 7-4-6-6 by silica gel CC eluted with
chloroform:acetone (9:1) to yield loliolide (33, 5 mg), a mixture of 6β-hydroxystigmast-4-en-3-one
(47) and 6β-hydroxystigmasta-4,22-dien-3-one (48) (2 mg), and a mixture of 7-ketositosterol (49) and
3β-hydroxystigmasta-5,22-dien-7-one (50) (6 mg), respectively.

Fraction CF 8 was isolated by silica gel CC eluted with gradient mixtures of hexane and acetone
to afford six subfractions (CF 8-1 to 8-6). CF 8-4 was performed silica gel CC eluted with hexane ethyl
acetate and further purified by TLC using benzene:acetone (20:1) to give N-trans-feruloyldopamine
(52, 6 mg). Ten subfractions (CF 9-1 to 9-10) were obtained from CF 9 by silica gel CC eluted
with gradient mixture of chloroform and acetone. CF 9-3 was further isolated by silica gel CC,
eluted with benzene:ethyl acetate and, following TLC purification of minor fraction CF 9-3-6
using chloroform:acetone (30:1) to afford (+)-pinoresinol (2, 10 mg) and scopoletin (55, 3 mg),
CF 9-3-7 was further purified by TLC using chloroform:acetone (10:1) to afford medioresinol
(4, 4 mg), (+)-epi-syringaresinol (5, 3 mg), (+)-glaberide I (7, 3 mg), and 2,6-dimethoxy-p-quinone
(57, 5 mg), respectively. CF 9-3-8 was isolated by silica gel CC eluted with gradient mixtures
of chloroform-methanol and then purified by TLC using chloroform:methanol (300:1) to yield
syringaresinol (3, 12 mg). CF 9-4 was divided to eight minor fractions by silica gel CC eluted with
benzene:acetone solvent mixture. Of these, CF 9-4-5 was further fractionated by silica gel CC eluted
with chloroform:acetone (30:1) to give β-hydroxypropiovanillone (19, 3 mg). CF 9-7 was isolated by
silica gel CC (chloroform:acetone gradient mixture) to yield six minor fractions and one of these CF
9-7-4 was afforded N-trans-feruloyltyramine (53, 8 mg) and N-cis-feruloyltyramine (54, 5 mg) by further
silica gel CC eluted with chloroform:acetone (30:1) and subsequent TLC using chloroform:methanol
(50:1). The last fraction (CF 10) of the chloroform layer was also purified by silica gel CC eluted with
gradient mixture of chloroform and acetone. The resulting subfraction CF 10-5 was divided to several
minor fractions by silica gel CC eluted with chloroform:methanol (50:1) solvent mixture and further
purified by TLC using chloroform:acetone (10:1) to give abscisic acid (34, 1 mg).

The water soluble fraction was subjected directly to Diaion HP-20 column chromatography, eluted
by water and gradient with methanol, to afford seventeen fractions (WF 1-17). Fractions WF 1-5, 9,
11, and 14-16 did not show any significant spots under TLC check and therefore were not purified
further. WF 6, 7, and 8 were purified by silica gel CC eluted with gradient mixture of chloroform
and methanol and afforded tachioside (23, 10 mg); vanillic acid (21, 5 mg), p-hydroxyl phenethanol
(22, 3 mg), icariside D2 (24, 10 mg); and salidroside (25, 10 mg), respectively.

Fraction WF 10 was chromatographed on silica gel column eluted with gradient mixtures of
chloroform and methanol to afford six subfractions (WF 10-1 to 10-6). WF 10-2 was purified by
silica gel CC eluted with chloroform and methanol and one minor fraction (WF 10-2-3) affording
4-(2-hydroxyethyl)benzoic acid (29, 2 mg). WF 10-3 was also performed silica gel CC eluted with
chloroform and methanol solvent mixture to afford ten minor fractions, and WF 10-3-4 was further
isolated by silica gel CC eluted with chloroform and acetone (10:1) to afford p-hydroxybenzoic acid
(28, 5 mg). WF 10-4 was isolated by silica gel CC eluted with chloroform and methanol solvent
mixture to yield ten minor fractions. Of these, WF 10-4-5 was further purified by silica gel CC
(chloroform:acetone mixing eluents) and subsequent TLC using chloroform:acetone (10:1) to afford
5-(hydroxymethyl)-1H-pyrrole-2-carbaldehyde (10, 1 mg). Recrystallization of WF 10-4-7 and 10-4-9
by chloroform:acetone produced syringin (26, 25 mg) and cordifolioside A (27, 30 mg), respectively.
WF 10-6 was isolated by silica gel CC eluted with chloroform and methanol solvent mixture to yield
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five minor fractions. Of these, WF 10-6-3 was further purified by silica gel CC eluted by chloroform
and acetone (9:1) to afford syringic acid-4-O-α-L-rhamnoside (30, 8 mg).

Fractions WF 12, 13, and 17 were all chromatographed on silica gel column eluted with gradient
mixtures of chloroform and methanol to produce several subfractions. WF 12-2 was purified by silica gel
CC eluted with chloroform ethyl acetate to afford methyl 4-[formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl]
butanoate (12, 10 mg). Similarly, 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl] butanoic acid
(15, 5 mg) and 4-[formyl-5-(methoxymethyl)-1H-pyrrol-1-yl] butanoic acid (14, 7 mg) resulted from
the chromatographic elution of WF 12-5 and 12-12, respectively. WF 13-1 was isolated by silica gel CC
eluted with chloroform and methanol solvent mixture to yield ten minor fractions. Of these, WF 13-1-7
was further purified by silica gel CC (chloroform-acetone mixing eluents) and subsequent TLC using
chloroform:acetone (10:1) to syringic acid (32, 3 mg). Another subfraction WF 13-3 was further isolated
by silica gel CC with gradient elution of chloroform and methanol, and subsequent purification by TLC
using chloroform and methanol (9:1) to give isovanillic acid (31, 2 mg). Recrystallization of WF 13-4 and
13-13 by chloroform:acetone produced tinosporide A (1, 15 mg) and malabarolide (36, 10 mg), respectively.
WF 17-2 was isolated by silica gel CC eluted with chloroform and methanol (9:1) and further purified by
TLC using chloroform:acetone (20:1) to afford sesamin (8, 5 mg) and sesamolin (9, 2 mg).

Tinosporide A (1): colorless powder; UV (MeOH) λ max (log ε) 272 (2.87) nm; IR (neat) νmax 3258, 2862,
2358, 1592, 1457, 1418, 1235, 1131, 1045 cm−1; 1H-NMR (500 MHz, DMSO-d6) and 13C-NMR (125 MHz,
DMSO-d6), see Table 1; HR-ESI-MS m/z 741.2612 ([M−H−H2O]−, calcd for C34H45O18, 741.2611).

Tinosporin A (11): Pale yellow syrup; UV (EtOH) λmax: 319, 293, 220 nm; 1H-NMR (700 MHz, CDCl3)
and 13C-NMR (175 MHz, CDCl3), see Table 2; GC–MS m/z 255 ([M]+), 237, 210, 180, 136, 101, 59.

Tinosporin B (17): Colorless syrup; UV (MeOH) λmax (log ε): 323 (3.32), 299 (3.18, sh), 235(3.13),
218(3.20) nm; IR (neat) νmax: 3410, 2926, 2853, 1729, 1709, 1632, 1595, 1515, 1464, 1432, 1376, 1270, 1162,
1126, 1033 cm−1; 1H-NMR (400 MHz, CDCl3) see Table 1; HR-ESI-MS m/z 345.1311 ([M + Na]+, calcd
for C17H22O6Na, 345.1309).

3.4. Anti-inflammatory Bioactivity Examination

3.4.1. Preparation of Human Neutrophils

The use of human neutrophils was approved by the Institutional Review Board at Chang Gung
Memorial Hospital, Taoyuan, Taiwan, and the study was conducted according to the Declaration of
Helsinki (2013). Written informed consent was obtained from each healthy donor before blood was drawn.
The details of the preparation of human neutrophils are provided in the Supplementary Materials.

3.4.2. Measurement of Superoxide Anion Generation and Elastase Release

The assay of the generation of superoxide anion was based on the superoxide dismutase
(SOD)-inhibitable reduction of ferricytochrome c. Degranulation of azurophilic granules was determined
by elastase release as described previously [63,64]. The details of measurement of superoxide anion
generation and elastase release were provided in the Supplementary Materials.

Supplementary Materials: The following are available online. S1: Anti-inflammatory bioactivity experimental
procedures; Tables S1 and S2: Inhibitory effects of extracts and compounds from T. sinensis; Figures S1–S16: NMR
spectra of compounds 1, 11, 12, 16, and 17.
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A B S T R A C T

In recent years, green nanomedicines have made transformative difference in cancer therapy researches. Herein,
we propose dual-functionalized spray-dried casein micelles (CAS-MCs) for combined delivery of two phyto-
chemicals; berberine (BRB) and diosmin (DSN) as targeted therapy of hepatocellular carcinoma (HCC). The
nanomicelles enabled parenteral delivery of the poorly soluble DSN via its encapsulation within their hydro-
phobic core. Moreover, sustained release of the water soluble BRB was attained by hydrophobic ion pairing with
sodium deoxycholate followed by genipin crosslinking of CAS-MCs. Dual-active targeting of MCs, via con-
jugating both lactobionic acid (LA) and folic acid (FA), resulted in superior cytotoxicity and higher cellular
uptake against HepG2 cells compared to single-targeted and non-targeted CAS-MCs. The dual-targeted DSN/
BRB-loaded CAS-MCs demonstrated superior in vivo anti-tumor efficacy in HCC bearing mice as revealed by
down regulation of cell necrosis markers (NF-κB and TNF-α), inflammatory marker COX2, inhibition of angio-
genesis and induction of apoptosis. Histopathological analysis and immunohistochemical Ki67 staining con-
firmed the superiority of the dual-targeted micelles. Ex-vivo imaging showed preferential liver-specific accu-
mulation of dual-targeted CAS-MCs. Overall, this approach combined the benefits of traditional herbal medicine
with nanotechnology via LA/FA-CAS-MCs loaded with BRB and DSN as a promising nanoplatform for targeted
HCC therapy.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer
and the third cause of cancer-induced mortality in the world [1]. Pa-
tients with early HCC should be considered for curative treatments
including surgical resection, liver transplantation, and percutaneous
ablation that may cause complete cure and increase the patient survival
[2]. Unfortunately, the patients with advanced progressive disease

accounts for> 80%, where only palliative approaches are suitable. The
most commonly used therapeutic approach is the systemic che-
motherapy for improving the survival of HCC-patients. However, con-
ventional chemotherapeutic agents have many challenges in treatment
of HCC due to their severe side effects and multidrug resistance [3].

Recently, green chemotherapy in combination with tumor-targeted
nanocarriers have attracted much interest to enhance the efficacy and
overcome the challenges of conventional chemotherapy [4].
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Accordingly, in our study, green phytomedicine was developed by co-
encapsulating two phytochemicals with potential anti-cancer effects,
diosmin (DSN) and berberine (BRB), in natural protein micelles for
treatment of HCC [5–8]. DSN (diosmetin 7-O-rutinoside), a natural
flavone glycoside, is known as a potent chemopreventive agent against
hepatocarcinogenesis. It is reported as a supportive treatment for many
cancer types such as hepatocellular and bladder with advantages of less
toxicity and lower cost in comparison with cytotoxic chemotherapy [9].
DSN reduces tumor promotion through inhibiting the proliferation
markers and also suppresses the expression of inflammatory markers
such as COX-2 and iNOS through knock-down of NF-κB expression in
HCC-induced rats [10]. Another herbal drug, berberine chloride (BRB),
is an isoquinoline alkaloid with the ability to selectively reduces the
viability of HCC cells without affecting normal hepatocytes. BRB has
been shown to effectively induce cell cycle arrest at the G1/S phase
[11]. Moreover, it causes autophagic death of hepatoma cells through
inhibiting the expression of the anti-apoptotic factor Bcl-2 and knock-
down of mTOR-signaling [12].

Combination strategies play a crucial role in cancer therapy,
wherein multi-target therapy combines a cocktail of drugs, or other
novel agents having different mechanisms of action. Based on the re-
ported anticancer effects of DSN and BRB and their pharmacological
pathways for the inhibition of liver cancer cells [10,12], we aimed to
combine both natural phyto-medicines in a dual-targeted nano-for-
mulation for targeting HCC.

Hence, single-targeted drug carriers may have unsatisfactory ther-
apeutic responses due to the inefficient specific ligand-receptor inter-
action with the target tumor cells. For instance, HCC-patients usually
suffer reduced binding efficacy for ASGPR-based single targeted
therapy mainly because of the down-regulation of asialoglycoprotein
receptors (ASGP-Rs) by hepatoma cells [13]. Therefore, in our study,
we successfully developed dual-targeted CAS micelles using LA and FA
as ligands for targeting ASGP-R and FA-R, respectively.

However, DSN has poor solubility in water and most organic sol-
vents resulting in its poor bioavailability [14]. On the other hand, BRB
has aqueous solubility of 1mg/ml, showing high initial burst release in
water and aqueous buffers. To avoid premature berberine drug release
in to circulation before reaching the tumor site it would be beneficial to
develop an efficient controlled release nanoformulation. Therefore,
novel tumor-targeted delivery systems are needed to enable i.v. ad-
ministration of DSN and controlled release of BRB and enhance tumor-
targeting efficiency resulting in decreased toxicity and improved clin-
ical utility of both drugs. Among naturally occurring protein nano-
carriers, casein (CAS), the major milk protein, has high self-assembling
tendency into spherical nano-size micelles [15,16]. CAS micelles were
successfully harnessed for delivering hydrophobic anticancer drugs in-
cluding mitoxantrone, paclitaxel, and cisplatin [17]. In our laboratory,
cross-linked CAS micelles have been successfully developed allowing
controlled drug release via modulating the crosslinking density [18,19].
Recently, we have developed phospholipid bilayer-enveloped CAS mi-
celles for combined delivery of the herbal drug resveratrol and the
fungal-derived monascus yellow pigments as green therapy of breast
cancer [20].

In this study, we propose LA/FA dual-targeted CAS micelles co-
loaded with DSN and BRB as a completely green therapy of HCC. First,
to overcome the high hydrophobicity and enable injection of the poorly
soluble drug DSN, pH modulated loading approach was utilized to en-
trap the drug within micellar core. Second, to reduce the initial burst of
BRB and prolong its release, both hydrophobic ion pairing with SDC
and micellar crosslinking with genipin were exploited to increase the
drug lipophilicity and hence facilitate its incorporation within the hy-
drophobic core of micelles. Third, both drugs were co-encapsulated
within CAS micelles for improving their anti-tumor efficacy. Finally, for
maximal tumor-targeting, the surface of CAS MCs was functionalized
with LA and FA for respectively targeting asialoglycoprotein and folic
acid receptors overexpressed HCC cells while reducing non-specific

uptake by normal hepatocytes. The developed delivery system was
thoroughly investigated in vitro and in vivo to prove the anti-tumor
superiority of the combined drug nanocarriers compared with free
drugs.

2. Materials and methods

2.1. Materials

Casein (CAS), berberine hydrochloride (BRB), sodium deoxycholate
(SDC), lactobionic acid (LA), N-hydroxysuccinimide (NHS), N-(3-di-
methylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC), fetal
bovine serum (FBS), 3-(4,5-dimethylthiazolyl-2)-2,5-diphenylte-
trazolium bromide (MTT), bovine serum albumin, rhodamine B iso-
thiocyanate (RBITC), dimethyl sulfoxide (DMSO), ethylene diamine
tetraacetic acid (EDTA), Triton X100, haematoxylin solution, and eosin
solution were from Sigma-Aldrich Co. Ltd., (USA). Folic acid (FA),
genipin (GEN), diosmin were purchased from Xi'an Natural Field Bio-
Technique Co., Ltd., (China). 1,1′-Dioctadecyl-3,3,3′,3′-
Tetramethylindocarbocyanine Perchlorate (DiI C18(3)) was obtained
from Thermo Fisher Scientific (MA, USA). DPX mounting medium was
obtained from Loba Chemie Pvt. Ltd. (Mumbai, India). Absolute
ethanol, methanol, tertiary butyl alcohol (TBA) and orthophosphoric
acid were from ADWIC Pharmaceutical Chemicals Co., (Cairo, Egypt).
Methanol HPLC grade was obtained from JT Baker (Phillipsburg, NJ,
USA). Human HepG2 liver cancer cells were supplied by the American
Type Culture Collection (ATCC).

2.2. Preparation and characterization of BRB/SDC ion-pair complex

BRB-SDC complex was prepared via hydrophobic ion pairing tech-
nique [21]. An equimolar concentration of BRB. HCl and SDC were
mixed with constant stirring for 30min followed by centrifugation
(3–30 KS Sigma, Germany) at 17000 rpm for 45min, and lyophilization
of the precipitate (Cryodos-50 lyophilizer, Telstar, Spain). The degree of
BRB complexation was calculated by following equation:

=
−

×

%Complexation
Total amount of BRB added amount of BRB in supernatant

Total amount of BRB
100

(1)

For determination of the drug content and uniformity of BRB-SDC
complex, 10 mg of the complex was dissolved in 10ml methanol and
the solution was analyzed by HPLC method at 345 nm detailed in the
supplementary section. The procedure was repeated three times to
ensure the homogeneity of the complex [22].

2.3. Preparation & characterization of dual-targeted LA/FA-CAS conjugate

2.3.1. For preparation of galactosylated casein (LA-CAS)
43mg (0.12mmol) LA was dissolved in 2ml of purified water,

28mg EDC and 17mg NHS were added (LA:EDC:NHS; molar ratio
1:1.2:1.2) and stirred for 1 h [23]. Subsequently, 300mg CAS was
dissolved in 0.1 N NaOH solution, pH of solution was adjusted to 6.5
then added to activated LA solution followed by stirring for 24 h at
room temperature. The mixture was dialyzed (12–14 kDa MWCO
VISKING dialysis tubing, SERVA, Germany) against 0.2% sodium azide
aqueous solution for 48 h. The product conjugate was purified by fil-
tration, then lyophilized.

2.3.2. For preparation of folic acid-conjugated casein (FA-CAS)
FA (53mg, 0.12mmol) was dissolved in 5ml of 100mM NaHCO3

buffer, 60mg EDC and 40mg NHS were then added (FA:EDC:NHS
molar ratio 1:2.4:2.4) [24]. After 1 h of activation, 300mg CAS was
dissolved in 0.1 N NaOH solution (pH adjusted to 6.5) was added to the
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activated FA solution followed by stirring for 24 h at room temperature
to allow conjugation of FA to CAS molecules. The mixture was purified
and dried following the procedure described in the previous Section
2.3.1.

2.3.3. For preparation of LA/FA-CAS conjugate
FA was activated by the same method described above and the re-

sultant solution was added to LA-CAS solution followed by stirring for
24 h at room temperature to allow FA conjugation to LA-CAS molecules.
The mixture was purified and dried following the procedure described
above.

2.3.4. Galactose & folate content determination
Galactose content of LA-CAS conjugate was quantified by phenol/

sulfuric acid method [25]. Briefly, 1ml of 5% phenol solution was
added to 1ml aqueous solution of LA-CAS conjugate, followed by ad-
dition of 5ml conc. Sulfuric acid and then kept at 25 °C for 20min. For
determination of galactose content, the absorbance of conjugate sample
was measured at 490 nm based on a standard calibration curve devel-
oped using pure galactose. FA content of FA-CAS conjugate was de-
termined spectrophotometrically at 364 nm by indirect method in the
dialysate [26].

2.4. Preparation of non-targeted & dual-targeted BRB/SDC-DSN-loaded
CAS MCs

Ten milligram DSN were added to 1% w/v CAS solution dissolved in
0.1 N NaOH followed by the addition of 5ml methanol containing BRB
or BRB-SDC (eq. to 15mg). This solution was stirred for 2 h after which
methanolic solution of genipin was added (2.5 or 5mM). The solution
was stirred till methanol evaporate, followed by pH adjustment to 9.5.
The resultant micellar dispersion was then spray-dried using Büchi B-
290 Mini-Spray Dryer (Flawil, Switzerland), equipped with a high-
performance cyclone, with inlet temperature of 100 °C, outlet tem-
perature of 50 °C, aspiration air of 90%, feed flow of 5ml/min, spraying
pressure of 5.0–5.8mbar, and air flow rate of 320 l/h [18]. The spray-
dried micelles were stored in a desiccator at 25 °C till further use. Dual-
targeted LA/FA-CAS MCs were prepared following the same procedure
described in Section 2.4 except using LA/FA-CAS instead of CAS.

2.5. Physiochemical characterization of dual-drug loaded CAS MCs

The methodologies for assessing nanoparticle size and zeta potential
[27], drug incorporation efficiency [28], FTIR spectra and DSC ther-
mograms [29], drug release [30], morphology [31], hemolytic and
serum stability [32,33] were performed as described previously and
detailed in the Supporting Information.

2.6. In vitro cytotoxicity and uptake studies

The in vitro cytotoxicity of free BRB, free DSN, free BRB/DSN so-
lution and different dual-drug loaded CAS-MCs against HepG2 human
liver cancer cells were evaluated by MTT assay performed as described
[34] and detailed in the Supporting Information. Combination Index
(CI) and Dose Reduction Index (DRI) were calculated using CompuSyn
software (version 1) to ensure the superiority of different nano-micelles
compared to the free combination. Cellular uptake of (RBITC)-labeled
targeted, non-targeted CAS-MCs and free dye into HepG2 liver cancer
cells was evaluated using confocal microscopy as described previously
[35] and detailed in the Supporting Information.

2.7. In vivo studies

2.7.1. Animals
The anti-tumor efficacy of different dual-drug loaded CAS MCs were

evaluated compared to free DSN, free BRB and BRB/DSN solution on

tumor-bearing mice housed in stainless steel mesh cages following
standard protocol mentioned in the Supporting Information.

2.7.2. HCC-induction in mice
The induction of HCC in mice was achieved chemically using diethyl

nitrosamine (DEN) via weekly intraperitoneal (i.p.) injection for
6 weeks (at a dose 75mg/kg for the first 3 weeks and followed by
100mg/kg for another 3 weeks) as described and mentioned in the
Supporting Information [36].

2.7.3. In vivo anti-tumor efficacy
The in vivo anti-tumor efficacy was evaluated by dividing the ani-

mals randomly into nine groups (7 mice/group). The groups included
negative control (healthy normal mice injected with saline), positive
control (DEN-induced HCC mice), free BRB, free DSN, free combined
BRB-DSN solution, combined dual drug-loaded non-targeted CAS-MCs,
LA-CAS-MCs, FA-CAS-MCs and LA-FA-CAS-MCs treated groups. The
HCC-induced mice were injected i.v. into the tail vein with the drugs
either free or micelles eq. to 10mg/kg BRB and 8mg/kg DSN three
times weekly for three weeks. Body weights were monitored
throughout the treatment period. All the animals were sacrificed after
treatment for 21 days. The excised livers were weighed and used for
evaluation of tumor growth biomarkers and histopathological studies.

a) RT-PCR analysis of liver tissues

Semiquantitative RT-PCR was exploited to assess mRNA expression
levels of COX-2, VEGF, TNF-ɑ and NF- κB. The experimental method is
detailed in the Supporting Information

b) Enzyme-linked immunosorbent assay (ELISA) of liver tissues

The tumor growth biomarkers were determined quantitatively using
ELISA. The experimental method is detailed in the Supporting
Information.

c) Histopathological and immunohistochemical analysis

The tumor samples were examined for histopathological changes as
well as proliferation extent. The experimental method is detailed in the
Supporting Information [37].

d) Measurement of serum hepatotoxicity markers

The serum hepatotoxicity markers including alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) were eval-
uated. The experimental method is detailed in the Supporting
Information [38].

2.7.4. Ex-vivo imaging of isolated livers
Three groups (each of 6) of tumor bearing mice were distinctively

administered DiI C18(3) labeled non-targeted and dual-targeted CAS-
MCs and free DiI C18(3) in physiological saline solution at a dose
equivalent to 1mg/kg body weight via tail vein injection [39]. At
predetermined post-administration time points, the mice were sacri-
ficed and excised livers were imaged using in vivo photon imager
(Biospace lab, France).

2.8. Statistical analysis

Data analysis is detailed in the Supporting Information.
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3. Results and discussion

3.1. Fabrication & physicochemical characteristics of CAS MCs

By virtue of the hydrophobic and hydrophilic amino acids com-
posing its structure, the amphiphilic nature of CAS induces its self-as-
sembly into spherical micelles (CAS-MCs) [17]. Therefore, CAS MCs
were successfully used to enable solubilization and i.v. injection of
poorly soluble anti-cancer drugs by incorporation within their hydro-
phobic core. In our study, BRB and DSN were co-loaded into CAS-MCs
via different mechanisms. First, for encapsulation of the poorly soluble
DSN, the drug was solubilized together with CAS at alkaline pH fol-
lowed by adjusting the working pH of CAS/DSN solution to 9.5, the
lowest pH ensuring DSN is still soluble thus allowing its incorporation
into the hydrophobic core of CAS-MCs. On another avenue, for en-
trapment of BRB, the carboxylic and phosphate groups of CAS become
negatively charged at the preparation pH 9.5 (above isoelectric point pI
of CAS 4.6–4.8), and hence can electrostatically interact the positively
charged quaternary ammonium group of BRB. Thus, BER was efficiently
bound to CAS mainly via electrostatic interactions between the cationic
drug molecules and the negatively charged CAS ones. Moreover, the
hydrophobic binding between the remaining structure of BRB and the
micellar core may be also involved. Similar results were observed for
alfuzosin-loaded CAS MCs [40]. After spray-drying, the drug content
was found to be 55.0 and 63.0% for BRB and DSN, respectively
(Table 1, Fig. 1).

The spray-dried dual-drug loaded CAS-MCs exhibited a particle size
of 186.7–295.4 nm with a relatively high polydispersity (0.34–0.45)
which is in agreement with the previously reported size and composi-
tion of CAS micelles (50–500 nm) (Table 1) [40,41]. The micelles were
negatively charged with a zeta potential range of −22 to −29.6 mV by
virtue of the ionized carboxylic groups indicating a good colloidal
stability (Table 1). These findings are in agreement with that reported
for mitoxantrone loaded-β-CAS micelles [41].

The release of DSN and BRB from spray-dried CAS-MCs in PBS
(pH 7.4) at 37 °C is shown in Fig. 2a and b, respectively. Incorporation
of the water insoluble DSN into the hydrophobic core of CAS-MCs en-
ables its dispersion in a solubilized aqueous form; a property essential
for its i.v. administration. This resulted in enhancement of its release
where 23% of DSN was released from CAS MCs after 24 h compared to
only 3.5% of pure DSN (Fig. 2a). In contrast, free BRB exhibited a fast
release up to about 100% of the initial dose after only one hr, due to its
water-soluble nature (1mg/ml). Incorporation of BRB in CAS-MCs did
not result in marked retardation of its release with about 70% was re-
leased after 2 h (Fig. 2b).

3.2. Hydrophobic ion pairing

Among the approaches adopted for controlled release of water so-
luble drugs, hydrophobic ion-pairing (HIP) complex is developed via
electrostatic interactions between ionizable drug groups with oppo-
sitely charged moieties of ion pairing agent (e.g. surfactant or polymer).

BRB has quaternary ammonium group making it a permanently posi-
tively charged compound irrespective to the pH of the medium. This
allows its complexation with the negatively charged carboxylic group of
sodium deoxycholate (SDC) without the need for specific pH adjust-
ment [22]. Therefore, mixing equimolar concentrations of both BRB
and SDC resulted in complex formation with 80% complexation effi-
ciency and 60% w/w yield after freeze-drying.

The formed BRB-SDC HIP was observed to be highly soluble in or-
ganic solvents while practically insoluble in water. Therefore, BRB-SDC
could be efficiently encapsulated into the hydrophobic core of CAS MCs
(F2) with incorporating efficiency of 65.0 and 62.90% for BRB and
DSN, respectively and a size of 225.6 nm (Table 1). Similar increase in
entrapment of the water soluble drugs leuprolide acetate into PLGA
microspheres and insulin into PLGA nanoparticles was reported upon
HIP complexation with sodium oleate [42], and sodium deoxycholate
(SDC) [43], respectively. Moreover, loading of BRB-SDC HIP complex
into CAS MCs has significantly reduced the burst release of BRB from
70.0 to 57.0% in the first 2 h (Fig. 2b). However, further sustained drug
release was still required to reside within the micellar system for a
longer period and reach its target site of action.

3.3. Crosslinking of CAS MCs

To further reduce the burst release of BRB, CAS MCs were cross-
linked with genipin, a much less cytotoxic herbal crosslinker (~10,000
times less than glutaraldehyde). Genipin was reported to crosslink two
free lysine amino groups of CAS macromolecule [40,44,45]. Upon
adding genipin solution, the color of CAS micellar solution changed
gradually from yellow to brown and finally to dark blue (Fig. S1). CAS
MCs crosslinked using 2.5 (F3) and 5mM (F4) genipin demonstrated
size of 295.4 and 197.0 nm, respectively. Crosslinking of CAS-MCs with
2.5 and 5mM genipin reduced the burst release of BRB from 57 to 45
and 30% after 2 h, respectively. After 24 h, 80.44% of BRB was released
from un-crosslinked CAS-MCs (F2) compared to 55.5 and 45% from
2.5% mM (F3) and 5mM (F4), genipin-crosslinked ones, respectively
(Fig. 2b). At higher genipin concentration, the increased degree of
protein crosslinking resulted in slower protein degradation and less
available free space for drug diffusion [40]. Accordingly, the release
behavior could be modulated by varying the degrees of micelles
crosslinking.

3.4. Decoration of CAS MCs with LA and FA

The surface of CAS was dually modified with galactose residues and
FA to enhance the targeted delivery of BRB and DSN to liver cancer
cells. The modification was accomplished through simple carbodiimide
amidation reaction between amino groups of CAS and carboxylic
groups of both LA [23] and FA [46]. To confirm the conjugation of FA
to CAS MCs, UV spectra of FA, CAS MCs and FA-CAS MCs were re-
corded. As shown in Fig. S2, FA spectrum exhibited its characteristic
peaks at 285 and 364 nm while the spectrum of CAS MCs showed only
the characteristic protein peak at 280 nm. On the other hand, the

Table 1
Composition and physicochemical characteristics of drug-loaded CAS MCs.

Formula Genipin (mM) Particle size (nm) PDI Zeta-potential (mv) % Incorporation efficiency % Yield

BRB DSN

F1 BRB/DSN-CAS MCs – 253.1 ± 0.38 0.340 −26 ± 0.23 55.0 63.0 82.3
F2 BRB-SDC/DSN-CAS MCs – 225.6 ± 0.23 0.391 −26.9 ± 0.36 65.0 62.9 83.8
F3 BRB-SDC/DSN-CAS MCs 2.5 295.4 ± 0.36 0.310 −26.0 ± 0.41 65.3 68.9 80.9
F4 BRB-SDC/DSN-CAS MCs (Non-targeted CAS MCs) 5 197.0 ± 0.50 0.346 −27.9 ± 0.20 67.0 63.6 80.8
F5 BRB-SDC/DSN/LA-CAS MCs (LA-CAS MCs) 5 215.4 ± 0.42 0.380 −22 ± 0.50 62.9 62.7 80.5
F6 BRB-SDC/DSN/FA-CAS MCs (FA-CAS MCs) 5 186.7 ± 0.70 0.327 −26.9 ± 0.40 68.5 64.0 85.0
F7 BRB-SDC/DSN/LA-FA-CAS MCs (LA-FA CAS MCS) 5 208.3 ± 0.23 0.322 −29.6 ± 0.30 65.6 63.0 87.7
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spectrum of our prepared FA-CAS MCs exhibited peaks at both 285 and
370 nm corresponding to folate moiety thus confirming successful
conjugation [20]. The percentage of FA conjugated to CAS was de-
termined to be 7.8% w/w assayed by UV at 364 nm (Fig. S3), while the
coupled LA content was found to be 8.6% w/w assayed by phenol/
sulfuric acid test at 490 nm (Fig. S4) [23]. The surface modification of
CAS did not demonstrate a significant effect on the properties of the
resultant micelles; BRB-SDC/DSN/LA-CAS (F5), BRB-SDC/DSN/FA-CAS
(F6), BRB-SDC/DSN/LA-FA-CAS (F7) thus maintained the desired par-
ticle size range and controlled drug release pattern.

3.5. Spray-drying of CAS MCs

For long term stabilization, the dual drug-loaded CAS micellar dis-
persion was spray-dried into dry redispersible powder without drying
adjuvant based on the thermal stabilizing characteristics of CAS [47].
The high thermal stability of CAS may be attributed to its proline-rich
backbone with a relatively little secondary or tertiary structure [18].
Thus, high yield of the spray-dried CAS MCs powder (80.5–87.7 w/w)
was enabled with the aid of high performance cyclone. The spray-dried
BRB/DSN-CAS-MCs (F1) were easily reconstituted in aqueous medium
demonstrating a size of 253.1 nm and zeta potential of−26mV with no
coagulation (Table 1).

Fig. 1. Schematic diagram illustrates the preparation steps of dual-targeted LA-FA-CAS MCs.

Fig. 2. In-vitro release profiles of (a) DSN and (b) BRB from different formulations in PBS (pH 7.4) at 100 rpm and 37C° using dialysis bag method, (c) TEM image
showing the morphology of dual-targeted LA-FA-CAS MCs (F7), (d) Size distribution diagram of dual-targeted LA-FA-CAS MCs (F7) measured by DLS.
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3.6. Solid state characteristics

The complexation of BRB with SDC was investigated by DSC. The
thermograms of BRB, SDC, BRB-SDC complex as well as DSN and non-

targeted CAS MCs (F4) are illustrated in (Fig. S5). The thermogram of
BRB exhibited a melting endothermic peak at 189 °C [22], while this
beak was slightly shifted to lower temperature of 176 °C in the ther-
mogram of BRB-SDC complex. This peak shift could be correlated to

Fig. 3. (a) Physical stability of non-targeted CAS MCs (F4) and dual-targeted LA-FA-CAS MCs (F7) showing the change in particle size with time (b) Hemolytic
potential of dual-drug loaded CAS MCs (F4 and F7) showing hemocompatibility image (b) and % hemolysis (c) after 1 h of incubation at 37 °C, (d) Particle size of
F4and F7 MCs after incubation in 10% fetal bovine serum (FBS) for 6 h at 37 °C.

Fig. 4. (a) Cytotoxicity analysis of free BRB, free DSN and free BRB/DSN co-solvent compared to non-targeted CAS MCs (F4), targeted LA-CAS MCs (F5), targeted FA-
CAS MCs (F6) and dual-targeted LA-FA-CAS MCs (F7) on HepG2 liver cancer cell line at the concentration of 0–400 μM after 48 h. (b) IC50 of free drugs and different
nano-micelles.
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Table 2
IC50 values of free drugs compared to the prepared drug-loaded CAS MCs on HepG2 liver cancer cells at the concentration of 0–400 μM after 48 h.

Drug/Combo CI value Total IC50 of combination (μM) Dose BRB (μM) Dose DSN (μM) DRI of BRB DRI of DSN

Free BRB – – 137.146 – – –
Free DSN – – – 144.961 – –
Blank – – – – – 66,516.0
Free BRB+DSN 0.921 122.31 40.79 81.58 3.36 1.77
Non-targeted CAS MCs (F4) 0.908 106.04 34.31 71.73 3.99 2.02
LA-CAS MCs (F5) 0.817 92.451 30.12 62.33 4.55 2.32
FA-CAS MCs (F6) 0.845 96.79 30.91 65.88 4.43 2.20
LA-FA-CAS MCs (F7) 0.782 84.08 27.12 56.96 5.05 2.54

Fig. 5. Confocal images showing cellular uptake of (a) Free RBITC, non-targeted CAS MCs, targeted LA-CAS MCs (b) Targeted FA-CAS MCs and dual-targeted LA-FA-
CAS MCs within HepG2 liver cancer cells after incubation for 4 h and 24 h.
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certain degree of transformation in the crystalline structure of BRB that
occurred upon melting or complexation with SDC. DSN displayed an
endothermic peak at 291 °C corresponding to its melting point which
was disappeared in the thermogram of CAS-loaded MCs indicating
amorphization of DSN upon solubilization within the micellar core
[14]. On the other hand, the peak of BRB-SDC complex disappeared and
a new sharp peak appeared at 127 °C which may indicate an interaction
between the BRB-SDC complex and CAS MCs.

The FTIR spectra of BRB, SDC and BRB-SDC complex are shown in
Fig. S6. It was observed that the absorption band of BRB at 2844 cm−1

disappeared in the FTIR spectrum of BRB-SDC complex. Moreover, the
FTIR absorption bands of SDC corresponding to CH stretching (2864.5
and 2938.2 cm−1) were still detected in the spectrum of BRB-SDC
complex. Furthermore, the absorption peak at 1565 cm−1 corre-
sponding to COOH group of SDC was disappeared in BRB-SDC spectra.
This demonstrated that the cationic ammonium group of BRB inter-
acted with the COO– group of SDC resulting in formation of a hydro-
phobic ion-pairing complex (HIP) [43]. The FTIR spectrum of the BRB-
SDC/DSN/CAS-MCs (Fig. S7) showed peaks at 2938.2 and 2864.5 cm−1

due to BRB-SDC complex but with lower intensity due to low drug
content. Also, absorption bands were detected at 1448 and 840 cm−1

which attributed to DSN absorption peaks. The characteristic band at
1415.9 cm−1, corresponding to COO– group of CAS was shifted to
1391 cm−1 in the spectrum of CAS MCs that could be attributed to ionic
interaction between quaternary ammonium group of BRB and COO–

group of CAS [40] (More details in supplementary).

3.7. Morphological analysis & physical stability

Fig. 2c represents TEM photo of dual-targeted LA-FA-CAS-MCs
showing spherical shape and with relatively smooth surface with no

aggregation. The apparent size measured by TEM was slightly less than
that measured by DLS (Fig. 2d) due to dehydration-induced shrinkage
of particles during preparation for TEM analysis [48,49].

Most polymeric micelles suffer from low colloidal stability particu-
larly after drug loading. Moreover, the high tendency of micelles to
dissociate in vivo after dilution in systemic circulation represents an-
other stability challenge [50]. Therefore, in our study, the stability of
CAS MCs could be enhanced via both genipin crosslinking and solidi-
fication by spray-drying technique. After 3months storage, the MCs
were physically stable and maintained their structural integrity upon
reconstitution and dilution in aqueous medium. The particle size of
CAS-MCs (F4) and LA-FA-CAS-MCs (F7) was increased to 284.1 ± 0.20
and to 255.8 ± 0.52 nm, respectively still being in the desired size
range (Fig. 3a) [51].

3.8. In vitro hemolysis & serum stability

Hemolytic activity was assessed through quantifying the release of
hemoglobin from red blood cells (RBCs) after 1 h incubation with 1mg/
ml of the dual drug-loaded CAS-MCs (F4 and F7) (Fig. 3b). The per-
centage hemolysis for CAS-MCs (F4) and dual-targeted LA-FA-CAS-MCs
(F7) were 0.90% and 0.38%, respectively which were below 5%
(Fig. 3c) [52]. This acceptable hemocompatibility may be attributed to
the hydrated κ-CAS and the negative surface charge of the MCs that
causes less damaging effect on the negatively charged outer membrane
of RBCs [20]. This proves the blood compatibility of the CAS-MCs, in-
dicating the possibility of using the system for i.v. administration ap-
plications. PLGA–CAS core/shell nanoparticles hemocompatibility ef-
fect was previously studied showing no hemolysis up to 1mg/ml, which
is in agreement with our results [53].

To predict the feasibility of i.v. administration, the MCs stability in

Fig. 5. (continued)
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serum was evaluated. When mixed with 10% FBS, the dual-drug loaded
CAS MCs (F4 and F7) showed obvious change in the size distribution
compared with the initially prepared MCs (from 172.6 ± 0.430 to
194.2 ± 0.23 nm and from 193.6 ± 0.50 to 211.6 ± 1.2 nm, re-
spectively). After 4 h of incubation with FBS, the particle size of non-
targeted (F4) and dual-targeted CAS MCs (F7) reached 244.5 ± 1.3
and 246.5 ± 0.6 nm, respectively thus remain in the acceptable size

range required for tumor targeting (Fig. 3d). CAS-micelles possessed
negative zeta potential which increased colloidal stability by electro-
static repulsive forces. Also, the polyelectrolyte layer of κ-CAS stabilizes
the micelles by generating steric repulsion. The repulsive forces be-
tween the negatively charged serum proteins and CAS MCs may explain
their high serum stability [20].

Fig. 6. (a) Flow cytometry histogram profiles of HepG2 cells after 4 and 24 h incubation with various RBITC-labeled CAS MCs. (b) Quantification of cellular level of
mean fluorescence intensity in HepG2 cells after 4 h and 24 h incubation with various RBITC-labeled CAS MCs. (n=3); (*P < .05 vs Free dye after 4 h,? P < .05 vs
Free dye after 24 h, $ P < .05 vs Non-targeted CAS MCs after 4 h, # P < .05 vs Non-targeted CAS MCs after 24 h, & P < .05 vs FA-targeted CAS MCs after 4 h, €
P < .05 vs FA-targeted CAS MCs after 24 h, % P < .05 vs Dual-targeted CAS MCs after 4 h).

Fig.7. A schematic representation showing the molecular mechanisms of BRB and DSN that involved in tumor growth suppression in HCC cells.
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3.9. In vitro cytotoxicity

The anticancer efficacy of the free combined BRB-DSN solution was
compared to non-targeted and targeted micelles against human liver
cancer HepG2 cells at 48 h (Fig. 4a, b). Blank CAS-MCs demonstrated
very little toxicity to HepG2 cells (viability was>95% after 48 h) in-
dicating their safety. The IC50 of free BRB alone and free DSN alone at
48 h was 137.146 and 144.961 μM, respectively. On the other hand, the
IC50 of the mixed free combined drugs solution at 48 h was 1.12- and
1.18-fold lower than that of BRB and DSN, respectively proving the
synergistic cytotoxicity of this combination. Both LA-CAS and FA-CAS
micelles enhanced the combination potency compared to free combined
drugs solution and non-targeted micelles as demonstrated by the re-
duction of the IC50 to 92.45 and 96.7956 μM, respectively (Table 2).
Dual-targeted LA-FA-CAS micelles exhibited the most superior cytotoxic
effect (IC50 84.09 μM) against HepG2 cells. Further statistical analysis
was done using CompuSyn software (version 1) described by Chou and
Talalay where we used Combination Index (CI) and Dose Reduction
Index (DRI) in comparing between the different MCs and the free
combination [54–56]. The obtained results ensure the superiority of
different drug-loaded MCs compared to the free combination, especially
LA-CAS MCs & dual-targeted CAS MCs, where their CIs were 0.817 and
0.782, respectively revealing that they succeeded to achieve a synergy
between BRB and DSN. Moreover, the Dose Reduction Indices (DRIs) of
BRB were 4.55and 5.05 in LA-CAS MCs and dual-targeted CAS MCs,
respectively. While the DRIs of DSN were 2.32 and 2.54 in LA-CAS MCs

and dual-targeted CAS MCs, respectively. This could be directly corre-
lated to their enhanced uptake into liver cancer cells by both over-ex-
pressed asialoglycoprotein and FA receptors resulting in higher drug
accumulation inside the cancerous cells. The enhanced uptake could be
proved via the cellular uptake study. In correlation with our results,
galactose-decorated oridonin-loaded nanogels displayed higher anti-
tumor efficacy against HepG2 cells through binding to ASGP-R with
greater affinity [57].

3.10. Intracellular uptake

To visualizes the cellular uptake of the micelles, RBITC was con-
jugated to the micelles through direct reaction of its thiocyanate group
to the amino group of CAS. The uptake of RBITC-labeled non-targeted
and targeted CAS-MCs compared to that of the free RBITC solution after
4 and 24 h incubation with HepG2 cells was examined by confocal laser
scanning microscopy (Fig. 5a and b). Images revealed a bright red
fluorescence signals in the cytoplasm of HepG2 cells, indicating that
RBITC-conjugated micelles successfully entered the cells. Intracellular
fluorescence signals in all groups increased with increasing the in-
cubation time, indicating that the cellular uptake of micelles was time-
dependent. At the same incubation time, we found that LA-CAS and FA-
CAS-MCs demonstrated comparable fluorescence which was much
higher than non-targeted CAS-MCs.

The intracellular uptake efficiency of RBITC-labeled MCs was also
quantitatively evaluated by flow cytometry as shown in Fig. 6a. The
cellular internalizations of MCs were assessed as a function of mean
fluorescence intensity (MFI) calculated from flow cytometry data
(Fig. 6b). The cellular levels of MFI demonstrated that there is a sig-
nificant difference (P > .05) between cellular uptake of non-targeted
and single-targeted CAS MCs (FA- or LA-CAS MCs) after 4 h and 24 h
incubation (Fig. 6b). On the other hand, there is no significant differ-
ence (P > .05) between the cellular uptake of LA-CAS MCs and FA-CAS
MCs after 4 h and 24 h incubation. More importantly, dual-targeted LA-
FA-CAS-MCs have displayed the highest cellular levels of MFI
(P > .001) which was 2-fold higher than single-targeted CAS MCs (FA-
or LA-CAS MCs) after 24 h incubation. The cellular uptake performance
of dual-targeted LA-FA-CAS-MCs by HepG2 cells could be related with
the receptor-mediated endocytosis through galactose and FA moieties
due to high surface expression of ASGPR and folic acid receptors on
HepG2 cells [36]. In agreement with the superior cytotoxicity displayed
by dual-targeting strategy, glycyrrhetinic acid and LA dual-ligand
modified chitosan NPs previously exhibited the best targeting efficiency
against BEL-7402 cells compared to non-targeted and single-targeted
NPs [13].

3.11. In vivo anti-tumor efficacy

3.11.1. Measurement of cell necrosis markers expression level
3.11.1.1. Nuclear factor-kappa B (NF-κB). NF-κB signaling pathway is
considered a valuable target for novel chemotherapeutic agents based
on its inflammatory mechanistic contribution in tumor development
[58]. DSN and BRB have been previously reported to downregulate NF-
κB expression level in hepatoma cells (Fig. 7) [10,59]. In our study, we
assessed the expression of NF-κB by RT-PCR (Fig. 8a and b). The group
treated with free combined drugs (BRB+DSN) showed a significant
inhibition in NF-κB expression level compared to the groups treated
with either DSN (P < .001) or BRB (P < .05) thus confirming the
synergistic effect. Moreover, there was a significant inhibition of NF-κB
expression level in LA-CAS-MCs (P < .01) and FA-CAS-MCs (P < .05)
treated groups relative to free combined drugs treated group. While
single targeted LA-CAS-MCs and FA-CAS-MCs have demonstrated
comparable inhibition of NF-κB expression level (P > .05), dual-
targeted LA-FA-CAS-MCs treated group has shown a significant
inhibition in NF-κB expression level compared to groups treated with
non-targeted (P < .001), single targeted LA-CAS-MCs and FA-CAS-MCs

Fig. 8. (a) Expression profile for mRNA levels of COX-2, VEGF, TNF-alpha and
NF-ƘB in groups treated with free BRB, free DSN, free combined, non-targeted
CAS MCs, FA-CAS MCs and LA-FA-CAS MCs individual tissues was measured by
(RT-PCR) and normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (n=7). (b) Quantitative expression of VEGF, TNF -α, COX-2 and NF-
κB levels quantified by RT-PCR for the studied groups, normalized according to
GAPDH (n= 7). (*P < .05 vs Negative control, #P < .05 vs Positive control,?
P < .05 vs Free DSN, €P < .05 vs Free BRB, % P < .05 vs Free BRB/DSN,
$P < .05 vs Non-targeted CAS MCs, &P < .05 vs LA-CAS MCs,! P < .05 vs
FA-CAS MCs).
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(P < .05). This proves the synergistic action of our drug combination
which was further augmented by their incorporation in dual-targeted
LA-FA-CAS-MCs.

3.11.1.2. Tumor necrosis factor-α (TNF-α). TNF-α promotes hepatocyte

apoptosis resulting in liver damage and activates the inflammatory and
stress-related signaling pathways including NF-κB and p38MAPK
pathways [60]. According to previous studies, DSN and BRB had
effectively suppressed the expression of proinflammatory cytokines as
TNF-α [10,59]. Therefore, in our study, the expression level of TNF-α

Fig. 9. Comparison between the studied groups (Free DSN, Free BRB, Free BRB/DSN co-solvent, F4(Non-targeted CAS MCs), F5 (Targeted LA-CAS MCs), F6 (Targeted
FA-CAS MCs) and F7 (Dual-targeted LA-FA-CAS MCs) treated groups in addition to the positive control group according to (a) VEGF-1 level and active caspase-3, (b)
Relative liver weight (RLW%), (c) ALT level and (d) AST level (n=7). (*P < .05 vs Negative control, #P < .05 vs Positive control, ?P < .05 vs Free DSN,
€P < .05 vs Free BRB, %P < .05 vs Free BRB/DSN, $P < .05 vs Non-targeted CAS MCs, &P < .05 vs LA-CAS MCs, !P < .05 vs FA-CAS MCs).

Fig. 10. Comparison between the studied groups (Free DSN, Free BRB, Free BRB/DSN co-solvent, F4(Non-targeted CAS MCs), F5 (Targeted LA-CAS MCs), F6
(Targeted FA-CAS MCs) and F7 (Dual-targeted LA-FA-CAS MCs) treated groups in addition to the positive control group according to (a) Average body weight (b)
Kaplan-Meier survival curve.
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was assessed by RT-PCR (Fig. 8a and b). The group treated with the
dual-targeted LA-FA-CAS-MCs has demonstrated the least expression
level of TNF-α which was significantly (P < .05) lower than that
detected for the groups treated with non-targeted CAS-MCs, LA-CAS-
MCs, FA-CAS-MCs and free combined drugs. Dual-targeted treated
group succeeded in lowering the expression of TNF-α to a level
comparable to that of negative control (P < .05).

3.11.2. Measurement of cycloxogenase-2 expression level
COX-2 enzyme has a potential role in HCC-associated angiogenesis

through the induction of vascular endothelial growth factor (VEGF) and
fibroblast growth factor 2 (FGF-2) that activate angiogenesis [61]. DSN
and BRB were found to suppress COX-2 expression level in hepatoma
cells [10,59]. Therefore, in our study, the expression level of COX-2 was
assessed by RT-PCR (Fig. 8a and b). The group treated with dual tar-
geted LA-FA-CAS-MCs showed 3-folds lowering in the COX-2 expression
level relative to non-targeted CAS-MCs (P < .001). Also, the dual-tar-
geted treated group has demonstrated the least expression level of COX-
2 which was significantly lower than that detected for the groups
treated with LA-CAS-MCs (P < .05) and FA-CAS-MCs (P < .01).

3.11.3. Detection of anti-angiogenic effect
Angiogenesis is initiated by the release of angiogenic factors from

tumor cells, the most potent of which is VEGF. Therefore, VEGF is
widely considered as a potential target for cancer therapy [62,63]. The
expression level of VEGF protein in the group treated with non-targeted
CAS-MCs (3.87 pg/g tissue protein) was obviously lower than that de-
tected for the group treated with the free drug combination (4.12 pg/g
tissue protein). Moreover, the dual targeted LA-FA-CAS-MCs treated
group has showed the least VEGF protein level (1.68 pg/g tissue pro-
tein) and the least the mRNA expression level of VEGF which was
comparable to the negative control (Figs. 8a, b and 9a). This dual

targeted LA-FA-CAS-MCs treated group has shown a significant sup-
pression in mRNA expression level of VEGF relative to non-targeted
CAS-MCs (P < .05). BRB was found to inhibit angiogenesis through
down-regulating VEGF mRNA expression from hepatoma cells, hence
suppresses tumor growth [64]. In our study, there was no significant
difference (P > .05) in the expression level of VEGF between group
treated with BRB only and combination, as there is no data about the
effect of DSN on VEGF expression level. These inhibitions have been
augmented by incorporation of BRB in dual targeted MCs.

3.11.4. Measurement of apoptosis induction
BRB can induce mitochondrial apoptosis in liver cancer cells, de-

monstrated by a reduction in mitochondrial membrane potential and
elevation in Bax expression in addition to activation of caspases 3 and 9
(Fig. 7) [11,12]. Moreover, DSN was reported to increase the expression
of caspases 3 and 9, which confirmed its apoptotic induction potential
(Fig. 7) [65]. Therefore, apoptosis in our study was evaluated by de-
termining the expression level of caspase-3 in the liver tumor tissue of
mice. Relative to positive control group, there was a 10-, 7.8-, 7.6- and
6.36-fold elevation in caspase-3 level in groups treated with LA-FA-
CAS, LA-CAS, FA-CAS and CAS-MCs respectively, compared to 5.45-fold
elevation for free BRB-DSN combination (Fig. 9a). This proves that the
incorporation of both drugs in CAS MCs provided higher apoptotic
activity than their administration in free form. Moreover, the decora-
tion of the micelles by targeting ligands improved the apoptotic activity
which was highest in case of the dual targeted LA-FA-CAS-MCs.

3.11.5. Measurement of serum AST and ALT levels and relative liver weight
% (RLW)

The liver/body weight ratio (RLW %) in positive control group
(6.08 ± 0.2 vs. 3.12 ± 0.2, p < .05, Fig. 9b) was significantly ele-
vated in comparison to normal mice. Also, serum ALT and AST levels

Fig. 11. (a) H&E staining of liver cancer tissues of negative control, positive control group, free BRB/DSN combination, non-targeted CAS MCs (F4), single targeted
LA-CAS MCs (F6) and dual-targeted LA-FA-CAS MCs (F7) treated groups (b) Immunohistopathological staining of the proliferative marker Ki-67 in liver cancer tissues
of positive control group and free BRB/DSN combination, non-targeted CAS MCs (F4), single targeted LA-CAS MCs (F6) and dual-targeted LA-FA-CAS MCs (F7)
treated groups and (c) % Ki-67 proliferation marker in positive control group and liver cancer tissues of free BRB/DSN combination, non-targeted F4 single targeted
F6 and dual-targeted F7 treated groups (n= 7). (*P < .05 vs Negative control, #P < .05 vs Positive control, %P < .05 vs Free BRB/DSN).
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showed remarkable increase in positive control group compared with
normal mice; revealing the damage of liver tissue induced by DEN
[36,38]. Compared with group treated with free combined drugs, single
targeted LA-CAS-MCs and FA-CAS-MCs both have shown about 1.2-fold
reduction in the liver/body weight ratio and about 1.60- and 1.21-fold
decrease in the expression levels of ALT and AST, respectively (Fig. 9c
and d). The group treated with dual-targeted LA-FA-CAS-MCs caused
about 1.55-fold decrease in liver/body weight ratio and 2.25- and 1.33-
fold reduction in the expression levels of ALT and AST, respectively
compared to free combined drugs treated group. Accordingly,

treatment with the dual-targeted LA-FA-CAS-MCs caused remarkable
decrease in both the liver/body weight and serum ALT and AST levels
which becomes comparable to normal control. These results indicated
the potential capability of dual-targeted LA-FA-CAS-MCs to diminish
the liver damage caused by DEN. Moreover, the average body weights
of the mice monitored throughout the experiment period (Fig. 10a). It
was observed that the positive control group demonstrated noticeable
reduction in their body weights due to DEN-toxicity. This reduction was
ameliorated in non-targeted MCs treated groups while body weights
started to increase in single-targeted and dual-targeted MCs treated

Fig. 12. (a) Ex vivo fluorescence images of dissected livers after 4 and 24 h post-injection. (b) Ex vivo fluorescence images of dissected organs (spleens, hearts,
kidneys) after 4 and 24 h post-injection. (c) Quantitative estimation of relative fluorescence intensity acquired from different organs of mice after 4 and 24 h post
injection (n= 3). (*P < .05 vs Livers of free dye treated group after 4 h, $P < .05 vs Livers of non-targeted CAS MCs treated group after 4 h, &P < .05 vs Livers of
single-targeted CAS MCs treated group after 4 h, %P < .05 vs Livers of dual-targeted CAS MCs treated group after 4 h, ?P < .05 vs Livers of free dye treated group
after 24 h, #P < .05 vs Livers of Non-targeted CAS MCs treated group after 24 h, €P < .05 vs Livers of single-targeted CAS MCs treated group after 24 h).
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groups which become almost comparable to negative control. Finally,
the Kaplan-Meier survival curve of HCC-induced mice was further in-
vestigated to evaluate the in vivo anti-tumor efficacy of the prepared
MCs (Fig. 10b). It was noticed that non-targeted MCs treated group had
an increase in survival by 50% while that of single-targeted MCs treated
groups was improved by 65%. Furthermore, dual-targeted MCs treated
group has shown the highest survival rate of about 75%. Thus, we can
conclude that the prepared MCs succeeded to reduce the DEN-toxicity.

3.11.6. Histopathological study
Histological examination of H&E–stained liver sections of different

treatment groups showed variable histological characters (Fig. 11a).
The normal mice group (negative control) showed polyhydral hepato-
cytes with one or rarely two spherical-shaped nuclei and strongly eo-
sinophilic cytoplasm. In contrast, DEN-treated mice livers showed areas
of aberrant hepatocellular phenotype with variable nuclear size, hy-
perchromatinism and irregular sinusoids with prominent hyperbaso-
philic preneoplastic focal lesions. Other cells showed eosinophilic cy-
toplasm, large or bi-nucleated nuclei. Moreover, several evidences of
inflammatory cells infiltration were further noticed [35,36,66,67]. In-
terestingly, the group treated with free combined drugs showed no-
ticeable amelioration in all histopathological features of DEN-induced
HCC, but to different extent, where the dual-targeted LA/FA-CAS-MCs
showed remarked superiority over all other preparations. The liver
sections from the group treated by LA/FA-CAS-MCs has a comparable
cellular architecture with that of normal controls. The hepatocytes
displayed a compact cytoplasm revealing the reduced hepatotoxicity.

3.11.7. Immunohistochemical analysis of cell proliferation (Ki-67 antigen)
Ki-67 is a nuclear protein that could be used as a prognostic marker

to cancer cell proliferation [37]. Ki-67 was highly stained in the tissue
specimens obtained from the positive control as well as the group
treated with the free combined drugs compared to tumor specimens
obtained from the groups treated with drug-loaded MCs (Fig. 11b). The
results showed a significant elevation of % Ki-67 expression (96.10%)
in liver cancer tissues of the positive control group compared to only
15.30 and 8.70% for non-targeted and dual-targeted LA-FA-CAS-MCs
mice-treated groups (Fig. 11c). The reduced density of Ki-67 stained
cells of the MCs-treated groups reflected the privilege of MCs in

inhibition of cancer cell proliferation thereby suppressing the tumor
growth.

3.11.8. Ex-vivo imaging of isolated livers
The ex-vivo images of the isolated livers have demonstrated time-

dependent accumulation of dual-targeted LA-FA-CAS-MCs in liver more
than other organs (Fig. 12a and b). Dual-targeted CAS MCs displayed
the highest fluorescence intensity in liver compared to non-targeted
CAS MCs, single-targeted CAS MCs and free dye. The optical imaging
signal of dual-targeted CAS MCs in the liver was increased by 9- and
2.5-folds compared to free dye 4 and 24 h after i.v. administration,
respectively (Fig. 12c). These results ensured the effective targetability
of dual-targeted CAS MCs to liver cancer cells [68].

4. Conclusion

In this study, a combination of two phyto-medicines BRB and DSN
was formulated into a GRAS (generally recognized as safe) protein
(CAS) micelles as a completely green HCC therapy. pH-modulation
strategy was utilized for efficient solubilization of the poorly soluble
drug DSN within the hydrophobic core of CAS MCs whereas combined
strategies of both hydrophobic ion pairing and genipin-mediated che-
mical crosslinking of CAS MCs have been exploited to prolong the re-
lease of BRB from the nanocarriers. Dual functionalization of CAS–MCs
by two targeting ligands LA and FA enhanced their cytotoxicity against
HepG2 cells mediated by dual FA/ASGP receptor-mediated endocytosis.
The superior in vivo antitumor efficacy of the dual-targeted dual loaded
CAS MCs in liver cancer bearing mice was manifested as their ability to
activate apoptotic enzyme, caspase 3 and inhibit VEGF, TNF-alpha, NF-
kappa B, and COX2. The results were augmented by repairing the his-
topathological alterations and reducing the expression of tumor pro-
liferation marker Ki67. Overall, these results confirmed the outstanding
in vivo antitumor efficacy of combined delivery of BRB and DSN via
dual-targeted LA/FA-CAS MCs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2018.08.026.
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Abstract: One new neolignan, racelactone A (1), together with seven known compounds (2−8) were
isolated from the methanolic extract of the leaves and twigs of Lumnitzera racemosa. The structure of
racelactone A (1) was determined on the basis of the mass and NMR spectroscopic data interpretation.
With respect to bioactivity, compound 1 displayed an anti-angiogenic effect by suppressing tube
formation. Furthermore, compounds 1, 4, and 5 showed significant anti-inflammatory effects with
IC50 values of 4.95 ± 0.89, 1.95 ± 0.40, and 2.57 ± 0.23 µM, respectively. The plausible biosynthesis
pathway of racelactone A (1) was proposed.

Keywords: neolignan; Lumnitzera racemosa; anti-angiogenesis; anti-inflammation

1. Introduction

Mangroves are unique plants growing in the intertidal zone of the tropical and subtropical
climates; these species are salt-tolerant and have mechanisms which affect a variety of cellular metabolic
processes [1]. Plants of the mangrove genus Lumnitzera (Combretaceae) comprise more than 600 species
in Asia, Austria, and Africa. Among them, Lumnitzera racemosa Willd. is native to the seashore of
southern Taiwan. L. racemosa can grow up to a five-meter height; its bark is dark brown and rough,
the leaves are slightly concave top round, and the fruits are drupe and with an ellipsoid shape [2].
The woods of L. racemosa are hard and have a long shelf life; they can be used as building materials,
equipment, or fuels. L. racemosa is also fantabulous nectar plant, while the leaves are edible to
date [3]. Traditionally, the sap of this plant is used to treat cutaneous pruritus, herpes, scabies,
and thrush [4]. The chemical constituents of L. racemosa are fatty acids, flavonoids, polyisoprenoid
alcohols, tannins, and triterpenoids [5]. Pharmacological studies of the extracts from L. racemosa
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demonstrated antibacterial, antifungal, antihypertensive, antioxidant, cytotoxic, and hepatoprotective
activities [6–9].

Inflammation is tightly associated with carcinogenesis and the disease progression of cancer [10].
Angiogenesis has been reported to facilitate the growth and dissemination of cancer cells in tumor
microenvironments [11]. Plentiful studies reveal that inhibition of inflammation and angiogenesis is an
effective therapeutic strategy to suppress cancer development and metastasis [12,13]. Our preliminary
pharmacological investigation indicated that methanolic extract of the leaves and twigs of L. racemosa
exerted promising anti-angiogenic and anti-inflammatory responses. Herein, we describe the isolation,
structural elucidation, and bioactivities of one new neolignan, racelactone A (1), along with seven
known compounds (2–8).

2. Results

In the present study, the methanolic extracted from L. racemosa was partitioned with ethyl acetate
(EtOAc) and water (H2O). The EtOAc layer was further partitioned with n-hexane and 75% methanol
(MeOH) in H2O to give a 75% MeOH(aq) layer. One new compound, racelactone A (1), and seven
known compounds: Botulin (2) [14,15], 3,4,3′-tri-O-methyl ellagic acid (3) [16], methyl gallate (4) [17],
myricitrin (5) [18], stigmasterol (6) [19], kaempferol (7) [20], and isoguaiacin (8) [21] were identified
from the 75% MeOH(aq) layer. The structures of compounds (1–8) are shown in Figure 1.
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Figure 1. Structures of compounds 1−8.

Racelactone A (1) was isolated as an amorphous powder, light yellow, having a molecular formula
determined as C18H18O4. Ten indices of hydrogen deficiency were calculated, in accord with the
high-resolution electrospray ionisation mass spectrometry (HRESIMS) data (m/z 321.10955 [M + Na]+)
(Figure S1) and NMR spectrum. The IR spectrum (Figure S2) of 1 suggested the presence of hydroxy
(3364 cm−1), carbonyl (1709 cm−1) and aromatic (1503, 1586 cm−1) functionalities. In 1H NMR
(Figure S3), data revealed six olefinic methines (δH 6.81, 6.87, 7.01, 7.03, 7.06, and 7.18), and five
methylenes (δH 2.25, 2.58, 2.82, 2.98, and 4.29) (Table 1). The 13C (Figure S4) and DEPT NMR spectrum
(Table 1) of 1 noted eighteen carbon signals, including one carbonyl (δc 175.0), six olefinic methines
(δc 113.3, 115.9, 116.4, 128.3, 129.2, and 133.1), six nonprotonated carbons (δc 126.6, 127.2, 131.4, 132.7,
151.9, and 152.7), and five methylenes (δc 25.2, 29.7, 30.7, 35.7, and 65.7). Analyses on a set of signals and
coupling constants at δH 6.87 (d, 1H, J = 8.2 Hz, H-12), 7.03 (dd, 1H, J = 8.2, 2.4 Hz, H-13), and 7.06 (d,
1H, J = 2.5 Hz, H-18) as well as another set at δH 7.01 (dd, 1H, J = 8.2, 2.5 Hz, H-6), 6.81 (d, 1H, J = 8.1 Hz,
H-7), and 7.19 (d, 1H, J = 2.5 Hz, H-19) led to the identification of two 1,3,4-trisubstituted phenyl
moieties. From analyses of the NMR, UV (Figure S5), and IR data, compound 1 was determined to be
a neolignan. Compound 1 showed similar 1H and 13C NMR signals (Table 1), partially similar to those
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of corniculatolide A, which has an ether bridge between two propylphenyl moieties [22,23]—except for
the presence of two unusual quaternary carbon signals at δc 126.6 and δc 127.2 instead of two signals
at δc 149.0 and δc 154.2 in corniculatolide A. This indicated a new carbon–carbon linkage formation in
the target molecule.

Table 1. 1H and 13C NMR data of 1a in acetone-d6.

Position δH, mult (J in Hz) δC, Type HMBC (1H-13C)

2 - 175.0, C -
3 2.58, m 35.7, CH2 2, 4, 5
4 2.98, m 29.7, CH2 2, 3, 5, 6, 18
5 - 132.7, C -
6 7.01, dd (8.1, 2.5) 128.3, CH 7, 8, 18
7 6.81, d (8.1) 115.9, CH 5, 6, 8, 9
8 - 152.7, C -
9 - 127.2, C -

10 - 126.6, C -
11 - 151.9, C -
12 6.87, d (8.2) 116.4, CH 10, 11, 14
13 7.03, dd (8.2, 2.5) 129.2, CH 11, 12, 15, 19
14 - 131.4, C -
15 2.82, m 30.7, CH2 13, 14, 16, 17, 19
16 2.25, m 25.2, CH2 14, 15, 17
17 4.29, t (5.0) 65.7, CH2 2, 15, 16
18 7.06, d (2.5) 133.1, CH 4, 6, 8, 10
19 7.19, d (2.5) 133.3, CH 9, 11, 13

a 1H and 13C NMR data (δ) were measured at 400 and 100 MHz, respectively; chemical shifts are in ppm.

The planar structure of 1 was established by the correlation spectroscopy (COSY) (Figure S6)
and heter onuclear multiple bond correlation (HMBC) (Figure S7) correlations (Figure 2). The COSY
correlations established the fragments of H-3/H-4, H-6/H-7, H-12/H-13, and H-15/H-16/H-17 of
compound 1. The HMBC correlations of H-4/C-5, C-6, and C-18 and the correlations of H-15/C-13,
C-14, and C-19 determined the linkages of two sets of propyl and phenyl functions, respectively.
The macroring connection system of two phenylpropanoid moieties was completed on the basis of a
key HMBC correlation between H-17/C-2, H-18/C-10, and H-19/C-9. As mentioned above, compound
1 was categorized as a macrolactone, and named racelactone A. The biosynthesis of racelactone A is
proposed to be initiated by a PAL enzyme of phenylalanine to form dihydrocaffeic acid. The precursor
was resonated to form intermediates A and B. Phenoxy radicals of intermediates A and B were linked
to generate the intermediate C, which was structured as racelactone A during a cyclization (Figure 3).
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Figure 3. Plausible biosynthesis pathway of racelactone A (1).

Circulating endothelial progenitor cells (EPCs) have been reported to promote tumor angiogenesis
and metastasis [24,25]. Tumors can secrete a variety of angiogenic factors to induce the recruitment
of EPCs from bone marrow to the tumor site. Recruited EPCs enter the circulation system from
their niche in bone marrow and extravasate with the chemotactic stimuli. After reaching the tumor
site, EPCs differentiate into the structural part of the tumor vasculature, which contributes to tumor
progression. Furthermore, EPCs have the ability to release pro-inflammatory cytokines that facilitate
the growth and metastatic spread of tumors. Compelling evidence suggests that selective targeting
of EPCs represents a novel therapeutic strategy for cancer treatment [26]. The differentiation and
formation of capillary vessels is the most critical process during EPCs angiogenesis. Therefore,
we performed tube formation assay to evaluate the anti-angiogenic activity of racelactone A in
EPCs. As shown in Figure 4, the capillary tube-like structure was suppressed by racelactone A in a
concentration-dependent manner. Sorafenib, a well-known angiogenesis inhibitor, was used as the
positive control. To confirm this anti-angiogenic effect was not caused by the potential cytotoxicity
of racelactone A, the release of lactate dehydrogenase (LDH) was measured in racelactone A-treated
EPCs. We found that no statistical difference was observed between the control EPCs and EPCs treated
with racelactone A. Collectively, these results reveal that the anti-angiogenic effect of racelactone A is
not due to the cytotoxic action in human EPCs.
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concentration-dependent manner. Sorafenib, a well-known angiogenesis inhibitor, was used as the 
positive control. To confirm this anti-angiogenic effect was not caused by the potential cytotoxicity 
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EPCs. We found that no statistical difference was observed between the control EPCs and EPCs 
treated with racelactone A. Collectively, these results reveal that the anti-angiogenic effect of 
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Figure 4. Effect of racelactone A (1) on tube formation and cytotoxicity of human endothelial 
progenitor cells (EPCs). EPCs were with the indicated concentrations of racelactone A and sorafenib 
for 24 h. The capillary-like structure formation and lactate dehydrogenase (LDH) release were 
determined by tube formation and cytotoxicity assay, respectively. Representative images of EPCs’ 
tube formation were shown (phase contrast, 40×). Data represent the mean ± SEM of five independent 
experiments. ** p < 0.01, *** p < 0.001 compared with the control group. 

Figure 4. Effect of racelactone A (1) on tube formation and cytotoxicity of human endothelial progenitor
cells (EPCs). EPCs were with the indicated concentrations of racelactone A and sorafenib for 24 h.
The capillary-like structure formation and lactate dehydrogenase (LDH) release were determined by
tube formation and cytotoxicity assay, respectively. Representative images of EPCs’ tube formation
were shown (phase contrast, 40×). Data represent the mean ± SEM of five independent experiments.
** p < 0.01, *** p < 0.001 compared with the control group.
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All compounds were subjected to anti-inflammatory assays on superoxide anion generation and
elastase release in fMLF/CB-induced human neutrophils inhibitory effects. Fortunately, the new
compound 1 selectively displayed significant inhibitory activity on superoxide anion generation
(IC50 = 4.95 ± 0.89 µM). The known compounds 4 and 5 also showed strong activity (Table 2).

Table 2. Inhibitory effects of isolates on superoxide anion generation and elastase release in
fMLF/CB-induced human neutrophils.

Compound
Percentage of IC50 (µM) a

Superoxide Anion Elastase Release

1 4.95 ± 0.89 ** >10
4 1.95 ± 0.40 *** >10
5 2.57 ± 0.23 *** >10

genistein b 1.54 ± 0.37 *** 17.47 ± 2.80 ***

Percentage of inhibition (Inh %) at 10 µM concentration. Results are presented as mean ± SEM (n = 3~5). ** p < 0.01,
*** p < 0.001 compared with the control. a Concentration necessary for 50% inhibition (IC50). b positive control.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotation was measured on a JASCO P-1020 digital polarimeter (Tokyo, Japan). UV data
were recorded on a JASCO V-530 UV/VIS Spectrophotometer (Tokyo, Japan). High-resolution ESIMS
data were obtained on a Bruker APEX II spectrometer (Billerica, MA, USA)). The IR spectrum was
measured on a Perkin Elmer system 2000 FT-IR spectrophotometer (Waltham, MA, USA). The NMR
spectra were obtained by JEOL JNM-ECS 400 MHz NMR (Akishima, Japan). Merck (Darmstadt,
Germany) silica gel 60 and GE Healthcare (Chicago, IL, USA) Sephadex LH-20 were used for column
chromatography. The instrumentation for HPLC was composed of a Shimadzu LC-10AD pump (Kyoto,
Japan) and a Shimadzu SPD-M10A PDA detector.

3.2. Material

Specimens of Lumnitzera racemosa were collected in south Taiwan, in August 2015. The research
samples were identified by Yuan-Bin Cheng. A voucher specimen (no. KMU-LR01) was deposited in
the Graduate Institute of Natural Products, College of Pharmacy, Kaohsiung Medical University.

3.3. Extraction and Isolation

The air-dry twigs and leaves (15.0 kg) of L. racemosa were ground and extracted thrice with MeOH
(40 L) at room temperature. The solvent was concentrated under reducing pressure to yield crude
extracts. The MeOH crude extracts were partitioned between H2O/EtOAc (1:1) to afford two portions.
The EtOAc part was partitioned with n-hexane and 75% MeOH in water (1:1). The 75% MeOH(aq)
layer (88.5 g) was subjected to a silica gel column stepwise eluted with n-hexane/EtOAc to yield
botulin (221.1 mg), 3,4,3′-Tri-O-methyl ellagic acid (3330.0 mg), methyl gallate (4730.0 mg), myricitrin
(5599.5 mg), and six fractions (A−J). Fraction C (830 mg) was isolated by silica gel column to give
stigmasterol (63.4 mg). Fraction E (2.4 g) was chromatographed over a silica gel column to afford
six subfractions (E.1−E.6). Subfraction E.4 (196.9 mg) was further separated by an LH-20 column,
eluted with 100% MeOH to yield kaempferol (712.8 mg). Racelactone A (111.0 mg) and isoguaiacin
(83.7 mg) were obtained from subfraction D.1 (144.7 mg) by LH-20 column, eluted with 100% MeOH
and Phenyl-hexyl column (Luna phenyl-hexyl, 100 Å, 250 × 10 mm, Phenomenex®) stepwise from
70% to 100% MeOH(aq).

Racelactone A (1): Light yellow amorphous powder; [α]26
D -0.6 (c 0.05, MeOH); UV (MeOH) λmax

(log ε) 299 (2.85), 252 (2.95), 215 (3.34) nm; IR (neat) vmax: 3364, 1709, 1503, 1411 cm−1; 1H NMR and
13C NMR data, see Table 1; HRESIMS m/z 321.10955 [M + Na]+ (calcd for C18H18O4Na+: 321.10973).
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3.4. Preparation of Human EPCs

The ethical approval for the collection of human EPCs was granted by the Institutional Review
Board of Mackay Medical College, New Taipei City, Taiwan (P1000002). Prior to collecting the
peripheral blood from healthy donors, informed consent was acquired. After density centrifugation
Ficoll-Paque plus (Amersham Biosciences, Uppala, Sweden), peripheral blood mononuclear cells
(PBMCs) were isolated from the fractionated blood components. CD34-positive progenitor cells
were isolated from PMBCs with CD34 MicroBead kit and MACS Cell Separation System (Miltenyi
Biotec, Bergisch Gladbach, Germany). Further isolation and preservation of CD34-positive EPCs were
performed as described previously [27,28]. In the present study, all experiments were carried out
on EPCs between passages 10 and 18. EPCs were cultured with 1% gelatin-coated plasticware and
MV2 complete medium (PromoCell, Heidelberg, Germany) with 20% defined fetal bovine serum (FBS)
(HyClone, Logan, UT, USA) in humidified incubator containing 5% CO2 at 37 ◦C.

3.5. Tube Formation Assay

The capillary tube formation assay was carried out on Matrigel-coated 96-well plates. EPCs were
seeded with the density of 1.25 × 104 cells per well and incubated in an MV2 complete medium with
2% FBS and the indicated concentration of tested compounds for 24 h at 37 ◦C. Quantifications of
EPCs differentiation and capillary-like tube formation were done with photomicrographs taken by an
inverted phase contrast microscope. The long axis of each tube was measured with Image J software in
3 randomly chosen fields per well.

3.6. Cytotoxicity Assay

5 × 103 of EPCs per well were seeded onto 96-well plates and incubated with an MV2 complete
medium containing 2% FBS in the presence of vehicle (DMSO) or racelactone A. The quantification of
LDH release in the medium was done with a cytotoxicity assay kit (Promega, Madison, WI, USA).

3.7. Superoxide Anion and Elastase Release Assays

The assay on superoxide anion generation and elastase release in response to fMLF stimulation
of neutrophils were assayed by the same method as those of the reference published by co-author
Professor Tsong-Long Hwang [29].

4. Conclusions

In summary, eight compounds, including one unusual macrolactone neolignan, were isolated
and identified during a phytochemical investigation of the Taiwanese mangrove, L. racemosa. The new
compound shows promising activities to anti-angiogenic and anti-inflammatory effects. Our findings
suggest that racelactone A (1) may serve as a lead compound worthy of further development against
angiogenesis-related diseases or inflammation-facilitated disorders, especially for the treatment
of cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/11/404/
s1, Figure S1: HRESIMS of racelactone A (1). Figure S2: IR spectrum of racelactone A (1). Figure S3: 1H NMR
Spectrum of racelactone A (1) in acetone-d6. Figure S4: 13C NMR Spectrum of racelactone A (1) in acetone-d6.
Figure S5: UV spectrum of racelactone A (1). Figure S6: COSY Spectrum of racelactone A (1) in acetone-d6.
Figure S7: HMBC Spectrum of racelactone A (1) in acetone-d6.
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Abstract: Fifty-five compounds were isolated from the fresh stems of Cissus assamica, including 14 
benzenoids, 11 triterpenes, nine steroids, five tocopherols, five chlorophylls, four flavonoids, two 
benzoquinones, two tannins, and three other compounds. Their structures were constructed by 1D 
and 2D nuclear magnetic resonance (NMR) and mass spectral data, and were also identified by a 
comparison of their spectral data with those reported in the literature. Among these isolates, 1,2-
bis-(5--tocopheryl) ethane (51) was reported for the first time from natural sources. Some purified 
compounds were examined for their anti-inflammatory and anticancer bioactivities. The results 
indicated that betulinic acid (16) exhibited strong inhibition of superoxide anion generation with 
IC50 value of 0.2 ± 0.1 μM, while betulinic acid (16) and pheophytin-a (47) inhibited elastase release 
with IC50 value of 2.7 ± 0.3 and 5.3 ± 1.0 μM, respectively. In addition, betulinic acid (16) and epi-
glut-5(6)-en-ol (18) exhibited potential cytotoxicity to non-small-cell lung carcinoma (NCI-H226) 
and colon cancer (HCT-116) cell lines with IC50 values in the range of 1.6 to 9.1 μM. 

Keywords: Vitaceae; anti-inflammatory; anticancer; cytotoxicity  
 

1. Introduction 

Cissus assamica L. belong to the Vitaceae family and is distributed in mainland China, Vietnam, 
India, Thailand, Indonesia, the southern part of Taiwan, and Lanyu Island [1]. Traditional Chinese 
medical literature records that the stem of C. assamica can activate the circulation to remove blood 
stasis and treat bruises, fractures, and rheumatoid arthritis [2]. Moreover, several active constituents, 
such as quinolizidine alkaloids, triterpenes, sterols, flavonoids, stilbenes, and saponins, were isolated 
and reported from the Cissus genus [3–11]. Previous biological investigations indicated that the 
extract of C. sicyoides showed moderate cytostatic activity against HEp-2 cells [12] and a significant 
anti-inflammatory effect [13]. In addition, studies of biological activities also showed hypoglycemic, 
anti-dyslipidemic, and anti-allergic effects of this genus [14–26]. However, research related to the 
species C. assamica L. is scarce. Only a few reported the effects of antagonizing the vasoconstriction 
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induced by endothelin-1 [22–26]. Therefore, this study aimed at the purification and identification of 
anticancer and anti-inflammatory principles from the stem of C. assamica. 

2. Results and Discussion 

2.1. Isolation and Characterization of Compounds 

The fresh stems of C. assamica L. were extracted with methanol and refluxed for 8 h. The filtrate 
was concentrated under reduced pressure to yield a dark brown syrup. The crude extract was 
suspended in water and then partitioned with chloroform and n-butanol successively to afford 
chloroform, n-butanol, and water layers, respectively. Purification of the three layers by column 
chromatography yielded a mixture of β-sitosterol (1) and stigmasterol (2) [27], β-sitosteryl glucoside 
(3) [28], a mixture of 3β-hydroxyl stigmast-5-en-7-one (4) and 3β-hydroxystigmast-5, 22-dien-7-one 
(5) [29], a mixture of β-sitostenone (6) [30] and stigmasta-4,22-dien-3-one (7) [31], 6β-hydroxy-β-
sitostenone (8) [32], ergosterol peroxide (9) [33], 3,5,7,4′-tetramethoxyflavone (10) [34], 3′,4′,3,6,7-
pentamethoxyflavone (11) [35], 3′,4′,5,6,7-pentamethoxyflavone (12) [35], 4′,5,6,7-tetramethoxy-
flavone (13) [36], a mixture of oleanolic acid (14) [30] and ursolic acid (15) [28], betulinic acid (16) [37], 
friedelin (17) [38], epi-glut-5(6)-en-ol (18) [39], taraxerol (19) [9], epi-friedelinol (20) [40], glutinone (21) 
[41], lup-28-al-20(29)-en-3-ol (22) [42], a mixture of α-amyrin (23) and β-amyrin (24) [43], bergenin 
(25) [44], p-hydroxybenzaldehyde (26) [45], vanillin (27) [30], methyl gallate (28) [46], gallic acid (29) 
[47], 4-methoxybenzoic acid (30) [48], vanillic acid (31) [30], a mixture of 4-hydroxy-trans-cinnamic 
acid methyl ester (32) and 4-hydroxy-cis-cinnamic acid methyl ester (33) [49], a mixture of octadecyl-
trans-ferulate (34) and octadecyl-cis-ferulate (35) [50], 1-(4-methoxy-phenyl)undecan-1-one (36) [51], 
3-hydroxy-4-methoxybenzoic acid (37) [52], hexadecyl ferulate (38) [45], 2-hydroxybenzoquinone (39) 
[53], 2,6-dimethyoxybenzoquinone (40) [49], 3,3′,4-tri-O-methyl-ellagic acid (41) [54], 3,3′,4,4′-tetra-O-
methylellagic acid (42) [55], methyl pheophorbide-a (43) [49], a mixture of methyl-21-hydroxy-(21S)-
pheophorbide-a (44) and methyl-21-hydroxy-(21R)-pheophorbide-a (45) [49], methyl-21-hydroxyl-
(21S)-pheophorbide-b (46) [49], pheophytin-a (47) [49], α-tocopherol (48) [56], tocopherol trimer IVa 
(49) [57], tocopherol trimer IVb (50) [57], 1,2-bis-(5--tocopheryl)ethane (51) [58], α-tocospirol B (52) 
[59], 5,6-dimethoxy-3-methyl-2-cyclohexa-2,5-dien-1,4-dione (53) [60], 3-methyl-8-hydroxy-3,4-
dihydroisocoumarin (54) [61], and methyl linoleate (55) [62], respectively. Among them, 1,2-bis-(5--
tocopheryl)ethane (51) (Figure 1) is reported from natural sources for the first time. 

       

       

Figure 1. Structures of compounds 16, 18, 47 and 51. 
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2.2. Structural Elucidation of Compound 51 

1,2-Bis-(5--tocopheryl)ethane (51) was isolated as a light yellow syrup. Its UV spectrum had an 
absorption maximum at 294 nm. The IR spectrum suggested the presence of hydroxyl (3444 cm−1) and 
an aromatic conjugated double bond (1458 and 1377 cm−1). The 13C-NMR and DEPT spectra exhibited 
a benzene ring partial structure that has two oxygenated substituents at δ 117.0 (s), 122.1 (s), 123.4 (s), 
124.1 (s), 145.5 (s), and 146.3 (s). The 1H-NMR spectrum of 51 exhibited signals for two methyl and 
one methylene groups attached to a benzene ring at δ 2.13, 2.18, and 2.73. Comparing all the 1H- and 
13C-NMR spectral signals carefully, the structure of 51 was similar to that of α-tocopherol (48) [56]. It 
indicated that they are very closely related analogues, differing only in the presence of a methylene 
group (δH 2.73, δC 26.7) in 51, instead of the methyl group (δH 2.17, δC 11.2) found in 48 (Table 1). To 
establish the structure of 51, 2D NMR including correlation spectroscopy (COSY), nuclear 
Overhauser enhancement spectroscopy (NOESY), heteronuclear multiple quantum correlation 
(HMQC), and heteronuclear multiple bond correlation (HMBC) experiments were conducted. In the 
HMBC experiment, the correlations observed for H-5a (δH 2.18)/C-4, C-5, C-6 and H-6a (δH 2.13)/C-1, 
C-5, C-6 indicate that two methyl groups are located in the ortho position on the benzene ring. 
Moreover, the correlation of the methylene proton at δH 2.73 with C-3 in HMBC spectrum suggests 
that the location C-3a in the dimerization of alpha-tocopherol forms the dimer 51. Conclusively, the 
structure of 51 was assigned as 1,2-bis-(5--tocopheryl)ethane, which had been reported by synthesis 
[58], but is reported from natural sources for the first time. The NMR spectra are presented Figures 
S1–S6. 

Table 1. 1H- and 13C-NMR spectra data of 48 and 51 (CDCl3, 400 MHz). 

Position 
48 51 

δH (mult., J in Hz) δC δH (mult., J in Hz) δC 
1  145.5  146.3 
2  117.2  117.0 
3  118.5  123.4 
4  144.5  145.5 
5  121.1  122.1 
6  122.6  124.1 
7 2.64 (t, 4.5) 21.0 2.74 (m) 21.7 
8 1.79 (m) 31.5 1.83 (m) 32.3 
9  74.5  75.3 

10 1.56 (m) 39.8 1.56 (m) 40.7 
11 1.54 (m) 22.6 1.54 (m) 21.3 
12 1.26~1.25 (m) 37.4 1.28~1.25 (m) 38.2 
13 1.31 (d, 7.4) 32.7 1.32 (d, 7.2) 33.4 
14 1.26~1.25 (m) 37.2 1.28~1.25 (m) 37.9 
15 1.26~1.25 (m) 24.8 1.28~1.25 (m) 25,5 
16 1.26~1.25 (m) 37.5 1.28~1.25 (m) 38.2 
17 1.31 (d, 7.4) 32.8 1.32 (d, 7.2) 33.5 
18 1.16~1.13 (m) 37.4 1.16~1.13 (m) 38.2 
19 1.16~1.13 (m) 25.1 1.16~1.13 (m) 25,2 
20 1.16~1.13 (m) 39.4 1.16~1.13 (m) 40.1 
21 1.52 (m) 27.9 1.52 (m) 28.7 
22 0.91 (d, 6.4) 23.7 0.86 (d, 7.2) 23.4 
3a 2.17 (s) 11.2 2.73 (s) 26.7 
5a 2.22 (s) 12.8 2.18 (s) 12.8 
6a 2.19 (s) 11.8 2.13 (s) 12.6 
9a 1.28 (s) 24.4 1.24 (s) 24.5 
13a 0.90 (d, 7.4) 20.3 0.85 (d, 7.2) 20.3 
17a 0.89 (d, 7.4) 20.7 0.83 (d, 7.2) 20.5 
21a 0.93 (d, 6.5) 22.7 0.87 (d, 7.2) 23.3 
OH 4.25 (s)  5.41 (s)  
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2.3. Anti-Inflammatory Activity 

Neutrophils are the most abundant white blood cells and participate in the development of the 
inflammatory reactions in human body; they are important factors in the immune defense against 
various diseases. Some cytotoxins—for example, the superoxide anion radical, bioactive lipids, 
granule proteases, and elastase—can be secreted when the different stimuli activate neutrophils. 
Moreover, they are also major contributors to tissue destruction in chronic inflammatory diseases. It 
has been proposed that inhibiting neutrophil activation is a method of enhancing inflammatory 
disorders [63–66]. Most of the purified compounds in this study were inspected for the inhibition of 
elastase release and superoxide anion generation by human neutrophils in response to N-formyl-L-
methionyl-phenylalanine/cytochalasin B (fMLP/CB). Only compound 16 (Figure 1) displayed 
significant inhibition of superoxide anion generation, with an IC50 value of 0.2 ± 0.1 μM (Table 2). In 
addition, compounds 16 and 47 also exhibited an inhibitory effect on elastase release with an IC50 
value of 2.7 ± 0.3 and 5.3 ± 1.0 μM, respectively (Table 2). The inhibitory effects of all the tested 
compounds on superoxide anion generation and elastase release by human neutrophils in response 
to fMLP/CB are presented in Table S1. The cytotoxicity of compounds 16, 47, and LY294002 (a PI3K 
inhibitor, as a positive control) was examined in human neutrophils using an LDH release assay 
(Figure S7). All these compounds did not induce LDH release, suggesting that the inhibitory effects 
did not result from cytotoxicity in human neutrophils. 

Table 2. Inhibitory effects of isolated compounds on superoxide anion generation and elastase release 
by human neutrophils in response to fMLP/CB. 

Compound 
Superoxide Anion Generation Elastase Release 

IC50 (μM) a IC50 (μM) 
16 0.2 ± 0.1 *** 2.7 ± 0.3 ***  
47 >10 5.3 ± 1.0 ***  

LY294002 b 0.4 ± 0.1 *** 1.5 ± 0.3 *** 
Results are presented as mean ± S.D. (n = 3~4). *** p < 0.001 compared with the control (DMSO). a 
Concentration necessary for 50% inhibition (IC50). b A phosphatidylinositol-3-kinase inhibitor was 
used as a positive control. 

2.4. Cytotoxicity 

In order to evaluate the growth inhibitory activity of the purified compounds against cancer 
cells, this study selected three different cell lines from malignant tumors including human 
nasopharyngeal carcinoma (NPC-TW01), non-small-cell lung carcinoma (NCI-H226), and colon 
cancer cell lines (HCT116). The results showed that betulinic acid (16) and epi-glut-5(6)-en-ol (18) 
(Figure 1) exhibited significant cytotoxicity with IC50 values ranged from 1.6 to 9.1 μM (Table 3). 
Moreover, betulinic acid (16) exhibited powerful inhibitory activity against NCI-H226 and HCT116 
with IC50 values of 2.0 and 1.6 μM, respectively. Our study suggested the stem extracts of C. assamica 
and the purified compounds are potential candidates for the development of anti-cancer drugs. The 
preliminary growth inhibitory activity of all the tested compounds is presented in Table S2. 

Table 3. Cytotoxicity of compounds 16, 18, 20, 21, 41 and 52. 

Compounds 
Cell Lines 

NCI-H226 HCT-116 
IC50 (μM) IC50 (μM) 

16 2.0 1.6 
18 9.1 6.0 
20 15.8 16.7 
21 38.0 24.0 
41 31.6 30.3 
52 >50 39.4 
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3. Materials and Methods 

3.1. General Information 

UV spectra were obtained with a Hitachi UV-3210 and UV-3010 spectrophotometer (Hitachi, 
Tokyo, Japan), and IR spectra were measured with a Shimadzu FTIR Prestige-21 spectrometer 
(Shimadzu, Kyoto, Japan). Optical rotations were measured with a HORIBA SEPA-300 digital 
polarimeter in a 0.5 dm cell (Horiba, Kyoto, Japan). The ESIMS and HRESIMS were taken on a Bruker 
Daltonics APEX II 30e spectrometer (Bruker, Billerica, MA, USA). 1H- and 13C-NMR spectra were 
measured using Bruker Avance-300, AMX-400, and AV-500 spectrometers (Bruker, Billerica, MA, 
USA) with TMS as the internal reference, and chemical shifts are expressed in δ (ppm). Silica gel (70–
230 and 230–400 mesh; Merck, Darmstadt, Germany) and Spherical C18 100 Å reversed phase silica 
gel (RP-18; particle size 20–40 μm; Silicycle, Quebec City, QC, Canada) were used for column 
chromatography (CC), and silica gel 60 F254 and RP-18 F254S thin-layer chromatography (TLC) plates 
(Merck, Darmstadt, Germany) were used for preparative TLC, respectively. 

3.2. Materials 

The fresh stems of C. assamica L. were collected from Taitung Hsien, Taiwan, in October 2009 
and verified by Prof. Chang-Sheng Kuoh (Department of Biology, National Cheng Kung University, 
Tainan, Taiwan). A voucher specimen (TSWu 20091016) has been deposited in the Herbarium of 
School of Pharmacy, National Cheng Kung University, Tainan, Taiwan.  

3.3. Extraction and Isolation 

The fresh stems of C. assamica L. (15 kg) were extracted with methanol (15 × 20 L) and refluxed 
for 8 h. The filtrate was evaporated under reduced pressure to yield a dark brown syrup (418 g). The 
residue was suspended in water and then partitioned with chloroform (5 × 2 L) and n-butanol (5 × 2 
L) successively to afford chloroform (63 g), n-butanol (145 g) and water (210 g) soluble fractions 
respectively. 

The chloroform soluble extracts were fractionated via silica gel column chromatography eluting 
with n-hexane/acetone (9:1) to afford seven fractions, on the basis of TLC monitoring. Fraction 1 was 
subjected to silica gel column chromatography eluted with n-hexane/acetone (79:1) to yield a mixture 
of β-sitosterol (1) and stigmasterol (2) (3.1 g), 3,5,7,4′-tetramethoxyflavone (10, 2.9 mg), 3′,4′,3,6,7-
pentamethoxyflavone (11, 12.2 mg), 3′,4′,5,6,7-pentamethoxyflavone (12, 6.1 mg), 4′,5,6,7-tetra-
methoxyflavone (13, 3.1 mg), friedelin (17, 1.8 g), taraxerol (19, 3.9 mg), glutinone (21, 3.2 mg) and 
methyl linoleate (55, 20.7 mg). 

Purification of fraction 2 by column chromatography with silica gel was eluted by a gradient of 
benzene/ethyl acetate (79:1) to afford epi-glut-5(6)-en-ol (18, 23.2 mg), α-tocopherol (48, 200 mg), 
tocopherol trimer IVa (49, 24.3 mg), tocopherol trimer IVb (50, 28.1 mg), 1,2-bis-(5--tocopheryl)- 
ethane (51, 15.4 mg), α-tocospirol B (52, 6.1 mg) and 5,6-dimethoxy-3-methyl-2-cyclohexa-2,5-dien-
1,4-dione (53, 52.2 mg). 

Separation of fraction 3 by column chromatography with silica gel eluted by n-hexane/ethyl 
acetate (9:1) yielded a mixture of 3β-hydroxystigmast-5-en-7-one (4) and 3β-hydroxystigmast- 5,22-
dien-7-one (5, 4.5 mg), a mixture of β-sitostenone (6) and stigmasta-4,22-dien-3-one (7, 13.7 mg), 6β-
hydroxy-β-sitostenone (8, 16.9 mg), ergosterol peroxide (9, 35 mg), epi-friedelinol (20, 200 mg), lup-
28-al-20(29)-en-3-ol (22, 3.2 mg), a mixture of α-amyrin (23) and β-amyrin (24, 60 mg), a mixture of 4-
hydroxy-trans-cinnamic acid methyl ester (32) and 4-hydroxy-cis-cinnamic acid methyl ester (33, 190 
mg), a mixture of octadecyl-trans-ferulate (34) and octadecyl-cis-ferulate (35, 45.3 mg), hexadecyl 
ferulate (38, 20.7 mg) and 3-methyl-8-hydroxy-3,4-dihydroisocoumarin (55, 3.5 mg). 

Fraction 4 was chromatographed over silica gel eluted with a benzene/acetone gradient (49:1) to 
give a mixture of oleanolic acid (14) and ursolic acid (15, 49.6 mg), betulinic acid (16, 63.6 mg), 4-
methoxybenzoic acid (30, 4.7 mg), 1-(4-methoxyphenyl)undecan-1-one (36, 2.3 mg) and pheophytin-
a (47, 11.2 mg). 
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Purification of fraction 5 by column chromatography with silica gel was eluted by a gradient of 
chloroform/acetone (49:1) to afford 2-hydroxybenzoquinone (39, 3.5 mg), methyl pheophorbide-a (43, 
3.1 mg), a mixture of methyl-21-hydroxy-(21S)-pheophorbide-a (44) and methyl-21-hydroxy-(21R)-
pheophorbide-a (45, 3.5 mg). 

Separation of fraction 6 by column chromatography with a silica gel eluted by 
chloroform/acetone (49:1) yielded p-hydroxybenzaldehyde (26, 4.0 mg), 3,3′,4-tri-O-methylellagic 
acid (41, 37.7 mg), 3,3′,4,4′-tetra-O-methylellagic acid (42, 1.5 mg) and methyl-21-hydroxy-(21S)-
pheophorbide-b (46, 3.6 mg). 

Fraction 7 was subjected to silica gel column chromatography eluted with chloroform/methanol 
(49:1) to yield β-sitosteryl glucoside (3, 700 mg), vanillin (27, 7.8 mg), vanillic acid (31, 1.7 mg), 3-
hydroxy-4-methoxybenzoic acid (37, 3.2 mg), 2, 6-dimethyoxybenzoquinone (40) (3.5 mg). 

The n-butanol layer was subjected directly to Diaion HP-20 column chromatography, eluted 
with water containing increasing proportions of methanol, to give six fractions. Fraction 1 was 
chromatographed over Sephadex LH-20 eluted with gradient of water/methanol to give gallic acid 
(29, 600 mg). Fraction 2 was chromatographed on Sephadex LH-20 eluted with gradient of 
water/methanol to afford bergenin (25, 6.2 g). Fraction 4 was chromatographed on Sephadex LH-20 
with water/methanol to give methyl gallate (28, 32.1 mg). 

1,2-Bis-(5--tocopheryl)ethane (51): light yellow syrup; UV λmax (MeOH) nm (log ε) 294; IR (KBr) 
νmax cm−1 3444, 2920, 2850, 1458, 1377, 1257, 1087; 1H- and 13C-NMR data, see Table 1. 

3.4. Anti-Inflammatory Bioactivity Examination 

3.4.1. Preparation of Human Neutrophils 

Human neutrophils study was approved by Chang Gung Memorial Hospital Institutional 
Review Board, Taoyuan, Taiwan. It was conducted according to the Declaration of Helsinki. Blood 
was obtained from healthy donors (20–32 years old) who provided written informed consent before 
blood was drawn. Briefly, neutrophils were isolated by dextran sedimentation, Ficoll‒Hypaque 
gradient centrifugation, and hypotonic lysis of the erythrocytes [67]. 

3.4.2. Measurement of Superoxide Anion Generation and Elastase Release 

The superoxide anion generation and elastase release were measured using the reduction of 
ferricytochrome c and elastase substrate, methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide, 
respectively, as described previously [68–70]. Human neutrophils were suspended in HBSS 
containing ferricytochrome c (0.6 mg/mL) or elastase substrate (100 μM) at 37 °C and treated with 
DMSO or tested compounds for 5 min. The cells were then activated using fMLF (0.1 
μM)/cytochalasin B (CB, 1 μg/mL for superoxide generation and 0.5 μg/mL for elastase release) and 
the change of absorbance was continually measured at 550 nm and 405 nm by a spectrophotometer 
(U-3010, Hitachi) to determine the superoxide anion generation and elastase release, respectively. 

3.4.3. Detection of Cytotoxicity 

Human neutrophils were treated with DMSO or tested compounds and incubated at 37 °C for 
15 min. The supernatant was assayed to detect the released LDH using CytoTox 96 non-radioactive 
cytotoxicity assay (Promega, Madison, WI, USA). The results are presented in Figure S7. 

3.5. Determination of Anticancer Bioactivity 

3.5.1. Cell Lines 

Human cancer cell lines, non-small cell lung carcinoma (NCI-H226) and colon cancer cell line 
(HCT116) were obtained from the American Type Culture Collection (Rockville, MD, USA). A 
nasopharyngeal carcinoma (NPC-TW01) cell line was purchased from Food Industry Research and 
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Development Institute (Hsinchu, Taiwan). Tumor cells were maintained in proper medium 
supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere of 5% CO2. 

3.5.2. Growth Inhibition Assay 

The evaluation of cell growth and survival was carried out according to Hansen et al. [71] with 
some modifications. 

4. Conclusions 

In summary, 55 compounds were characterized from the fresh stems of C. assamica, including 14 
benzenoids, 11 triterpenes, nine steroids, five tocopherols, five chlorophylls, four flavonoids, two 
benzoquinones, two tannins, and three other compounds. Among these isolates, 1,2-bis-(5--
tocopheryl)ethane was reported for the first time from natural sources. Furthermore, the inhibitory 
activity on superoxide anion generation and elastase release and the cytotoxicity on three cancer cells 
were analyzed. The present study suggests that the stems of C. assamica and several compounds of 
its isolation could be further developed as candidates for the treatment or prevention of cancer and 
various inflammatory diseases. Thus, the detailed mechanism of action of these compounds appears 
worthy of follow-up investigation. 

Supplementary Materials: The following are available online at www.mdpi.com/1420-3049/23/11/2799/s1, 
Tables S1 and S2: Anti-inflammatory and cytotoxic effects of all the tested compounds from C. assamica; Figures 
S1-S6: NMR spectra of compound 51; Figure S7: Cytotoxicity of compounds 16, 47 and LY294002. 
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A B S T R A C T

Staphylococcus aureus (S. aureus) can often lead to many life-threatening diseases. It has the ability to invade
normal endovascular tissue. Acute inflammation and its resolution are important to ensure bacterial clearance
and limit tissue injury. Carbon monoxide (CO) has been shown to exert anti-inflammatory effects in various
tissues and organ systems. In our study, we investigated the effects and the mechanisms of carbon monoxide
releasing molecule-2 (CORM-2) on S. aureus-induced inflammatory responses in human aortic endothelial cells
(HAECs). We proved that S. aureus induced cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2)/interleukin-6
(IL-6)/matrix metallopeptidase-9 (MMP-9) expression and cell migration, which were decreased by CORM-2.
Moreover, CORM-2 had no effects on TLR2 mRNA levels in response to S. aureus. Interestingly, we proved that S.
aureus decreased intracellular ROS generation, suggesting that the inhibition of ROS further promoted in-
flammatory responses. However, CORM-2 significantly inhibited S. aureus-induced inflammation by increasing
intracellular ROS generation. S. aureus-induced NF-κB activation was also inhibited by CORM-2. Finally, we
proved that S. aureus induced levels of the biomarkers of inflammation in cardiovascular diseases, which were
inhibited by CORM-2. Taken together, these results suggest that CORM-2 inhibits S. aureus-induced COX-2/
PGE2/IL-6/MMP-9 expression and aorta inflammatory responses by increasing the ROS generation and reducing
the inflammatory molecules levels.

1. Introduction

Staphylococcus aureus (S. aureus) is a common pathogen causing
human skin and other soft tissues, bloodstream, and respiratory tract
bacterial infections [1]. In addition, S. aureus often causes endocarditis,
bacteremia, and endovascular infections [2]. The interactions between

S. aureus and endothelial cells are considered to be the most important
interactions in the pathogenesis of cardiovascular infection [3]. How-
ever, these interactions can cause damage to heart valves in en-
docarditis or induce multi-organ dysfunction [3]. Recently, Venza et al.
proved that S. aureus can trigger interleukin-8 (IL-8) activation by in-
creasing cyclooxygenase-2 (COX-2) levels and prostaglandin E2 (PGE2)
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production in S. aureus-infected human conjunctival cells [4]. More-
over, Klemm et al. proved that interleukin-6 (IL-6), a marker of severe
disease, was up-regulation during S. aureus infection [5]. Matrix me-
talloproteinase-9 (MMP-9) is thought to be involved in extracellular
matrix degeneration and inflammation [6].

Carbon monoxide (CO) is currently known to be generated in cells
or tissues as a byproduct of heme oxygenase (HO) after heme catalytic
activity [7,8]. Even though CO is toxic to humans at high concentration,
many studies have documented that low-dose exogenous CO (approxi-
mately 250–500 ppm) have protective effects against various human
diseases [9–12]. Previous studies have confirmed that low concentra-
tions of CO or CO-releasing molecules (CORMs) can eliminate micro-
organisms, regulate cell death, and resist inflammation [8,10,13].
However, the lipid-soluble tricarbonyldichlororuthenium (II) dimmer
(CORM-2) is the most characterized CO-RMs [14]. In this study, we
hypothesized that CORM-2 may be effective as an anti-inflammatory
modulator and a therapeutic agent for aorta inflammation.

Increased oxidative stress often causes cell damage and leads to
inflammation [15]. Oxidative stress may occur due to increased gen-
eration and/or reduced ROS destruction [15]. It is known that NADPH
oxidase is the critical enzyme for the generation of ROS under various
pathological conditions. The balance between destruction and produc-
tion of ROS depends on the NADPH oxidase activity and endogenous
cellular antioxidants levels. Studies have confirmed that bacteria may
be killed by a variety of deadly stressors, some of which facilitate a ROS
cascade [16]. Bacteria have multiple protective proteins to detoxify
ROS [16]. On the other hand, Tavares et al. proved that CORM-2 could
promote intracellular ROS generation, and then cause DNA lesions to
bacterial cells [17]. Thus, in the present study, we intend to establish
whether the generation of ROS by CORM-2 may indeed result in the
inhibition of S. aureus-induced inflammation in human aortic

endothelial cells (HAECs) and mice. We report here for the first time
that in HAECs, CORM-2 inhibits S. aureus-induced COX-2/IL-6/MMP-9
expression and inflammatory responses by increasing the ROS genera-
tion and reducing the NF-κB activity.

2. Materials and methods

2.1. Materials

We purchased anti-COX-2, anti-GAPDH, anti-p65, and anti-COX-1
antibodies from Santa Cruz Biotechnology Inc (SantaCruz, CA, USA).
Anti-phospho-p65 antibody was purchased from Cell Signaling
(Danvers, MA, USA). SC-51322, MCI-186, and diphenyleneiodonium
(DPI) were purchased from Calbiochem (San Diego, CA, USA). CORM-2,
hemoglobin (Hb), H2O2, lipoteichoic acid (LTA), MitoTEMPO, N-acetyl-
L-cysteine (NAC), enzymes, and other chemicals were purchased from
Sigma (St. Louis, MO, USA). NF-κB(p65) transcription factor assaykit
and helenalin (HLN) were purchased from Cayman (Ann Arbor, MI,
USA).

2.2. Cell culture

HAECs were purchased from Cascade Biologics (Portland, OR). The
cells were grown in culture flasks in endothelial cell growth medium,
M200 (Cascade Biologics, Inc.) supplemented with fetal bovine serum
(FBS, 5%), human basic fibroblast growth factor (3 ng/ml), human
epidermal growth factor (10 ng/ml), streptomycin (100 pg/ml), peni-
cillin (100 U/ml), insulin (10mg/ml), and Fungizone (1.25 mg/ml) at
37 °C in a humidified 5% CO2 atmosphere. Cells were used between
passages 3 and 7 in this study.

Fig. 1. CORM-2 inhibits S. aureus-induced
COX-2/PGE2 expression. (A) Cells were in-
cubated with CORM-2 for the indicated times,
and then the cell viability was determined. (B)
Cells were pretreated with CORM-2 (50 μM) for
2 h, and then treated with S. aureus for 24 h.
The COX-2 expression was determined by
Western blot. (C) Cells were pretreated with
CORM-2 (50 μM) for 2 h, and then treated with
S. aureus for 6 h. The COX-2 mRNA levels were
determined by real-time PCR. (D) Cells were
pretreated with CORM-2 (50 μM) for 2 h, and
then treated with S. aureus for 6 h. The COX-2
promoter activity was determined by promoter
assay. (E) Cells were pretreated with CORM-2
(50 μM) in the presence or absence of 20 μg/ml
hemoglobin (Hb), and then treated with S.
aureus for 24 h. The PGE2 production was
measured. Data are expressed as
mean ± S.E.M. of five independent experi-
ments. #P < 0.01, as compared with the cells
exposed to S. aureus alone. **P < 0.05, as
compared with the cells exposed to CORM-2 +
S. aureus.
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2.3. Preparation of S. aureus

S. aureus (strain 12,598; a gift from Dr J. C. Shu, Department of
Medical Biotechnology and Laboratory Science, Chang Gung
University, Tao-Yuan, Taiwan) was maintained in BHI (brain heart in-
fusion) broth (Sigma). However, the preparation of S. aureus can refer
to our previous study [18]. In each experiment, approximately 2×107

bacteria, representing a bacteria/epithelial cell ratio of 20:1, were
added in 1ml of RPMI 1640 medium (Gibco) to each well.

2.4. Transient transfection with siRNAs

Scrambled, IL-6, MMP-9, p65, p50, TLR2, and TLR4 human siRNAs
were purchased from Sigma (St. Louis, MO, USA). We transiently
transfected siRNA (100 nM) using a Lipofectamine™ RNAiMAX reagent
according to the manufacturer's instructions.

2.5. Real-Time PCR

We used TRIzol reagent to extract total RNA. We then reverse-
transcribed mRNA into cDNA and analyzed by real-time PCR using

SYBR Green PCR reagents (Applied Biosystems, Branchburg, NJ, USA)
and primers specific for human GAPDH, COX-2, TLR2, and TLR4 and
mouse GAPDH, COX-1, and COX-2 mRNAs. Finally, COX-1, COX-2,
TLR2, and TLR4 mRNA levels were determined by normalizing to that
of GAPDH expression.

2.6. Migration assay

HAECs were cultured to confluence in 10-cm dishes and starved
with serum-free M200 for one day. We then scratched the monolayer
cells with a blade, creating extended and definite scratches in the center
of the dishes with a bright and clear field. The cells were washed once
with PBS to remove the detached cells. After pretreatment with the
inhibitors for 2 h, serum-free M200 with or without S. aureus was added
to each dish containing the DNA synthesis inhibitor hydroxyurea
(10 μM) during the period of incubation. We counted the number of
migratory cells from the resulting four phase images for each point and
then averaged for each experimental condition. The final data came
from three separate assays.

Fig. 2. CORM-2 inhibits S. aureus-induced
MMP-9-dependent cell migration. (A) Cells
were pretreated with SC-51322 for 1 h or pre-
treated with CORM-2 for 2 h, and then treated
with S. aureus for 24 h. The IL-6 production
was measured. (B) Cells were pretreated with
SC-51322 for 1 h or CORM-2 for 2 h or trans-
fected with siRNA of scrambled or IL-6, and
then treated with S. aureus for 24 h. The MMP-
9 production was measured. (C) Cells were
transfected with siRNA of scrambled, IL-6, or
MMP-9 or preincubated with CORM-2 for 2 h,
and then treated with S. aureus for 24 h. The
cell migration was determined by migration
assay. Data are expressed as mean ± S.E.M. of
three independent experiments. #P < 0.01, as
compared with the cells exposed to S. aureus
alone. ##P < 0.01, as compared with the
cells exposed to S. aureus + scrambled siRNA.
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Fig. 3. CORM-2 has no effects on TLR-2 expression induced by S. aureus. (A)
Cells were transfected with siRNA of scrambled, TLR4, or TLR2, and then
treated with S. aureus for 24 h. The COX-2 expression was determined by
Western blot. (B) Cells were transfected with siRNA of scrambled, TLR2, or
TLR4, and then treated with S. aureus for 24 h. The cell migration was de-
termined by migration assay. (C) Cells were treated with LTA or S. aureus in the
presence or absence of CORM-2. The TLR2 and TLR4 mRNA levels were de-
termined by real-time PCR. Data are expressed as mean ± S.E.M. of four in-
dependent experiments. #P < 0.01, as compared with the cells exposed to S.
aureus + scrambled siRNA (A, B). #P < 0.01, as compared with the basal
level (C).

(caption on next page)
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2.7. Measurement of intracellular ROS accumulation

We used CellROX Green Reagent (Molecular Probes, Eugene, OR,
USA) to measure oxidative stress in live cells. The fluorescence for
CellROX Green Reagent staining was detected at 485/520 nm. HAECs
were washed with warm Hank's Balanced Salt Solution (HBSS) and
incubated in HBSS containing 5 μM CellROX Green Reagent at 37 °C for
30min. Subsequently, HBSS containing CellROX Green Reagent was
removed and replaced with fresh medium. HAECs were then incubated
with S. aureus for the indicated times. Finally, HAECs were washed

twice with PBS and detached with trypsin/EDTA, and the fluorescence
intensity of the cells was analyzed using a FACScan flow cytometer (BD
Biosciences, San Jose, CA) at 485 nm excitation and 520 nm emission.

2.8. Measurement of MMP-9 and IL-6 generation

HAECs were cultured in 12-well culture plates. After reaching
confluence, HAECs were incubated with S. aureus for the indicated
times at 37 °C. The media were gathered and IL-6 and MMP-9 levels
were assayed by using an IL-6 ELISA kit (BioSource International,
Camarillo, CA, USA) and MMP-9 ELISA kit (Thermo scientific,
Rockford, USA), respectively, following the instructions of the manu-
facturers.

2.9. Measurement of PGE2 generation

HAECs were cultured in 12-well culture plates. After reaching
confluence, HAECs were incubated with S. aureus for the indicated
times at 37 °C. The media were gathered and PGE2 levels were assayed
by using a PGE2 ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA)
following the instructions of the manufacturers.

2.10. Western blot

We cultured HAECs in 6-well culture plates. After reaching con-
fluence, HAECs were incubated with S. aureus for the indicated times at
37 °C. Western blot analysis methods have been described [18]. Finally,
membranes were incubated with the anti-COX-2 antibody for one day,
and then incubated with the anti-mouse horseradish peroxidase anti-
body for 60min. We used enhanced chemiluminescence (ECL) reagents
to detect immunoreactive bands.

2.11. Measurement of COX-2 luciferase promoter activity

We cloned the human COX-2 promoter (a region spanning ―459 to
+9 bp) into pGL3-basic vector (Promega, Madison, WI, USA) to con-
struct a COX-2-luc plasmid. The COX-2 luciferase promoter assay was
performed as we have described [19]. Firefly luciferase activities were
finally normalized to β-gal activity.

2.12. Gelatin zymography

HAECs were plated onto 6-well culture plates and made quiescent at
confluence by incubation in serum-free M200 for 24 h, and then in-
cubated with S. aureus at 37 °C for the indicated time intervals. The
culture medium was collected and centrifuged at 10,000g for 5min at
4 °C to remove cell debris. The MMP-9 expression was analyzed as
previously described [6].

2.13. Animal care and experimental procedures

Male ICR mice aged 6–8 weeks were from the National Laboratory
Animal Centre (Taipei, Taiwan) and were handled according to NIH
Guides for the Care and Use of Laboratory Animals. We used 100 μl
bacterial suspension (2×107 CFU/mouse) into ICR mice using the i.p.
injection. Control mice were administered BHI. ICR mice were given i.p.
(intraperitoneally) one dose of NAC, MCI-186, or CORM-2 for 2 h before
S. aureus (2× 107 CFU/mouse) treatment. The animals were killed
after 48 h. Plasma MPO and serum CRP, IL-6, and TNF-α were mea-
sured.

2.14. Statistical software and analysis

We analyzed the data with the GraphPad Prism program (GraphPad,
San Diego, CA, USA). Quantitative data were expressed as the
mean ± S.E.M. and analyzed with one-way ANOVA followed with

Fig. 4. S. aureus reduces ROS generation in HAECs. (A) Cells were pretreated
with NAC (10mM) or MCI-186 (10 μM) for 2 h, and then treated with S. aureus
for 24 h. The COX-2 expression was determined by Western blot. (B) Cells were
pretreated with NAC (10mM) or MCI-186 (10 μM) for 2 h, and then treated
with S. aureus for 6 h. The COX-2 mRNA levels were determined by real-time
PCR. (C) Cells were treated with H2O2 or S. aureus in the presence or absence of
NAC (10mM), and then the intracellular ROS generation was determined. (D)
Cells were treated with CORM-2 for the indicated times or pretreated with Hb
(20 μg/ml), NAC (10mM), DPI (1 μM), or MitoTEMPO (10 μM) for 2 h, and then
incubated with CORM-2 for 2 h. The intracellular ROS generation was de-
termined. Data are expressed as mean ± S.E.M. of three independent experi-
ments. *P < 0.05; #P < 0.01, as compared with the basal level. **P < 0.05,
as compared with the cells exposed to CORM-2 alone.

Fig. 5. CORM-2 inhibits S. aureus-induced inflammation by increasing in-
tracellular ROS generation. Cells were pretreated with CORM-2 in the presence
or absence of NAC, and then treated with S. aureus for 6 h or 24 h. In addition,
cells were pretreated with H2O2, and then treated with S. aureus for 6 h or 24 h.
The COX-2 mRNA levels were determined by real-time PCR. The PGE2 pro-
duction was measured. Data are expressed as mean ± S.E.M. of four in-
dependent experiments. #P < 0.01, as compared with the cells exposed to S.
aureus alone. **P < 0.05, as compared with the cells exposed to CORM-2 + S.
aureus.
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Tukey’s post-hoc test. We defined P < 0.05 as a significant difference.

3. Results

3.1. CORM-2 inhibits S. aureus-induced COX-2/PGE2 expression

S. aureus has been shown to promote COX-2 or PGE2 expression in
various cell types [4,18]. In addition, CO can perform the anti-in-
flammatory effects in various tissues [8–10]. First, we examined the
effects of CORM-2 on the cell viability of HAECs. As shown in Fig. 1A,
we proved that various concentrations of CORM-2 (1, 10, 50, and
100 μM) had no effects on the cell viability of HAECs. Pretreatment

with CORM-2 (50 μM) markedly inhibited S. aureus-induced COX-2
protein and mRNA levels and promoter activity (Fig. 1B–D). COX-2
converts arachidonic acid to bioactive lipids, including PGE2 which
could be used as a marker of COX-2 activity [19]. Moreover, as shown
in Fig. 1E, we proved that S. aureus significantly promoted PGE2 re-
lease, which was reduced by CORM-2 (50 μM). However, the addition
of CO scavenger, hemoglobin (Hb), significantly reversed the attenu-
ating effects of CORM-2 on PGE2 secretion induced by S. aureus
(Fig. 1E). Taken together, we suggest that CORM-2 can reduce in-
flammatory responses via the inhibition of COX-2/PGE2 expression in
HAECs.

Fig. 6. CORM-2 inhibits S. aureus-induced
COX-2 expression via the reduction of NF-κB
activity. (A) Cells were pretreated with HLN
for 1 h, and then treated with S. aureus for 24 h.
The COX-2 expression was determined by
Western blot. (B) Cells were transfected with
siRNA of scrambled, p65, or p50, and then
treated with S. aureus for 6 h. The COX-2
mRNA levels were determined by real-time
PCR. (C) Cells were transfected with siRNA of
scrambled, p65, or p50, and then treated with
S. aureus for 24 h. The PGE2 and IL-6 produc-
tion was measured. (D) Cells were transfected
with siRNA of scrambled, p65, or p50, and
then treated with S. aureus for 24 h. The MMP-
9 production was measured. The cell migration
was determined by migration assay. (E) Cells
were treated with S. aureus (2×107 CFU/ml)
for the indicated times or pretreated with
CORM-2 in the presence or absence of Hb, and
then treated with S. aureus for 1 h. The NF-κB
activity was determined. (F) Cells were treated
with S. aureus (2× 107 CFU/ml) for the in-
dicated times or pretreated with CORM-2, and
then treated with S. aureus for 1 h. The ex-
pression of phospho-p65 was determined by
Western blot. (G) Cells were pretreated with
CORM-2, HLN, or SC-51322, and then in-
cubated with S. aureus for 24 h. Pro-MMP-9
and pro-MMP-2 levels were determined by
gelatin zymography. Data are expressed as
mean ± S.E.M. of three independent experi-
ments. #P < 0.01, as compared with the cells
exposed to S. aureus alone (A) or S. aureus +
scrambled siRNA (B, C, D). *P < 0.05; #P <
0.01, as compared with the basal level (E, F).
**P < 0.05, as compared with the cells ex-
posed to S. aureus alone (E, F). ##P < 0.05,
as compared with the cells exposed to CORM-2
+ S. aureus (E).
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3.2. CORM-2 inhibits S. aureus-induced PGE2/IL-6/MMP-9-dependent cell
migration

When IL-6 binds to its soluble receptor sIL-6Rα, it can affect the
transition from acute to chronic inflammation by regulating the prop-
erties of leukocyte infiltrate [20]. We previously proved that PGE2
could enhance IL-6 release in human tracheal smooth muscle cells
(HTSMCs) [21]. In this study, we proved that S. aureus also induced IL-6
production, which was reduced by pretreatment with SC-51322 (the
inhibitor of PGE2) (Fig. 2A). On the other hand, preincubation with
CORM-2 decreased S. aureus-induced IL-6 release in HAECs (Fig. 2A).

IL-6 has been shown to regulate cell migration in various cell types
[22,23]. MMP-9 induction plays a key role in regulating cell migration
[24]. We proved that S. aureus enhanced MMP-9 levels in HAECs, which
was inhibited by pretreatment with SC-51322 or transfection with IL-6
siRNA (Fig. 2B). CORM-2 also had the inhibitory effects on S. aureus-
enhanced MMP-9 levels (Fig. 2B). Finally, we proved that S. aureus
promoted cell migration, which was reduced by transfection with
siRNA of IL-6 or MMP-9 or pretreatment with CORM-2 (Fig. 2C). Taken
together, we suggest that CORM-2 can reduce inflammatory responses
through the inhibition of PGE2/IL-6/MMP-9-dependent cell migration.

Fig. 7. CORM-2 inhibits S. aureus-induced
COX-2 expression and aorta inflammation in
mice. (A) Mice were treated with S. aureus
(2× 107 CFU/mouse), and then killed after
48 h. Preparation of aorta tissues was analysed
by Western blot and real-time PCR to de-
termine the levels of COX-2 and COX-1 protein
and mRNA respectively. (B) Mice were given
i.p. one dose of NAC or MCI-186 for 2 h before
S. aureus (2×107 CFU/mouse) treatment, and
then killed after 48 h. Preparation of aorta tis-
sues was analysed by real-time PCR to de-
termine the levels of COX-2 mRNA. (C) Mice
were pretreated with CORM-2 in the presence
or absence of NAC or MCI-186, and then
treated with S. aureus (2×107 CFU/mouse)
for 48 h. Preparation of aorta tissues was ana-
lysed by real-time PCR to determine the levels
of COX-2 mRNA. (D) Mice were pretreated
with CORM-2, and then treated with S. aureus
(2× 107 CFU/mouse) for 48 h. Levels of CRP,
MPO, IL-6, and TNF-α were measured. Data are
expressed as mean ± S.E.M. of five in-
dependent experiments. #P < 0.01, as com-
pared with the basal level (A). *P < 0.05;
#P < 0.01, as compared with the mice ex-
posed to S. aureus alone (B, C, D). **P < 0.05,
as compared with the mice exposed to CORM-2
+ S. aureus (C).
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3.3. CORM-2 has no effects on S. aureus-induced TLR-2 expression

TLR2 plays an important role in the immune system and in-
flammatory responses. It can identify staphylococcal lipoteichoic acid
(LTA) [25]. Here, we proved that S. aureus-induced COX-2 expression
was reduced by transfection with TLR2 siRNA, but not TLR4 siRNA in
HAECs (Fig. 3A). On the other hand, S. aureus-induced cell migration
was also reduced by transfection with TLR2 siRNA, but not TLR4 siRNA
(Fig. 3B). We further examined whether CORM-2 could inhibit COX-2
expression via the inhibition of TLRs expressions. As shown in Fig. 3C,
CORM-2 had no effects on S. aureus-induced TLR2 mRNA levels. These
data suggest that CORM-2 does not reduce S. aureus-induced in-
flammation via the inhibition of TLR2 expression in HAECs.

3.4. CORM-2 inhibits S. aureus-induced inflammation by increasing
intracellular ROS generation

ROS can not only directly kill pathogens by causing oxidative da-
mage, but also indirectly kill pathogens through many nonoxidative
mechanisms, such as pattern recognition receptors signaling [26].
Therefore, ROS production may inhibit bacterial infection. However, in
this study, we proved that S. aureus-induced COX-2 expression was
further enhanced by pretreatment with the inhibitor of ROS (NAC or
MCI-186) (Fig. 4A and B). On the other hand, we also proved that S.
aureus could decrease ROS generation in HAECs (Fig. 4C). We demon-
strated that CORM-2 could enhance intracellular ROS production,
which was inhibited by pretreatment with Hb, NAC, DPI (an inhibitor of
NADPH oxidase), or MitoTEMPO (a mitochondria-targeted antioxidant)
(Fig. 4D). Therefore, we suppose that S. aureus decreases ROS genera-
tion, and then promotes downstream inflammatory responses. Finally,
we proved that pretreatment with NAC reversed the attenuating effects
of CORM-2 on COX-2 mRNA levels and PGE2 secretion induced by S.
aureus (Fig. 5). We suppose that CORM-2 can enhance ROS generation,
and then kill pathogens directly by causing oxidative damage.

3.5. CORM-2 inhibits S. aureus-induced COX-2 expression via the reduction
of NF-κB activity in HAECs

NF-κB activation has been shown to mediate COX-2 expression and
PGE2 release [21]. Here, we observed that S. aureus-induced COX-2
protein and mRNA levels were inhibited by the inhibitor of NF-κB

(HLN) or siRNA of p65 or p50 (Fig. 6A and B). On the other hand, S.
aureus-induced PGE2/IL-6/MMP-9 levels and cell migration were also
decreased by transfection with siRNA of p65 or p50 (Fig. 6C and D). We
further proved that S. aureus time-dependently induced NF-κB activity,
which was reduced by CORM-2 (Fig. 6E). However, preincubation with
Hb reversed the attenuating effects of CORM-2 on NF-κB activity in-
duced by S. aureus (Fig. 6E). We proved that CORM-2 decreased S.
aureus-induced NF-κB p65 phosphorylation in HAECs (Fig. 6F). Finally,
we observed that S. aureus markedly induced pro-MMP-9 expression by
using gelatin zymography, which was inhibited by pretreatment with
CORM-2, HLN, or SC51322 (Fig. 6G). However, S. aureus had no effects
on pro-MMP-2 levels in these cells (Fig. 6G). Taken together, these data
suppose that CORM-2 inhibits S. aureus-induced COX-2 expression via
the reduction of NF-κB activity in HAECs.

3.6. CORM-2 inhibits S. aureus-induced COX-2 expression and aorta
inflammation in mice

In an in vivo study, mice were treated with S. aureus (2× 107 CFU/
mouse), and then killed after 48 h. Preparation of aorta tissues was
analysed by Western blot and real-time PCR to examine the levels of
COX-2 and COX-1 protein and mRNA respectively. As shown in Fig. 7A,
we proved that S. aureus induced COX-2, but not COX-1 protein and
mRNA levels in the aorta tissues. Mice were given i.p. one dose of NAC
or MCI-186 for 2 h before S. aureus (2× 107 CFU/mouse) treatment,
and then killed after 48 h. Preparation of aorta tissues was analysed by
real-time PCR to determine the levels of COX-2 mRNA. We showed that
S. aureus induced COX-2 mRNA levels, which were further enhanced by
NAC or MCI-186 (Fig. 7B). On the other hand, CORM-2 could markedly
inhibit S. aureus-induced COX-2 mRNA levels, which was reversed by
NAC or MCI-186 (Fig. 7C). C-reactive protein (CRP) is the biomarker of
inflammation in cardiovascular diseases. Myeloperoxidase (MPO) also
plays a key role in the inflammatory responses [27]. Here, we showed
that S. aureus enhanced the levels of plasma MPO and serum CRP, IL-6,
and TNF-α, which were inhibited by CORM-2 (Fig. 7D). Thus, we
suggest that CORM-2 can inhibit aorta inflammation via the reduction
of COX-2 up-regulation and inflammatory responses induced by S.
aureus.

4. Discussion

S. aureus is a common bacterium that is often found in the body's
nose, throat, hair, and skin without causing discomfort. In addition,
they will also be present in large numbers on inflamed or purulent
wounds. S. aureus invades blood circulation through damaged skin,
mucous membranes, sputum, pneumonia, or otitis media, and then
derives bacteremia. S. aureus infection can also lead to lethal sepsis
[25,28]. Endovascular S. aureus infection is very difficult to treat. This
may be related to the complex pathogenesis of many host and bacterial
factors [28]. Several lines of evidence suppose that high levels of PGE2
and COX-2 are involved in the inflammatory responses [29]. CO is
currently known to be generated in cells or tissues as a byproduct of HO
after heme catalytic activity [7,8]. Moreover, the anti-inflammatory
effects of CORMs and CO have been demonstrated. Thus, they could be
used as a therapeutic for various inflammatory diseases. The molecular
mechanisms by which CORM-2 inhibits S. aureus-induced aorta in-
flammation are not fully understood. Here, we showed for the first time
that in HAECs, S. aureus decreases ROS generation, and then promotes
inflammatory responses. Moreover, COX-2/PGE2 up-regulation can
further promote IL-6/MMP-9-dependent cell migration. CORM-2 in-
hibits S. aureus-induced COX-2 expression and inflammatory responses
by increasing the ROS generation and reducing the NF-κB activity.

Recently, more and more investigations have been initiated due to
the role of CO in cell protection and anti-inflammation [30]. CORM-2 is
a CO-releasing agent. Due to its chemical structure, it has superior and
more effective drug traits than gaseous CO [30]. However, many

Fig. 8. Schematic diagram illustrating the proposed signaling pathway involved
in the inhibitory effects of CORM-2 on S. aureus-induced COX-2/PGE2/IL-6/
MMP-9-dependent cell migration. In HAECs, CORM-2 inhibits S. aureus-induced
COX-2 expression and inflammatory responses by increasing the ROS genera-
tion and reducing the NF-κB activity.
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previous studies have demonstrated the therapeutic potential of CORMs
[30,31]. In addition, researchers have also observed that the biological
effects of CORMs and CO are regulated by the HO-1 gene [31]. IL-6 is a
pro-inflammatory cytokine and the elevation of IL-6 levels is often as-
sociated with various chronic diseases and inflammation [21]. Previous
studies have demonstrated that IL-6 can mediate cell migration in many
cell types [22]. On the other hand, previous studies have also found a
positive correlation between the PGE2 up-regulation and the release of
IL-6 [21]. In HAECs, we proved that S. aureus induced cell migration
through a COX-2/PGE2/MMP-9 pathway. Moreover, we also observed
that CORM-2 markedly inhibited S. aureus-induced inflammatory pro-
teins up-regulation and cell migration in HAECs and mice. TLRs are the
very important receptors in the mammalian immune system. Their
main function is to detect the invasion of foreign pathogens. Once the
invasion of a pathogen is detected, the TLRs activate the signal trans-
mission and induce innate immunity, which affects the subsequent
adaptive immunity [32]. TLR2 plays an important role in the immune
system and inflammatory responses. It can identify staphylococcal LTA
(a major constituent of the cell wall of gram-positive bacteria) [25].
Indeed, in this study, we proved that S. aureus induced COX-2 expres-
sion and cell migration via TLR2, but not TLR4 in HAECs. However,
CORM-2 had no effects on S. aureus-enhanced TLR2 mRNA levels,
suggesting that CORM-2 could not reduce S. aureus-induced in-
flammation via the inhibition of TLR2 expression in HAECs.

Increased oxidative stress often causes cell damage and leads to
inflammation. Oxidative stress may occur due to increased generation
and/or reduced ROS destruction. It is known that NADPH oxidase is the
critical enzyme for the generation of ROS under various pathological
conditions [29]. However, ROS have been shown to be a deadly weapon
used by many cell types to fight pathogens [26]. ROS can not only di-
rectly kill pathogens by causing oxidative damage, but also indirectly
kill pathogens through many nonoxidative mechanisms, such as pattern
recognition receptors signaling [17,26]. Therefore, ROS production
may inhibit bacterial infection. Indeed, in HAECs, S. aureus markedly
decreased ROS generation. We suggested that S. aureus promoted the
inflammatory responses via the inhibition of ROS production and oxi-
dative damage in HAECs. Moreover, we proved that CORM-2 inhibited
S. aureus-induced inflammation by increasing intracellular ROS gen-
eration in HAECs. Altogether, these results revealed that the bacter-
icidal action of CORM-2 relies on the generation of deleterious in-
tracellular ROS.

NF-κB is an extremely important molecule in the process of in-
flammation. When cells receive extracellular stimulation, NF-κB is ac-
tivated and translocated from the cytosol to the nucleus, which can
further cause inflammation [29]. In addition, NF-κB plays a critical role
in mediating LTA-induced inflammation [29]. This is confirmed by our
observation that S. aureus-induced COX-2/PGE2/IL-6/MMP-9 expres-
sion was decreased by transfection with p65 or p50 siRNA. NF-κB is
retained in the cytoplasm via interaction with IκBs [33]. Upon stimu-
lation, IκBs are phosphorylated by the activated IKK complex, and then
ubiquitin-dependently degraded by the 26S proteasome [33]. This
cascade allows NF-κB to translocate to the nucleus, where they induce
target genes up-regulation. In our study, it was also found that S. aureus
markedly stimulated p65 phosphorylation and NF-κB activity in HAECs.
Moreover, CORM-2 had the inhibitory effects on S. aureus-induced NF-
κB activation, and then further reduced the inflammatory responses. On
the other hand, we used gelatin zymography to observe that S. aureus
could enhance pro-MMP-9, but not pro-MMP-2 levels in HAECs. Pre-
treatment with CORM-2 or the inhibitor of NF-κB or PGE2 could reduce
S. aureus-induced pro-MMP-9 expression. Although activity of MMP-
2 has also been associated with severity of chronic inflammatory dis-
eases, in our study, we did not found any changes in the expression of
MMP-2 in response to S. aureus within 24 h in HAECs. We will increase
the infected duration of S. aureus to observe whether the levels of MMP-
2 change or not in the further research.

In the process of inflammation, various inflammatory biomarkers

are increased. CRP is the most commonly studied inflammatory bio-
marker in cardiovascular diseases [34]. MPO is also an inflammatory
biomarker that has been studied extensively in the past few years [27].
IL-6 is a pro-inflammatory cytokine and the elevation of IL-6 levels is
often associated with various chronic diseases and inflammation. Pre-
vious studies have demonstrated that IL-6 can mediate cell migration in
many cell types. When IL-6 binds to its soluble receptor sIL-6Rα, it can
affect the transition from acute to chronic inflammation by regulating
the properties of leukocyte infiltrate [35]. The pathogen-recognition
receptors (PRRs) including TLRs stimulate many signaling pathways
including NF-κB, and then promote inflammatory cytokines such as IL-
6, TNF-α, and IL-1β mRNA transcription [36,37]. In addition, TNF-α
and IL-1β also activate various transcription factors to generate IL-6
[37]. Here, in an in vivo study, we observed that S. aureus induced levels
of plasma MPO and serum CRP, IL-6, and TNF-α. Interestingly, pre-
treatment with the ROS inhibitors enhanced S. aureus-induced COX-2
mRNA levels in the aorta tissues of mice. Pretreatment with CORM-2
could inhibit S. aureus-induced levels of plasma MPO and serum CRP,
IL-6, and TNF-α. In addition, CORM-2 also reduced S. aureus-induced
COX-2 mRNA levels, which was reversed by the ROS inhibitors.

Indeed, various agents can stimulate or inhibit MMPs expression. Li
et al. indicated that epigallocatechin-3-gallate (EGCG) could inhibit
MMP-9 expression via the TLR4/MAPK/NF-κB signaling pathway in
lipopolysaccharide (LPS)-enhanced macrophages [38]. Cao et al. also
proved that Ginkgo biloba exocarp extract could inhibit MMP-9 ex-
pression via the PI3K/Akt/NF-κB signaling pathway [39]. On the other
hand, Shin et al. indicated that phorbol myristate acetate (PMA) could
induce MMP-9 expression via PKCα/NF-κB in human lung epithelial
cells [40]. Cao et al. further found that curcumin could reduce PMA-
induced MMP-9 expression via AMPK-MAPK and PKC signaling [41].
Thus, we hypothesize that CORM-2 can inhibit MMP-9 expression in-
duced by S. aureus through other signaling pathways. Moreover, in this
study, even though CO is toxic to humans at high concentration, we
mainly focus on the cytoprotective role of CORM-2 in S. aureus-treated
HAECs. In the future, we will investigate the detailed mechanisms in-
volved in the antibacterial effects of CORM-2.

In summary, as depicted in Fig. 8, our results demonstrate that in
HAECs, S. aureus induces COX-2 expression via the activation of NF-κB
and reduction of ROS generation. COX-2/PGE2 can further promote IL-
6/MMP-9-dependent cell migration. Moreover, CORM-2 inhibits S.
aureus-induced COX-2 expression and inflammatory responses by in-
creasing the ROS generation and reducing the NF-κB activity. Alto-
gether, the results of this study provide molecular mechanisms for the
antibacterial effects of CORM-2.
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A B S T R A C T

8‑Methoxypsoralen (8-MOP) in combination with ultraviolet A (PUVA) is a photochemotherapy for management
of psoriasis. 8-MOP is a natural compound from Psoralea corylifolia. The present work was undertaken to
evaluate the percutaneous absorption of five compounds derived from P. corylifolia, and to further explore the
inhibitory effect on psoriasis-like lesions generated by imiquimod stimulation in a mouse model. 8-MOP,
psoralen, isopsoralen, psoralidin, and bakuchiol were comparatively tested for in vitro skin permeation, kera-
tinocyte apoptosis, and in vivo antipsoriatic potency. The pig ear skin deposition of 8-MOP, isopsoralen, and
bakuchiol at an equimolar dose was 0.47, 0.58, and 0.50 nmol/mg, respectively, which was comparable and
higher than that of psoralen (0.25 nmol/mg) and psoralidin (0.14 nmol/mg). Psoralidin and bakuchiol were
absorbed into the skin without further penetration across the skin. Besides experimental data of physicochemical
properties, the hydrogen bond number, total polarity surface, and stratum corneum lipid docking calculated
could explain the correlation of the penetrant structure with the skin permeability. The antiproliferative activity
against keratinocytes was stronger for 8-MOP and isopsoralen than the others. Topical application of PUVA by
using 8-MOP and isopsoralen on imiquimod-induced plaque significantly reduced transepidermal water loss
from 55 to 33 and 38 g/m2/h, respectively. The epidermal thickening elicited by imiquimod (117 μm) was
decreased to 62 and 26 μm by 8-MOP and isopsoralen application. IL-6 expression in psoriasiform skin was
downregulated by isopsoralen but not 8-MOP. Isopsoralen may be a potential candidate for PUVA therapy.

1. Introduction

Psoriasis, an autoimmune disorder, is a common inflammatory skin
disease (Griffiths et al., 2017). The lesional psoriasis skin is character-
ized by silvery scales over the thickened skin. According to histological
observation, psoriasis produced keratinocyte proliferation, immune cell
infiltration, and elongated rete pegs due to the interplay among ge-
netics, the environment, immune modulation, and cutaneous barrier
disruption (Raychaudhuri et al., 2014). Until now, an effective and

long-term regimen for psoriasis eradication has been lacking, especially
for moderate-to-severe psoriasis. Recently, the biologics such as eta-
nercept, ixekizumab, and adalimumab are widely used for psoriasis
treatment with successful outcomes (Rønholt and Iversen, 2017).
However, the need of invasive injection can cause the low patient
compliance, as well as economic burden and mental stress for patients
and their caregivers. Photochemotherapy, one of the oldest therapies
for psoriasis, employs psoralens plus ultraviolet A exposure (PUVA). It
is useful for treating psoriasis because of the direct antiproliferative
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effect on keratinocytes (Farahnik et al., 2016). The psoralens bind to
the DNA, in which pyrimidine bases are the targets for photochemical
apoptosis (Singh et al., 2010).

8‑Methoxypsoralen (8-MOP) is the predominant psoralen used for
PUVA as approved by the USFDA. The structure of 8-MOP is categor-
ized as furocoumarin, largely found in the seeds of Psoralea corylifolia.
The extract of P. corylifolia shows several bioactivities such as cytotoxic,
anticancer, antimicrobial, and immunomodulatory properties (Zhang
et al., 2016). The dried seeds of this plant for external use are successful
in mitigating the lesions of psoriasis, vitiligo, eczema, and alopecia
(Hussain et al., 2016; Alam et al., 2018). The coumarins and terpenes in
the extract of P. corylifolia seeds may contribute to the amelioration of
these cutaneous diseases. Although 8-MOP is commonly utilized as the
agent for photochemotherapy, the unsatisfied delivery to the nidus and
the adverse effects of burning, pigmentation, and blisters have limited
its application (Doppalapudi et al., 2017). The undesirable systemic
photosensitivity may occur by 8-MOP transport into the circulation
(Der-Petrossian et al., 2000). The intervention of new treatments for
psoriasis causing greater skin targeting and less irritation would be
necessary. In this study, we aimed to search the alternative compounds
in P. corylifolia for PUVA therapy. We attempted to compare the per-
cutaneous absorption, antiproliferative activity, and the ability to im-
prove the psoriasis-like lesions of the compounds derived from P. cor-
ylifolia. These included 8-MOP, psoralen, isopsoralen, psoralidin, and
bakuchiol (Fig. 1).

The exploration of how the structure and physicochemical char-
acteristics influence the skin absorption of penetrants is the principle
used to choose or design a suitable active for topical administration.
The structure-permeation relationship (SPR) involves the elucidation of
a series of compounds affecting skin permeation and targeting (Geinoz
et al., 2004). The second aim of this study was to organize the possible
SPR of the compounds in P. corylifolia after cutaneous delivery. All
compounds tested in our work were extracted and isolated from the
seeds of P. corylifolia. The 20% polyethylene glycol (PEG)400 in pH 7.4
buffer was used as the vehicle of these compounds for in vitro and in
vivo tests since several attempts for SPR establishment employ the in
vitro models obtained from penetrant delivery from aqueous solution
(Riviere and Brooks, 2011). The molecular modeling was conducted to
achieve the information pertaining to the hydrogen bond acceptor and
donor, the total polarity surface, the molecular volume, as well as the
interaction to the stratum corneum (SC) lipids for building the SPR. To
estimate the in vivo efficiency of these compounds for PUVA regimen,

transepidermal water loss (TEWL), cytokine expression, and prolifera-
tion were evaluated using a BALB/c mouse model with psoriasiform
skin. Whether the skin was tolerant to topically applied penetrants was
also measured in vivo.

2. Materials and methods

2.1. Extraction of P. corylifolia

Seeds of P. corylifolia were supplied and authenticated by Chuang
Song Zong Pharmaceutical Company (Pingtung, Taiwan). A voucher
specimen (CGU-PC-1) was deposited in the herbarium of Chang Gung
University. The seeds (5.4 kg) were extracted with EtOH (11 l× 9) and
concentrated to yield a brown syrup (1.4 kg). The syrup was suspended
in H2O and partitioned with n-hexane and EtOAc. The n-hexane extract
(515.6 g) was subjected to column chromatography over silica gel and
eluted with n-hexane and EtOAc stepwise gradients to afford eleven
fractions. The repeated column chromatography of the first fraction,
over silica gel with n-hexane and EtOAc (20:1) mixtures yielded
(+)-bakuchiol (1870mg). The third fraction was applied on a silica gel
column and eluted with a gradient of n-hexane and EtOAc (10:1) to give
isopsoralen (3120mg). The fourth fraction was subjected to column
chromatography over silica gel and eluted with n-hexane and EtOAc
(7:1) to afford psoralen (2873mg). The seventh fraction was repeatedly
chromatographed over silica gel with n-hexane and EtOAc (1:1) to get
psoralidin (1249mg). The structures of these compounds were identi-
fied by comparison of their spectral data with corresponding literature
values (Guo et al., 2005; Pahari and Rohr, 2009). The data of 1H NMR
and 13C-NMR for these compounds are summarized in the Supple-
mentary data.

2.2. Partition coefficient (log P)

The compounds in 1-ml methanol (0.5 mg/ml) were positioned in
the test tube. The organic solvent was evaporated under vacuum. Water
(1 ml) and n-octanol (1 ml) were pipetted into the tube, respectively.
The tube was shaken at 37 °C for 24 h, then centrifuged at 10,000×g
for 10min. The amount of compounds in n-octanol and water was de-
termined by high-performance liquid chromatography (HPLC). The
value of log P was estimated as log (compound content in n-octanol/
compound content in water).

Fig. 1. The chemical structures of 8-MOP, psoralen, isopsoralen, psoralidin, and bakuchiol.
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2.3. Capacity factor (log K′)

The log K′ was determined based on the retention time of the
compounds in HPLC chromatography. The HPLC setup was an HPLC
system (7-series, Hitachi, Tokyo, Japan) with a LiChrospher® RP-18
column (200×4.6mm, Merck, Darmstadt, Germany). The mobile
phase consisted of methanol and double-distilled water at a ratio of
65:35. The flow rate and detection wavelength were 1ml/min and
246 nm, respectively. The log K′ was estimated as log [tr− t0 / t0],
where tr and t0 were the retention time of the compound and the non-
retained solvent peak, respectively.

2.4. Melting point

The melting point of the compounds in free form was determined
using a calorimeter (Q2000, TA Instruments, New Castle, DE, USA). The
compounds were weighed and sealed in the calorimeter. The heating
curve was detected (0 to 350 °C) at a scan rate of 20 °C/min under ni-
trogen.

2.5. Saturated solubility in 20% PEG400 vehicle

The test compounds at 5mM were prepared by using PEG400/
pH 7.4 buffer (1:4) as the medium. This compound-containing vehicle
was shaken at 37 °C for 2 h. The compound-containing vehicle was
subsequently centrifuged at 10,000×g for 10min. The supernatant was
then filtered through the polyvinylidene fluoride membrane (pore
size= 0.45 μm). The saturated solubility of the compounds was quan-
tified by HPLC.

2.6. Animals

The eleven-month-old pigs were obtained from Doctor Pig Animal
Technology (Miaoli, Taiwan). The eight-week-old female nude mice
and BALB/c hairy mice were purchased from the National Laboratory
Animal Center (Taipei, Taiwan). All animal experiments were per-
formed in strict accordance with the recommendation in the Guidelines
for the Care and Use of Laboratory Animals of Chang Gung University.
The protocol was approved by the Institutional Animal Care and Use
Committee.

2.7. In vitro percutaneous absorption

The compound absorption into and across the animal skins was
conducted with the Franz cell assembly. The pig ear or nude mouse
dorsal skin was positioned between the donor and receptor compart-
ments. The volume of the donor and receptor was 0.5 and 5ml, re-
spectively. The receptor compartment was loaded with ethanol/pH 7.4
buffer (3:7). The topically applied vehicle was tailored to contain the
penetrants at saturated solubility or equimolar concentration (5mM).
The penetration region available for Franz cell was 0.785 cm2. At the
determined duration, a 300-μl receptor medium was withdrawn to
analyze the compound penetration across the skin. The skin was re-
moved from the cell 24 h post-application. The skin was then cleaned by
water and dried. The compound deposition within the skin reservoir
was detected by homogenization of the skin (MagNA Lyser, Roche,
Indianapolis, IN, USA). The homogenate was then centrifuged at
10,000×g for 10min. The penetrant concentration in the receptor and
skin was quantified by HPLC.

2.8. Molecular modeling

The parameters including Alog P, hydrogen bond number, total
polarity surface, and molecular volume of the test compounds were
computed by Discovery Studio® 4.1 workstation (Accelrys, San Diego,
CA, USA). The superimposition of the compounds interacted with SC

lipids was sketched for visualizing the ligand-binding effect and con-
formation. The negative CDOCKER energy was measured by Discovery
Studio® through the conduction of the docking simulation with SC li-
pids.

2.9. Keratinocyte apoptosis assay

Cultured HaCaT cells were cultivated in DMEM with 10% fetal calf
serum, 100mg/ml streptomycin, and 100 U/ml penicillin. HaCaT cells
cultured in the plate were treated with the compounds (0.1–2.0 μM)
and a 365-nm UVA irradiation (15 J/cm2, Bio-Sun Illuminator, Vilber
Lourmat, France). In another protocol, the UVA was irradiated after a 2-
h pretreatment of the compounds. The length between the plate and
UVA light resource was 10 cm. MTT assay was used to detect the cell
viability by 24 h post-treatment of the compounds. The detailed pro-
cedures of the MTT assay were described previously (Wu et al., 2010).

2.10. In vivo psoriasis-like model

The method for the induction of psoriasiform skin in the back of
BALB/c mice was modified from the process by van der Fits et al.
(2009). The imiquimod cream (Aldara®, 3 M, Leicestershire, UK) with a
dose amount of 62.5 mg was applied on the shaved dorsal skin each day
for 6 days. From Days 3 to 6, the PEG400/pH 7.4 buffer (1:4) containing
the compounds (0.2 mg) was administered on the imiquimod-treated
area of 3×2 cm2. After 30min of compound intervention, UVA (2.5 J/
cm2) was irradiated on the mouse back for PUVA management. On Day
7, the appearance of the back skin was monitored by the handheld
digital magnifier (Mini Scope-V, M&T Optics, Taipei, Taiwan). TEWL
had been examined by Tewameter (TM300, Courage and Khazaka,
Köln, Germany).

2.11. Measurement of cytokines

On Day 7, the mice were sacrificed after the determination of TEWL.
The biopsies were obtained from the back skin, and then frozen im-
mediately in liquid nitrogen. The cytokines including IL-1β, IL-6, and
TNF-α within the treated skin area were analyzed using the ELISA
method. The 5-mm punch biopsy was acquired from the mouse back,
incubating in PBS (1ml) with complete protease inhibitors. The frag-
ments of the biopsy were homogenized at 6500 rpm for 30 s and then
cooled down for 1min. The supernatant was withdrawn after a cen-
trifugation at 13,000 rpm and 4 °C for 10min. The protein concentra-
tion of skin tissue lysate was determined by a total protein assay (Bio-
Rad, Hercules, CA, USA). Each sample was calibrated to the same
amount of total protein for each assay. The cytokine concentration was
determined by the commercial kits (BioLegend, San Diego, CA, USA)
according to the instructions provided by the manufacturer.

2.12. Histology

The skin specimen was deposited into a 10% buffered formaldehyde
using ethanol, embedded in paraffin wax, and sliced at 3 μm for he-
matoxylin and eosin (H&E) staining. The unstained specimens were
prepared for immunohistochemistry (IHC). After dewaxing and rehy-
dration, the paraffin-embedded sections were subjected to heat-induced
epitope retrieval according to the manufacturer's instructions, followed
by blocking with diluted normal serum. The sections were incubated
with anti-mouse Ki67 antibody for 1 h at room temperature; washed
with saline containing 0.5% Tween 20, and subsequently incubated at
ambient temperature with biotinylated donkey anti-goat IgG for
20min. Photographs were obtained using a Leica DMi8 microscopy
(München, Germany).
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2.13. In vivo skin tolerance

The PEG400/pH 7.4 buffer (1:4) containing the compounds (5mM)
was applied (0.2 ml) on the dorsal region (1.5×1.5 cm2) of the BALB/c
mice daily for 7 consecutive days. On Day 7, the treated skin region was
examined via handheld digital magnifier, TEWL, and erythema (CD100
spectrocolorimeter, Yokogawa, Tokyo, Japan).

2.14. Data analysis

To analyze percutaneous absorption of the compounds, the skin
deposition was measured as the molar content per mg of skin (nmol/
mg) as the penetrants were administered as the equimolar dose. In the
experiment of using the saturated dose, the calibrated skin deposition
(CSD) was calculated as the skin deposition divided by the saturated
solubility. The flux (nmol/cm2/h) was measured by the slope of the
cumulative amount-time profile. The permeability coefficient (cm/h)
was estimated from the flux divided by the saturated solubility. To
predict the therapeutic consequence of topically applied photo-
chemotherapy, the therapeutic index (TI) was rated by the skin de-
position divided by keratinocyte viability in the presence of UVA irra-
diation.

The statistical measurement was conducted using GraphPad Prism 5
software. Dual comparisons were made with unpaired Student's t-test.
Groups of three or more were analyzed by ANOVA with Tukey or
Dunnett posttests. The significance was indicated as * for p < 0.05, **
for p < 0.01, and *** for p < 0.001 in the figures.

3. Results

3.1. Physicochemical properties of the compounds

The physicochemical characteristics of the compounds derived from
P. corylifolia are presented in Table 1. With respect to the experimental
log P value, isopsoralen showed the greater level as compared to 8-MOP
and psoralen. Psoralidin and bakuchiol revealed an extremely high li-
pophilicity since all molecules were detected in the n-octanol phase.
The theoretical log P (Alog P) measured by molecular modeling de-
monstrated a similar trend as experimental log P. The log K′ is another
indicator of lipophilicity based on the chromatographic retention in the
stationary column of HPLC. The log K′ of the compounds varied from
0.18 to 0.73. The sequence of bakuchiol > psoralidin >
isopsoralen > 8-MOP > psoralen was noticed as the rank of log K′.
The molecular weight (MW) ranged between 186 and 336 g/mol, with
psoralidin showing the highest molecular size. The melting point (MP)
was in the sequence of psoralidin > psoralen > 8-MOP >
isopsoralen. The morphology of bakuchiol was the yellow oil. Although

the lipophilicity of the furocoumarins (8-MOP, psoralen, and iso-
psoralen) was approximate, the aqueous solubility was quite different.
Psoralen and isopsoralen were the isomers; however, the latter com-
pound showed less solubility (1.47 versus 1.21mM). The extra meth-
oxyl moiety of 8-MOP compared to psoralen contributed to a lower
solubility. Both psoralidin and bakuchiol displayed a negligible solu-
bility in 20% PEG400 solution because of the extremely high lipophi-
licity of both compounds.

3.2. In vitro percutaneous absorption

At first, the pig ear skin was dosed with saturated compound solu-
bility to evaluate the CSD and permeability coefficient. The saturated
solution was applied as a scenario to achieve a constant diffusion with
maximum thermodynamic activity. Pig ear skin is extensively employed
as a model barrier for human skin. In the left panel of Fig. 2A, the CSD
of bakuchiol (4.00 nmol/mg/solubility) was much higher than that of
furocoumarins. The CSD for pig ear skin in the case of 8-MOP, psoralen,
and isopsoralen was 0.13, 0.08, and 0.13 nmol/mg/solubility, respec-
tively. The CSD of psoralidin was found below the determination limit
of HPLC after a 24-h application. This could be due to psoralidin being
practically insoluble in the donor vehicle. The right panel of Fig. 2A
indicates a significant furocoumarin penetration across the pig ear skin.
The permeability coefficient of the three psoralens showed no sig-
nificant difference after statistical analysis. No psoralidin and bakuchiol
molecules were detected in the receptor, although the sink condition
was maintained for both compounds.

The donor vehicle was prepared at a concentration that was the
molar equivalent to 5mM. The equimolar dosing was found to more
closely mimic the “in use” status. This compound concentration was
much higher as compared to the saturated solubility. The results in the
left panel of Fig. 2B demonstrated that isopsoralen was the compound
with the highest skin deposition. However, the difference of cutaneous
isopsoralen deposition was not statistically significant as compared to
8-MOP and bakuchiol. The capability of psoralidin to accumulate in the
skin reservoir was the lowest among all the penetrants tested. Similar to
the results of the saturated solubility dose, psoralidin and bakuchiol at
an equimolar concentration tended to accumulate in the skin with no
transport across the skin (the right panel of Fig. 2B). The mouse skin
was also chosen as the permeation barrier in the absorption study. The
cutaneous deposition and flux trends of various penetrants were similar
to those of pig skin (Fig. 2C).

3.3. Molecular modeling

To further understand the impact of molecular structure on percu-
taneous delivery of the penetrants, the structural parameters such as

Table 1
Physicochemical properties of the compounds derived from Psoralea corylifolia.

Compound log Pa Alog Pb log K'c MWd (g/mol) MPe (°C) Solubility in 20% PEG400f (mM)

8-MOPg 2.66 ± 0.002 2.19 0.20 216.19 148.35 0.69 ± 0.01
Psoralen 2.66 ± 0.01 2.20 0.18 186.16 164.30 1.47 ± 0.01
Isopsoralen 2.88 ± 0.01 2.20 0.22 186.16 141.10 1.21 ± 0.01
Psoralidin —h 4.92 0.65 336.34 318.11 N.D.i

Bakuchiol — 5.35 0.73 256.38 Oil type 0.02 ± 0.002

a log P, n-octanol/water partition coefficient.
b Alog P, partition coefficient measured by molecular modeling.
c log K′, logarithm of tr− t0 / t0, tr is the retention time of compound peak, t0 is the retention time of solvent peak.
d MW, molecular weight.
e MP, melting point determined by differential scanning calorimetry.
f PEG400, polyethylene glycol 400.
g 8-MOP, 8‑methoxypsoralen.
h —, all molecules were found in n-octanol layer.
i N.D., not determined.
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hydrogen bond number, total polarity surface, and molecular volume
were computed as summarized in Table 2. Because of the two hydroxyl
groups, psoralidin revealed the greatest hydrogen bond acceptor (4)
and donor (2) numbers among the compounds tested. The fur-
ocoumarins possessed 2 or 3 hydrogen bond acceptors, whereas ba-
kuchiol had only one. No hydrogen bond donor was given by the

furocoumarins. The total polarity surface of the compounds demon-
strated a correlation with the hydrogen bond acceptor number, with
psoralidin offering the greatest surface polarity. The molecular volume
of the compounds correlated well with the MW. The molecular volume
of isopsoralen is slightly smaller than that of psoralen although they
have the same MW.
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Fig. 2. Skin deposition, permeability coefficient, and flux of the compounds derived from P. corylifolia after topical treatment on pig ear and nude mouse dorsal skins:
(A) a dose at saturated solubility for penetrating into and across pig ear skin, (B) a dose at equimolar concentration (5mM) for penetrating into and across pig ear
skin, and (C) a dose at equimolar concentration (5mM) for penetrating into and across nude mouse dorsal skin. The donor vehicle is 20% PEG400 in pH 7.4 buffer. All
data are presented as the mean of four experiments ± S.D.
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The computational molecular docking can be used to anticipate the
interaction between the penetrants and SC lipids. It is advantageous to
conceive the ability of penetrant partitioning into the SC layer. Table 3
details the best docking scores of the compounds interacting with SC
lipids. The interactions calculated by docking score were van der Waals,
hydrogen bonding, and electrostatic forces. The higher value of nega-
tive CDOCKER energy shown in Table 3 suggests the stronger interac-
tion. Cholesterol and cholesteryl sulfate more favorably interacted with
the compounds than ceramides and fatty acid. The differences of ne-
gative CDOCKER energy among the compounds were minimal, except
for the absence of interaction between psoralidin and palmitic acid.
Although the docking energy was approximate for all compounds,
psoralidin was the penetrant showing the lowest interaction with SC
lipids. Fig. 3 depicts the best docking poses of the compounds inter-
acting with cholesteryl sulfate, the lipid having the superior interaction
with the penetrants than the others. The imaging was computed em-
ploying an in silico calculation by using the three-dimensional lipid
model. Different compounds have various conformations to interact
with cholesteryl sulfate although the docking score was similar.

3.4. Keratinocyte apoptosis assay

Fig. 4A shows the antiproliferative activity of the compounds in
cultures of grown HaCaT. These compounds generally evoked a con-
centration-dependent cytotoxicity. Furocoumarins demonstrated the
greater cytotoxicity, followed by psoralidin and bakuchiol. There was
no significant difference among the HaCaT death induced by the three
furocoumarins. As shown in Fig. 4B, the cell viability was reduced
following the increase of UVA fluence. We further combined the com-
pound treatment and UVA (15 J/cm2) for simulating the photo-
chemotherapy. In the simultaneous protocol, the treatment of the
compounds and UVA at the same time dose-dependently decreased the
cell numbers as illustrated in Fig. 4C. An enhanced cytotoxic activity in
the keratinocytes of the compounds in combination with UVA irradia-
tion was detected. 8-MOP and isopsoralen were among the most potent
compounds. Both compounds at the concentrations of> 0.25 μM could
completely inhibit keratinocyte growth. We also tested the cell viability
by the pretreatment protocol. The keratinocytes were pretreated with
the compounds for 2 h and then the UVA irradiation started. As

compared to the simultaneous protocol, the pretreatment strategy did
not increase keratinocyte susceptibility to UVA (Fig. 4D). The rank of
the apoptosis level of different compounds was the same for both pro-
tocols.

TI was calculated to appraise the possible antipsoriatic activity by
topical application. The TI based on simultaneous protocol and pre-
treatment protocol is shown in Fig. 4E and F, respectively. In contrast,
8-MOP and isopsoralen were expected to markedly suppress pro-
liferative keratinocytes after skin delivery. The high cutaneous uptake
and cytotoxicity against cultured HaCaT of 8-MOP and isopsoralen
contributed to the greater TI compared to the other compounds. In the
case of the pretreatment approach, isopsoralen manifested a higher
index than 8-MOP. The TI for isopsoralen was 2 times higher than that
of 8-MOP. Because of the ideal TI and percutaneous absorption of 8-
MOP and isopsoralen, both agents were used for further in vivo study.

3.5. In vivo psoriasis-like model

The mouse skin was treated with repetitive PUVA during the in-
duction of psoriasis-like lesions through the topical imiquimod ad-
ministration. Fig. 5A shows the appearance of the skin surface. With the
repeated challenge by imiquimod, scaling, erythema, and thickening of
the mouse skin could be visualized. The signs and symptoms of the
psoriatic lesions in the 8-MOP- and isopsoralen-treated groups were
significantly reduced compared with those of the imiquimod-treated
group, with isopsoralen showing better improvement than 8-MOP.
Fig. 5B illustrates the close-up view of the skin observed using a
handheld digital magnifier. A significant scaling and inflammation ac-
tivated by imiquimod could be diminished by the furocoumarins. The
skin's appearance of the furocoumarin-treated groups could not be re-
covered to the healthy condition (sham). TEWL is associated with the
level of barrier function impairment. The psoriasiform skin demon-
strates a significantly greater degree of TEWL (55.5 g/m2/h) as com-
pared to the sham group (8.8 g/m2/h). Both the furocoumarin-treated
groups could decrease TEWL (33.3 and 37.5 g/m2/h) to ameliorate the
barrier deficiency though the level could not be recovered to the control
baseline.

The Th17 axis is linked to the psoriatic condition. The production of
IL-1β, IL-6, and TNF-α is the downstream effect of IL-17. The results of
the cytokine assay are exhibited in Fig. 5D to F. Upon treatment with
imiquimod, IL-1β, IL-6, and TNF-α was significantly increased with by
2.4-, 2.2-, and 2.5-fold compared with the healthy control, respectively.
Our result indicated that 8-MOP and isopsoralen suppressed IL-1β ex-
pression induced by imiquimod in parallel to the sham group (Fig. 5D).
Isopsoralen significantly downregulated the abnormally elevated IL-6
level activated by imiquimod (Fig. 5E). The decrease in IL-6 production
was not achieved by PUVA of 8-MOP because of the high intersubject
variation. Both furocoumarins were unable to suppress TNF-α in psor-
iasiform lesions.

Analysis of H&E sections from the lesional skin showed typical
psoriasis symptoms, such as hyperkeratosis, epidermal hyperplasia,
elongation of rete ridges, and excess immune cell migration in the
dermis as shown in Fig. 6A. The thickness of epidermis increased from
24.5 ± 6.8 to 117.1 ± 8.2 μm after imiquimod stimulation. 8-MOP

Table 2
The hydrogen bond number, total polarity surface, and molecular volume of the
compounds derived from Psoralea corylifolia determined by molecular mod-
eling.

Compound Hydrogen bond
accept number

Hydrogen bond
donor number

Total
polarity
surface

Molecular
volume

8-MOPa 3 0 48.67 156.75
Psoralen 2 0 39.44 128.96
Isopsoralen 2 0 39.44 128.28
Psoralidin 4 2 79.90 259.99
Bakuchiol 1 1 20.23 238.38

a 8-MOP, 8‑methoxypsoralen.

Table 3
The negative CDOCKER energy of the compounds derived from Psoralea corylifolia determined by molecular modeling.

Compound Ceramide II Ceramide III Ceramide VI Cholesterol Cholesteryl sulfate Palmitic acid

8-MOPa −9.37 −12.74 −11.44 56.4715 120.94 −13.30
Psoralen −6.42 −15.60 −10.53 59.5761 130.09 −11.66
Isopsoralen −5.97 −8.67 −14.59 60.2852 128.11 −12.14
Psoralidin −12.81 −20.54 −18.86 56.3096 119.08 N.I.b

Bakuchiol −8.06 −14.63 −11.36 60.099 128.79 −11.24

a 8-MOP, 8‑methoxypsoralen.
b N.I., no interaction.
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and isopsoralen significantly improved the severity of the lesions. The
histological improvement was paralleled with the macroscopic visua-
lization. The epidermal thickness could be reduced to 61.5 ± 17.0 and
25.9 ± 8.2 μm by 8-MOP and isopsoralen, respectively. The nucleus
loss of skin cells in the epidermis indicated the apoptosis by PUVA.
There was still some immune cell infiltration in the dermis after PUVA
application. Ki-67 is a protein associated with proliferation. IHC
staining with Ki-67 revealed that the basal layer of the epidermis
stained positive in the sham mice (Fig. 6B). Ki-67 largely appeared in
the basal layer of the imiquimod-treated group, suggesting the cell
proliferation. PUVA depressed Ki-67 positivity in the epidermis.

3.6. In vivo skin tolerance

8-MOP and isopsoralen in 20% PEG400 suspension were topically
applied on healthy mouse skin each day for 7 days. Fig. 7A and B il-
lustrate the gross and close-up appearance of the skin surface, respec-
tively. When the mouse skin was administered with the vehicle without
the compounds, a slight exfoliation and erythema occurred. The in-
corporation of the compounds did not further worsen the symptoms.
This suggests that the peeling and redness resulted from the repetitive
application of PEG400 or water to soften the skin's architecture. As
shown in Fig. 7C, TEWL remains unchanged by furocoumarin treatment
compared to the vehicle control. The erythema (a*) recorded after a 7-
day management also did not exhibit any alteration by the topically
applied compounds (Fig. 7D).

4. Discussion

We aimed to compare the percutaneous absorption and antipsoriatic
activity of the actives in P. corylifolia to find a way to improve the
current photochemotherapy. Coumarins in P. corylifolia can be divided

into furocoumarins and coumestrols. 8-MOP, psoralen, and isopsoralen
are classified as furocoumarins, whereas psoralidin is a molecule with a
coumestrol skeleton. Furocoumarins are the compounds with planar
and tricyclic structures consisting of a furan ring. Bakuchiol is a mer-
oterpene largely found in P. corylifolia seeds (Wu et al., 2018). The five
compounds demonstrated different natures penetrating into and across
the skin. 8-MOP, isopsoralen, and bakuchiol generally manifested su-
perior in vitro skin deposition compared to psoralen and psoralidin. The
ability of furocoumarins to pass the skin into the receptor was com-
parable. Psoralidin and bakuchiol were mainly located in the skin re-
servoir without further passage into the receptor. Isopsoralen and ba-
kuchiol were capable of targeting the skin with minimal transport
across the skin, leading to the efficacious topical application. Although
psoralidin penetrated into the skin with no receptor accumulation, the
low skin deposition may be insufficient to trigger the pharmacological
action after topical delivery. We proposed to unravel the effect of the
structure on percutaneous absorption and antipsoriatic activity of the
compounds. The physicochemical properties of the penetrants showed a
significant impact on the skin absorption. Among the chemical natures,
lipophilicity was the major determinant of percutaneous permeation
(Thors et al., 2016). The ability of passive permeation depends upon the
penetrant partitioning into the SC. The penetrants with higher lipo-
philicity facilely partition into the SC lipid bilayers as compared to
those with less lipophilicity. The previous study (Fang et al., 2016) also
indicated the importance of SC partitioning for cutaneous 8-MOP de-
livery. The lipophilicity index can be judged by log P and log K′. The
highest lipophilicity of bakuchiol had led to the high skin deposition,
especially in the case of a saturated dose.

It should be pointed out that the skin penetration is predominated
not only by the SC, but also by the barrier function of viable skin.
Considering the presence of microcirculation in the upper dermis, vi-
able skin is crucial to controlling the flux of penetrants into the systemic

8-MOP Psoralen

Bakuchiol

Isopsoralen

Psoralidin

Fig. 3. Superimposition of the computed poses for the compounds derived from P. corylifolia with cholesteryl sulfate.
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circulation. Although the high lipophilicity is critical to diffuse into the
skin, a hydrophilic nature is also important for release from the skin
into the aqueous medium or circulation (Song et al., 2011). There exists
a parabolic relationship between log P and flux, with the log P of 2–3
displaying the greatest permeability across the skin (Liu et al., 2011;

Riviere and Brooks, 2011). Our result is consistent with this theory. The
compounds with an extremely high log P even showed no penetration
into the receptor compartment. The furocoumarins with a feasible log P
(2.7–2.9) may preferentially reside in the viable epidermis and dermis,
inhabited by the psoriatic nidus. Solubility is an important factor for
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skin transport. The penetrants should be in the solubilized form to pass
the biomembrane (Liu et al., 2017). The very low solubility of psor-
alidin and bakuchiol in the vehicle led to the negligible flux. The low
bakuchiol solubility was the reason for this meroterpene showing a
much higher deposition when applied at the saturated dose but not in
the case of equimolar suspension.

Different from experimental log P and log K′, the total polarity
surface is a parameter offering a molecular estimation to picture the
level of lipophilicity. This value is measured based on the sum of the
surface area involving in nitrogen and oxygen, as well as the hydrogen
binding to electronegative atoms (Ertl et al., 2000). It is generally in-
versely correlated with the penetrant transport across biomembranes
such as gastrointestinal membrane and skin (Schaftenaar and de Vlieg,
2012). The greatest polar surface area of psoralidin could prove to have
insignificant skin absorption. The large molecular size of psoralidin as
approved by MW and molecular volume suggested the difficulty of
penetrating into the skin. The other parameters calculated from mole-
cular modeling such as negative CDOCKER energy and hydrogen bond
number also confirmed the poor absorption of this coumestrol. Mole-
cular docking was used to predict the possible interaction of the pe-
netrants with the SC lipids. A higher affinity to the lipid bilayers could
produce a greater SC uptake for facile skin absorption (Chuang et al.,
2017). Psoralidin showed the least interaction force compared to the
other compounds according to the negative CDOCKER score.

The hydrogen bond number is a parameter related to skin retention
of the penetrants, but less important to exhibiting the relation with flux
(Grice and Benson, 2013). Previous reports (Alikhan et al., 2009; Zhang
et al., 2009) suggested that the increase in the hydrogen bond acceptor
or total hydrogen bond number (acceptor and donor) caused a decrease
in SC diffusion. This is because the SC sheet is mainly a hydrogen bond
acceptor (N'Da, 2014). Psoralidin was the compound revealing the
highest hydrogen bond acceptor and donor numbers in this study. The
feature retarded psoralidin permeation into the SC. Contrary to this
result, the compound with the lowest hydrogen bond number (ba-
kuchiol) was preferable to retain in the uppermost skin layer and un-
available in the receptor compartment. The penetrants showing a high
hydrogen bond number may adsorb the water molecules in the aqueous
vehicle to generate a solvation cage. The large solvation complex is
harmful if absorbed into the skin (Mohammed et al., 2014). Though the
MW of psoralidin fell into a suitable level for percutaneous delivery
(< 500 g/mol), the attraction of water molecules to produce a solvation
cage may produce a complex of> 500 g/mol. This is unfavorable for
skin transport.

The melting point of the penetrants is related to the molecular as-
sociation with the SC. The decrease of the melting point would enhance
the penetrant solubility in the SC and hence promote the SC

partitioning (Bijaya et al., 2010; N'Da, 2014). The high melting point of
318 °C for psoralidin impeded the SC partitioning and the subsequent
cutaneous diffusion. Among the furocoumarins tested, psoralen gave
the lowest skin absorption, although its structure was similar to iso-
psoralen. This indicates that the isomers can demonstrate quite dif-
ferent absorption features. Although psoralen had a small molecular
size, the higher melting point than 8-MOP and isopsoralen contributed
to the difficult penetration into the SC. The lowest log K′ and highest
solubility of psoralen among the furocoumarins indicated the hydro-
philic character, which was also detrimental for SC partitioning.

We examined the inhibitory effect of combined P. corylifolia com-
pounds and UVA on keratinocyte growth. UVA light is proved to delay
the rapid expansion of keratinocytes in psoriatic patients (Farahnik
et al., 2016). The UVA wavelength was set at 365 nm, which is the peak
UVA emission used in clinical PUVA (Al-Ismail et al., 2016). Our results
showed that UVA could assist the apoptosis induced by the compounds.
Photochemotherapy elicits both apoptotic and immunomodulatory
functions, which are responsible for psoriasis amelioration. 8-MOP can
quickly penetrate the keratinocytes and intercalate between nucleic
acids (Stern, 2007). Subsequently UVA generates 8-MOP linkage to
pyrimidine bases, forming adducts. The adducts inhibit DNA replication
and cell proliferation. PUVA also produces reactive oxygen species to
evoke apoptosis. All compounds tested in the present study were pre-
viously reported to demonstrate significant apoptosis against tumors
(Lee et al., 2011; Kim et al., 2016; Zhang et al., 2016). The similar
action might occur in the proliferative keratinocytes. It is evidenced
that strong apoptosis was attributed to the compounds with fur-
ocoumarin structure (psoralens). Psoralidin and bakuchiol only showed
a moderate cell growth inhibition. This implies a superior candidate of
furocoumarins for PUVA therapy. In contrast to psoralen, 8-MOP and
isopsoralen are the preferable candidates for topical photo-
chemotherapy due to the high TI. Moreover, 8-MOP and isopsoralen
could be advantageous for topical administration with respect to cu-
taneous targeting but less transport across skin. Bakuchiol seems to be
appropriate for the targeted skin treatment due to its minimum pene-
tration into the receptor. Nevertheless, it only exerted a moderate TI
because of the low keratinocyte apoptosis.

Topical imiquimod stimulation of mouse skin would induce the
psoriasis-like lesions, which resemble the symptoms of human psoriasis
(Lin et al., 2015). We employed this model to test the effect of PUVA on
antipsoriatic ability. The dose exposure of UVA was 2.5 J/cm2 in this
study. This energy was similar to the dose suggestion in clinical pho-
tochemotherapy (Farahnik et al., 2016). Psoriasis can cause skin barrier
disruption and increased TEWL, which is proportional to clinical se-
verity. Our result suggested that 8-MOP or isopsoralen in combination
with UVA significantly restored the skin barrier defect induced by

(A)

(B)

Sham IMQ IMQ+8-MOP IMQ+isopsoralen

Sham IMQ IMQ+8-MOP IMQ+isopsoralen

Fig. 6. Skin sections removed from psoriasis-like lesion treated with or without PUVA represented by H&E staining and IHC analysis: (A) H&E histology, and (B) Ki-
67 IHC.
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imiquimod. Epidermal hyperproliferation is a consequence of barrier
deficiency (Wolf et al., 2012). Analysis of sections taken from the
mouse skin showed that the proliferation marker Ki-67 was decreased
by furocoumarins. The reduced proliferation could result in the de-
crease of epidermal thickening induced by imiquimod.

The development of psoriasis leads to the keratinocyte proliferation
to activate cytokine production (Johnson-Huang et al., 2012). IL-1β, IL-
6, and TNF-α have been linked to the psoriatic pathogenesis in the
inflammatory regulation. IL-1β and IL-6 are increased in the epidermal
layer after barrier disruption. Both cytokines are able to elevate kera-
tinocyte proliferation and epidermal thickening (Hänel et al., 2013).
TNF-α produced by the activated keratinocytes is important in psoriatic
lesion maintenance through the induction of proliferation and survival
(Chen et al., 2017). The results indicated that the expression of IL-1β
and IL-6 was markedly inhibited after treatment of combined iso-
psoralen and UVA as compared to the imiquimod-treated mice. The
suppression of IL-1β and IL-6 regulated keratinocyte proliferation and
differentiation, attenuating the inflammation in psoriasiform lesions. 8-
MOP only inhibited IL-1β upregulation by imiquimod. This compound
showed no effect on IL-6 and TNF-α in our case. Besides the cytokines,
the profiles of gross appearance and epidermal thickness demonstrated
a superior lesion inhibition by isopsoralen compared to 8-MOP. The
higher mouse skin deposition and limited diffusion across skin of iso-
psoralen compared to 8-MOP might improve the efficacy of topical
PUVA in imiquimod-induced injury. This corroborates that topical ap-
plication can deliver isopsoralen to the viable epidermis, which is the
targeted site for psoriasis treatment. The psoriasiform skin is more
permeable to the penetrants than the normal skin (Gattu and Maibach,
2010; Lin et al., 2015). The decreased skin integrity can increase pe-
netrant delivery across the skin to the circulation.

The in vivo tolerance study verified that 8-MOP and isopsoralen did
not damage the skin barrier. Both furocoumarins were proved to be safe
and nonirritant for 7-day use. Nevertheless, we could see that PUVA on
mouse skin caused excessive apoptosis in the epidermis compared to the
sham group. It might be due to an exposure UVA dose of 2.5 J/cm2

being too high for the mouse, though this exposure and influence is
feasible for humans. The common adverse effects of photo-
chemotherapy are erythema, pruritus, dry skin, and hyperpigmentation
(Coelho and Apetato, 2016). The protocol of PUVA should be further
optimized to accomplish the therapy with a balance between efficiency
and safety.

5. Conclusions

We investigated the skin permeation and psoriasiform lesion in-
hibition of the compounds from P. corylifolia in combination with
phototherapy. The in vitro results suggested that the chemicals with
more hydrophilic property (furocoumarins) initially formed a reservoir
in the skin, and some molecules in the reservoir diffused out of the skin
to the receptor. The more-lipophilic compounds (psoralidin and ba-
kuchiol) were mainly located in the cutaneous reservoir. We could
distinguish that the parameters estimated from molecular modeling
were useful to establish the SPR of these compounds. The antipsoriatic
potency of these chemicals resulted from the suppression of keratino-
cyte proliferation, with 8-MOP and isopsoralen showing greater in-
hibition than the others. 8-MOP and isopsoralen could attenuate psor-
iasis-like lesions via the reduction of epidermal thickening, cytokine
release, and barrier defect in the presence of UVA. Both furocoumarins
could be considered safe for topical application. This study indicated
that isopsoralen can be a potential alternative to 8-MOP due to the
satisfied skin accumulation and TI. This compound can proceed to the
next stage of clinical testing in order to elucidate possible antipsoriatic
therapy.
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A B S T R A C T

Background: Atopic dermatitis (AD) is an inflammatory skin disease with an associated barrier
dysfunction and Staphylococcus aureus infection. The mainstay steroid and calcineurin inhibitor therapy
shows some adverse effects. 2,4-Dimethoxy-6-methylbenzene-1,3-diol (DMD) is a benzenoid isolated
from Antrodia camphorata.
Objective: We investigated the inhibitory effect of DMD on methicillin-resistant S. aureus (MRSA), the
chemokine production in stimulated keratinocytes, and the AD-like lesion found in ovalbumin (OVA)-
sensitized mice.
Methods: The antimicrobial effect and cutaneous barrier function were evaluated using an in vitro culture
model and an in vivo mouse model of AD-like skin.
Results: DMD exhibited a comparative minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) against MRSA with nalidixic acid, a conventional antibiotic. The
MIC and MBC for DMD was 78.1 and 156.3 mg/ml, respectively. DMD also showed the ability to eliminate
the clinical bacteria isolates with resistance to methicillin and vancomycin. The DNA polymerase and
gyrase inhibition evoked by DMD for bacterial lethality was proposed. In the activated keratinocytes,
DMD stopped the upregulation of chemokines (CCL5 and CCL17) and increased the expression of
differentiation proteins (filaggrin, involucrin, and integrin β-1). Topical application of DMD facilely
penetrated into the skin, with AD-like skin displaying 2.5-fold greater permeation than healthy skin. The
in vivo assessment using the mouse model with OVA sensitization and MRSA inoculation revealed a
reduction of transepidermal water loss (TEWL) and bacterial burden by DMD by about 2- and 100-fold,
respectively. Differentiation proteins were also restored after topical DMD delivery.
Conclusion: Our data demonstrated an advanced concept of AD treatment by combined barrier repair and
bacterial eradication with a sole agent for ameliorating the overall complications.
© 2018 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Atopic dermatitis (AD) is an inflammatory disease characterized
by erythema, edema, vesicles, and lichenfication. The prevalence of
AD has increased 3-fold over the past 30 years [1]. Two features
associated with AD are the compromised skin barrier and increased
risk of cutaneous infection. The reduced barrier function leads to
Staphylococcus aureus invasion and the eczema’s exacerbation [2].
More than 90% of AD patients are colonized with S. aureus [3]. The
occurrence of methicillin-resistant S. aureus (MRSA) has emerged as
a predominant threat for AD treatment. Efficient AD management
requires multiple drug treatments. The anti-AD drugs such as coal
tar, doxepin, calcineurin inhibitors, and steroids are reported to
cause skin itching and stinging [4]. Several investigations assessing
anti-AD therapy based on natural sources reveal a potential activity
[5]. Antrodia camphorata is a fungal parasite on the inner cavity of
Cinnamomum kaehirae Hayata. It has long served as the traditional
medicine for the treatment of skin itching, abdominal pain,
hypertension, influenza, and cancers [6]. A. camphorata also
displays a potential for inhibiting and eradicating the pathogenic
bacteria [7,8].

The present study attempted to purify the chemicals from this
mycelium to evaluate the anti-AD potency. MRSA was used as the
model pathogen to examine the antibacterial activity of the crude
extract and compounds. We found that 2,4-dimethoxy-6-methyl-
benzene-1,3-diol (DMD) was superior in showing the anti-MRSA
effect compared to the other compounds. We detected the chemo-
kines in the stimulated keratinocytes by DMD treatment. To assess
the in vivo efficiency of DMD, the MRSA burden, transepidermal
water loss (TEWL), and differentiationproteins were estimated using
a mouse model of AD plus bacterial implantation.

2. Materials and methods

2.1. Extraction and isolation of A. camphorata

The agar-cultured mycelium of A. camphorata (500 g) was used
to prepare the extract in 95% ethanol (1.5:l) for 3 days at room
temperature. The extract supernatant (AC) was further partitioned
with ethyl acetate as the fractions. The fractions were separated by
silica gel column chromatography using the gradient mixtures
(400 ml) of n-hexane:acetone (9:1, 7:1, 5:1, 3:1, 1:1, total acetone,
and total methanol) as eluents to obtain seven fractions.

2.2. Liquid chromatography-mass spectrometry (LC–MS) analysis

ThesystemincludedaDionexUltiMate3000equippedwithapump,
column compartment, autosampler, and a Thermo Finnigan LXQ linear
ion trap mass spectrometer operated in positive electrospray ion mode.
The Acquity UPLC BEH Shield RP18 column was employed and
maintained at 35 �C with a flow rate of 0.3 ml/min. The mobile phase
consisted of water and methanol, both containing 0.1% formic acid. The
data analysis was performed using Xcalibur 2.0.7 software.

2.3. Bacterial strains

MRSA (ATCC 33591) and vanomycin-intermediate S. aureas
(VISA, ATCC 700699) were obtained from American Type Culture
Collection. Ten drug-resistant clinical isolates were used, five of
which were MRSA (KM-1 to KM-5). The others were VISA (KV-1 to
KV-5).

2.4. Disk diffusion test

Disk diffusion test was performed according to EUCAST
instruction (http://www.eucast.org) with Müller-Hinton agar

plate, a MRSA or VISA suspension in TSB solution at a density
equivalent to a 0.5 McFarland barium standard (1–2 � 108 CFU/ml)
as detected by a McFarland densitometer, and the disk loaded with
the compounds or crude extract (500 mg). After incubation for 20 h,
the inhibition zone diameter was measured.

2.5. Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)

A broth twofold serial dilution method was utilized to measure
the MIC [9]. The bacterial population was exposed to several
dilutions of the compounds ranging from 1.22 to 2500 mg/ml with
TSB and incubated at 37 �C for 20 h. For the MBC assay, the bacterial
suspension was diluted in PBS and plated on TSB plates. MBC was
defined as the lowest concentration that killed �99.9% of bacteria.

2.6. The bacterial morphology

The morphology of MRSA after DMD treatment was observed by
Jeol JEM-1200 EX transmission electron microscopy (TEM) based
on previous study [9].

2.7. Biofilm determined by confocal microscopy

The biofilm was treated by DMD, ciprofloxacin, or CPC at a
concentration of 500 mg/ml for 24 h. The three-dimensional
structure and thickness of biofilm were detected by Leica TSC
SP2 confocal microscopy [10].

2.8. Intracellular MRSA killing

The HaCaT keratinocytes and macrophages differentiated from
THP-1 monocytes by phorbol myristate acetate (0.1 mM) were
used as the host cells to determine the DMD activity toward
intracellular MRSA. The detailed information was shown in the
previous report [11].

2.9. Genomic DNA preparation and agarose gel analysis of MRSA

The detailed procedure is shown in Supplementary Materials.

2.10. Anti-Taq DNA polymerase activity

The detailed procedure is shown in Supplementary Materials.

2.11. DNA binding ability of Taq DNA polymerase

The detailed procedure is shown in Supplementary Materials.

2.12. Wrapping assay

The detailed procedure is shown in Supplementary Materials.

2.13. Keratinocyte viability

To estimate the effect of DMD on HaCaT cells, the cell viability
was examined using the tetrazolium assay. The detailed process of
this assay was described previously [12].

2.14. Determination of chemokines in keratinocytes

HaCaT cells (1 �105 cells/well) were trypsinized into 24-well
plates. After incubation in DMEM without FBS for 24 h, tumor
necrosis factor (TNF)-α and interferon (IFN)-g (20 ng/ml of each)
were added with or without AC or DMD for 24 h. The supernatant
was harvested after 24 h and subjected to ELISA with a murine
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monoclonal antibody against human chemokines CC motif ligand 5
and 17 (CCL5 and CCL17). ELISA was performed according to the
manufacturer’s directions.

2.15. In vitro cutaneous absorption test

The in vitro cutaneous absorption of DMD was conducted using
Franz diffusion cell. DMD penetration into the receptor was
quantified by HPLC. The other procedures were the same as in the
previous research [13].

2.16. Ovalbumin (OVA)-induced AD-like mouse and MRSA infection

The AD-like skin was induced by a method modified from the
previous study [14]. On Day 14 of OVA treatment, 100 ml MRSA
with an OD600 of 1 was pipetted onto the gauze, which was
administered to the dorsal skin. On Day 15 and 16, 10 mg/ml DMD
was spread onto the 1 �1 cm gauze. At the end of the experiment,
the skin was excised to count MRSA CFU and analyze the
differentiation protein gene expression by real-time PCR. Total
RNA was extracted with ZYMO Direct-zol1 reagent. The cDNA was
synthesized by reverse transcription by using an iScript1 cDNA
synthesis kit. The real-time PCR was performed using iQ SYBR
Green Supermix according to the manufacturer’s instructions. The
primers used to analyze mRNA were the same as in the previous
report [15].

2.17. In vivo cutaneous tolerance

The 10% methanol/PBS containing 1 mg/ml DMD was applied
daily (0.2 ml) on the dorsal area of the healthy mouse for 5
consecutive days. The DMD vehicle was replaced with a new one
every day. After the vehicle removal, the treated skin region was
assessed by TEWL and surface pH using Cutometer1 MPA 580.

2.18. Statistical analysis

The statistical analysis was carried out using GraphPad Prism 5
software. Dual comparisons were made with unpaired Student’s t-
test. Groups of three or more were analyzed by analysis of variance
(ANOVA) with Tukey or Dunnett posttests. The significance was
indicated as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 in
the figures.

3. Results

3.1. LC–MS determination of A. camphorata extract

An LC profile of the ethanolic extract exhibits many peaks as
shown in Fig. 1A. Investigation using chromatography led to the
identification of five compounds. Fig. 1B illustrates the structures
of these compounds. Suppl. Table 1 summarizes the MS analysis of
the compounds derived from ethanolic extract. The five

Fig. 1. Structural characterization of A. camphorata. (A) LC–MS chromatograms of A. camphorata extract. (B) Index compounds of A. camphorata mycelium.
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compounds were previously found in A. camphorata based on the
references [16,17].

3.2. DMD inhibits MRSA growth

The ethanolic extract was further separated by column
chromatography with different eluents to yield 7 fractions as
shown in Suppl. Table 2. The agar diffusion inhibition zone
demonstrated the susceptibility of MRSA to the eluents of n-
hexane:acetone 7:1, 3:1, and 1:1. DMD, antcin B, and 4-hydroxy-
benzaldehyde were isolated from these three fractions, respec-
tively. To examine the effect of these compounds on MRSA
eradication, the MIC and MBC were measured as compared to the
ethanolic extract (AC) as depicted in Suppl. Table 3. DMD
demonstrated the strongest MRSA and VISA growth inhibition.
The inhibition capability of DMD was comparable to nalidixic acid,
a positive control. Nalidixic acid was used because of the similarity
of physicochemical properties with DMD. Another positive control
was vancomycin, which is the antibiotic used for eliminating MRSA
infection in clinics. As expected, vancomycin revealed very low MIC
and MBC values to MRSA with efficient growth inhibition. A panel

of drug-resistant clinical isolates was employed to test the MIC and
MBC of DMD (Suppl. Table 4). The results showed that DMD was
able to inhibit the growth of these isolates to a determined amount.

The MRSA and VISA inhibition was recognized by the agar
diffusion assay (Fig. 2A). The trend of inhibition zone for inhibiting
MRSA and VISA is DMD > antcin B > 4-hydroxy-benzaldehyde.
Flow cytometry was used to determine the MRSA death rate. DMD
shows a dose-dependent fashion for MRSA killing (Suppl. Fig. 1).
Fig. 2B presents the TEM imaging of MRSA appearance. The intact
bacteria exhibited a smooth morphology on the surface. DMD
produced no influence on the MRSA shape. As a positive control,
CPC disrupted bacterial surface and released cytoplasm. Fig. 2C
presents the effect of DMD and CPC on the suppression of MRSA in
the biofilm form. DMD significantly reduced CFU inside and
outside the biofilm by about 103-fold.

Fig. 2D shows the anti-biofilm activity of DMD, ciprofloxacin,
and CPC against MRSA under confocal microscopy. The green signal
was faded after treatment of the antibacterial agents, with CPC
showing the weakest intensity. CPC is proved to be a strong biofilm
inhibitor via the mechanism of disrupting bacterial membrane
[18]. DMD, ciprofloxacin, and CPC restricted the biofilm thickness

Fig. 2. Determination of the antibacterial activity of A. camphorata extracted compound DMD. (A) Zone of inhibition of MRSA and VISA measured from EUCAST guideline. (B)
Morphological changes of MRSA viewed under TEM. (C) Measurement of MRSA counts for planktonic and biofilm. (D) The three-dimensional images and corresponding
biofilm thickness analyzed by CLSM. (E) Quantification of fluorescence intensity of MRSA biofilm. (F) Intracellular MRSA killing in HaCaT keratinocytes and macrophages
(THP-1). Each value represents the mean � SEM (n = 3). *** p < 0.001; ** p < 0.01; * p < 0.05. The statistical methods used for comparing the data of different groups are
unpaired t-test and ANOVA.
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from 36.4 to 28.4, 26.4, and 23.2 mm, respectively. The quantifica-
tion of biofilm fluorescence intensity shows that CPC markedly
reduced the green signal (Fig. 2E). The green fluorescence was
significantly decreased by DMD and ciprofloxacin. The MRSA
burden in the mammalian cells increased after a 4-h incubation
(Fig. 2F). Treatment with DMD dose-dependently reduced the
MRSA production. DMD at a dose of 500 mg/ml could reduce MRSA
CFU in keratinocytes by 7.5-fold as compared to the control (4 h).

3.3. Antibacterial mechanism of DMD

We explored the antibacterial mechanism of DMD by genomic
DNA detection (Fig. 3A). DMD and ciprofloxacin revealed a similar
pattern diminishing DNA concentration. Taq DNA polymerase is
important to replicating DNA in MRSA. We further examined the
ability of DMD to inhibit DNA polymerase (left panel of Fig. 3B). The
PCR products were reduced by DMD in a dose-dependent manner,

confirming the role of DMD as a DNA polymerase inhibitor.
Mitomycin C is an antitumor drug with a capability to elicit DNA
damage via an interstrand DNA crosslink. This drug may not affect
the activity of DNA polymerase. The right panel of Fig. 3B
demonstrates a significant presence of PCR products after
mitomycin C treatment.

As shown in Fig. 3C, DMD at different concentrations can
decrease the polymerase-DNA complex (red arrows) in the ssDNA
type but not in dsDNA. We further tested the effect of DMD on the
inhibition of the supercoiling activity of DNA gyrase and the
relaxing activity of DNA topoisomerase I. The assay demonstrates
that DMD exhibited a capacity to deactivate gyrase (left panel of
Fig. 3D). However, this effect was not observed in the case of
topoisomerase I. Based on the aforementioned experiments, we
suggest that during the process of DNA replication, DMD may
inhibit the activity of DNA polymerase and gyrase. Fig. 3E
illustrates the possible action mechanisms for DMD.

Fig. 3. Antibacterial mechanisms of DMD. (A) Analysis the quality of MRSA genomic DNA after treated with DMD by 0.8% agarose gel electrophoresis. (B) Effects of DMD and
mitomycin C on Taq DNA polymerases in PCR. (C) A mobility shift assay for Taq DNA polymerase with ssDNA and dsDNA. (D) Effect of DMD on E. coli gyrase and topoisomerase I
in wrapping assay. (E) Illustration for antibacterial mechanism of DMD on reduced biofilm production, inhibited DNA polymerase and gyrase activity.
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3.4. DMD reduced chemokines in activated keratinocytes

As shown in Fig. 4A, the DMD concentrations of 10 and 50 mg/
ml indicate no cytotoxicity. The higher doses of >100 mg/ml further
decreased the keratinocyte viability. We next assessed the effect of
AC and DMD on the levels of CCL5 and CCL17. The expressions of
CCL5 and CCL17 were elevated 4.2- and 30.1-fold with treatment of
TNF-α/IFN-g (Fig. 4B and C). The TNF-α/IFN-g-induced chemokine
increase was significantly inhibited by AC and DMD. DMD at the
lower concentration (10 mg/ml) was sufficient to return CCL17
expression to the control baseline.

3.5. DMD ameliorates AD-like lesion

In vitro DMD permeation across pig, BALB/c mouse, and AD-like
skins was investigated using Franz cell as depicted in Fig. 5A. DMD
penetration across mouse skin was greater as compared to that
across pig skin because of the thinner and more-permeable
features of rodent skin compared to pig skin. We also compared the
cutaneous DMD delivery in intact and AD-like skin after a 12-h
application. OVA sensitization significantly increased DMD ab-
sorption by 2.5-fold compared to healthy skin. An AD-like skin
lesion with MRSA infection developed in the mouse. The
application of MRSA or OVA on the back skin displayed the
symptoms of erythema, edema, scaling, and epidermal excoriation
according to the gross and microscopic appearances of the skin
surface (Fig. 5B and C). The severity of these lesions was worsened
by the combined OVA and MRSA. The signs of AD-like lesion in the
DMD-treated groups were significantly lessened compared with
MRSA alone or OVA plus MRSA.

In Fig. 5D, we see that MRSA application induced a 1000-fold
increase of bacterial CFU in the skin. DMD treatment could
decrease the MRSA burden by 10-fold. The combined OVA and
MRSA further drove the increase of MRSA inoculation. The
antibacterial activity of DMD significantly mitigated the progres-
sion of MRSA by about 100-fold. TEWL was measured to evaluate
the skin barrier function as shown in Fig. 5E. The water evaporation
was increased to 3-fold by combined OVA and MRSA compared to
normal skin. The topical administration of DMD significantly
reduced TEWL to 8.0 g/cm2/h, approximating the baseline. As
illustrated in Fig. 5F, the mRNA level was downregulated by

combined OVA and MRSA. The AD-like skin with MRSA exposure
even exhibited a minimized or negligible gene expression of the
proteins. DMD markedly enhanced the mRNA of the proteins
tested.

3.6. DMD elicits no irritation on intact skin

The repeated treatment of DMD for 5 days generally showed no
change in the appearance visualized by a digital camera and
handheld microscope (Fig. 6A and B). TEWL was significantly
increased after a 4-day treatment of PBS and vehicle (Fig. 6C). This
could be due to the methanol and water excessively hydrating the
SC and disturbing the barrier property. DMD could reverse the
increased TEWL produced by the vehicle effect. This may imply a
protective capability of DMD on barrier function. No skin pH
change was detected by vehicle and DMD treatments (Fig. 6D).

4. Discussion

AD produces lesions with low antimicrobial peptides [19],
leading to the increased bacterial colonization and the following
inflammation and barrier disruption exacerbation. Our results
demonstrated that DMD had the anti-MRSA activity as evaluated in
the forms of planktonic bacteria, biofilm mass, and intracellular
infection. According to the TEM imaging and biofilm visualization,
the anti-MRSA activity of DMD was not mediated by membrane
disturbance. The results of biofilm imaging and genomic DNA assay
inferred that DMD might represent a mechanism which traps DNA
gyrase and topoisomerase and disarranges DNA replication. We
found that DMD could interfere with ssDNA binding capacity to
create an unstable polymerase-DNA complex. The DNA replication
efficiency was thus lessened. DNA gyrase appears to be an ideal
target for bacterial killing [20]. We provided evidence of the gyrase
sensitivity toward the inhibition by DMD.

Our skin absorption data showed that topically applied DMD
could penetrate the skin, assuring the subsequent anti-AD activity.
The cutaneous absorption can be facilitated by the more lipophilic
penetrants [21]. DMD revealed a lipophilic characteristic according
to a partition coefficient log P of 1.8. Another possibility elucidating
the absorption of DMD was the low molecular weight (184 g/mol)
for preferentially penetrating into the SC. Inflammatory skin

Fig. 4. The effects of crude extract (AC) and DMD on HaCaT keratinocytes. (A) Cell viability of DMD-treated HaCaT cells with respect to untreated control. (B), (C) AC and DMD
reduced AD inflammation chemokines marker CCL5 and CCL17. Each value represents the mean � SEM (n = 6). *** p < 0.001; ** p < 0.01; * p < 0.05. The statistical methods
used for comparing the data of different groups are unpaired t-test and ANOVA.
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diseases are always associated with impaired SC integrity and tight
junction (TJ) function for the greater drug transport compared to
intact skin [22]. Our results confirmed a superior DMD penetration
across the lesional skin as compared to healthy skin. The limitation
of the present work was the use of murine model but not human
skin as the permeation barrier. It is known that human skin
exhibits stronger barrier characteristic than murine skin. Whether
the topical DMD application is advantageous for skin penetration
and AD therapy in humans remains to be elucidated.

S. aureus infiltrates into the skin to trigger keratinocyte
stimulation, leading to inflammation. The inflammation produces
further barrier defect and hence a vicious cycle [3]. The skin barrier
impairment parallels the increased TEWL [23,24]. Not only the skin

inflammation but also the bacteria themselves interact with the SC
and TJ to cause barrier damage [25]. Topically applied DMD
attenuated the increased TEWL level induced by OVA and MRSA.
This compound could even maintain the TEWL at the baseline level
to ignore the effect of vehicle disruption on the barrier’s nature in
the in vivo tolerance study. The upregulation of differentiation
proteins in skin tissue suggests that DMD strengthened the SC and
TJ barriers. The AD production is partly driven by the terminal
keratinocyte differentiation defect [26]. DMD was useful for raising
this TJ for barrier function restoration. There is a relationship
between the barrier function and microbial infection by estimating
the TEWL increase following the decrease of antimicrobial
peptides in AD patients [27]. Both the direct bacterial killing

Fig. 5. In vitro absorption-time profiles of DMD and in vivo topical application of DMD against MRSA infection AD-like mouse. (A) In vitro permeation profile of DMD in Franz
Cell using OVA mouse, healthy mouse, and pig skins. (B) The skin surface of mouse after treatment of OVA induction or MRSA infection with and without DMD condition at day
17. (C) The magnified images of panel (B). The scale bar is 1 mm. (D) Survival of MRSA in mouse skin treated with DMD. Seventeen days after OVA induction and MRSA
infection, skin were cut, homogenized, and bacterial count was determined by CFU assay. (E) Transepidermal water loss (TEWL) of mice skin treated with DMD. (F) qPCR
analysis of mouse skin RNA for differentiation markers filaggrin, involucrin and integrin β-1. Each value represents the mean � SEM (n = 6). *** p < 0.001; ** p < 0.01; * p < 0.05.
The statistical methods used for comparing the data of different groups are unpaired t-test and ANOVA.
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and improvement of epidermis disruption for preventing infection
by DMD were helpful for reducing the overall risk of pathogen
invasion in AD.

The previous work [28] suggests the anti-inflammatory effect of
A. camphorata against the production of nitric oxide, IL-1β, COX-2,
and TNF-α in the lipopolysaccharide-activated macrophages. Some
benzenoids isolated from A. camphorata have attracted attention
due to the anti-inflammatory activity in T cells and macrophages
[29,30]. The keratinocytes of AD patients indicate a propensity to
produce cytokines and chemokines [31], both of which can be
employed as the clinical markers. Chemokines are the signaling
peptides regulating immune cell trafficking. The inflammatory cell
infiltration in AD skin is commonly observed. A previous study [32]
demonstrated that A. camphorata lowered inflammatory cell
infiltration in the epidermis in a mouse skin ischemia model.
CCL5 is a chemokine that induces leukocyte infiltration in response
to bacterial toxins. The barrier damage elicits the production of
CCL17 from keratinocytes, resulting in the attraction of T
lymphocytes via CC chemokine receptor 4 (CCR4). Both chemo-
kines are highly associated with the occurrence of AD [23,33]. Our
results showed that DMD significantly decreased CCL5 and CCL17
induced by the activated keratinocytes, suggesting that DMD
might play a role in the inhibition of T lymphocyte migration into
AD lesions.

The in vivo safety rating through topical DMD application
manifested a minimal adverse event on normal skin. Although
DMD caused in vitro cytotoxicity against HaCaT at the concen-
trations of >100 mg/ml, the in vivo tolerance study demonstrated
no irritation of topically applied DMD at 1 mg/ml. The use of topical
therapy is beneficial in comparison with systemic therapy as it
generally exhibits less adverse risk and increases compliance. Our
data proved the feasibility of DMD for topical use because of the
capability to penetrate the skin and the improvement of AD
symptoms and complications. Topical therapy of bacterial skin
infection provides advantages over systemic therapy, including the
minimization of systemic toxicity and reduced cost [34]. Chlor-
hexidine is a topical antiseptic employed in outpatient settings to
control MRSA outbreak and prevention of skin infection [35]. The
anti-MRSA agent developed in this study achieved similar aims to
chlorhexidine. However, the structures and antimicrobial mecha-
nisms of both compounds are quite different. Chlorhexidine is a

cationic disinfectant with broad-spectrum biocide activity against
Gram-positive bacteria, Gram-negative bacteria, and fungi [36].
The main mechanism of action is the destabilization of cell wall to
interfere osmosis. On the other hand, DMD showed specific
antibacterial activity against Gram-positive bacteria but limited
activity against Gram-negative bacteria such as E. coli and P.
aeruginosa (data not shown). The mechanism of DMD was the
protein synthesis inhibition but not cell membrane damage. The
study of AD patient compliance has suggested that use of the anti-
inflammatory therapy is too late once the flare-up has started [37].
Currently, there is no primary preventive intervention established
for AD [38]. DMD may be developed as a preventative agent
because it is safe and even protects the barrier feature in healthy
skin.
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A B S T R A C T

Staphylococcus aureus (S. aureus) can lead to many life-threatening diseases. It has the ability to invade normal
endovascular tissue. The molecular mechanisms and pathological changes of endothelial cells after S. aureus
infection are of interest, but the basic understanding of how S. aureus destroys this barrier is not clear. Here, we
showed that S. aureus enhanced COX-2 expression and prostaglandin E2 (PGE2) secretion in human aortic en-
dothelial cells (HAECs). In addition, S. aureus induced PGE2/interleukin-6 (IL-6)/matrix metallopeptidase-9
(MMP-9)-dependent cell migration. S. aureus-induced COX-2, IL-6, and MMP-9 levels were inhibited by trans-
fection with siRNA of Toll-like receptor 2 (TLR2), p38, p42, p44, p50, or p65. S. aureus also induced p38 MAPK,
ATF2, ERK1/2, and NF-κB p65 activation. Interestingly, we proved that S. aureus decreased intracellular gen-
eration of reactive oxygen species (ROS), which suggests that the inhibition of ROS production promoted in-
flammatory responses. Finally, we showed that S. aureus enhanced a variety of biomarkers of inflammation in
cardiovascular diseases. However, the free radical scavenger (MCI-186) or antioxidant (N-acetyl-L-cysteine,
NAC) markedly enhanced S. aureus-induced COX-2 mRNA levels in the aorta tissues. Taken together, these
findings established that S. aureus promoted aorta inflammation via activation of p38 MAPK, ERK1/2, and NF-κB
and inhibition of ROS generation.

1. Introduction

Staphylococcus aureus (S. aureus) is a common pathogen that can
cause infection of human skin and other soft tissues, blood, and the
respiratory tract [1]. In addition, S. aureus often causes endocarditis,
bacteremia, and endovascular infections [2]. The interactions between
S. aureus and endothelial cells are considered the most important in-
teractions in the pathogenesis of cardiovascular infection [3], and the

interactions can damage heart valves in endocarditis or induce multi-
organ dysfunction [3]. Recently, Venza et al. found that S. aureus can
trigger interleukin-8 (IL-8) activation by increasing cyclooxygenase-2
(COX-2) levels and prostaglandin E2 (PGE2) production in S. aureus-
infected human conjunctival cells [4]. Moreover, Klemm et al. found
that interleukin-6 (IL-6), a marker of severe disease, was up-regulated
during S. aureus infection [5]. Matrix metalloproteinase-9 (MMP-9) is
thought to be involved in extracellular matrix degeneration and
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inflammation [6]. However, the relationship between S. aureus and
these pro-inflammatory mediators, including COX-2/PGE2, IL-6, and
MMP-9, in human aortic endothelial cells (HAECs) and the detailed
mechanisms involved in S. aureus-induced vascular inflammation are
still unknown. Thus, in this study, we explored how S. aureus causes
vascular inflammation.

Many studies have shown that S. aureus promotes inflammatory
responses through Toll-like receptor 2 (TLR2)-dependent signaling
molecules, including mitogen-activated protein kinases (MAPKs) and
NF-κB [5,7,8]. Induction and mediation of the inflammatory response is
controlled by MAPKs, a well-studied, important family of kinases,
among various mechanisms [5]. MAPK signaling pathways encompass
cascades of kinases, which convert extracellular signals into cellular
responses [5]. Isoforms of MAPKs JNK, p38, and ERK1/2 are the best-
studied of the kinases in mammalian cells [5]. Upon pathogen chal-
lenge, MAPKs are activated and then cause the up-regulation of che-
mokines, inflammatory proteins, and cytokines [9]. NF-κB regulates
inflammation by inducing many genes, including those coding for
chemokines and cytokines [9]. Many studies have demonstrated that
NF-κB activation/translocation and inflammatory responses can be
mediated by TLR2 [10]. However, whether these signaling molecules
involved in inflammatory responses induced by S. aureus in HAECs is
unknown. Thus, we investigated the detailed mechanisms involved in S.
aureus-induced vascular inflammation.

Studies have shown that the physiological flux of reactive oxygen
species (ROS) mediates cell survival, differentiation, proliferation, and
migration. Increased oxidative stress often causes cell damage and leads
to inflammation [11]. Oxidative stress may occur due to increased
generation and/or reduced ROS destruction [11]. Therefore, levels of
endogenous cellular antioxidants and antioxidant enzymes and activa-
tion of ROS-producing systems affect the balance between ROS pro-
duction and destruction. Several mechanisms in the body resist oxida-
tive stress by producing antioxidants. Nonetheless, oxidant inhibitors
and antioxidant strategies are not always beneficial for the treatment of
diseases. Therefore, a lack of necessary ROS is detrimental to cells, and
redox imbalance due to an excess of oxidizing or reducing equivalents
creates oxidative stress or reductive stress states (redox stress states)
that are harmful to biological systems [12]. Previous reports have in-
dicated that bacteria are destroyed by various deadly stressors, some of
which facilitate cascades of ROS [13]. Bacteria have protective proteins
that can be used to counter damage and detoxify ROS [13]. Therefore,
in this study, we also explored the role of ROS in S. aureus-mediated
inflammation in HAECs and in rats. In this way, the results of this study
can help clarify how S. aureus causes vascular inflammation, which
could be helpful in designing clinical treatment of S. aureus infections.

2. Materials and methods

2.1. Materials

We purchased anti-COX-2 (sc-376861), anti-GAPDH (sc-365062),
anti-TLR2 (sc-21759), anti-TLR4 (sc-293072), anti-p38α/β (sc-7972),
anti-ATF2 (sc-187), anti-p65 (sc-8008), and anti-COX-1 (sc-19998)
antibodies from Santa Cruz Biotechnology Inc (SantaCruz, CA, USA).
Anti-phospho-p65 (#3033), anti-phospho-ATF2 (#9221), anti-
phospho-p38 MAPK (#9211), and anti-phospho-ERK1/2 (#9101) an-
tibodies were purchased from Cell Signaling (Danvers, MA, USA). MCI-
186, SC-51322, U0126, SB202190, and N-acetyl-L-cysteine (NAC) were
purchased from Calbiochem (San Diego, CA, USA). H2O2, enzymes, and
other chemicals were purchased from Sigma (St. Louis, MO, USA).
Helenalin (HLN) was purchased from Cayman (Ann Arbor, MI, USA).

2.2. Cell culture

Human aortic endothelial cells (HAECs) (C00625PA) were pur-
chased from Cascade Biologics (Portland, OR). The cells were grown in

culture flasks in endothelial cell growth medium, M200 (Cascade
Biologics, Inc.) supplemented with fetal bovine serum (FBS, 5%),
human basic fibroblast growth factor (3 ng/ml), human epidermal
growth factor (10 ng/ml), streptomycin (100 pg/ml), penicillin (100 U/
ml), insulin (10mg/ml), and Fungizone (1.25 mg/ml) at 37 °C in a
humidified 5% CO2 atmosphere. Cells were used between passages 3
and 7 in this study.

2.3. Preparation of S. aureus

S. aureus (strain 12598, a gift from Dr J. C. Shu, Department of
Medical Biotechnology and Laboratory Science, Chang Gung
University, Tao-Yuan, Taiwan) was maintained in BHI (brain heart in-
fusion) broth (Sigma). The method of preparation of S. aureus is de-
scribed in our previous study [10]. In each experiment, approximately
2×107 bacteria, representing a bacteria/epithelial cell ratio of 20:1,
were added in 1ml of RPMI 1640 medium (Gibco) to each well.

2.4. Transient transfection with siRNAs

Scrambled, COX-2, IL-6, MMP-9, p42, p44, p38, p65, p50, TLR2,
and TLR4 human siRNAs were purchased from Sigma (St. Louis, MO,
USA). We transiently transfected siRNA (100 nM) by use of a
Lipofectamine™ RNAiMAX reagent, according to the manufacturer's
instructions.

2.5. Real-Time PCR

We used TRIzol reagent to extract total RNA. We then reverse-
transcribed mRNA into cDNA and analyzed it by real-time PCR, using
SYBR Green PCR reagents (Applied Biosystems, Branchburg, NJ, USA)
and primers specific for human GAPDH, COX-2, TLR2, and TLR4 and
mouse GAPDH, COX-1, and COX-2 mRNAs. Finally, COX-1, COX-2,
TLR2, and TLR4 mRNA levels were determined by normalizing to levels
of GAPDH expression.

Real time RT-PCR primer sequences were as follows:
Rat COX-1:
5′-TCCTGTTCCGAGCCCAGTT-3′ (forward)
5′-CTTGGAAGGAATCAGGCATGA-3′ (reverse)
Rat COX-2:
5′-GGCACAAATATGATGTTCGCA-3′ (forward)
5′−CCTCGCTTCTGATCTGTCTTGA-3′ (reverse)
Rat GAPDH:
5′-AAGGTGGTGAAGCAGGCGGC-3′ (forward)
5′-GAGCAATGCCAGCCCCAGCA-3′ (reverse)
Human COX-2:
5′-ATCATTCACCAGGCAAATTGC-3′ (forward)
5′-GGCTTCAGCATAAAGCGTTTG-3′ (reverse)
Human TLR2:
5′-CAGGTGACTGCTCGGAGTTC-3′ (forward)
5′-CACAACTACCAGTTGAAAGCAGTGA-3′ (reverse)
Human TLR4:
5′-TGGAAGTTGAACGAATGGAATGTG-3′ (forward)
5′-ACCAGAACTGCTACAACAGATACT-3′ (reverse)
Human GAPDH:
5′-TCATCCCTGAGCTGAACGG-3′ (forward)
5′-GTCAAAGGTGGAGGAGTGGG-3′ (reverse)

2.6. Migration assay

HAECs were cultured to confluence in 10-cm dishes and starved
with serum-free M200 for one day. We then scratched the monolayer
cells with a blade, creating extended and definite scratches in the center
of the dishes with a bright and clear field. The cells were washed once
with PBS to remove the detached cells. After pretreatment with the
inhibitors for 2 h, serum-free M200 with or without S. aureus was added
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Fig. 1. S. aureus induces MMP-9-dependent cell migration. (A) Cells were treated with S. aureus for the indicated times. The COX-2 expression was determined.
(B) Cells were treated with S. aureus (2×107 CFU/ml) for the indicated times. The COX-2 mRNA levels and promoter activity were determined. (C) Cells were
treated with S. aureus (2× 107 CFU/ml) for the indicated times or transfected with siRNA of scrambled or COX-2, then treated with S. aureus for 24 h. PGE2
production was measured. (D) Cells were pretreated with SC-51322, and then treated with S. aureus for 24 h. IL-6 production was measured. (E) Cells were pretreated
with SC-51322 or transfected with siRNA of scrambled or IL-6, and then treated with S. aureus for 24 h. The MMP-9 production was measured. (F) Cells were
pretreated with SC-51322 or transfected with siRNA of scrambled, IL-6, or MMP-9, then treated with S. aureus for 24 h. Cell migration was determined. n=3–4,
*P < 0.05; #P < 0.01, as compared with the basal level (A, B, C). **P<0.01, as compared with the cells exposed to S. aureus+ scrambled siRNA (C). #P<0.01, as
compared with the cells exposed to S. aureus alone (D). #P < 0.01 for significant difference between the groups (E, F).
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to each dish containing the DNA synthesis inhibitor, hydroxyurea
(10 μM), during the period of incubation. We counted the number of
migratory cells from the resulting four-phase images for each point and
averaged for each experimental condition. The final data came from
three separate assays.

2.7. Measurement of intracellular ROS accumulation

We used CellROX Green Reagent (Molecular Probes, Eugene, OR,
USA) to measure oxidative stress in live cells. The fluorescence for
CellROX Green Reagent staining was detected at 485/520 nm. HAECs
were washed with warm Hank's Balanced Salt Solution (HBSS) and
incubated in HBSS containing 5 μM CellROX Green Reagent at 37 °C for
30min. The HBSS containing CellROX Green Reagent then was re-
moved and replaced with fresh medium. HAECs were incubated with S.
aureus for the indicated times. Finally, HAECs were washed twice with
PBS and detached with trypsin/EDTA. The fluorescence intensity of the
cells was analyzed with a FACScan flow cytometer (BD Biosciences, San
Jose, CA) at 485 nm excitation and 520 nm emission.

2.8. Measurement of MMP-9 and IL-6 expression

HAECs were cultured in 12-well culture plates. After reaching
confluence, HAECs were incubated with S. aureus for the indicated
times at 37 °C. The media were gathered, and IL-6 and MMP-9 were
measured with an IL-6 ELISA kit (BioSource International, Camarillo,
CA, USA) and MMP-9 ELISA kit (Thermo scientific, Rockford, USA),
respectively, according to instructions of the manufacturers.

2.9. Measurement of PGE2 release

HAECs were cultured in 12-well culture plates. After reaching
confluence, HAECs were incubated with S. aureus for the indicated
times at 37 °C. The media were gathered, and PGE2 were measured with
a PGE2 ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA), according
to instructions of the manufacturers.

2.10. Western blot analysis

We cultured HAECs in 6-well culture plates. After reaching con-
fluence, HAECs were incubated with S. aureus for the indicated times at
37 °C. Western blot analysis methods have been described [10]. Finally,
membranes were incubated with the anti-COX-2 antibody for one day
and then incubated with the anti-mouse horseradish peroxidase anti-
body for 60min. We used enhanced chemiluminescence (ECL) reagents
to detect immunoreactive bands.

2.11. COX-2 luciferase promoter assay

We cloned the human COX-2 promoter (a region spanning ―459 to
+9 bp) [14–16] into pGL3-basic vector (Promega, Madison, WI, USA)
to construct a COX-2-luc plasmid. The COX-2 luciferase promoter assay
was performed as we have described [10]. Firefly luciferase activities
were finally normalized to β-gal activity.

2.12. Animal care and experimental procedures

Male Sprague Dawley rats aged 6–8 weeks were obtained from the
National Laboratory Animal Centre (Taipei, Taiwan) and were handled
according to NIH Guides for the Care and Use of Laboratory Animals.
We injected 100 μl of bacterial suspension intraperitoneally (2×107

CFU/mouse) into Sprague Dawley rats; control rats were injected with
BHI. Sprague Dawley rats were given one dose of NAC, MCI-186,
U0126, SB202190, or HLN (2mg/kg of body weight) intraperitoneally
2 h before S. aureus (2× 107 CFU/rat) treatment. The animals were
killed after 48 h. Plasma myeloperoxidase (MPO) and serum C-reactive

protein (CRP), IL-6, and TNF-α were measured.

2.13. Statistical software and analysis

We analyzed the data with the GraphPad Prism program (GraphPad,
San Diego, CA, USA). Quantitative data were expressed as the
mean ± S.E.M. and analyzed with one-way ANOVA followed with
Tukey’s post-hoc test. We defined P < 0.05 as a significant difference.

3. Results

3.1. S. aureus induces COX-2/PGE2/IL-6/MMP-9-dependent cell migration

Many studies have pointed out that S. aureus induces COX-2 or PGE2
expression [10,17] in various cell types. Here, we investigated whether
S. aureus could induce COX-2 expression in HAECs. Cells were treated
with various concentrations of S. aureus for 2, 4, 6, 16, or 24 h. The
protein expression of COX-2 was determined with Western blot. As
shown in Fig. 1A, S. aureus induced COX-2 protein levels in a dose- and
time-dependent manner. S. aureus-induced COX-2 expression was sig-
nificantly increased within 6 h and continued to increase over 24 h. In
addition, we observed that S. aureus (2× 107 CFU/ml) induced COX-2
mRNA levels and promoter activity in a time-dependent manner, with a
maximal response within 4–6 h (P<0.01) (Fig. 1B). We have already
known that COX-2 can convert arachidonic acid to PGE2, which can be
used as a marker of COX-2 activity [17]. Moreover, as shown in Fig. 1C,
we demonstrated that S. aureus time-dependently induced PGE2 gen-
eration (< 5-fold, P<0.01), which was decreased by transfection with
COX-2 siRNA (P<0.01). When IL-6 binds to its soluble receptor, sIL-
6Rα, it can affect the transition from acute to chronic inflammation by
regulating the properties of leukocyte infiltrate [18]. We previously
demonstrated that PGE2 could induce IL-6 release in human tracheal
smooth muscle cells [19]. In this study, we pointed out that S. aureus
induced IL-6 release (< 4-fold, P<0.01), which was reduced by pre-
treatment with the inhibitor of PGE2, SC-51322 (10 μM) (P<0.01)
(Fig. 1D). Studies have shown that IL-6 can mediate cell migration in
various cell types [20]. Moreover, we showed that S. aureus enhanced
MMP-9 levels (< 3-fold, P<0.01) in HAECs, which was reduced by
pretreatment with 10 μMSC-51322 (P<0.01) or transfection with IL-6
siRNA (P<0.01) (Fig. 1E). Finally, we showed that S. aureus promoted
cell migration (< 6-fold, P<0.01), which was inhibited by transfec-
tion with siRNA of IL-6 or MMP-9 (P<0.01) or pretreatment with SC-
51322 (P<0.01) (Fig. 1F). These results prompt us to suggest that S.
aureus induces HAECs migration via a COX-2/PGE2/IL-6/MMP-9-de-
pendent pathway.

3.2. S. aureus induces COX-2 expression via TLR2, but not TLR4 in HAECs

Staphylococcal lipoteichoic acid (LTA) triggers a cascade of in-
flammatory responses through TLR2. After stimulation, TLR2 can pro-
mote production of inflammatory cytokines [21]. On the other hand,
TLR4 is most known for recognizing lipopolysaccharide (LPS), a com-
ponent present in Gram-negative bacteria [22]. Here, we found that S.
aureus-induced COX-2 expression was reduced by transfection with
TLR2 siRNA (P<0.01), but not with transfection of TLR4 siRNA
(Fig. 2A). S. aureus and LTA also increased TLR2 protein levels directly
(< 4-fold, P<0.01) (Fig. 2B). We further demonstrated that S. aureus
(< 7-fold, P<0.01) and LTA (< 3-fold, P<0.01) could induce TLR2
mRNA levels, but not TLR4 mRNA levels, in HAECs (Fig. 2C). Finally,
we showed that S. aureus-induced MMP-9 and IL-6 levels were reduced
by transfection with TLR2 siRNA (P<0.01) (Fig. 2D). Thus, we suggest
that S. aureus induces COX-2 expression via TLR2 in HAECs.

3.3. S. aureus induces COX-2 expression via p38 MAPK in HAECs

p38 MAPK has been shown to regulate COX-2 expression and PGE2

M.-H. Tsai et al. Biomedicine & Pharmacotherapy 107 (2018) 889–900

892 359



release [23]. Indeed, we found that S. aureus-induced COX-2 protein
and mRNA were inhibited by the inhibitor of p38 MAPK, SB202190
(P<0.01) or p38 siRNA (P<0.01) (Fig. 3A and B). On the other hand,
S. aureus-induced PGE2/IL-6/MMP-9 and cell migration were also re-
duced by transfection with siRNA of p38 (P<0.01) (Fig. 3C and D).
The ATF2 transcription factor is phosphorylated by the stress-activated
p38 MAPK [24]. Moreover, S. aureus markedly induced p38 MAPK

activation in a time-dependent manner with a maximal response within
15–30min (< 3-fold), which was reduced by SB202190 (P<0.01)
(Fig. 3E). Finally, we showed that S. aureus induced ATF2 phosphor-
ylation in a time-dependent manner in these cells, with a maximal re-
sponse within 15–30min (< 4-fold, P<0.01) (Fig. 3F). Thus, we
suggest that S. aureus induces COX-2 expression and cell migration via
p38 MAPK in HAECs.

Fig. 2. S. aureus induces COX-2 ex-
pression via TLR2, but not TLR4 in
HAECs. (A) Cells were transfected with
siRNA of scrambled, TLR4, or TLR2,
and then treated with S. aureus for 24 h.
The COX-2 expression was determined.
(B) Cells were treated with LTA (50 μg/
ml) or S. aureus for 24 h. TLR2 and
TLR4 expression was determined. (C)
Cells were treated with S. aureus or LTA
for 6 h. TLR2 and TLR4 mRNA levels
were determined. (D) Cells were trans-
fected with siRNA of scrambled, TLR2,
or TLR4, and then treated with S. aureus
for 24 h. MMP-9 and IL-6 production
was measured. n=4–5, #P<0.01, as
compared with the cells exposed to S.
aureus + scrambled siRNA (A, D).
#P < 0.01, as compared with the
basal level (B, C).
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3.4. S. aureus induces COX-2 expression via ERK1/2 in HAECs

ERK1/2 has been shown to regulate COX-2 expression and PGE2
release [10]. We found that S. aureus-induced COX-2 protein and mRNA
levels were inhibited by the inhibitor of MEK1/2, U0126 (P<0.01), or
siRNA of p42 or p44 (P<0.01) (Fig. 4A and B). S. aureus-induced
PGE2/IL-6/MMP-9 levels and cell migration were also reduced by
transfection with siRNA of p42 or p44 (P<0.01) (Fig. 4C and D). Fi-
nally, we showed that S. aureus induced ERK1/2 phosphorylation in a

time-dependent manner, with a maximal response within 10–15min
(< 3-fold) in these cells, which was reduced by U0126 (P<0.01)
(Fig. 4E). Thus, we suggest that S. aureus induces COX-2 expression and
cell migration via ERK1/2 in HAECs.

3.5. S. aureus induces COX-2 expression via NF-κB in HAECs

NF-κB has been shown to regulate COX-2 expression and PGE2 re-
lease [10]. We found that S. aureus-induced COX-2 protein and mRNA

Fig. 3. S. aureus induces COX-2 ex-
pression via p38 MAPK. (A) Cells
were pretreated with SB202190, and
then treated with S. aureus. COX-2 ex-
pression was determined. (B) Cells
were transfected with siRNA of scram-
bled, TLR2, or p38, then treated with S.
aureus for 6 h. COX-2 mRNA levels were
determined. (C, D) Cells were trans-
fected with siRNA of scrambled or p38,
then treated with S. aureus for 24 h.
PGE2, IL-6, and MMP-9 production and
cell migration were measured. (E) Cells
were pretreated without or with
SB202190, then treated with S. aureus
for the indicated times. Expression of
phospho-p38 MAPK was determined.
(F) Cells were treated with S. aureus for
the indicated times. Expression of
phospho-ATF2 was determined. n= 3,
#P < 0.01, as compared with the
basal level (A, F). **P<0.01, as com-
pared with the cells exposed to S.
aureus alone (A). #P<0.01, as com-
pared with the cells exposed to S.
aureus + scrambled siRNA (B, C, D).
#P<0.01, as compared with the cells
exposed to S. aureus alone (E).
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Fig. 4. S. aureus induces COX-2 expression via ERK1/2. (A) Cells were pretreated with U0126, and then treated with S. aureus. COX-2 expression was determined.
(B) Cells were transfected with siRNA of scrambled, p44, or p42, and then treated with S. aureus for 6 h. COX-2 mRNA levels were determined. (C, D) Cells were
transfected with siRNA of scrambled, p44, or p42, and treated with S. aureus for 24 h. PGE2, IL-6, and MMP-9 production and cell migration were measured. (E) Cells
were pretreated without or with U0126, then treated with S. aureus for the indicated times. Expression of phospho-ERK1/2 was determined. n=3, #P < 0.01, as
compared with the basal level (A). **P<0.01, as compared with the cells exposed to S. aureus alone (A). #P<0.01, as compared with the cells exposed to S. aureus+
scrambled siRNA (B, C, D). #P<0.01, as compared with the cells exposed to S. aureus alone (E).
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levels were inhibited by the inhibitor of NF-κB, (HLN) (P<0.01), or
siRNA of p65 or p50 (P<0.01) (Fig. 5A and B). S. aureus-induced
PGE2/IL-6/MMP-9 levels and cell migration were also reduced by
transfection with siRNA of p65 or p50 (P<0.01) (Fig. 5C and D).
However, we found that S. aureus induced NF-κB p65 activation in a

time-dependent manner with a maximal response within 30–60min
(< 3-fold, P<0.01), which was not reduced by siRNA of p38 or p42
(Fig. 5E). Finally, we showed that S. aureus time-dependently induced
NF-κB activity (< 3-fold, P<0.01), which was reduced by HLN
(P<0.01), but not by SB202190 or U0126 (Fig. 5F). Taken together,

Fig. 5. S. aureus induces COX-2 expression
via NF-κB. (A) Cells were pretreated with HLN,
and then treated with S. aureus. COX-2 ex-
pression was determined. (B) Cells were trans-
fected with siRNA of scrambled, p65, or p50,
and then treated with S. aureus for 6 h. COX-2
mRNA levels were determined. (C, D) Cells
were transfected with siRNA of scrambled, p65,
or p50, and then treated with S. aureus for 24 h.
PGE2, IL-6, and MMP-9 production and cell
migration were measured. (E) Cells were
treated with S. aureus for the indicated times or
transfected with siRNA of scrambled, p38, or
p42, then treated with S. aureus for 60min.
Expression of phospho-p65 was determined.
(F) Cells were treated with S. aureus for the
indicated times or pretreated with SB202190,
U0126, or HLN, then treated with S. aureus. NF-
κB activity was determined. n=3, #P < 0.01,
as compared with the basal level (A, E, F).
**P<0.01, as compared with the cells exposed
to S. aureus alone (A, F). #P<0.01, as com-
pared with the cells exposed to S. aureus +
scrambled siRNA (B, C, D).
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these data suggest that S. aureus induces COX-2 expression via p38
MAPK- and ERK1/2-independent NF-κB activation in HAECs.

3.6. S. aureus reduces ROS generation, and then promotes infection in
HAECs

ROS are deadly weapons used by phagocytes and other cell types
against pathogens [25]. On the other hand, ROS can kill pathogens
directly by causing oxidative damage to biocompounds or indirectly by
stimulating pathogen elimination through various nonoxidative me-
chanisms [25]. Thus, one would expect that the inhibition of ROS
production would promote infection. Increasing evidence indicates that
in certain infections, antioxidants decrease and prooxidants increase
pathogen burden [26]. Interestingly, in this study, we found that S.
aureus (2× 107 CFU/ml and 107 CFU/ml) markedly decreased in-
tracellular ROS generation in these cells (P<0.05) (Fig. 6A). On the
other hand, the free radical scavenger (MCI-186) or antioxidant (NAC)
further enhanced S. aureus-induced COX-2 mRNA levels (< 15-fold,
P<0.01) (Fig. 6B). Taken together, the results suggest that S. aureus
decreases ROS generation and then promotes inflammatory responses.

3.7. S. aureus induces COX-2 expression and aorta inflammation in rats

In an in vivo study, Sprague Dawley rats were treated with S. aureus

(2× 107 CFU/rat) and killed after 48 h. Preparation of aorta tissues was
analyzed with Western blot and real-time PCR to determine the levels of
COX-2 and COX-1 protein and mRNA, respectively. As shown in Fig. 7A,
we found that S. aureus induced COX-2, but not COX-1 protein (< 6-
fold, P<0.01) and mRNA levels (< 20-fold, P<0.01), in the aorta
tissues. The most extensively studied biomarker of inflammation in
cardiovascular diseases is CRP [27]. MPO is one of the most studied
molecules during the last decade that plays a crucial role in in-
flammation at the cellular level [28]. MPO-catalyzed reactions have
been ascribed to potentially proatherogenic biological activities
throughout the evolution of cardiovascular disease [28]. Here, we also
showed that S. aureus induced plasma MPO (<5-fold, P<0.01), serum
CRP (< 8-fold, P<0.01), IL-6 (< 10-fold, P<0.01), and TNF-α (< 8-
fold, P<0.01) (Fig. 7B). Finally, Sprague Dawley rats were given one
dose of NAC, MCI-186, U0126, SB202190, or HLN intraperitoneally 2 h
before S. aureus (2× 107 CFU/rat) treatment and killed after 48 h.
Preparation of aorta tissues was analyzed with real-time PCR to de-
termine the levels of COX-2 mRNA. We showed that S. aureus induced
COX-2 mRNA levels (< 15-fold), which were reduced by U0126,
SB202190, or HLN (P<0.01) (Fig. 7C). However, NAC or MCI-186
further enhanced S. aureus-induced COX-2 mRNA levels (P<0.05)
(Fig. 7C).

4. Discussion

S. aureus is a major pathogen responsible for a variety of diseases,
ranging from minor skin infections to life-threatening conditions, such
as sepsis. Endovascular S. aureus infections are among the most difficult
to treat, which probably is due to the complex pathogenesis involving a
numerous host and bacterial factors [29]. Cell wall-associated and se-
creted proteins and cell- wall components, such as peptidoglycan, have
been shown to be inflammatory, and these staphylococcal components
may contribute to sepsis [21]. Several lines of evidence suggest that
high levels of PGE2, synthesized by COX-2, are also involved in in-
flammatory responses [10]. However, little has been known about the
molecular mechanisms involved in S. aureus-induced aorta inflamma-
tion. Here, we established for the first time that in HAECs, S. aureus
decreases ROS generation and then promotes inflammatory responses.
Moreover, COX-2/PGE2 up-regulation can further promote IL-6/MMP-
9-dependent cell migration. This study provided a better understanding
of the inflammatory mechanisms and a putative therapeutic strategy for
endovascular S. aureus infections.

TLRs are transmembrane proteins that detect invading pathogens by
binding conserved, microbially derived molecules and that induce sig-
naling cascades for proinflammatory gene expression [30]. TLR2 has
been shown to function as the transmembrane component involved in
the detection of staphylococcal lipoteichoic acid and phenol-soluble
modulin, and is involved in the synthesis of inflammatory cytokines by
monocytes/macrophages in response to these components [21]. Indeed,
we documented that S. aureus induced COX-2 expression via TLR2, but
not TLR4 in HAECs. S. aureusmay also promote inflammatory responses
via the up-regulation of TLR2 expression. IL-6 is the predominant
mediator of the acute-phase response, which is an innate immune me-
chanism triggered by inflammation [19]. Previous studies have shown a
positive association between endogenous PGE2 production and IL-6
synthesis [31]. IL-6 has been shown to regulate cell migration in various
cell types [20]. Here, we demonstrated in HAECs that S. aureus induced
cell migration through a COX-2/PGE2/MMP-9 pathway. The MAPKs
family consists of three major members: ERK1/2, p38 MAPK, and JNK
[32]. MAPKs are important for intracellular signal transduction and
play critical roles in regulating inflammatory responses [9]. In this
study, we proved that S. aureus induced COX-2/PGE2/IL-6/MMP-9 ex-
pression via ERK1/2 and p38 MAPK by using siRNA of p42, p44, or p38.
However, transfection with JNK1 or JNK2 siRNA had no effects on S.
aureus-induced COX-2/PGE2/IL-6/MMP-9 expression (data not shown).
Thus, we suggest that S. aureus induced COX-2/PGE2/IL-6/MMP-9-

Fig. 6. S. aureus reduces ROS generation in HAECs. (A) Cells were treated
with H2O2, NAC, MCI-186, or S. aureus for 2 h. ROS generation was determined.
(B) Cells were pretreated without or with NAC or MCI-186 for 2 h, and then
treated with S. aureus for 6 h. COX-2 mRNA levels were determined. n=5,
*P < 0.05; #P < 0.01, as compared with the basal level.
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dependent cell migration through ERK1/2 and p38 MAPK, but not
through JNK, in HAECs. Although in various cell types, an elevation in
COX-2/PGE2 levels is often associated with an increase in ERK1/2, JNK,
or p38 MAPK activation, our results show for the first time a novel role
of ERK1/2 or p38MAPK in S. aureus-induced COX-2/PGE2/IL-6/MMP-

9-dependent cell migration in HAECs.
The transcription factor NF-κB is a key regulator of immune re-

sponses and inflammation through the induction of numerous genes,
including those coding for cytokines, chemokines, and adhesion mole-
cules [33]. Moreover, NF-κB is one of the major mediators of the

Fig. 7. S. aureus induces COX-2 expression and aorta in-
flammation in rats. (A) Rats were treated with S. aureus (2× 107

CFU/rat), then killed after 48 h. Preparation of aorta tissues was
analyzed by Western blot and real-time PCR to determine the levels
of COX-2 and COX-1 protein and mRNA, respectively. (B) Rats
were treated with S. aureus (2×107 CFU/rat), then killed after
48 h. Levels of CRP, MPO, IL-6, and TNF-α were measured. (C) Rats
were given one dose of NAC, MCI-186, U0126, SB202190, or HLN
intraperitoneally 2 h before S. aureus (2× 107 CFU/rat) treatment,
then killed after 48 h. Preparation of aorta tissues was analyzed by
real-time PCR to determine the levels of COX-2 mRNA. n=7–8,
#P < 0.01, as compared with the basal level (A, B). *P < 0.05;
#P < 0.01, as compared with the rats exposed to S. aureus alone
(C).
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intracellular functions of LTA [9]. This activity is confirmed by our
observation that S. aureus-induced COX-2/PGE2/IL-6/MMP-9 expres-
sion was decreased by transfection with p65 or p50 siRNA. NF-κB di-
mers containing RelA or c-Rel are retained in the cytoplasm through
interaction with the inhibitors of NF-κB (IκBs). In response to various
stimuli, IκBs are phosphorylated by the activated IκB kinase (IKK)
complex, followed by rapid ubiquitin-dependent degradation by the
26S proteosome [34]. This activity allows NF-κB dimers to translocate
to the nucleus, where they stimulate expression of target genes. In this
study, we found also that S. aureus markedly stimulated p65 phos-
phorylation and NF-κB activity in HAECs. However, p38 MAPK and
ERK1/2 were not involved in S. aureus-induced NF-κB activation in
these cells. A major challenge for future research is elucidation of the
mechanisms involved in regulation of NF-κB activation and the phy-
siological relevance of NF-κB-targeted genes in various cells. This in-
formation may lead to the development of therapeutic inhibitors that
selectively block NF-κB-regulated inflammatory responses.

ROS are generated by living organisms as a result of normal cellular
metabolism and environmental factors. ROS are highly reactive mole-
cules that can damage cell structures and alter their functions. The shift

in the balance between oxidants and antioxidants in favor of oxidants is
termed “oxidative stress” [35]. Mediation of reducing and oxidizing
(redox) state is critical for cell viability, activation, proliferation, and
organ function [35]. Nonetheless, manipulation of oxidant inhibitors
and antioxidants are not always beneficial for the treatment of diseases.
Therefore, a lack of necessary ROS may be detrimental to cells, and
redox imbalance, with an excess of oxidizing or reducing equivalents,
creates oxidative stress or reductive stress states, (redox stress states)
that are harmful to biological systems [12]. In addition, ROS are deadly
weapons used by phagocytes and other cell types, such as lung epi-
thelial cells, against pathogens [25]. ROS can kill pathogens directly by
causing oxidative damage to biocompounds or indirectly by stimulating
pathogen elimination by various nonoxidative mechanisms. Thus, one
would expect that the inhibition of ROS production would promote
infection [25]. Aerobic organisms have integrated antioxidant systems,
which include enzymatic and non-enzymatic antioxidants that are
usually effective in blocking the harmful effects of ROS [13]. Interest-
ingly, in HAECs, S. aureus markedly decreased ROS generation. Thus,
we suggest that S. aureus promoted inflammatory responses via the
inhibition of ROS production in HAECs. In the future, we will in-
vestigate the relationship between ROS and MAPKs or NF-κB in S.
aureus-treated HAECs.

The most extensively studied biomarker of inflammation in cardi-
ovascular diseases is CRP [27]. MPO is one of the most widely studied
during the last decade molecule that plays a crucial role in inflamma-
tion in the cellular level [28]. MPO-catalyzed reactions have been at-
tributed to potentially proatherogenic biological activities throughout
the evolution of cardiovascular disease [28]. IL-6 is a soluble mediator
with a pleiotropic effect on inflammation, immune response, and he-
matopoiesis. IL-6 functions as a mediator for notification of some
emergent event [36]. IL-6 is generated in an infectious lesion and sends
out a warning signal to the entire body [36]. The signature of exo-
genous pathogens, known as pathogen-associated molecular patterns, is
recognized in the infected lesion by pathogen-recognition receptors
(PRRs) of immune cells, such as monocytes and macrophages [37].
These PRRs comprise TLRs, retinoic acid-inducible gene-1-like re-
ceptors, nucleotide-binding oligomerization domain-like receptors, and
DNA receptors [37]. They stimulate a range of signaling pathways,
including NF-κB, and enhance the transcription of the mRNA of in-
flammatory cytokines, such as IL-6, tumor necrosis factor TNF-α, and
IL-1β. TNF-α and IL-1β also activate transcription factors to produce IL-
6 [38]. Indeed, in an in vivo study, we also showed that S. aureus in-
duced levels of plasma MPO and serum CRP, IL-6, and TNF-α. Inter-
estingly, pretreatment with the free radical scavenger (MCI-186) or
antioxidant (NAC) enhanced S. aureus-induced COX-2 mRNA levels in
the aorta tissues of rats. This response demonstrated that S. aureus
promoted infection via the inhibition of ROS production and oxidative
damage.

In summary, as depicted in Fig. 8, our results demonstrate that in
HAECs, S. aureus induces COX-2 expression via the activation of p38
MAPK, ERK1/2, and NF-κB and reduced ROS generation. Moreover,
COX-2/PGE2 can further promote IL-6/MMP-9-dependent cell migra-
tion. These results indicate a role for HAECs as inflammatory cells in-
volved in the production of chemical mediators that may contribute to
the inflammatory response seen in cardiovascular diseases.
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Fig. 8. Schematic diagram illustrating the proposed signaling pathway
involved in S. aureus-induced COX-2/PGE2/IL-6/MMP-9-dependent cell
migration. In HAECs, S. aureus induces COX-2 expression via the activation of
p38 MAPK, ERK1/2, and NF-κB and reduction of ROS generation. Moreover,
COX-2/PGE2 can further promote IL-6/MMP-9-dependent cell migration. CVD,
cardiovascular disease.
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Abstract

Background: Brachychiton rupestris and Brachychiton discolor (Malvaceae) are ornamental trees native to Australia.
Some members of Brachychiton and its highly related genus, Sterculia, are employed in traditional medicine for itching,
dermatitis and other skin diseases. However, scientific studies on these two genera are scarce. Aiming to reveal the
scientific basis of the folk medicinal use of these plants, the cytotoxicity, anti-inflammatory and anti-allergic activities of
Brachychiton rupestris and Brachychiton discolor leaves extracts and fractions were evaluated. Also, phytochemical
investigation of B. rupestris was performed to identify the compounds exerting the biological effect.

Methods: Extracts as well as fractions of Brachychiton rupestris and Brachychiton discolor were tested for their
cytotoxicity versus hepatoma HepG2, lung A549, and breast MDA-MB-231 cancer cell lines. Assessment of the anti-
allergic activity was done using degranulation assay in RBL-2H3 mast cells. Anti-inflammatory effect was tested by
measuring the suppression of superoxide anion production as well as elastase release in fMLF/CB-induced human
neutrophils. Phytochemical investigation of the n-hexane, dichloromethane and ethyl acetate fractions of B. rupestris
was done using different chromatographic and spectroscopic techniques.

Results: The tested samples showed no cytotoxicity towards the tested cell lines. The nonpolar fractions of both B.
rupestris and B. discolor showed potent anti-allergic potency by inhibiting the release of β-hexosaminidase. The
dichloromethane fraction of both species exhibited the highest anti-inflammatory activity by suppressing superoxide
anion generation and elastase release with IC50 values of 2.99 and 1.98 μg/mL, respectively for B. rupestris, and 0.78 and
1.57 μg/mL, respectively for B. discolor. Phytochemical investigation of various fractions of B. rupestris resulted in the
isolation of β-amyrin acetate (1), β-sitosterol (2) and stigmasterol (3) from the n-hexane fraction. Scopoletin (4) and β-
sitosterol-3-O-β-D-glucoside (5) were obtained from the dichloromethane fraction. Dihydrodehydrodiconiferyl alcohol
4-O-β-D-glucoside (6) and dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (7) were separated from the ethyl
acetate fraction. Scopoletin (4) showed anti-allergic and anti-inflammatory activity.

Conclusions: It was concluded that the nonpolar fractions of both Brachychiton species exhibited anti-allergic and
anti-inflammatory activities.
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Background
Allergy is one of the most popular diseases worldwide and
its great prevalence makes allergic disorder a growing glo-
bal concern [1]. Allergic reaction can be defined as the de-
velopment of signs and symptoms of hypersensitivity
reactions upon exposure to certain allergenic substances
resulting in massive production of allergen-specific IgE
and allergen-specific T-cell populations [2]. Allergic reac-
tion can be a life-threatening condition especially in ana-
phylaxis and severe asthma or it can be a chronic
condition that interferes with the quality of life such as in
eczema and allergic rhinitis [3].
Inflammation is another common disorder which is an

innate immune response from the host defense mechan-
ism. It consists of a series of complex biological pro-
cesses aiming to combat infection and tissue injury.
These processes lead to accumulation of plasma and
blood cells in the tissue in addition to the release of in-
flammatory mediators aiming to reestablish tissue struc-
tures and function [4, 5]. Untreated inflammation can
lead to a chronic condition which is characterized as a
very long-term inflammation affecting the remodeling of
tissue for many weeks and even years. It is considered as
a main cause in the development of a various life threat-
ening disorders, such as neurodegenerative diseases and
cancers [4].
Non-steroidal anti-inflammatory drugs (NSAIDs) con-

stitute the commonly adopted classes for the alleviation
of inflammation and related conditions. Meanwhile, their
intolerable side effects represented by gastrointestinal ul-
cers, and perforation with concomitant bleeding are the
main obstacles facing their therapeutic usage [6]. On the
contrary, nature continues to serve as a rich and appeal-
ing source of novel, safer, and cheaper bioactive mole-
cules in comparison to many synthetic drugs. A plethora
of plant extracts, as well as isolated compounds, possess
notable anti-allergic and anti-inflammatory activities, as
previously reported [5, 7–11].
Malvaceae, the mallows, is a family that comprises more

than 200 genera and 2300 species. A great diversity of
phytoconstituents such as triterpenes, flavonoids, couma-
rins, as well as alkaloids was previously reported in the
members of this family [12, 13]. Brachychiton (Malvaceae)
is a small genus native to Australia comprising of 30 spe-
cies [14, 15]. Recently, Brachychiton has been considered
as a separate genus from Sterculia as proved by the de-
tailed investigation of its follicles, seed coats and embryo
[14]. Members of the Brachychiton genus were used as
food by Australian Aborigines and some are used as orna-
mental trees or shrubs [16, 17]. Different members of the
genus possess several interesting biological effects such as
antioxidant, antibacterial, anti-hyperglycemic, hepatopro-
tective and anti-schistosomal activities [18–21]. Phyto-
chemical studies of various members of Brachychiton sp.

resulted in the identification of various classes of com-
pounds such as flavonoids, coumarins, triterpenes, sterols,
and alkaloids [22–24]. Brachychiton rupestris is commonly
known as “Queensland bottle tree” because it is native to
Queensland and has a bottle shaped trunk. B. discolor
(synonym B. luridus) is commonly called the lacebark tree
[25–27]. The mucilage and ethyl acetate fraction of B.
rupestris leaves were previously investigated for their in
vivo anti-hyperglycemic effect and the phytochemical in-
vestigation of this species led to the isolation and identifi-
cation of flavonoid aglycones and glycosides from the
leaves [20, 28]. However, no complete phytochemical
study was done on this species. Regarding B. discolor, two
complete phytochemical studies were reported on this
species where many classes of compounds were reported
from the leaves, seeds and roots including triterpenes, fla-
vonoids, phenolic acids, coumarins and alkaloids [23, 24].
Tracing current literature, nothing was found regard-

ing the anti-allergic and anti-inflammatory effects of B.
rupestris. However, different studies were carried out
confirming the anti-allergic and anti-inflammatory activ-
ities of several triterpenes such as β-amyrin, oleanolic
acid and lupeol [29–33] which were also isolated from B.
discolor [23, 24]. Another species (B. populneus) was re-
ported to be effective in relieving pain and skin diseases
in folk medicine [34]. Furthermore, many members of
the related genus, Sterculia, are popular in folk medicine
for alleviating itching, dermatitis, boils, inflammations
and other skin diseases [35–40]. Herein, we investigated
the anti-allergic and anti-inflammatory activities of the
methanol extracts and fractions of both B. rupestris and
B. discolor leaves. The cytotoxic effect of B. rupestris and
B. discolor leaves extracts and fractions was also evalu-
ated to ascertain their safety. Additionally, the isolation
and structural elucidation of the major constituents from
the bioactive fractions of B. rupestris was achieved
within this work.

Methods
Plant materials
The leaves of B. rupestris (T.Mitch.ex Lindl) K.Schum
and B. discolor F.Muell were obtained from El-Orman
Botanical Garden, Giza, Egypt, in summer 2014. The
plants were generously authenticated by Prof. Dr.
Mohamed El-Gibaly, Department of Botany, National
Research Center (NRC), Giza, Egypt. Voucher specimens
(PHG-P-BR-248 and PHG-P-BL-249) for B. rupestris
and B. discolor (B. luridus), respectively were kept at the
Pharmacognosy Department, Faculty of Pharmacy, Ain
Shams University.

Extraction and fractionation
Total amount of 3.05 kg of B. rupestris air-dried leave
were crushed, macerated in 29 L of distilled methanol
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for three times and filtered. Subsequently, the obtained
filtrate was evaporated in vacuo at low temperature (45 °
C) till dryness and then subjected to lyophilization to
give 333.56 g of the total methanol extract. A portion of
the extract (300 g) was successively partitioned with
n-hexane (37.9 L), dichloromethane (4.8 L) and ethyl
acetate (5.2 L) to give 54.35, 8.54 and 5.91 g, respectively
along with the remaining hydromethanolic fraction esti-
mated as 191.5 g.
Similarly, for B. discolor, the crushed air-dried leaves

600 g were macerated in distilled methanol (6 L × 3), fil-
tered, and evaporated at 45 °C under reduced pressure
till dryness to yield 36 g of the total methanol extract.
Then, 11 g of the total extract were fractionated using
430 mL of n-hexane, 300 mL of dichloromethane and
300 mL of ethyl acetate successively to give 1.3, 1.2, and
0.9 g of the dried residues, respectively.

Biological investigations
In vitro assessment of the cytotoxic activity

Cell culture The cytotoxicity of B. rupestris and B. dis-
color total extracts as well as their obtained fractions
was examined on A549 (adenocarcinoma human alveo-
lar basal epithelial cells), HepG2 (human liver cancer cell
line) and MDA-MB-231 (invasive ductal carcinoma)
cells. Cells were preserved in Dulbecco’s modified Eagle’s
medium-high glucose powder (DMEM) containing 10%
heat-inactivated fetal bovine serum (FBS), 1 mM sodium
pyruvate, 100 μg/mL streptomycin, 100 U/mL penicillin,
and 2 mM L-glutamine. Cells were cultured in culture
dishes (Cellstar) that were kept in a humidified chamber
supplied with 5% (v/v) CO2 at 37 °C. Then the cells were
maintained as a monolayer culture adopting serial sub-
culturing. Cells growing in the logarithmic phase were
employed in all experiments [41].

Cytotoxicity assay MTT (methylthiazoltetrazolium)
assay was employed to evaluate the cytotoxic activity of
the tested samples against human cancer cells [42, 43].
Trypsinized cell suspensions were freshly prepared and
then planted in a 96-well culture plate followed by over-
night incubation. Tested samples were prepared in di-
methyl sulfoxide (DMSO) to form stock solutions of
1 mg/mL. Cells were treated with the tested samples
using different concentrations (2.5–20 μg/mL) then in-
cubated for 72 h at 37 °C under 5% CO2. After the incu-
bation, and removal of the cells medium, 100 μL of
MTT solution was added to each well followed by incu-
bation of the cells for 1 h. The formed formazan crystals
were dissolved in DMSO after the removal of the
medium to measure absorbance at 550 nm. The percent-
age of cell viability was calculated by the following
formula:

%cell viability ¼ O:D of treated cells−O:D of culture medium
O:D of untreated cells−O:D of culture medium

� 100

Where O.D = optical density
Cytotoxicity was expressed as % cell inhibition. Doxo-

rubicin was used as the positive control.

In vitro assessment of the anti-allergic activity

Chemicals and reagents DMEM, dexamethasone,
p-nitrophenyl-N-acetyl-D-glucosaminide (p-NAG), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brom-
ide), penicillin and streptomycin, calcium ionophore
A23187, mouse anti-DNP (dinitrophenyl) IgE antibody, and
DMSO were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Moreover, FBS was obtained from Hyclone
(Logan, UT, USA). Dinitrophenyl-conjugated bovine serum
albumin (DNP-BSA) was purchased from Merck (Kenil-
worth, NJ, USA). Additional chemicals as well as reagents
were purchased at the highest possible purity.

Cell culture The mucosal mast cell-derived rat baso-
philic leukemia (RBL-2H3) cell line was obtained from
the American Type Culture Collection. Cells were grown
in DMEM medium accompanied with 10% FBS in
addition to 100 U/mL penicillin plus 100 μg/mL strepto-
mycin. Cells were cultured in 10 cm cell culture dishes
(Cellstar) at 37 °C with 5% CO2 in air.

Cell viability assay MTT assay was used to assess the
toxic effects of samples on RBL-2H3 cells [44] and was
done as previously mentioned [42, 43]. All experiments
were done in triplicates. DMSO served as the negative
control not affecting the growth of RBL-2H3 cells. Tri-
ton X-100 (0.5% solution) was employed as the positive
control resulting in the death of all cells in a well.

Degranulation β-hexosaminidase assay induced by
A23187 A23187-induced degranulation in RBL-2H3 cells
was evaluated by a β-hexosaminidase activity assay as pre-
viously reported employing certain modifications [45, 46].
RBL-2H3 cells were seeded into 96-wells plate using a
density of 2 × 104 cells/well and were incubated at 37 °C
for 5 h in 5% CO2. Cells were washed with PBS (phos-
phate buffered saline) and then various concentrations of
samples or medium (untreated control) were added to
each well (100 μL), and the treated cells were incubated at
37 °C in 5% CO2 for 20 h. The cells were stimulated by
calcium ionophore A23187 (1 μM) diluted in Tyrode’s
buffer (135 mM NaCl, 1.8 mM CaCl2, 5 mM KCl, 1.0 mM
MgCl2, 5.6 mM glucose, 20 mM HEPES at pH 7.4), and
kept at 37 °C in 5% CO2 for 1 h. For the total amount of
β-hexosaminidase release, the unstimulated cells were
lysed using 0.5% Triton X-100. Untreated unstimulated
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cells represented spontaneous β-hexosaminidase release.
The control wells were represented by the stimulated un-
treated cells. The cells supernatants (50 μL) were incu-
bated with equal volume of 1 μM of p-NAG (50 μL), a
substrate for β-hexosaminidase, prepared in 0.05 M citrate
buffer (pH 4.5) for 1 h at 37 °C. The reaction was stopped
by 100 μL of stop buffer (0.1 M Na2/NaHCO3, pH 10.0).
Microplate reader was used to measure the absorbance at
405 nm. The inhibition percentage of β-hexosaminidase
release from RBL-2H3 cells was calculated using the fol-
lowing equation:

Inhibition %ð Þ ¼ 1−
ODsample−ODspontaneousð Þ
ODcontrol−ODspontaneousð Þ

� �
� 100

Dexamethasone (10 nM) was employed as the positive
control.

Degranulation β-hexosaminidase assay induced by
IgE β-Hexosaminidase release from the activated
RBL-2H3 cells was measured as previously reported [45,
47], with some modifications. The inhibition percentage
of antigen-induced β-hexosaminidase release from
RBL-2H3 cells was assessed in a similar way as described
above in the degranulation A23187-induced β-hexosa-
minidase assay, except of the stimulation process. The
cells were sensitized with anti-DNP IgE (0.1 μg/mL) for
at least 2 h and then washed with pre-warmed Tyrode’s
buffer, followed by stimulation by antigen DNP-BSA
(100 ng/mL). Dexamethasone (10 nM) was employed as
the positive control.

In vitro assessment of the anti-inflammatory activity

Preparation of human neutrophils Blood was with-
drawn from 20 to 35 years old healthy human donors
adopting a protocol approved by the institutional review
board at Chang Gung Memorial Hospital. Isolation of
neutrophils was done employing a standard method
which was previously reported [48].

Measurement of superoxide generation
Ferricytochrome c (0.5 mg/mL) and Ca2 (1 mM) were
incubated with neutrophils at 37 °C for 2 min, followed
by the treatment with the tested samples for 5 min. Cells
activation was done using formyl-methionyl-leucyl-phe
nylalanine (fMLF, 100 nM)/cytochalasin B (CB, 1 μg/
mL) for 10 min. The absorbance was detected at 550 nm
in a double-beam spectrophotometer Hitachi U-3010.
Superoxide inhibition was determined by lowering ferri-
cytochrome c as reported previously [48, 49]. The differ-
ences in absorbance between the measurements in the
presence of superoxide (100 U/mL) and its absence di-
vided by the extinction coefficient for the reduction of

ferricytochrome c (ε = 21.1/mM/10 mm) were used as
the basis for calculations. Genistein was adopted as the
positive control [50, 51].

Measurement of elastase release
The release of elastase was determined by assessing the
degranulation of azurophilic granules [48, 49]. An elas-
tase substrate MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide
(100 μM) was equilibrated with neutrophils at 37 °C for
2 min, followed by incubation with drugs for 5 min. Ac-
tivation of the cells was done using 100 nM fMLF and
0.5 μg/mL CB, and then the variations in absorbance
were detected at 405 nm. The results are shown as the
percentage of the initial rate of elastase release in the
fMLF/CB-activated, drug-free control system. Genistein
was employed as the positive control [50, 51].

Statistical analysis
Results are represented as mean ± SD value of at least
three independent measurements unless otherwise spe-
cified. The 50% inhibitory concentration (IC50) was de-
termined using the dose-response curve which was
constructed by plotting the percentage of inhibition ver-
sus concentrations (linear function, Microsoft Office).
Statistical analysis was done using one-way analysis of
variance (ANOVA) followed by Dunnet’s test (GraphPad
Prism 6.0, GraphPad Software, Sand Diego, CA, USA,
anti-allergic assay) or Student’s t-test (Sigma Plot, Systat
software, Systat Software Inc., San Jose, CA, USA,
anti-inflammatory assay). Values which show *p < 0.05,
**p < 0.001 are statistically significant.

Phytochemical investigations
General experimental procedures
1H and 13C (APT) NMR analyses were done using a
Bruker Ascend 400/R spectrometer (Burker Avance III,
Fallanden Switzerland) at the Center for Drug Discovery,
Research and Development, Faculty of Pharmacy, Ain
Shams University using 400 and 100 MHz the operating
frequencies. Chemical shifts were reported in δ ppm and
were related to that of the solvents. Dissolution of the
tested samples was done using various deuterated sol-
vents (Sigma Aldrich, Germany) in 3 mm NMR tubes
(Bruker). Spectra were recorded at 25 °C; δ ppm relative
to tetramethylsilane (Me4Si) as the internal standard.
Two-dimensional (2D) NMR experiments (1H, 1H-1H
COSY; 1H-13C HSQC; 1H-13C HMBC) were done using
the pulse sequences from the Bruker user library. Waters
Xevo TQD mass spectrometer supplied with UPLC
Acquity mode (Milford, USA) was employed to carry out
ESI-MS analysis. Normal phase column chromatography
was done using silica gel (Kieselgel 60, 70–230, and
230–400 mesh, Merck KGaA, Darmstadt, Germany).
TLC analysis was done utilizing normal phase silica gel

Thabet et al. BMC Complementary and Alternative Medicine          (2018) 18:299 Page 4 of 15

380



precoated plates F254 (Merck, Germany). Detection of
TLC spots was done using UV light at 254 nm and
365 nm as well as by spraying with 10% H2SO4 with
subsequent heating on a hot plate at 100 °C.

Isolation of the secondary metabolites from the bioactive
fractions
The n-hexane fraction (33 g) of B. rupestris was chroma-
tographed on silica gel (600 g) employing n-hexane:E-
tOAc with increasing polarity to give 23 major fractions.
Fraction II was further eluted with a mixture of n-hex-
ane: EtOAc (9.0:1.0) from which compound 1 (40 mg)
was precipitated as a white amorphous powder. A mix-
ture of compounds 2 and 3 (60 mg) was precipitated
from fraction III as white crystalline needles using the
solvent system n-hexane:EtOAc (9.0:1.0) as illustrated in
Fig. 1.
The dichloromethane fraction of B. rupestris (6 g)

was chromatographed on silica gel (300 g) using mix-
tures of CH2Cl2:CH3OH with increasing polarity as elu-
ents to afford 26 major fractions. Fraction VI (70 mg)
was further eluted with dichloromethane and was sub-
jected to silica gel column using a mixture of
CH2Cl2:CH3OH to give seven subfractions. Subfraction
7 (30 mg) was eluted with a mixture of CH2Cl2:CH3OH
(9.9:0.1) and purified over preparative TLC which re-
sulted in the separation of compound 4 (8 mg) that
showed strong fluorescent yellow color. Fraction XV

was eluted using a mixture of CH2Cl2:CH3OH (9.6:0.4)
from which compound 5 (50 mg) was precipitated as a
yellow powder as shown in Fig. 2.
The EtOAc fraction (4 g) was applied on the top of

150 g Diaion HP column using water, 50% methanol,
100% methanol as the mobile phases. The 50% methanol
fraction (2 g) was the most promising fraction after
comparing its TLC with the other fractions and was ap-
plied on the top of 40 g Sephadex® LH 20 and eluted
using water and methanol of decreasing polarity to give
16 fractions. Fraction V (70 mg) and fraction VI (50 mg)
were eluted using water 100% and were purified over
preparative TLC using CH2Cl2:CH3OH (8.5:1.5) as the
mobile phase to separate compounds 6 (6 mg) and 7
(5 mg), respectively (Fig. 3).

Spectroscopic data of compounds 1–7
β-Amyrin acetate (1)
It was isolated as a white amorphous powder; with Rf=

0.530 in n-hexane:EtOAc (9.5:0.5). 1H NMR (400 MHz,
CDCl3),

13C NMR (100 MHz, CDCl3) and 2D NMR spectro-
scopic data are displayed in the Additional file 1: Figure S1).
β-Sitosterol (2) and Stigmasterol (3)
They were isolated as white crystalline needles; showing

Rf = 0.206 in n-hexane:EtOAc (9:1). 1H-NMR (400 MHz,
CDCl3),

13C NMR (100 MHz, CDCl3) and 2D NMR spec-
tral data are displayed in the Additional file 1: Figure S2.
Scopoletin (4)

Fig. 1 Scheme showing the chromatographic fractionation of the n-hexane fraction
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It was obtained as a yellow powder; with Rf = 0.630 in
CH2Cl2:CH3OH (9.9:0.1). 1H-NMR (400 MHz, CD3OD)
(δ ppm): 7.75 (1H, d, J = 9.1, H-4), 6.80 (1H, s, H-5), 6.45
(1H, s, H-8), 5.85 (1H, d, J = 9.1 Hz, H-3), 3.81 (3H, s,
6-OCH3).

13C NMR data (100 MHz, CD3OD) (δ ppm):
166.26 (C-2), 153.86 (C-7), 151.4 (C-6), 146.99 (C-4),
107.65 (C-5), 105.50 (C-3), 104.59, (C-8), 56.03 (6-OCH3).
It exhibited a deprotonated molecular ion peak at m/z
190.8 [M-H]− in ESI-MS negative ion mode, correspond-
ing to the molecular formula C10H8O4 (Additional file 1:
Figure S3).
β-Sitosterol-3-O-β-D-glucoside (5)
It was isolated as a buff amorphous powder; with Rf =

0.630 in CH2Cl2:CH3OH (9.2:0.8). 1H-NMR (400 MHz,
DMSO-d6),

13C NMR (100 MHz, DMSO-d6) and 2D
NMR spectroscopic data are displayed in the Additional
file 1: Figure S4.
Dihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside (6)
It was obtained as a yellowish white amorphous powder;

with Rf = 0.259 in CH2Cl2:CH3OH (8.5:1.5). 1H-NMR
(400 MHz, CD3OD), 13C NMR data (100 MHz, CD3OD)
are illustrated in Table 4, (Additional file 1: Figure S5).
Dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (7)
It was obtained as a yellowish white amorphous powder;

with Rf = 0.304 in CH2Cl2:CH3OH (8.5:1.5). 1H-NMR

(400 MHz, CD3OD), 13C NMR (100 MHz, CD3OD) and
2D NMR spectroscopic data are displayed in Table 4 and
the Additional file 1: Figure S6.

Results
In vitro assessment of the cytotoxic activity of B. rupestris
and B. discolor
The cytotoxicity of the total methanol extracts and fractions
of both B. rupestris and B. discolor was evaluated versus
HepG2, A549 and MDA-MB-231 cancer cells using doxo-
rubicin as the positive control. Extracts and fractions of both
species at 20 μg/mL exhibited no cytotoxic activity against
any of the tested cell lines. Noteworthy to mention that
doxorubicin showed 91.28, 97.69 and 98.05% cell growth in-
hibition against HepG2, MDA-MB-231 and A549, respect-
ively at 2 μg/mL. The results are illustrated in Table 1.
Together with the nontoxic effects of all samples towards
RBL-2H3 mast cells (see the following section, and Table 2)
the results suggested that both species extracts and fractions
exhibited no cytotoxicity against the tested cancer cell lines.

In vitro assessment of the anti-allergic activity of B.
rupestris and B. discolor
The anti-allergic activity of the total methanol extracts
and fractions of both B. rupestris and B. discolor was

Fig. 2 Scheme showing the chromatographic fractionation of the dichloromethane fraction
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assessed using degranulation assay in RBL-2H3 mast cell
model and the results are presented in Table 2. Initially,
the cytotoxic effect of all samples was tested against
RBL-2H3 cells using MTT viability assay. All samples
were found to be nontoxic at 100 μg/mL. The samples
were subjected to the anti-allergic assay by evaluating
their inhibitory effect on β-hexosaminidase release in
RBL-2H3 cells induced by calcium ionophore, A23187.
According to our results, B. rupestris and B. discolor crude
methanol extracts (BRT 25.7% and BDT 16.0% inhibition)
and nonpolar n-hexane (BRH 39.0%, BDH 30.3% inhib-
ition) and dichloromethane fractions (BRD 19.0%; and
BDD 44.0% inhibition) exhibited significant inhibition of
β-hexosaminidase release in A23187-induced degranula-
tion assay at 100 μg/mL (Table 2). Dexamethasone, a

positive control, showed 62.0% inhibition of β-hexosamin-
idase release at 10 nM.

In vitro assessment of the anti-inflammatory activity of B.
rupestris and B. discolor
Similarly, the anti-inflammatory activity was determined
for the total methanol extracts and fractions of B. rupes-
tris and B. discolor and the results are presented in
Table 3. Both Brachychiton species exhibited a promising
inhibitory activity on superoxide anion production as
well as elastase release in fMLF-activated human neutro-
phils indicating their potential applications for the allevi-
ation of both acute and chronic inflammatory disorders.
All samples inhibited superoxide anion generation show-
ing IC50 values between 0.78 and 6.25 μg/mL in addition

Fig. 3 Scheme showing the chromatographic fractionation of the ethyl acetate fraction

Table 1 In vitro cytotoxicity of different extracts and fractions of B. rupestris and B. discolor against HepG2, MDA-MB-231 and A549
cell lines

Cell line BRT BRH BRD BRE BRR BDT BDH BDD BDE doxorubicin

HepG2 1.28 −2.078 −8.02 −8.43 −13.74 1.66 −7.43 −16.18 −6.62 91.28 ± 0.3

MDA-MB-231 −15.86 − 9.70 −18.83 −25.52 − 23.30 − 6.19 − 6.73 13.17 −20.64 97.69 ± 0.4

A549 0.44 −0.81 7.85 −8.37 −0.89 12.59 8.18 14.99 −6.52 98.05 ± 0.0

Results are presented as growth inhibition percentage at concentration of 20 μg/mL, mean (n = 1). Doxorubicin (2 μg/mL) was used as the reference drug, mean
± SD (n = 2). BRT: B. rupestris total methanol extract; BHT: B. rupestris n-hexane fraction; BRD: B. rupestris dichloromethane fraction; BRE: B. rupestris ethyl acetate
fraction; BRR: B. rupestris remaining MeOH(aq) fraction; BDT: B. discolor total methanol extract; BDH: B. discolor n-hexane fraction; BDD: B. discolor dichloromethane
fraction; BDE: B. discolor ethyl acetate fraction
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to inhibition of elastase release showing IC50 values ran-
ging from 1.57 to > 10 μg/mL (Table 3). The most potent
fractions, dichloromethane fractions of B. rupestris
(BRD) and B. discolor (BDD) inhibited superoxide anion
generation with IC50 values 2.99 μg/mL (BRD) and
0.78 μg/mL (BDD), and inhibited elastase release with
IC50 values 1.98 μg/mL (BRD) and 1.57 μg/mL (BDD).
Such activities indicated comparable or even better in-
hibitory potential than that of genistein (superoxide IC50

0.41 μg/mL and elastase IC50 4.41 μg/mL), a known
anti-inflammatory natural product [50, 51]. The dichlo-
romethane fractions (BRD and BDD) were capable of
almost completely abolishing oxidative burst and de-
granulation in fMLF-activated human neutrophils at
10 μg/mL (data not shown). Meanwhile, the ethyl acet-
ate fraction of both species showed anti-inflammatory
activity by inhibiting elastase release showing IC50 values
of 2.71 μg/mL for B. rupestris (BRE) and 2.95 μg/mL for
B. discolor (BDE).

Phytochemical investigations
In-depth phytochemical investigation was performed on
the most bioactive fractions of B. rupestris leaves including
the n-hexane, the dichloromethane and ethyl acetate
fractions that showed the highest anti-allergic and
anti-inflammatory activities. Three compounds were iso-
lated and structurally elucidated from the n-hexane fraction
which were β-amyrin acetate (1) [29], β-sitosterol (2) [52],
stigmasterol (3) [52]. Meanwhile, two compounds were ob-
tained from the dichloromethane fraction including scopo-
letin (4) [53, 54] and β-sitosterol-3-O-β-D-glucoside (5)
[55] which were isolated for the first time from B. rupestris
leaves. Furthermore, two neolignans were obtained from
the ethyl acetate fraction, dihydrodehydrodiconiferyl alco-
hol 4-O-β-D-glucoside (6) [56] and dihydrodehydrodiconi-
feryl alcohol 9-O-β-D-glucoside (7) [57] which were
isolated for the first time from the genus (Fig. 4). Their
structures were fully elucidated using 1D and 2D NMR
techniques and they were further ascertained by comparing
their data with previously reported data in literature.
Dihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside

(6) was isolated as a yellowish white amorphous powder.
1H-NMR of (6) revealed the presence of a 1,2,4-trisubsti-
tuted benzene ring with signals at δH 7.03 (d, J = 1.84 Hz),
7.14 (d, J = 8.43 Hz) and 6.93 (dd, J = 8.31, 2.03 Hz) for
H-2, H-5 and H-6, respectively, each integrated for one
proton. Also, a 1,2,3,5-tetrasubstituted benzene ring was
presented by two broad singlet signals at δH 6.73 (H-2′)
and 6.72 (H-6′). The spectrum revealed the existence of a
hydroxypropyl group showing three signals at δH 2.63 (t,
H-7′), 1.82 (m, H-8′), 3.57 (t, H-9′). Furthermore, a
methine-methine-methylene group (CH-CH-CH2) ap-
peared at δH 5.56 (d, J = 5.85, H-7), 3.44 (m, H-8), 3.80,
3.75 (m, m, H-9). The presence of β-D-glucose was

Table 2 Anti-allergic activity of B. rupestris and B. discolor
extracts and fractions

Sample % viability, RBL-2H3a % inhibition of A23187-induced
β-hexosaminidase releaseb

100 μg/mL 10 μg/mL 100 μg/mL

BRT 99.0 ± 1.7 3.0 ± 5.2 25.7 ± 2.1**

BRH 96.7 ± 4.0 3.3 ± 5.8 39.0 ± 13.1**

BRD 95.3 ± 8.1 4.3 ± 7.5 19.0 ± 4.4*

BRE 97.7 ± 4.0 2.0 ± 3.5 7.0 ± 5.2

BRR 99.0 ± 1.7 4.3 ± 5.1 3.7 ± 6.4

BDT 99.0 ± 1.7 3.7 ± 6.4 16.0 ± 5.0*

BDH 99.7 ± 0.6 4.3 ± 7.5 30.3 ± 3.1**

BDD 100.0 ± 0.0 0.0 ± 0.0 44.0 ± 7.8**

BDE 100.0 ± 0.0 1.7 ± 2.9 0.3 ± 0.6
aThe cytotoxicity of samples towards RBL-2H3 cells was evaluated using MTT
viability assay and none of the samples showed any toxicity; results are
presented as mean ± SD (n = 3)
bDexamethasone (10 nM) was used as the positive control and inhibited 62.0
± 9.5%** of A23187-induced β-hexosaminidase release in RBL-2H3 cells. Results
are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.001 compared with the
control value (A23187 only)
BRT B. rupestris total methanol extract, BRH B. rupestris n-hexane fraction, BRD
B. rupestris dichloromethane fraction, BRE B. rupestris ethyl acetate fraction,
BRR B. rupestris remaining MeOH(aq) fraction, BDT B. discolor total methanol
extract, BDH B. discolor n-hexane fraction, BDD B. discolor dichloromethane
fraction, BDE B. discolor ethyl acetate fraction

Table 3 Effect of the total extracts and fractions of B. rupestris
and B. discolor on superoxide anion generation and elastase
release in fMLF/CB-induced human neutrophils

Sample Superoxide anion generationa Elastase releasea

IC50 (μg/mL)b IC50 (μg/mL)b

BRT 4.92 ± 1.47 3.82 ± 0.55

BRH 5.69 ± 0.80 3.73 ± 1.16

BRD 2.99 ± 0.73 1.98 ± 1.54

BRE 6.25 ± 3.10 2.71 ± 0.79

BRR 3.01 ± 1.91 > 10c

BDT 4.73 ± 0.97 5.37 ± 1.23

BDH 6.25 ± 2.18 6.04 ± 2.32

BDD 0.78 ± 0.29 1.57 ± 0.84

BDE 5.22 ± 1.35 2.95 ± 1.08

genistein 0.41 ± 0.09 4.41 ± 1.99
aIC50 values, results are presented as mean ± SD (n = 3), compared with the
control value (formyl-methionyl-leucyl-phenylalanine/cytochalasin B, fMLF/CB)
bConcentration necessary for 50% inhibition (IC50)
cBRR exerted significant inhibitory activity in superoxide anion generation
(49.6 ± 2.9%, **p < 0.001) at 10 μg/mL. BRT B. rupestris total methanol extract,
BRH B. rupestris n-hexane fraction, BRD B. rupestris dichloromethane fraction,
BRE B. rupestris ethyl acetate fraction, BRR B. rupestris remaining MeOH(aq)
fraction, BDT B. discolor total methanol extract, BDH B. discolor n-hexane
fraction, BDD B. discolor dichloromethane fraction, BDE B. discolor ethyl
acetate fraction
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proposed by the appearance of anomeric proton at δH
4.88 and other sugar protons at 3.39–3.85. Two singlet
signals each integrated for three protons at δH 3.87 and
3.83 were attributed to two methoxy groups. 13C-NMR
spectrum of compound (6) showed the presence of five
aromatic methines and seven quaternary aromatic carbons
signals attributed to two benzene rings at δC 111.19,
117.95, 119.37, 114.19, 118.04, 137.09, 150.9, 147.6,
138.37, 145.24, 147.6, 129.58. Downfield shifts of C-3
(150.9), C-4 (147.6), C-3′ (145.24), C-4′ (147.6) indicated
their attachment to oxygenated functional groups. A sig-
nal at δC 102.78 was attributed to the anomeric carbon of
glucose unit and the other sugar carbons appeared at
74.90, 77.84, 71.34, 78.19 and 62.51. The two signals at δC
56.79 and 56.71 represented two methoxy groups. Other
aliphatic signals appeared at δC 88.48, 65.07, 62.22, 55.68,
35.84 and 32.89. The HMBC spectrum showed that the
methoxy group at δC 56.79 was placed at C-3 (150.9) and
the methoxy group at δC 56.71 was placed at C-3′
(145.24). Also, it showed a correlation between C-6, C-2
with H-7; C-6′, C-2′ with H-7′; and C-9′ with H-7′. The
correlation between C-4 with H-1″ supported the
presence of the sugar at C-4. From the displayed data
(Table 4) and through comparison with the previously re-
ported literature [56], compound (6) was identified as

dihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside
which was the first time to be reported in the genus.
Dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside

(7) was isolated as a yellowish white amorphous powder.
The 1H-NMR and 13C-NMR data for this compound
were similar to compound (6) suggesting the same neo-
lignan nucleus; the two compounds differ in the position
of the glucose moiety. The HMBC spectrum revealed
the correlation between C-9 with H-1″ which supported
the attachment of the sugar at C-9. The downfield shift
of C-9 at δC 72.46 also supported the attachment of the
sugar at C-9 [57] (Table 4).

In vitro assessment of the cytotoxic activity of the
isolated compounds
Additionally, the cytotoxic activity of the compounds
obtained from the n-hexane and dichloromethane frac-
tions of B. rupestris was examined using different con-
centrations (20, 10, 5, 2.5 μg/mL) of these compounds
on the same cell lines utilized in the determination of
the cytotoxic effect of the total extracts and subsequent
fractions. The isolated compounds showed no cytotox-
icity against hepatoma HepG2, breast MDA-MB-231
and lung A549 cancer cell lines with growth inhibition
below 20%. The results are illustrated in Table 5.

Fig. 4 Structures of identified compounds from n-hexane, dichloromethane and ethyl acetate fractions of B. rupestris
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Doxorubicin was employed as a positive control and ex-
hibited a strong cytotoxic effect against HepG2 (IC50

0.49 μg/mL), MDA-MB-231 (IC50 0.68 μg/mL) and
A549 (IC50 0.13 μg/mL) cells.

In vitro assessment of the anti-allergic activity of the
isolated compounds
To ascertain, whether the isolated compounds might be
responsible for the anti-allergic activity observed in Bra-
chychiton sp. crude extracts and nonpolar fractions, the
isolated compounds were subjected to degranulation
assay in RBL-2H3 mast cell model. The results are pre-
sented in Table 6. MTT viability assay was used to evalu-
ate the potential toxic effects against RBL-2H3 cells. A
mixture of β-sitosterol (2) and stigmasterol (3) (200 and
100 μg/mL) was considered toxic (viability below 85%).
According to our results, scopoletin (4) showed 23.0%
inhibition of A23187-induced and 30.0% of antigen-

induced degranulation at 500 μM. Dihydrodehydrodico-
niferyl alcohol 9-O-β-D-glucoside (7) showed only weak
inhibitory effect in the A23187-induced assay (16.3% at
100 μM and 18.0% at 500 μM). Dexamethasone
(10 nM) was utilized as the positive control and inhib-
ited β-hexosaminidase release by 93.7%.

In vitro assessment of the anti-inflammatory activity of
the isolated compounds
The anti-inflammatory effect of the isolated compounds
was determined to understand whether any of these
compounds might be accountable for the potent activity
of B. rupestris crude extract and its fractions. The results
are illustrated in Table 7. According to the results, scopo-
letin (4) was found to significantly inhibit elastase release
in fMLF-induced human neutrophils by 22.8% at 10 μM.
Genistein, natural tyrosine kinase inhibitor [50, 51], was
used as the positive control and caused significant

Table 4 1H- and 13C-NMR spectroscopic data for 6 and 7

Dihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside (6) Dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (7)

δC δH (Mult, Int), J in Hz δC δH (Mult, Int), J in Hz

1 137.09 134.67

2 111.19 7.03 (d, 1H), 1.84 110.71 7.02 (d, 1H), 2.01

3 150.9 149.05

4 147.6 147.48

5 117.95 7.14 (d, 1H), 8.43 116.08 6.78 (d, 1H), 8.09

6 119.37 6.93 (dd, 1H), 8.31, 2.03 119.72 6.89 (dd, 1H), 8.28, 2

7 88.48 5.56 (d, 1H), 5.85 88.98 5.62 (d, 1H), 6.21

8 55.68 3.44 (m, 1H) 53.28 3.69 (m, 1H)

9 65.07 3.80, 3.75 (m, m, 2H) 72.46 4.23, 3.79 (dd, m, 2H)

3-OCH3 56.79 3.87 (s, 3H) 56.44 3.85 (s, 3H)

1′ 138.37 136.64

2′ 114.19 6.73 (s, 1H) 114.19 6.75 (s, 1H)

3′ 145.24 145.21

4′ 147.6 147.48

5′ 129.58 129.56

6′ 118.04 6.72 (s, 1H) 118.21 6.80 (s, 1H)

7′ 32.89 2.63 (t, 2H) 32.89 2.65 (t, 2H)

8′ 35.84 1.82 (m, 2H) 35.82 1.84 (m, 2H)

9′ 62.22 3.57 (t, 2H) 62.23 3.59 (t, 2H)

3′-OCH3 56.71 3.83 (s, 3H) 56.77 3.88 (s, 3H)

1″ 102.78 4.88 (covered by solvent, 1H) 104.57 4.38 (d, 1H), 7.79

2″ 74.90 3.48 (m, 1H) 75.18 3.25 (m, 1H)

3″ 77.84 3.39 (m, 1H) 78.07 3.31 (m, 1H)

4″ 71.34 3.39 (m, 1H) 71.66 3.31 (m, 1H)

5″ 78.19 3.39 (m, 1H) 78.26 3.31 (m, 1H)

6″ 62.51 3.85, 3.69 (m, 2H) 62.81 3.88, 3.70 (m 2H)

NMR data (δ) were measured 1H-NMR (400 MHz, CD3OH) and
13C-NMR data (100 MHz, CD3OH)
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suppression of superoxide anion generation (IC50

1.16 μM) and elastase release (IC50 21.51 μM).

Discussion
RBL-2H3 are mast cells that greatly affect the develop-
ment of allergic response [58]. Upon activation by anti-
gen or A23187 (calcium ionophore), mast cells produce
histamine in addition to other mediators that immedi-
ately initiate hypersensitivity reactions. β-Hexosamini-
dase represents an important mast cells degranulation
marker that is commonly used for the assessment of
anti-allergic activity [59].
The anti-allergic activity of the crude extracts as well

as n-hexane and dichloromethane fractions of B. rupes-
tris and B. discolor leaves (Table 2) might be attributed

to the presence of many active constituents from their
non-polar fractions. Sterols, sterol glycosides, coumarin,
and triterpenes were isolated and identified in B. rupes-
tris leaves. Lanosterol, lupeol, β-amyrin, β-amyrin acet-
ate and oleanolic acid were previously reported from B.
discolor leaves by Kassem et al. [23]. These triterpenes
were reported to exert a potent anti-allergic activity [60–
62] including β-amyrin that was previously documented
to exhibit mast cell membrane stabilization [30]. The
anti-allergic activity of triterpenes might be attributed to
the suppression of secretion of histamine and interleu-
kins (IL-2, IL-4) from mast cells [62]. Also, β-sitosterol
was reported to possess anti-allergic activity and might
have therapeutic potential in allergic asthma [63, 64]. It
was suggested that β-sitosterol and its glycoside inhib-
ited the release of IL-4 so it could act as an immune
modulator to relieve symptoms associated with seasonal
allergic response [65]. However, we did not observe any
significant effect of either β-amyrin acetate (1), the mix-
ture of β-sitosterol (2) and stigmasterol (3) or β-sitosterol
glycoside (5) in degranulation assay using the RBL-2H3
mast cell model (Table 6). Meanwhile, scopoletin (4) and
dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (7)
showed inhibitory activity on degranulation in RBL-2H3
cells.
Regarding the in vitro anti-inflammatory activity, neu-

trophils exert a vital role in host’s defenses versus the at-
tack by microorganisms and in the pathogenesis of
various inflammatory diseases [66]. In response to stim-
uli, such as fMLF, the activated neutrophils secrete a
series of inflammatory mediators such as superoxide
anion (O2

.−) and elastase which are major contributors
to the destruction of tissue in inflammatory response
[67]. We observed that the crude extracts and fractions
of B. rupestris and B. discolor leaves (Table 3) exerted
potent anti-inflammatory activity in human neutrophils.
Many studies supported the anti-inflammatory activity

Table 5 Cytotoxic activity of the isolated compounds

Cell line Conc.
(μg/
mL)

% Inhibition

β-amyrin acetate (1) Scopoletin (4)

HepG2 20 12.1 ± 3.4 11.4 ± 2.1

10 16.0 ± 0.3 6.5 ± 1.2

5 20.4 ± 2.3 0.9 ± 0.1

2.5 8.23 ± 0.7 5.9 ± 1.2

MDA-MB-231 20 −19.6 ± 1.2 8.2 ± 1.0

10 −13.9 ± 1.2 6.0 ± 0.3

5 −5.5 ± 1.2 10.7 ± 9.8

2.5 7.0 ± 0.1 15.5 ± 0.3

A549 20 2.2 ± 0.5 7.9 ± 0.4

10 9.0 ± 1.0 14.9 ± 0.4

5 10.8 ± 0.5 14.6 ± 0.5

2.5 0.4 ± 0.7 14.3 ± 0.7

Results are presented as cell growth inhibition percentage at concentrations of
2.5 to 20 μg/mL, mean ± SD (n = 3). Doxorubicin was used as the positive
control and exerted significant cell viability inhibitory effects against HepG2
(IC50 0.49 μg/mL), MDA-MB-231 (IC50 0.68 μg/mL)

Table 6 Anti-allergic activity of compounds isolated from B. rupestris

Sample % viability, RBL-2H3a % inhibition of A23187-induced β-hexosaminidase releaseb

100 μM 500 μM 10 μM 100 μM 500 μM

β-amyrin acetate (1) 98.3 ± 2.9 c 0.3 ± 0.6 0.7 ± 1.2 c

scopoletin (4) 96.0 ± 4.0 93.7 ± 6.5 3.7 ± 4.7 13.7 ± 8.0 23.0 ± 8.0**d

β-sitosterol-3-O-β-D-glucoside (5) 96.0 ± 1.0 c 5.0 ± 5.6 7.7 ± 3.8 c

dihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside (6) 97.3 ± 2.5 e 7.0 ± 10.4 12.7 ± 7.6 e

dihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (7) 97.7 ± 2.1 95.3 ± 4.2 3.3 ± 4.2 16.3 ± 5.5* 18.0 ± 8.7*

A mixture of β-sitosterol (2) and stigmasterol (3) was toxic towards RBL-2H3 cells at the concentration of 200 μg/mL (73.7 ± 11.7% viability) and 100 μg/ml (78.7 ±
11.6% viability) and inactive at the concentration of 10 μg/mL (5.0% ± 5.0% inhibition) in A23187-induced degranulation assay
aThe cytotoxicity of samples to RBL-2H3 was evaluated using MTT viability assay; results are presented as mean ± SD (n = 3)
bDexamethasone (10 nM) was used as the positive control and inhibited 93.7 ± 1.5%** of A23187-induced β-hexosaminidase release in RBL-2H3 cells. Results are
presented as mean ± SD (n = 3); *p < 0.05, **p < 0.001 compared with the control value (A23187 only)
cPrecipitate was formed upon the addition into the medium at the concentration of 500 μM, therefore the result could not be justified
dScopoletin (500 μM) exerted 30.0 ± 7.1% inhibition of antigen-induced β-hexosaminidase release (mean ± SD, n = 2)
eDihydrodehydrodiconiferyl alcohol 4-O-β-D-glucoside was not tested at the concentration of 500 μM, however, it was nontoxic towards RBL-2H3 cells (96.0 ± 6.9%
viability) and inactive in A23187-induced degranulation assay (10.0 ± 4.6% inhibition) at the concentration of 200 μM
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of sterols and their glycosides [68–70]. They induce im-
munomodulatory response that affects inflammatory
mediators [71, 72]. They were also reported to possess
potent in vivo anti-inflammatory activity with the con-
comitant reduction of edema and inflammation in rats
[73]. Various studies confirmed the anti-inflammatory
activity of triterpenes including β-amyrin and β-amyrin
acetate [29, 74–76]. Coumarins also were found to have
anti-inflammatory activity by inhibiting different inflam-
matory mediators such as cyclooxygenase-2, nitric oxide,
tumor necrosis factor-α and interleukins [77–79]. Neo-
lignans were reported to exert anti-inflammatory effects
by suppressing superoxide anion generation and elastase
release [80], they also exhibited nitric oxide (NO) and
tumor necrosis factor-α (TNF-α) inhibitory effects [81].
However, according to our results, only scopoletin (4)
exerted mild inhibition of elastase release. All other iso-
lated compounds including dihydrodehydrodiconiferyl al-
cohol glycosides (6 and 7) were inactive in fMLF-activated
human neutrophils.

Conclusions
The total extract and fractions of B. rupestris and B. dis-
color were nontoxic against hepatoma, breast and lung
cancer cell lines. The crude extracts as well as the
n-hexane and dichloromethane fractions of B. rupestris
and B. discolor exhibited significant anti-allergic as well
as anti-inflammatory activities. The phytochemical study
of the leaves of B. rupestris resulted in the isolation of
compounds from different chemical classes, including
triterpene, sterols, sterol glycoside, coumarin and neo-
lignans. All the tested compounds were nontoxic against
the tested cancer cell lines. Among the isolated

compounds, scopoletin exerted anti-allergic effects and
mild anti-inflammatory activity by reducing elastase re-
lease in human neutrophils. However, the bioactivity of
B. rupestris extracts and fractions was much more po-
tent compared with any of the isolated compounds.
Thus, leaves of B. rupestris and B. discolor are worth to
be considered for further development and research
based on their anti-allergic and anti-inflammatory activ-
ities. In vivo evaluation of the anti-allergic and
anti-inflammatory activities is highly recommended for
the active fractions of both Brachychiton species.

Additional file

Additional file 1: Supplementary data contains supplementary figures
(Figures S1-S6) showing the spectroscopic data of isolated compounds
1–7 from n-hexane, dichloromethane and ethyl acetate fractions of B.
rupestris. (DOCX 2306 kb)
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generation and elastase release in fMLF/CB-induced human
neutrophils

Sample Superoxide anion
generationa

Elastase
releasea

IC50 (μΜ)b IC50 (μΜ)b

β-amyrin acetate (1) > 10 > 10

scopoletin (4) > 10 > 10c

β-sitosterol-3-O-β-D-glucoside (5) > 10 > 10

dihydrodehydrodiconiferyl
alcohol 4-O-β-D-glucoside (6)

> 10 > 10

dihydrodehydrodiconiferyl
alcohol 9-O-β-D-glucoside (7)

>1d >1d

genistein 1.16 ± 0.12 21.51 ± 6.50
aIC50 values, results are presented as mean ± SD (n = 3–4), compared with the
control value (formyl-methionyl-leucyl-phenylalanine/cytochalasin B, fMLF/CB)
bConcentration necessary for 50% inhibition (IC50)
cScopoletin (4) exerted significant inhibitory activity in elastase release assay
(22.8 ± 15.3%, *p < 0.05) at 10 μM
dDihydrodehydrodiconiferyl alcohol 9-O-β-D-glucoside (10) was used at the
final concentration of 1 μM due to solubility issues
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Abstract

Thyroid hormone (T3) and its receptor (TR) are involved in cancer progression. While 

deregulation of long non-coding RNA (lncRNA) expression has been detected in 

many tumor types, the mechanisms underlying specific involvement of lncRNAs in 

tumorigenicity remain unclear. Experiments from the current study revealed negative 

regulation of BC200 expression by T3/TR. BC200 was highly expressed in hepatocellular 

carcinoma (HCC) and effective as an independent prognostic marker. BC200 promoted 

cell growth and tumor sphere formation, which was mediated via regulation of cell cycle-

related genes and stemness markers. Moreover, BC200 protected cyclin E2 mRNA from 

degradation. Cell growth ability was repressed by T3, but partially enhanced upon BC200 

overexpression. Mechanistically, BC200 directly interacted with cyclin E2 and promoted 

CDK2–cyclin E2 complex formation. Upregulation of cell cycle-related genes in hepatoma 

samples was positively correlated with BC200 expression. Our collective findings support 

the utility of a potential therapeutic strategy involving targeting of BC200 for the 

treatment of HCC.

Introduction

Thyroid hormone (T3) and its receptor (TR) are involved 
in cell growth, metabolism, autophagy and cancer 
progression (Wu et al. 2013, Chi et al. 2016). Two TR genes, 
TRα1 and TRβ1, have been identified on chromosomes 
17 and 3, respectively. The receptors function as ligand-
dependent transcriptional factors through binding to 
specific regions known as thyroid hormone response 
elements (TREs) that are usually located in the promoter 

region of target genes. T3/TR has been shown to reduce 
tumor formation in various cancer types, including 
hepatocellular carcinoma (HCC) (Chi  et  al. 2013) and 
breast cancer (Martinez-Iglesias et al. 2009), suggestive of 
a tumor suppressor function.

According to the tumor-initiating cell (TIC) concept, 
a subset of cancer cells possesses stem cell features that 
are indispensable for tumor formation (Plaks et al. 2015). 
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TICs are generally characterized by their capacity for 
self-renewal and generate progeny to create the tumor 
bulk. Accumulating evidence supports the involvement 
of TICs in perpetuation of various cancers, including 
liver (Zhu  et  al. 2016), breast (Nadal  et  al. 2013), 
prostate (Vander Griend et al. 2008), brain (Brescia et al. 
2013) and colon (Jing  et  al. 2015). In liver cancers,  
CD133/Prominin-1, a transmembrane hematopoietic 
stem cell antigen, has been identified as a putative marker 
of TICs. Notably, CD133 promotes tumorigenic capacity in 
cancer stem cells through activation of PI3K/AKT/mTOR  
(Xia & Xu 2015) or β-catenin signaling pathways 
(Mak et al. 2012).

Long non-coding RNAs (lncRNAs) are a class of non-
protein coding transcripts longer than 200 nucleotides 
that regulate complex cellular functions, such as cell 
growth, differentiation, metabolism and metastasis 
(Rinn & Chang 2012). Recently, dysregulation of many  
HCC-related lncRNAs such as lncRNA-ATB (Yuan  et  al. 
2014), NEAT1 (Mang et al. 2017), HOTAIR (Gao et al. 2016) 
and MALAT1 (Malakar et al. 2017) have been identified. 
Brain cytoplasmic RNA 1 (BCYRN1 or BC200), hereafter 
referred to as BC200, is overexpressed in several tumor 
types, including esophageal squamous cell carcinoma 
(Zhao  et  al. 2016), breast (Iacoangeli  et  al. 2004) and 
lung cancer (Hu & Lu 2015). However, the mechanisms 
underlying functional impairment and specific 
involvement of BC200 in HCC remain to be established.

Here, we aimed to elucidate the involvement of 
specific deregulated lncRNAs and target genes mediated by 
T3/TR in tumor formation. Experiments from the current 
study revealed BC200 as a target gene downregulated by 
T3/TR. BC200 promoted cell growth and oncogenic sphere 
formation of hepatocarcinoma cells through upregulation 
of cell cycle-related genes. Furthermore, T3/TR signaling 
inhibited cell growth through suppression of BC200. Our 
results collectively demonstrate novel associations among 
T3/TR, BC200, cyclin E2 and cyclin-dependent kinases 
(CDK) 2 that are involved in regulation of the tumor 
formation.

Materials and methods

Cell culture

The human hepatoma cell lines, HepG2, Hep3B, SK-Hep1 
(obtained from American Type Culture Collection), Huh7 
(gift from Dr. T.Y Hsieh, Tri-Service General Hospital, 
Taiwan) (Shiu et al. 2013) and J7 (gift from Dr. C S Yang, 
National Taiwan University, Taiwan) (Chen  et  al. 2002) 

were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% (v/v) fetal bovine serum (FBS). 
Cells were grown at 37°C in a humidified atmosphere of 
95% air and 5% CO2. The cell lines were authenticated 
using the Promega StemElite ID System, which is a short 
tandem repeat-based assay (Supplementary Fig.  1, see 
section on supplementary data given at the end of this 
article). All experiments were conducted with cells from 
passage numbers 5–20. Serum was depleted of T3, as 
described previously (Chen et al. 2008).

lncRNA profiling

Human Disease-Related lncRNA Profiler (System 
Biosciences, Mountain View, CA, USA) consisting of 83 
lncRNAs was used. Briefly, total RNA was isolated from 
HepG2-TRα1 cells treated with/without T3 for 24 h and 
two paired HCC specimens. The detection of lncRNA was 
performed according to the manufactory’s instructions. 
Values are expressed as log 2-transformed relative fold 
increase or decrease in lncRNA expression, relative to 
that in without T3 treatment or adjacent non-tumorous 
tissues after normalization to the internal control. A 
positive log 2-transformed fold-change indicates higher 
expression in T3 treatment and tumor specimens, whereas 
a negative value signifies relatively decreased expression. 
A Student’s t-test was performed to identify significantly 
and differentially expressed lncRNAs with a fold-change 
≥2.0 or ≤0.5, P < 0.05.

Human hepatoma specimens

Hepatoma samples from Taiwan Liver Cancer Network 
(TLCN) were selected for study and subjected to  
qRT-PCR and western blot analyses (Chang  et  al. 
2016). These analyses were carried out under informed 
consent. The protocol was approved by the Medical 
Ethics and Human Clinical Trial Committee at Chang  
Gung Memorial Hospital (Institutional Review Board, 
No: 103-4866B).

Quantitative reverse transcription-PCR (qRT-PCR)

To quantify lncRNA transcripts, total RNA was extracted 
from cells with TRIzol reagent kit (Life Technologies Inc.) 
and converted into cDNA using reverse transcriptase (Life 
Technologies). qRT-PCR was conducted in a total reaction 
volume of 15 µL containing forward and reverse primers 
and 1X SYBR Green mix (Applied Biosystems). The ABI 

Downloaded from Bioscientifica.com at 10/11/2018 01:12:36AM
via communal account393

https://doi.org/10.1530/ERC-18-0176
http://erc.endocrinology-journals.org


http://erc.endocrinology-journals.org� © 2018 Society for Endocrinology

Printed in Great Britain
Published by Bioscientifica Ltd.https://doi.org/10.1530/ERC-18-0176

969Y-H Lin et al. BC200 is an oncogenic driver 
in HCC

25:12Endocrine-Related 
Cancer

Prism 7500 Fast Real-Time PCR system (Life Technologies) 
was employed for qRT-PCR analysis. The primer sequences 
were listed in Supplementary Table 1.

RNA in situ hybridization (RNA-ISH)

In situ detection of BC200 expression was performed on 
formalin-fixed paraffin-embedded HCC samples. BC200 
anti-sense RNA probes were labeled with digoxigenin 
(DIG) using a DIG RNA labeling kit (Roche). Before the 
labeling reaction, BC200 plasmid was digested with 
restriction enzymes for linearization. Further, in vitro 
transcription from plasmid was carried out using SP6 RNA 
polymerase. After de-paraffinization and rehydration, 
samples were treated with proteinase K (20 μg/mL) to 
digest tissues before hybridization, which was conducted 
at 37°C for 30 min. Sections were prehybridized in buffer 
containing 4xSSC and 50% deionized formamide for 
at least 10 min at 37°C and hybridized overnight with 
DIG-labeled probe at 62°C in solution containing 40% 
deionized formamide, 10% dextran sulfate, 1× Denhardt’s 
solution, 4× SSC, 10 mM DTT and 1 µg/mL yeast t-RNA. 
After stringent washing, signals were detected using anti-
DIG-AP antibodies (1:800 dilution, Roche) and NBT/BCIP 
substrate (Roche).

Immunoblot analysis

The immunoblot procedure was performed as described 
previously (Wu et al. 2011). Antibodies specific for cyclin 
E1, cyclin E2 and CDK2 (Santa Cruz Biotechnology 
Inc.), p21 (Thermo Fisher Scientific Inc.), p27 (Sigma-
Aldrich), CD133 (Miltenyi Biotec, Auburn, CA, USA), 
CD44, Sox2, Nanog (GeneTex, Inc., Irvine, CA, USA) and 
GAPDH (Merck Millipore) were used. Band intensities 
were calculated using Image Gauge software (Fujifilm, 
Tokyo, Japan). The PVDF membranes were reprobed for 
different antibodies after using TOOLStripping Buffer 
(BIOTOOLS CO., LTD. Taiwan). The signal intensities of 
expression of target genes were normalized to those of 
GAPDH.

Establishment of overexpression and knockdown 
stable cell lines

For ectopic expression of BC200 ncRNA, the sequences 
were amplified via PCR and cloned into pLKO-TRC001 
vector. BC200 shRNAs (shBC200#1 and shBC200#2) 
were designed and cloned into pLKO-TRC001 vector. The 
shRNA sequences were shown below:

shBC200#1-F: 5′-CCGGGAGACCTGCCTGGGCAATATA 
CTCGAGTATATTGCCCAGGCAGGTCTCTTTTT-3′
shBC200#1-R: 5′-CTCTGGACGGACCCGTTATATGAGCT 
CATATAACGGGTCCGTCCAGAGAAAAATTAA-3′
shBC200#2-F: 5′-CCGGACTTCCCTCAAAGCAACAACCC 
TCGAGGGTTGTTGCTTTGAGGGAAGTTTTTT-3′
shBC200#2-R: 5′-TGAAGGGAGTTTCGTTGTTGGGAGC 
TCCCAACAACGAAACTCCCTTCAAAAAATTAA-3′

Single shRNA plasmid and virus package plasmids 
(pCMV-ΔR8.91 and pMD.G) were co-transfected into 
293FT, and the virus harvested after 72 h of transfection. 
A pool of stably infected cells was selected in medium 
containing puromycin.

Cell proliferation

Cells (1 × 105) were grown on 6 cm dishes. At the indicated 
time-points, cell growth rates were determined with 
trypan blue exclusion and quantitated using the LUNA 
Automated Cell Counter.

Soft agar assay

Stable cells (10,000/well) were seeded in 12-well plates for 
layer agar cultures. Cells were resuspended in 0.33% agar in 
DMEM containing 10% FBS, and the upper layer replaced 
once a week in complete medium. After 3 weeks, colonies 
were stained with 0.01% (w/v) crystal violet. Images of all 
plates were obtained under a microscope (Olympus IX71), 
and colony numbers scanned and counted with Image J.

RNA immunoprecipitation assay

The RNA immunoprecipitation (RIP) assay was performed 
as described previously (Hsieh et al. 2014). Antibodies for 
RIP assay against cyclin E2 (Santa Cruz) were used.

Cell sorting and flow cytometry

Cell sorting via flow cytometry was performed on HCC 
cells using PE-conjugated monoclonal mouse anti-
human CD133/1 (Miltenyi Biotec). Isotype control mouse 
IgG1k-PE (eBioscience, San Diego, CA, USA) served as the 
negative control.

Sphere formation assay

For the sphere formation assay, cells (1 × 103) were plated 
to the ultralow attachment 6-well plate (Corning Inc., 
Corning, NY, USA) with DMEM/F12 medium containing 
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20 ng/mL basic fibroblast growth factor, 20 ng/mL 
epidermal growth factor and B27. Two weeks later, the 
whole image of each well was taken and the number of 
spheres larger than 100 μm was manually counted using 
ImageJ software.

Animal models

Model I: Five-week-old male nude mice were 
subcutaneously injected with BC200-overexpressing 
Hep3B cells (5 × 106, n = 3 per group) and BC200-depleted 
SK-Hep1 cells (2 × 106, n = 4 per group) to assess the effects 
of the lncRNA on tumor formation ability. Tumor volumes 
(mm3) were measured using the formula: (W2 × L)/2 
(W, smallest diameter; L, longest diameter). All animals 
were killed at the indicated time-points after tumor 
inoculation. Model II: Hyper- and eu-thyroid mice (n = 8 
per group) were generated and samples preparations were 
described in our previous report (Chi et al. 2016). Briefly, 
the effects of T3 repressed diethylnitrosamine (DEN)-
induced liver injury were determined in C57BL/6 male 
mice. Mice were treated with T3 (10 μg/100 g body weight) 
before intraperitoneal injection of DEN (100 mg/kg). All 
groups of mice received continued T3 after DEN injection. 
Animal experiments were approved by the committee and 
performed according to the guidelines of the Chang Gang 
Institutional Animal Care and Use Committee Guide for 
the Care and Use of Laboratory animals (CGU13-106).

Statistical analysis

Results are presented as means ± s.d. of three independent 
experiments. Statistical analysis was performed with SPSS 
version 15 software (SPSS Inc., Chicago, IL, USA) using 
the Mann–Whitney test for comparison of two groups 
and one-way ANOVA, followed by Tukey’s post hoc test, for 
two or more groups. Kaplan–Meier survival curves were 
employed to analyze survival outcomes. Overall survival 
(OS) with death as an event was analyzed using the  
log-rank test. P values <0.05 were considered significant.

Results

BC200 is downregulated by T3/TR

To identify T3/TR-related lncRNAs that are differentially 
expressed in HCC, lncRNA expression profile screening 
was performed using the SYBR Green-based qRT-PCR 
array in TR-overexpressing HepG2 cell lines and HCC 
specimens. Candidate lncRNAs that were simultaneously 

downregulated by T3/TR and upregulated in HCC were 
selected for further study, leading to the identification 
of BC200 (Supplementary Fig.  2A). Expression levels 
of BC200 decreased by 50–80% after incubation of  
HepG2-TRα1 and HepG2-TRβ1 with T3 for 24–72 h 
(Fig. 1A). In contrast, BC200 expression levels were only 
marginally regulated by T3 in HepG2-neo cells (Fig. 1A). 
In other hepatoma cell lines, including J7-TRα1 and 
Huh7 expressing exogenous and endogenous TR 
protein, T3 suppressed BC200 expression (Fig.  1B), 
similar to results obtained with HepG2-TR cells. These 
findings indicate that T3/TR signaling negatively 
regulates BC200 expression in a dose- and time-
dependent manner in vitro. Promoter activity analysis 
was further performed to determine whether BC200 
is regulated by T3 at the transcriptional level. Putative 
negative TREs (nTRE) in the BC200 promoter region 
(I-VI), based on the sequences from nTRE-thyroid-
stimulating hormone (TSH) (Nakano  et  al. 2004) or 
nTRE-Nm23-H1 (Lin  et  al. 2000), were identified with 
bioinformatics tools (Supplementary Fig.  2B). In the 
presence of T3, luciferase activity was decreased by 
30–40% in constructs I, II, III and IV. Repression of 
luciferase activity was alleviated upon deletion of region 
d (−305/−289) in constructs V and VI (Supplementary 
Fig.  2B), indicating that potential nTRE of the BC200 
promoter is located within this region. TR binding to 
promoter fragment VI of BC200 in vivo was validated 
using the ChIP assay. Specific binding of TR to the 
BC200 promoter fragment was confirmed based on 
pulldown with the TR antibody, but not mopc21 
(immunoglobulin) antibody (Supplementary Fig. 2C).

BC200 expression is upregulated in HCC

qRT-PCR and ISH were performed to validate the profiling 
results. Notably, BC200 expression was significantly 
upregulated in HCC tissues compared with benign and 
adjacent normal tissues (Fig.  1C). Consistently, the ISH 
assay revealed high expression of BC200 in HCC (Fig. 1D). 
Furthermore, BC200 expression in HCC was positively 
correlated with tumor type, tumor size, vascular invasion 
and pathological stage (Table  1). Kaplan–Meier survival 
analysis showed association of high BC200 expression 
with poor OS rate in HCC patients (Fig. 1E). Multivariate 
Cox proportional hazard regression analysis revealed that 
BC200 is an independent prognostic factor associated with 
survival (Table 2). These data clearly support a critical role 
of BC200 in hepatocarcinogenesis.
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BC200 promotes cell growth and transformation  
in vitro and in vivo

The precise functions of the majority of lncRNAs are still 
unknown. The co-expression network analysis has been 
used to predict function of unknown non-coding RNA 
since genes regulated by the specific regulator or a set 
of genes with the same function would be co-expressed 
(Lee et al. 2004, Gong et al. 2016, Shang et al. 2016). This 
type of approach may be effectively used for exploring the 
roles of lncRNAs in cancer progression (Lee et al. 2004). 
The Oncomine database (www.oncomine.com) was used 

to systematically assess the relative BC200 expression in 
different cancer types. However, only one publicly available 
dataset contains information of BC200 was found to 
exhibit a significant upregulation of BC200 in lung cancer 
(Supplementary Fig.  2D). In our study, co-expression 
analysis for BC200-involeved pathway was performed 
using Pearson correlation in a publicly available dataset 
(GSE32863). Pathway analysis was further carried out by 
Gene Set Enrichment Analysis tool after genes obtained 
from co-expression network analysis. The results indicate 
that cell cycle mitotic and DNA replication pathway are 
significantly enhanced and positively correlated with 

Figure 1
BC200 is downregulated by T3/TR and highly expressed in HCC. (A and B) HepG2-TR, HepG2-neo, J7-TR and Huh-7 cells were treated with T3 for 24–72 h, 
and BC200 levels measured using qRT-PCR. 18S rRNA was used as the internal control. (C) qRT-PCR analysis of BC200 expression in human HCC. 18S rRNA 
was used as the internal control. (D) ISH analysis of BC200 expression in human HCC. (E) Kaplan–Meier analysis of overall survival based on BC200 
expression in HCC specimens. Mean expression of BC200 was used as the cutoff. Overall survival was analyzed using the log-rank test.
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BC200 expression (Supplementary Fig.  2E). Based on 
the indirect pathway analysis data, we examined BC200 
potential effects on cell growth via cell counting and soft 
agar assay in hepatoma cells. Based on indirect pathway 
analysis data, we examined BC200 potential effects on cell 
growth via cell counting and soft agar assay in hepatoma 
cells. Notably, BC200 showed low expression in well and 
moderately differentiated cell lines (HepG2, Huh7 and 
Hep3B) but high expression in poorly differentiated cell 
lines (J7, Mahlavu and SK-Hep1) (Supplementary Fig. 3A, 
upper panel). Interestingly, poorly differentiated cell lines 
exhibited a higher growth rate than well-differentiated 
cell lines (Supplementary Fig. 3A, lower panel), suggesting 
that expression of BC200 is positively correlated 
with cell growth ability. Stable BC200 knockdown or 

overexpression in J7, SK-Hep1, Hep3B and Huh7 cell lines 
was subsequently established (Supplementary Fig.  3B). 
Cell growth and soft agar assay were suppressed in J7 
and SK-Hep1 cells after depletion of endogenous BC200 
(Fig.  2A and B). Conversely, increased proliferation was 
observed in BC200-overexpressing Hep3B and Huh7 
cells (Fig.  2A and B). To confirm whether the in vitro 
phenotype can be recapitulated in vivo, tumor formation 
was examined in nude mice. To this end, stable cells 
were subcutaneously injected into nude mice and tumor 
growth rates were determined. Overexpression of BC200 
significantly promoted tumor growth and tumor weights, 
compared with the control group (Fig.  2C). Conversely, 
tumor growth curves and tumor weights were markedly 
reduced in BC200-depleted SK-Hep1 cells, compared 
with the control group (Fig. 2C). Our collective findings 
support a tumor promoter role of BC200 in HCC, both  
in vitro and in vivo.

BC200 is required for self-renewal maintenance of 
liver cancer stem cells

Our findings suggest that BC200 is responsible for 
conferring growth advantages at an early stage of tumor 
development. As specified earlier, TICs have the capacity 
to self-renew and regenerate new tumors. To determine 
the association between TIC behavior and BC200, flow 
cytometry of the CD133+ TIC population in HCC cell 
lines was performed. The data revealed the presence of 
the CD133+ population in HepG2 and Huh7 cells, with 
expression ranging from 8 to 68% (Supplementary 
Fig. 4A). HepG2 and Huh7 cell lines were further sorted 
into CD133- and CD133+ populations and confirmed 
via western blot (Supplementary Fig.  4B). BC200 was 
upregulated in CD133+ HepG2 cells (Supplementary 
Fig. 4C). To determine whether BC200 functions in liver TIC 
self-renewal, the sphere formation assay was performed. 
Knockdown of BC200 dramatically reduced the tumor 
sphere formation frequencies of CD133+ subsets of HepG2 
and Huh7 cells, compared with sh-luc cells (Fig.  2D). 
To ascertain the role of T3/TR in liver TIC self-renewal, 
CD133+ HepG2 cells were infected with Adenovirus-TRα1 
(Ad-TRα1) or Adenovirus-TRβ1 (Ad-TRβ1) and tumor 
sphere formation with/without T3 examined. T3 clearly 
suppressed tumor sphere formation in CD133+ HepG2 
cells overexpressing Ad-TRα1 or Ad-TRβ1 relative to non-
treated cells (Fig. 2E). In view of these results, we propose 
that BC200 is required for maintaining stemness ability 
in HCC.

Table 1  Clinicopathological correlations of BC200 in HCC 

specimens.

Parameters Cases (n = 240) Mean ± s.e. Pa

Age (years)
  <65 148 7.971 ± 1.838 0.4403
  ≥65 92 5.122 ± 0.6504
Gender
  Male 131 4.340 ± 0.4438 0.1600
  Female 109 3.721 ± 0.3843
Cirrhosis
  No 142 5.891 ± 1.106 0.3239
  Yes 98 8.310 ± 2.354
AFP
  Low 107 5.059 ± 1.400 0.1404
  Medium 49 5.485 ± 1.438
  High 84 10.1 ± 2.654
Viral status
  NBNC 32 5.206 ± 1.452 0.9081
  HBV 122 7.812 ± 1.890
  HCV 81 6.335 ± 1.859
  HBV & HCV 5 3.629 ± 1.146
Tumor type
  Solitary 181 5.460 ± 0.9396 0.0322
  Multiple 59 11.23 ± 3.715
Tumor size
  <5 cm 137 5.172 ± 1.192 0.0343
  ≥5 cm 103 9.150 ± 2.183
Vascular invasion
  No 128 4.090 ± 0.6392 0.01
  Yes 112 10.07 ± 2.351
Pathological stage
  I 116 4.185 ± 0.6977 0.0376
  II 71 7.686 ± 2.102
  III 53 11.69 ± 4.126
Grading
  1 11 2.173 ± 0.5413 0.2778
  2 166 5.898 ± 1.047
  3 63 10.28 ± 3.444

aMann–Whitney U test (for two groups) or Kruskal–Wallis test (for > two 
groups).
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BC200 is involved in T3/TR-mediated repression of 
cell growth ability

CDKs and cyclin-dependent kinase inhibitors play 
important roles in control of cell growth (Abbas & Dutta 
2009, Malumbres 2014). Deregulation of these proteins is 
a hallmark of several diseases, including cancers. To assess 
the contributory role of BC200 in cell growth, its effects on 
the mRNA levels of cell cycle-related genes were examined. 
The p21 transcript levels were increased in SK-Hep1 cells 
after knockdown of BC200 expression while mRNA levels 
of CDK2, cyclin E1 and cyclin E2 were reduced (Fig. 3A, left 
panel). Conversely, overexpression of BC200 led to opposite 
effects (Fig.  3A, right panel). As expected, levels of the 
corresponding proteins were consistent with mRNA results, 
both in vitro and in vivo (Fig. 3B and C). In addition, BC200 
depletion in CD133+ HepG2 cells led to reduced expression 
of pluripotent transcription factors (Nanog and Sox2), 
CD44 and cell cycle-related genes, compared with control 
(sh-luc) cells (Fig. 3D). To confirm the involvement of BC200 
in T3/TR-regulated cell growth, HepG2-TRβ1 cells were 
transfected with BC200-expressing or control (vc) plasmid 
and proliferation examined in the presence or absence of T3. 
T3 clearly repressed HepG2-TRβ1 cell growth. Interestingly, 
this effect was partially rescued by BC200 in the presence 
of T3 (Fig.  3E). Notably, protein levels of cyclin E2 and 
CDK2 were clearly increased in BC200-overexpressing  
HepG2-TRβ1 cells treated with T3, compared with their 
T3-treated control counterparts (Fig. 3E, lanes 2 vs 4). Our 
results collectively demonstrate that T3/TR suppresses BC200 
expression, leading to modulation of cell cycle-related genes, 
and ultimately, inhibition of cell proliferation.

BC200 protects cyclin E2 mRNA from degradation

To clarify the regulatory mechanism of cyclin E2, its 
expression was measured using qRT-PCR after treatment 

with actinomycin D (ActD, a transcriptional inhibitor). 
Knockdown of BC200 promoted cyclin E2 mRNA 
degradation in SK-Hep1 cells (Fig.  4A), suggesting a 
protective effect of BC200 against degradation. To 
determine the functional sequence of BC200, we 
established stable expression of BC200-wt (1–200), 
BC200-F1 (1–119), BC200-F2 (122–200) and BC200-F3 
(51–119) in BC200 knockdown cell lines. Overexpression 
of BC200-wt and BC200-F1 partially delayed cyclin E2 
mRNA degradation, compared to the control group, while 
overexpression of BC200-F2 and BC200-F3 had no effect 
on the stability of these mRNAs (Fig. 4B). These findings 
suggest that a functional sequence of 1–50 nucleotides 
participates in regulation of cyclin E2 mRNA stability. 
Previously, cyclin E-CDK2 complex has been considered 
an essential and master regulator of progression through 
G1 phase of the cell cycle (Koff et al. 1992). To test this 
hypothesis, co-immunoprecipitation assay was performed 
in BC200 stable cell lines. We found BC200 promoted 
association with CDK2-cyclin E2, but not CDK2-cyclin E1 
(Fig. 4C). These findings indicated that the critical role of 
BC200 in cyclin E2-CDK2 activity in HCC cells. Next, the 
physical interaction of BC200 and cyclin E2 was examined 
using RIP assay. The results showed a specific enrichment 
of BC200 (but not GAPDH mRNA) coprecipitated within 
the cyclin E2 (Fig.  4D), indicating BC200 associated 
with cyclin E2 through direct binding and enhanced  
CDK2–cyclin E2 complex formation. Furthermore, 
levels of the p27 and p21 were decreased in cyclin 
E2-overexpressing cells compared to control cells (Fig. 4E).

Cyclin E2 and CDK2 are highly expressed in HCC and 
positively correlated with BC200

T3 protects hepatocyte from DEN-induced HCC-like 
liver tumors in mice model (Chi et al. 2016). To further 

Table 2  Univariate and multivariate Cox regression analyses for overall survival.

Variable
Univariate analysis

P
Multivariate analysis

PHR (95% CI) HR (95% CI)

BC200 (high vs low) 1.838 (1.156–2.922) 0.01 1.618 (1.011–2.589) 0.045
Age (≥50 vs <50) 1.154 (0.767–1.736) 0.493 – –
Gender (male vs female) 0.912 (0.608–1.366) 0.654 – –
Cirrhosis (yes vs no) 1.206 (0.804–1808) 0.366 – –
AFP (high vs medium vs low) 1.310 (1.046–1.640) 0.019 1.080 (0.858–1.360) 0.51
Tumor size (≥5 vs <5 cm) 2.717 (1.796–4.108) <0.001 1.705 (1.035–2.810) 0.036
Tumor type (multiple vs solitary) 2.135 (1.415–3.223) <0.001 1.170 (0.627–2.181) 0.622
Vascular invasion (present vs absent) 1.824 (1.519–2.191) <0.001 1.561 (1.124–2.166) 0.008
Pathological stage (III vs II vs I) 2.176 (1.695–2.794) <0.001 1.043 (0.549–1.980) 0.898
Grading (3 vs 2 vs 1) 1.147 (0.777–1.694) 0.49 – –

CI, confidence interval; HR, hazard ratio.
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determined T3 represses this phenotype through BC200/
cyclin E2/CDK2 cascade, the expression levels of these 
genes were determined in DEN/hyper- and DEN/
euthyroid mice. The expression levels of BC200 and cell 
cycle-related genes were repressed in DEN/hyperthyroid 
group, compared with DEN/euthyroid group (Fig. 5A and 
B). Our results suggest that T3 suppresses DEN-induced 
hepatocarcinogenesis through BC200/cyclin E2/CDK2 
cascade. To determine whether cyclin E2 and CDK2 are 
associated with tumor formation, mRNA levels of these 
molecules were determined in HCC specimens using 
qRT-PCR. The markers were significantly expressed 
in HCC compared with the corresponding adjacent  

non-tumor counterparts (Fig.  5C and Supplementary 
Fig. 5A), consistent with high expression in HCC reported 
earlier from two publicly available datasets (Supplementary 
Fig.  5B and C). Furthermore, both TRα1 and TRβ1 were 
downregulated in HCC relative to the normal control 
group (Supplementary Fig. 5B and C). Notably, cyclin E2 
and CDK2 expression were significantly correlated with 
OS of HCC patients (Supplementary Fig.  6A), similar to 
findings from the public dataset (Supplementary Fig. 6B). 
Spearman’s correlation coefficient analysis revealed 
significant positive correlation of BC200 with cyclin 
E2 and CDK2 (Supplementary Table  2). Considering 
the positive correlation between these markers in HCC 

Figure 2
BC200 promotes cell growth and transformation ability. Effects of BC200 on cell growth (A) and soft agar colony formation (B). (C) Comparison of tumor 
volumes between hepatoma xenografts in BC200 stable cell lines. Xenografts were derived from Hep3B (5 × 106, n = 3 per group) and SK-Hep1 cells 
(2 × 106, n = 4 per group). Tumor volumes and weights were measured in xenografts after subcutaneous injection of cells. (D) Sphere formation assay of 
BC200-silenced stable cells. (E) CD133+ HepG2 cells treated with T3 or left untreated were infected with adenovirus-TRα1 (Ad-TRα1) and adenovirus-TRβ1 
(Ad-TRβ1), and the sphere formation assay performed.
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tumors, their combined influence on patient outcomes 
were evaluated. Patients were classified into three groups 
(I–III) using the median value as cutoff. Patients in group 
III (higher expression of both genes) showed significantly 

poorer OS than those in group I (lower expression of both 
genes) (Fig. 5D). Our findings clearly support an important 
regulatory function of the BC200/cyclin E2/CDK2 axis in 
hepatoma (Fig. 5E).

Figure 3
BC200 regulates cell cycle-related genes and is involved in T3/TR-mediated cell growth function. (A) qRT-PCR analysis of total RNA in the indicated cell 
lines using 18S rRNA as a loading control to determine the mRNA expression levels of cell cycle-related genes. (B and C) Western blot analysis of cyclin E, 
CDK2, p21 and p27 expression in the indicated cell lines and tissues. (D) Immunoblot analysis of the expression patterns of CD44, Nanog, Sox2 and cell 
cycle-related genes in the indicated cell lines. GAPDH was used as the loading control. (E) Left panel: Western blot analysis of expression of cell 
cycle-related genes in the presence and absence of T3. Right panel: Vector control (vc) and BC200 cell lines stably expressing in HepG2-TRβ1 were grown 
in 6 cm dishes, and cell growth detected in the presence and absence of T3.
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Discussion

Previous studies have confirmed that lncRNAs and 
transcriptional factors form feedback or feed-forward 
loops, which play critical roles in biological processes. 
For example, the MYC-induced long non-coding RNA 
(MINCR) is activated by MYC and modulates the MYC 
transcription network (Doose  et  al. 2015). LincRNA-p21 
is upregulated by HIF1α and essential for hypoxia-
enhanced glycolysis (Yang  et  al. 2014). In view of these 
associations, it is proposed that deregulation of lncRNAs 
by transcriptional factors could cause disease or cancer 
progression. Therefore, transcriptional factor-mediated 
lncRNA regulation is a significant focus of cancer biology 
research. In the current study, BC200 was identified as 
a novel gene downregulated by T3/TR that modulates 
thyroid hormone-mediated functions.

BC200 is reported to be expressed at high levels in 
invasive carcinoma of the breast (Iacoangeli et al. 2004). 
Earlier receiver-operating characteristics analysis of 
sensitivity and specificity confirmed the diagnostic power 
of BC200 RNA as a molecular marker of invasive breast 
cancer. However, the functional and clinical significance 
of BC200 in HCC remains to be established. Here, 
we showed that BC200 promotes cancer cell growth,  

both in vitro and in vivo and is positively correlated with 
tumor type, tumor size, vascular invasion and pathological 
stage, supporting its utility as an independent prognostic 
factor associated with OS. Additionally, BC200 is known 
to act as a translational regulator in neurons (Iacoangeli 
& Tiedge 2013). Data from the current study support a 
novel role of BC200 in regulation of cyclin E2 mRNA 
stability. Functional sequences of BC200 1–50 nucleotides 
in length were responsible for regulating cyclin E2 mRNA 
stability. On the other hand, BC200 expression appeared 
positively correlated with the cell proliferation rate. 
These results were similar to previous findings (Booy et al. 
2017). Interestingly, BC200 was upregulated in CD133+ 
HepG2 cells and stimulated stemness marker expression 
(Sox2 and Nanog), in turn, promoting sphere-formation 
capacity. Accordingly, we concluded that BC200 regulates 
early-stage HCC formation.

In our experiments, several genes that are positively 
or negatively regulated by T3 were identified in the 
HepG2-TRα1 cell line, including endoglin (Lin  et  al. 
2013), pituitary tumor-transforming 1 (PTTG1) (Chen 
et  al. 2008), Dickkopf 4 (DKK4) (Liao  et  al. 2012), 
Ubiquitin-like with PHD and ring finger domains 1 
(UHRF1) (Wu  et  al. 2015) and Death-associated protein 
kinase 2 (DAPK2) (Chi et al. 2016), proposed to suppress 

Figure 4
BC200 promotes cyclin E2-CDK2 complex formation. (A and B) Half-life of cyclin E mRNA was calculated in the indicated cell lines after adding 
actinomycin D (ActD), normalizing to 18S rRNA. (C) Lysates from indicated cells were immunoprecipitated with IgG, anti-cyclin E1 and anti-cyclin E2 
antibody, respectively. The immunoprecipitates were analyzed by Western blotting with an anti-CDK2 antibody. (D) RIP experiments were performed in 
J7 and SK-Hep1 cells and the coprecipitated RNA was subjected to qRT-PCR for BC200. GAPDH was used as negative controls. (E) Immunoblot analysis of 
the expression patterns of p27 and p21 in the indicated cell lines.
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tumor formation. Previously, hypothyroidism was shown 
to be associated with significantly elevated risk for HCC 
(Hassan et al. 2009). A recent study by our group suggests 
that the T3/PTEN-induced kinase 1/Parkin pathway plays 
an important role in protecting hepatocytes from HBx-
induced HCC (Chi et al. 2017). Catalano and co-workers 
demonstrated that T3 reduces the tumorigenic potential 
of colorectal cancer-CSC to a significant extent through 
regulating Wnt and BMP signaling (Catalano et al. 2016). 
In contrast, the group of Wang showed that the thyroid 
hormone (T4) promotes cell self-renewal in HCC cells 
through TRα, but not TRβ (Wang  et al. 2016). Kress and 
colleagues reported that TRα1 overexpression and Wnt 
pathway activation enhance colorectal cancer formation 
(Kress  et  al. 2010). Specifically, the group demonstrated 
that TRα1 promotes tumorigenesis in APC+/1638N mice 
with a Wnt-activated genetic background but TRα1 
overexpression alone is unable to trigger tumor formation. 
Thus, T3/TRs may perform a dual function as an oncogene 
or tumor suppressor in different genetic backgrounds.

In conclusion, we have made conceptual progress 
toward advancing the theory that T3/TR suppresses 
tumor growth and tumor sphere formation via 
reduction of BC200. Mechanistically, BC200 promotes 

cyclin E2 expression via regulation of mRNA stability. 
The identification of a novel pathway interlinking 
T3/TR, BC200, cyclin E2 and CDK2, which regulates 
proliferation and tumor sphere formation of hepatoma 
cells, presents potential therapeutic strategies involving 
targeting of BC200 and associated molecules for 
treatment of HCC.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
ERC-18-0176.
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Figure 5
The BC200/cyclin E2/CDK2 axis is correlated with poor prognosis in HCC patients. QRT-PCR (A) and immunoblot analysis (B) of hepatic levels of BC200, 
cyclin E2 and CDK2 in the numbers of mice receiving DEN treatment (n = 8 per group). The quantitative results of western blot were shown. (C) qRT-PCR 
analysis of cyclin E2 and CDK2 expression in 140 pairs of human HCC (T) and adjacent normal (N) tissues using 18S rRNA as the loading control.  
(D) Kaplan–Meier overall survival analysis curve for high- or low-risk survival groups were measured in 140 paired HCC patients. High BC200 and 
simultaneous high the other genes were significantly associated with poorest overall survival. P values were determined via the log-rank test.  
(E) Proposed model for the T3/TR/BC200/stemness marker/cell cycle-related gene pathway in regulation of tumor formation and self-renewal of 
hepatoma.
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Abstract

Taiwan is an island located in the south Pacific, a subtropical region that is home to 61 spe-

cies of snakes. Of these snakes, four species—Trimeresurus stejnegeri, Protobothrops

mucrosquamatus, Bungarus multicinctus and Naja atra—account for more than 90% of

clinical envenomation cases. Currently, there are two types of bivalent antivenom: hemor-

rhagic antivenom against the venom of T. stejnegeri and P. mucrosquamatus, and neuro-

toxic antivenom for treatment of envenomation by B. multicinctus and N. atra. However, no

suitable detection kits are available to precisely guide physicians in the use of antivenoms.

Here, we sought to develop diagnostic assays for improving the clinical management of

snakebite in Taiwan. A two-step affinity purification procedure was used to generate neuro-

toxic species-specific antibodies (NSS-Abs) and hemorrhagic species-specific antibodies

(HSS-Abs) from antivenoms. These two SSAbs were then used to develop a sandwich

ELISA (enzyme-linked immunosorbent assay) and a lateral flow assay comprising two test

lines. The resulting ELISAs and lateral flow strip assays could successfully discriminate

between neurotoxic and hemorrhagic venoms. The limits of quantification (LOQ) of the

ELISA for neurotoxic venoms and hemorrhagic venoms were determined to be 0.39 and

0.78 ng/ml, respectively, and the lateral flow strips were capable of detecting neurotoxic and

hemorrhagic venoms at concentrations lower than 5 and 50 ng/ml, respectively, in 10–15

min. Tests of lateral flow strips in 21 clinical snakebite cases showed 100% specificity and

100% sensitivity for neurotoxic envenomation, whereas the sensitivity for detecting hemor-

rhagic envenomation samples was 36.4%. We herein presented a feasible strategy for
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developing a sensitive sandwich ELISA and lateral flow strip assay for detecting and differ-

entiating venom proteins from hemorrhagic and neurotoxic snakes. A useful snakebite diag-

nostic guideline according to the lateral flow strip results and clinical symptoms was

proposed to help physicians to use antivenoms appropriately. The two-test-line lateral flow

strip assay could potentially be applied in an emergency room setting to help physicians

diagnose and manage snakebite victims.

Author summary

Snakebite is a public health issue that causes life-threatening medical emergencies. Rapid

diagnosis of snakebite in the clinic is a critical necessity in many tropical and subtropical

countries, where various venomous snakes are common. Venoms from different snake

species contain distinct protein components that require treatment with different antiven-

oms. However, given the similarity in clinical symptoms among some snake envenom-

ations, it is often challenging for physicians to precisely define the snake species

responsible for envenomation. Thus, a reliable method or assay for rapidly diagnosing

envenoming species is urgently needed. Here, we present a two-step affinity purification

procedure for generating species-specific antibodies (SSAbs) from antivenom, followed

by the development of a sandwich ELISA (enzyme-linked immunosorbent assay) and lat-

eral flow strip assay using these SSAbs. This feasible and cost-effective strategy allowed us

to develop workable assays for distinguishing between venom proteins from hemorrhagic

and neurotoxic snakes in Taiwan. The usefulness of this strategy was demonstrated in the

clinic, where both diagnostic assays were shown capable of detecting venoms in blood

samples from snakebite patients. Together with the observation of clinical symptoms, the

two-test-line lateral flow strip assay is potentially applicable in an emergency room setting

to improve snakebite diagnosis and management.

Introduction

Envenoming resulting from snakebites is a significant public health issue in many regions of

the world, particularly in tropical and subtropical countries and some poor rural communities

[1]. An estimated 1,800,000–2,700,000 envenoming cases and 81,410–137,880 associated

deaths occur each year globally owing to snakebite [2]. The regions with the highest burden

are South Asia, Southeast Asia, and Africa [2, 3].

Administration of antivenom is the standard treatment for snake envenomation. In most

countries, multiple types of antivenom are clinically available, but uncertainty regarding the

appropriate antivenom to use in any given situation remains an important issue. To date, the

species responsible for envenomation of snakebite victims referred for medical treatment is

initially identified primarily based on the shape of the wound or identification of dead snakes

brought to the hospital. Thereafter, the physician monitors local symptoms to confirm which

antivenom should be used. However, some clinical symptoms caused by envenomation are

similar among species, and non-venomous snakes are often responsible for the patient’s snake-

bite [4]. Additionally, physicians are often misled by incorrect descriptions of the snake by vic-

tims or their family members [5]. Identification of venomous snake species is important for

optimal clinical management, because it allows physicians to use the correct antivenom for

effective treatment, thereby improving patients’ prognosis and preventing the waste of
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expensive antivenoms and exposing victims to antivenom-induced adverse reactions [6].

Although identification of snake species is important for the management of snakebite-related

injuries worldwide, there are currently no developed standard platforms or guidelines for

snakebite diagnosis globally.

Detection of venom proteins using antibodies is a simple and effective approach for identi-

fying the species responsible for snakebite. To date, various immunoassays for detecting

venom proteins in body fluids have been described [7–13], including radioimmunoassay [14],

agglutination assays [9, 15], enzyme-linked immunosorbent assays (ELISAs) [10–12, 16, 17],

and fluorescence immunoassays [18, 19]. In addition to immunoassays, immunology-based

biosensors have been explored for detection of snakebite [20, 21]. ELISAs and lateral flow

assays [22, 23] are arguably the best choice of immunoassays for snakebite identification. ELI-

SAs, the most common and general immunoassays in clinical use, are sensitive to their target

at pictogram per milliliter levels [18]. Although the antibodies are relatively costly, ELISA

devices and reagents are affordable for routine diagnosis. Compared with ELISAs, lateral flow

assays offer advantages in terms of detection time and required equipment: it takes only ~5–20

min to obtain assay results and no supporting instrumentation is needed [24, 25]. Although

lateral flow assays mainly provide qualitative results, their simple design and operation com-

pared with quantitative ELISAs make them the most user-friendly for the public, allowing

rapid adoption in rural countries.

Snake venoms contain many proteins, and closely related snake species have some of the

same or similar venom components, causing cross-reactions in immunoassays applied to detect

venom proteins [11, 12, 26]. The venom antigens responsible for the observed cross-reactivity

would further cause ambiguities and false-positive results in snake species detection [11, 27].

Hence, the direct use of polyclonal antibodies against whole venoms for snake species detection

is inappropriate, and elimination of cross-reactive antibodies is critical for generating an immu-

noassay with high specificity for discriminating snake species [11, 12, 28]. Solving the problem

of cross-reaction and improving the specificity of immunoassays might most efficiently be

achieved through purification of species-specific antibodies (SSAbs) on affinity columns immo-

bilized with venom proteins cross-reactive to the polyclonal antibodies or antisera [11, 12].

Six venomous snakes—Deinagkistrodon acutus, Trimeresurus stejnegeri, Protobothrops
mucrosquamatus, Daboia russelii formosensis, Bungarus multicinctus and Naja atra—are indig-

enous to Taiwan, a subtropical island in East Asia [29]. Four kinds of antivenom had been pro-

duced by the Vaccine Center, Center for Disease Control, Taiwan, to treat envenomation by

these six venomous snakes and effectively limit snakebite mortality [30]. Freeze-dried hemor-

rhagic antivenom (FHAV) is used to treat envenomation by T. stejnegeri and P. mucrosquama-
tus, and freeze-dried neurotoxic antivenom (FNAV) neutralizes venom of B. multicinctus and

N. atra. Envenomation by the other two snake species is treated by monovalent antivenoms. A

population-based study of venomous snakebites in Taiwan from 2005 to 2009 reported a total

of 4647 snakebite cases, of which 380 (8.1%) received at least two types of antivenoms, mainly

because of similarities in the clinical presentations of different snakebites and the inability of

some patients to identify the culprit snake [31]. In some studies, such unidentified cases

accounted for 12–45% of total cases [32–35]. In addition, according to a clinical survey of anti-

venom usage in Taiwan, more than 99% of snakebite patients that had received FHAV or

FNAV treatment were rescued [36], indicating that most snakebite cases in Taiwan represent

envenomation by T. stejnegeri, P. mucrosquamatus, B. multicinctus or N. atra. Unfortunately,

there have been very few efforts to develop sensitive assays for detecting snake venom in Tai-

wan. Currently, only one ELISA-based blood assay has been developed to detect the N. atra
venom, but it is not commercially available [7], and no laboratory test can be used to identify

other types of venoms.
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In the present study, we designed a workflow to develop immunoassays for snakebite detec-

tion based on clinical antivenom usage in Taiwan. We used FHAV and FNAV as resources for

purification of hemorrhagic species-specific antibodies (HSS-Ab) and neurotoxic species-spe-

cific antibodies (NSS-Ab), and applied these two critical reagents to develop ELISAs and lateral

flow strip assays. These assays hold the potential for use in identification of snake species

responsible for snakebites in Taiwan.

Materials and methods

Snake venoms and hyper-immunized horse plasma

Lyophilized venoms of T. stejnegeri, P. mucrosquamatus, B. multicinctus and N. atra were

obtained from the Center for Disease Control, R.O.C (Taiwan). The venoms were collected

from several adult specimens, then freeze-dried and stored at -20˚C before use. Hemorrhagic

venom (T. stejnegeri and P. mucrosquamatus)-immunized and neurotoxic venom (B. multi-
cinctus and N. atra)-immunized horse plasma were also donated by the Center for Disease

Control, R.O.C (Taiwan). The plasma was stored at -80˚C before use.

Affinity purification of SSAbs

For coupling of venom proteins onto Sepharose beads, CNBr-activated Sepharose 4B was

swollen in 1.0 mM HCl (pH 3.0), then incubated with 10 mg hemorrhagic or neurotoxic snake

venoms dissolved in coupling buffer (0.1 M NaHCO3 pH 8.3) overnight at 4˚C on a round

rotator. After washing with coupling buffer, any remaining active sites on beads were blocked

by incubating overnight at 4˚C with blocking buffer (1.0 M diethanolamine pH 8.0) on a rota-

tor. The beads were then alternately washed three times with an acidic buffer (0.1 M

C2H3NaO2 pH 4.0, 0.5 M NaCl) and basic buffer (0.1 M Tris pH 8.0, 0.5 M NaCl) and packed

into a column, The resulting venom affinity columns were equilibrated with binding buffer

(10 mM Tris-HCl pH 7.5) and stored at 4˚C before use.

To purify HSS-Ab, 2 ml FHAV was diluted in 30 ml of binding buffer and the diluted sam-

ple was pumped into the neurotoxic venom affinity column at 4˚C for 3 h. The flow-through

fraction was then pumped into the hemorrhagic venom affinity column at 4˚C for another 3 h.

The hemorrhagic venom affinity column was then washed with 60 ml binding buffer and 60

ml wash buffer (10 mM Tris-HCl pH 7.5,0.5 M NaCl). After washing, each affinity column

was eluted with 20 ml of acidic (100 mM glycine pH 2.5) or basic (100 mM triethylamine pH

11.5) elution buffer, and eluted fractions (1 ml/fraction) were collected into microcentrifuge

tubes containing 100 μl of neutralized buffer (1.5 M Tris-HCl pH 8.0). Finally, all eluted frac-

tions were pooled, concentrated, and exchanged into phosphate-buffered saline (PBS) by dial-

ysis overnight. The concentrated antibodies in PBS were diluted with an equal volume of

glycerol and stored at -20˚C. Similar protocol was used to purify NSS-Ab from 2 ml FNAV, in

which the diluted FNAV was passed through the hemorrhagic venom affinity column first,

and the flow-through fraction containing NSS-Ab was further purified using the neurotoxic

venom affinity column.

Indirect ELISA assays

Snake venom proteins (100 ng) were diluted in 100 μl PBS and coated onto 96-well polystyrene

microplates (Corning, USA) by incubating at 4˚C overnight. The plates were washed six times

with 200 μl of PBST (PBS contain 0.1% Tween-20) and blocked by incubating with 200 μl of

1% ovalbumin in PBS at room temperature for 2 h. After washing wells six times with PBST,

antivenom or purified Ab (1 mg/ml) was serial diluted (from 1:2000 to 1:16000) and added to
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individual wells, then the plate was incubated at room temperature for 2 h. Wells were again

washed six times with PBST, and then alkaline phosphatase-conjugated anti-horse IgG anti-

body (Santa Cruz Biotechnology, USA) was added to each well and the plate was incubated at

room temperature for 1 h. After washing six times with PBST, the substrate 4-methyl umbelli-

feryl phosphate (100 μM, 100 μl/well; Molecular Probes) was added to each well, and fluores-

cence was measured with a SpectraMax M2 microplate reader (Molecular Devices, USA) at

excitation and emission wavelengths of 355 and 460 nm, respectively.

Western blot analysis

Snake venom proteins (5 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE), transferred onto PVDF (polyvinylidene difluoride) membranes

(Millipore, USA), and probed with antivenom or purified Ab. Immunoreactive proteins in

PVDF membranes were detected by incubating for 1 h with the appropriate alkaline phospha-

tase-conjugated anti-horse IgG antibodies (Santa Cruz Biotechnology, USA) and visualized

using the CDP-Star Western Blot Chemiluminescence Reagent (PerkinElmer, USA).

Biotinylation of SSAbs

Antibodies were biotinylated using a Lightning-Link biotinylation kit (Innova Biosciences,

USA) according to the protocol provided by the manufacturer. Briefly, 100 μl of SSAb (2 mg/

ml) was mixed with 10 μl of modifier reagent, then added to the tube containing biotinylation

powder and incubated for 15 min in the dark. After the biotinylation reaction, 10 μl of

quencher reagent was added and the reaction mixture was stored at -20˚C until use.

Sandwich ELISA assays

SSAb (100 μl at 2 mg/ml), diluted 1:1000 in PBS, was coated onto 96-well polystyrene micro-

plates. Thereafter, wells were blocked by incubating with 1% bovine serum albumin (BSA) in

PBS for 1 h, then washed six times with 200 μl PBST. Test samples (100 μl) were added into

individual wells and incubated at room temperature for 2 h. After washing six times with

PBST, 100 μl of biotin-labeled SSAb, diluted 1:16000 in PBS, was added and plates were incu-

bated for 2 h. Plates were again washed six times with PBST, then alkaline phosphatase-conju-

gated streptavidin was added and allowed to interact with biotin. The alkaline phosphatase

substrate, 4-methyl umbelliferyl phosphate (100 μM, 100 μl/well), was then added to each well,

and fluorescence was measured with a SpectraMax M5 microplate reader at excitation and

emission wavelengths of 355 and 460 nm, respectively.

Snakebite animal model and plasma sample collection

Experiments were performed on male 7-wk-old littermate mice (C57BL/6Narl strain). Mice

were maintained under specific pathogen-free conditions with a 12:12 h light-dark cycle at a

temperature of 22˚C and a humidity level of 60–70%. Animals had ad libitum access to food

and water. Mice (n = 3/group) within a defined weight range (20–25 g) were subcutaneously

(B. multicinctus and N. atra venom) or intraperitoneally (T. stejnegeri and P. mucrosquamatus
venom) injected with a precise 0.1 ml volume of sterile saline solution containing a minimal

lethal dose (MLD) of venom. Blood samples from each mouse were collected using a heparin-

ized capillary blood collection system (Kent Scientific, USA) 0.5, 1, 1.5 and 2 h after venom

injection. Collected blood was centrifuged at 3000 × g for 20 min. The resulting supernatant

(plasma) was collected into a microcentrifuge tube and stored at -80˚C before use.
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Preparation of colloidal gold-labeled SSAbs

A colloidal gold (40 nm) solution (REGA Biotechnology Inc., Taipei, Taiwan) was adjusted to

pH 8.0 with 0.1 M potassium carbonate. The optimal concentration of SSAb (10 mg) was

added to 2 ml of colloidal gold solution and incubated at room temperature for 10 min with

gentle mixing. The mixture was blocked by incubating with 0.5 ml of 5% BSA in PBS at room

temperature for 15 min with gentle mixing, and then centrifuged at 10,000 × g at 4˚C for 30

min. The gold pellets were suspended in PBST containing 1% BSA, and washed by repeated

centrifugation and suspension in the same solution. The final precipitates were suspended in 1

ml PBST containing 1% BSA and stored at 4˚C until use.

Development of lateral flow strips

The strips were manufactured by REGA Biotechnology Inc. (Taipei, Taiwan). Nitrocellulose

membranes, sample pads, conjugate pads and absorbent pads were all from REGA Biotechnol-

ogy Inc. Conjugate pads were saturated with HSS-Ab–or NSS-Ab–conjugated colloidal gold,

then dried at 37˚C for 1 h before assembling. The nitrocellulose membrane was pasted to the

cardboard, after which conjugated and absorbent pads were also pasted to the cardboard such

that they overlapped with each side of the nitrocellulose membrane by about 2 mm. The sam-

ple pad was also laid over the absorbent pad (2 mm overlap) and pasted onto the cardboard.

The AGISMART RP-1000 rapid test immuno-strip printer (REGA Biotechnology Inc.) was

used to dispense HSS-Abs and NSS-Abs (2 mg/ml) onto hemorrhagic and neurotoxic test

lines, respectively, and goat anti-horse IgG antibody (2 mg/mL) (REGA Biotechnology Inc.)

onto the control line on the nitrocellulose membrane. The distance between each line was 5

mm. The strips were prepared and assembled in a low-humidity environment, packaged into

an aluminum pouch, and stored at room temperature before use.

Clinical sample collection

Patients with suspected snakebite were admitted directly to the Emergency Departments of

Taipei Veteran General Hospital, Linkou Chang Gung Memorial Hospital, Chiayi Chang

Gung Memorial Hospital or Hualien Tzu Chi Hospital, and did not receive antivenom treat-

ment before being enrolled in this study. After obtaining signed, informed consent forms from

patients, 5 ml of blood was collected in SST blood collection tubes (BD, Franklin Lakes, New

Jersey, USA) and centrifuged at 4˚C for 10 min to obtain serum samples. A 100–200 μl aliquot

of serum sample was immediately applied to lateral flow strip test in the emergency room, and

results were determined by clinical physicians. The remainder of each sample was sent to the

laboratory in Chang Gung University and stored at -80˚C. All samples were re-analyzed using

the lateral flow strip test in the laboratory to confirm emergency room result; samples were

also analyzed by sandwich ELISA to measure the concentrations of venom proteins.

Venom detection with lateral flow strips

Each serum sample (100–200 μl) was diluted with 1 volume of reaction buffer (100 mM borax,

250 nM polyvinylpyrrolidone (PVP)-40 and 1% Triton X-100) in a microcentrifuge tube. The

strips were directly soaked in the samples, and results were recorded after a 10-min reaction.

Agreement between lateral flow strip and sandwich-ELISA methods

The Cohen’s kappa coefficient (κ) statistic [37, 38] was used to assess the strength of inter-

method agreement for diagnosis results. The value of kappa coefficient statistic over 0.75,

Development of rapid test assays for diagnosing clinically significant snakebite in Taiwan

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007014 December 3, 2018 6 / 23

410

https://doi.org/10.1371/journal.pntd.0007014


between 0.75 to 0.40, or below 0.40 indicates excellent agreement, good to fair agreement, and

poor agreement, respectively [39, 40].

Ethics statement

All clinical serum samples were collected and obtained at Taipei Veteran General Hospital,

Linkou Chang Gung Memorial Hospital, Chiayi Chang Gung Memorial Hospital or Hualien

Tzu Chi Hospital from February 2017 to February 2018. All study subjects are adult partici-

pants and signed an informed consent form approved by the Institutional Review Board (IRB)

of Taipei Veteran General Hospital (Approval No: 2017-06-013BCF) and Linkou Chang Gung

Memorial Hospital (Approval No: 201800098B0) permitting the use of plasma samples for this

study. Experiments involving the care, bleeding, and injection of mice with various venoms

were reviewed and approved by the Institutional Animal Care and Use Committee of Chang

Gung University (Permit Number: CGU14-024). The protocol for mouse studies was based on

guidelines provided by the Council for International Organizations of Medical Sciences

(CIOMS) [41].

Results

Immunoreactivity and cross-reactivity among four venoms and two

antivenoms

To assess the cross-reactivity among four venoms and two antivenoms, we performed indirect

ELISAs and immunoblotting. The results of indirect ELISAs showed that cross-reactivity of

FHAV towards B. multicinctus and N. atra venom was very low (Fig 1A); however, FNAV

strongly cross-reacted with T. stejnegeri and P. mucrosquamatus venom (Fig 1B). Cross-reac-

tion signals increased gradually with increases in antivenom concentration, and both antiven-

oms showed stronger reactivity toward homologous venoms than heterologous venoms. As

shown in Western blot profiling data, FHAV primarily cross-reacted with protein bands in the

high molecular weight region (55–70 kDa) of N. atra venom (Fig 1C), whereas FNAV cross-

reacted with multiple bands in T. stejnegeri and P. mucrosquamatus venoms, predominantly

towards protein bands in the 15–25 kDa range in P. mucrosquamatus venom (Fig 1D). A com-

parison of the protein profiles of the four venoms (S1 Fig) showed that, generally, most venom

components of these venoms were recognized by the corresponding homologous antivenom.

HSS-Ab and NSS-Ab specificity

In this study, we used an affinity purification procedure to eliminate cross-reactive antibodies

from antivenoms. Heterologous venom-immobilized affinity columns were prepared and used

to remove cross-reactive antibodies from antivenoms, after which the remaining antibodies

were purified using a homologous venom-immobilized affinity column, yielding SSAbs.

SDS-PAGE analysis of the affinity-purified HSS-Abs and NSS-Abs showed a typical pattern of

IgG heavy and light chains (S2 Fig). Indirect ELISAs and Western blotting assays were per-

formed to evaluate the specificity of affinity-purified SSAbs, HSS-Abs and NSS-Abs. The

results of indirect ELISAs showed that both SSAbs possessed high specificity toward the

homologous venoms, and showed significantly decreased cross-reactivity with heterologous

venoms compared with the original antivenoms (Fig 2A & 2B). The immunoreactivity of

HSS-Ab towards P. mucrosquamatus venom was stronger than that towards T. stejnegeri
venom, whereas NSS-Ab preferentially reacted with venom proteins from N. atra compared

with those from B. multicinctus. Consistent with the ELISA data, Western blot analyses also

showed the high specificity of HSS-Ab and NSS-Ab towards their homologous venoms (Fig
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2C & 2D), although NSS-Ab did weakly react with high-molecular-weight proteins (55–70

kDa) in the two hemorrhagic venoms (Fig 2D). Proteins in the high molecular weight region

(25–70 kDa) of T. stejnegeri and P. mucrosquamatus venom represented the dominant targets

of HSS-Ab (Fig 2C); in contrast, NSS-Ab mainly recognized lower molecular weight proteins

(<15 kDa) in the two neurotoxic venoms (Fig 2D).

Development of sandwich ELISA assays for detecting four snake venoms

To form sandwich complexes for ELISA measurements, we used HSS-Ab (or NSS-Ab) as the

capture antibody and biotinylated HSS-Ab (or NSS-Ab) as the detection antibody. Antibody

concentrations, buffers, and incubation times used for these sandwich ELISAs were optimized

based on the ELISA development guide provided by the manufacturer (R&D Systems, Inc.).

To determine the sensitivity of sandwich ELISA assays for snake venom detection, we serially

diluted the four snake venoms in plasma and measured their reactivity by sandwich ELISA,

generating standard curves for each venom (Fig 3). The limits of detection (LODs) of

Fig 1. The cross-reactivity of FHAV and FNAV. (A, B) FHAV (A) and FNAV (B) were serially diluted from 1:2000 to 1:16000 and used as primary antibodies

to detect four snake venoms. The assay was performed in duplicate, and results are presented as average values in relative fluorescence units (RFUs). (C, D)

Venom proteins (5 μg) from T. stejnegeri (TA), P. mucrosquamatus (PM), B. multicinctus (BM), and N. atra (NA) were resolved by SDS-PAGE on 15% gels,

transferred to PVDF membranes, and probed with FHAV (C) and FNAV (D) (2 μg/ml) as primary antibodies.

https://doi.org/10.1371/journal.pntd.0007014.g001
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sandwich ELISAs for detecting T. stejnegeri, P. mucrosquamatus, B. multicinctus and N. atra
venom were 0.39, 0.14, 0.56 and 0.23 ng/ml, respectively. In all cases, R2 values of standard

curves were greater than 0.99. Taken together, these results suggest that our sandwich ELISA

has the potential to identify snake species and quantify venom proteins in body fluids. For fur-

ther application of this snakebite sandwich ELISA, the four venoms were used as the gold stan-

dards for venom quantification, and the LOD value determined as described above was set as

the cutoff for detecting each venom.

To determine whether snake venoms are still detectable after neutralization by antivenoms,

we individually neutralized a fixed amount of venom with serially diluted antivenoms and

then performed sandwich ELISAs. ELISA signals produced by 10 ng of T. stejnegeri (Fig 4A)

and P. mucrosquamatus (Fig 4B) venom were completely eliminated by 8–40 nl of FHAV.

Similarly, 40–200 and 8–40 nl of FNAV totally blocked ELISA signals derived from 10 ng of B.

multicinctus (Fig 4C) and N. atra (Fig 4D) venom, respectively. These observations show that

our sandwich ELISA assays only detects “free” venom proteins, and not antivenom-neutralized

venoms. Importantly, they also suggest that our assays are suitable for evaluating the amount

Fig 2. The specificity of HSS-Ab and NSS-Ab. (A, B) HSS-Ab (A) and NSS-Ab (B) were serially diluted from 1:2000 to 1:16000 and used as primary

antibodies to detect four snake venoms. The assay was performed in duplicate, and results are presented as average values in relative fluorescence units

(RFUs). (C, D) Venom proteins (5μg) from T. stejnegeri (TA), P. mucrosquamatus (PM), B. multicinctus (BM), and N. atra (NA) were resolved by

SDS-PAGE on 15% gels, transferred to PVDF membranes, and probed with HSS-Ab (C) and NSS-Ab (D) (2 μg/ml) as primary antibodies.

https://doi.org/10.1371/journal.pntd.0007014.g002
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of free venom proteins remaining in a snakebite victim, making it possible to determine

whether the dosage of antivenom delivered is sufficient to treat the patient.

Venom detection by sandwich ELISA in an experimental envenomation

animal model

The MLD of each venom was determined using an experimental envenomation animal model.

The MLD of T. stejnegeri, P. mucrosquamatus, B. multicinctus and N. atra were 1.5, 3, 0.3 and

0.65μg/g, respectively. All mice developed local symptoms within 10–20 min after injection of

a lethal dose of venom. As soon as 30 min post injection, all four venoms could be detected by

sandwich ELISA in plasma samples from mice injected with venom; as expected, none of the

saline-injected control mice showed a positive reaction in these assays (Fig 5). The plasma con-

centrations of T. stejnegeri (Fig 5A), P. mucrosquamatus (Fig 5B) and N. atra (Fig 5D) venom

proteins in these mice gradually increased during a 2-h period post injection. In contrast, the

plasma concentrations of venom proteins in mice injected with B. multicinctus venom

decreased dramatically during this period (Fig 5C). Collectively, these results demonstrate that

the newly developed sandwich ELISA can successfully identify and quantify these four Taiwan-

ese snake venoms in vivo.

Fig 3. Calibration curves of sandwich ELISAs for detecting four snake venoms. Serially diluted venom proteins from (A) T. stejnegeri, (B) P.

mucrosquamatus, (C) B.multicinctus and (D) N. atra were subjected to HSS-Ab–based (A and B) or NSS-Ab–based (C and D) sandwich ELISAs in

triplicate. Shown here are the assay results used to generate the standard curves for measuring venom protein concentrations in snakebite patients.

https://doi.org/10.1371/journal.pntd.0007014.g003
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Assay performance of lateral flow strips

Although the newly developed sandwich ELISA assay exhibited high specificity and sensitivity,

the assay time in its current format is too long for use in clinical practice. To reduce the opera-

tion time and simplify the platform for snakebite diagnosis, we sought to develop another

assay using a lateral flow strip format with two test lines (Fig 6A). To assess the specificity and

sensitivity of this lateral flow strip, we tested it on the four venoms serially diluted (from 500

ng/ml to 5 ng/ml) in human plasma. The assay was evaluated based on the appearance of a

control line, a hemorrhagic test line (H line), or a neurotoxic test line (N line) (Fig 6B). All

Fig 4. Pre-incubation of venom-containing human plasma with FHAV or FNAV diminishes HSS-Ab–and NSS-Ab–reactive ELISA signals. (A, B) Venom

proteins of (A) T. stejnegeri and (B) P. mucrosquamatus were diluted in human plasma (10 ng venom protein per ml of plasma) and then mixed with serially

diluted FHAV (0.32 to 1000 nl) at room temperature for 30 min. The mixtures were then subjected to HSS-Ab–based sandwich ELISA assay. (C, D) Venom

proteins of (C) B. multicinctus and (D) N. atra were diluted in human plasma (10 ng venom protein per ml of plasma) and then mixed with serially diluted FHAV

(0.32 to 1000 nl) at room temperature for 30 min. The mixtures were then subjected to NSS-Ab–based sandwich ELISA assay.

https://doi.org/10.1371/journal.pntd.0007014.g004
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Fig 5. Detection of snake venom proteins in plasma samples from an animal model of snakebite. Each mouse was injected with

the MLD of venom proteins from (A) T. stejnegeri, (B) P. mucrosquamatus, (C) B. multicinctus or (D) N. atra, and plasma samples

were collected from venous blood at four time-points (30 min, 1 h, 1.5 h and 2 h) post injection. Venom concentrations were

determined by analyzing the collected plasma samples using HSS-Ab–based (A and B) or NSS-Ab–based (C and D) sandwich

ELISAs.

https://doi.org/10.1371/journal.pntd.0007014.g005
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strips showed a visible control line, confirming that all test samples were successfully flowed

onto the strips (Fig 7). An H line was only observed in those strips used to test T. stejnegeri
and P. mucrosquamatus venom (Fig 7A & 7B), and the N line appeared only in assays of N.

Fig 6. Schematic diagram of the lateral flow strips for detecting snake venom proteins. (A) The designof the lateral flow strip constructed on the

basis of HSS-Ab and NSS-Ab and (B) a schematic depiction of predicted results are shown. C line, control line; H line, hemorrhagic test line; N line,

neurotoxic test line.

https://doi.org/10.1371/journal.pntd.0007014.g006
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atra and B. multicinctus venom proteins (Fig 7C & 7D). These results indicate that this newly

developed strip assay does not exhibit sufficient cross-reactivity to cause ambiguous results. In

assays of hemorrhagic venom, the H line was still detectable after reducing the concentration

of T. stejnegeri and P. mucrosquamatus venom proteins to 50 ng/ml (Fig 7A & 7B). For neuro-

toxic venom detection, the N line was still visible when both venom protein levels were

reduced to 5 ng/ml (Fig 7C & 7D).

Fig 7. Performance of lateral flow strip assays in the detection of four snake venoms. Venom proteins of (A) T. stejnegeri, (B)

P. mucrosquamatus, (C) B. multicinctus and (D) N. atra were serially diluted to 500, 50 and 5 ng/ml in human plasma, and then

subjected to the lateral flow strip assay.

https://doi.org/10.1371/journal.pntd.0007014.g007
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Venom detection in clinical samples by sandwich ELISA and lateral flow

strip assays

Thirty-two victims of snakebite sent to Emergency Departments of the four participating hos-

pitals from May 2017 to February 2018 were enrolled in this study. Among them, eleven

patients were excluded because they had been treated with the appropriate antivenom before

arrival in the Emergency Department (n = 9) or displayed no symptoms (n = 2). The serum

samples obtained from the remaining 21 cases were analyzed by sandwich ELISA and lateral

flow strip assay (Table 1). The lateral flow strip assay showed 100% (5/5) specificity and 100%

specificity (5/5) for the detection of neurotoxic envenomation samples. However, the sensitiv-

ity for detecting hemorrhagic envenomation samples was only 36.4% (4/11). We used the

kappa statistic to assess the strength of agreement between the two assays, and this analysis

indicated good to fair agreement (κ = 0.53) between snakebite sandwich-ELISA and lateral

flow strip assay (Table 1).

The clinical information of these 21 patients were summarized in Table 2. Most of the cul-

prit snakes were initially identified by patients’ description or recognition of snake photograph

(17/21), and 2 of them were definitely confirmed according to the killed snakes brought to the

hospital. The aggressor snakes of case 18–21 cannot be identified at scenes of ED. In the labo-

ratory identification, both ELISA and lateral flow strip assay were shown hemorrhagic venom

positive results for case 18 and 19, and venom negative result for case 20 and 21. All patients

were presented with local swelling except case 11 who was initially identified as B. multicinctus
envenomation, and no neurologic symptoms appeared in all. Case 16, 18 and 19, who were

performed surgery, have higher level of venom concentration than other victims. Seven cases

with hemorrhagic venom-positive ELISA results appeared with negative lateral flow strip

results. The venom concentration of them was ranged from 2.2 to 10.6 ng/ml, which are lower

than other cases detected by lateral flow strip assay. Among them, five cases were shown mild

clinical severity, and 2 cases shown moderate severity. Case 11, 15, 17, 20 and 21 have ELISA

undetectable venom level. All of them have mild clinical severity that the local swelling

restricted in fang mark area, or even did not have local swelling. The sample time after bite for

the majority of the victims (15/21) was ≦3.5 h. Overall, there was no significant correlation

between the blood venom concentration and sampling time after snakebite or the bitten area

according to this small-scale clinical study.

Discussion

The presence of common antigens in heterologous venoms has been demonstrated to be a

major source of bias for the development of snakebite detection assays [26, 42]. The appear-

ance of widespread cross-reactivity between heterologous snake venoms and polyvalent or

monovalent antivenoms considerably hampers the specificity of such assays [11, 12, 28, 43].

Consistent with these previous observations, the current study also found that FHAV and

FNAV cross-reacted towards heterologous venoms, as evidenced by the detection of 3–5

Table 1. Correlation between sandwich ELISAs and lateral flow strips for snakebite diagnosis.

Lateral flow strip ELISA Total

FH (+) FN (+) Negative Kappa

FH (+) 4 0 0 0.53 4

FN (+) 0 5 0 5

Negative 7 0 5 12

Total 11 5 5 21

https://doi.org/10.1371/journal.pntd.0007014.t001
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protein bands in Western blot analyses (Fig 2A & 2B). However, snake venoms are known to

comprise multiple (10–100) proteins, many of which have the same or similar epitope(s), but

with different molecular weights. At present, it is difficult to predict the venom components

that contribute to this cross-reactivity. Immunoaffinity purification appears capable of remov-

ing antibodies in antiserum that recognize common epitopes of venom components. Even

though the identity of the species-specific antigens and common epitopes that contribute to

the cross-reactivity remain largely unknown, we were still able to successfully obtain venom

protein antibodies with high specificity (i.e., low cross-reactivity among different snake spe-

cies). In addition, detection of snake envenomation by monoclonal antibodies generated using

a single species-specific venom protein can considerably improve assay specificity [44–47].

However, the sensitivity of these antibodies may not be high enough, because venoms contain

numerous protein components and a mAb can only react with a single epitope on its target

protein. Moreover, the targeted venom component may become degraded through metabolic

processes in biological systems. Thus, the application of monoclonal antibodies to the develop-

ment of snakebite kits remains a considerable challenge. The promising data shown in the

Table 2. The clinical information of 21 snakebite cases enrolled in this study.

Initial

identification a
Case

No.

Sex Sampling time after

bite (h)

Bitten

area

Local

swelling

Surgery Clinical

severity b
Antivenom

dosage

ELISA Lateral

flow

strip

Venom Conc.

(ng/ml)

FH FN

T. stejnegeri 1 M 1 Foot Foot - Mild 1 FHAV 3.2 (TS) - -

2 M 1.5 Hand Forearm - Moderate 1 FHAV 2.2 (TS) - -

3 F 0.5 Finger Finger - Mild 2 FHAV 10.6 (TS) - -

4 M 1 Finger Forearm - Moderate 5 FHAV 19.7 (TS) + -

P.

mucrosquamatus
5 F 6 Wrist Elbow - Moderate 1 FHAV 3.9 (PM) - -

6 M 1 Toe Calf - Moderate 2 FHAV 141 (PM) + -

7 F 0.5 Ankle Ankle - Mild 2 FHAV 9.1 (PM) - -

8 F 1.5 Finger Hand - Mild 1 FNAV 14.3 (NA) - +

9� M 1 Ankle Ankle - Mild 1 FHAV 2.6 (PM) - -

10 F 0.5 Foot Ankle - Mild 1 FHAV 6 (PM) - -

B. multicinctus 11 M 14 Finger - - Mild 1 FNAV ND c - -

N. atra 12 M 3.5 Foot Ankle - Mild - 21.2 (NA) - +

13� M 1 Foot Foot - Mild 2 FNAV 93.6 (NA) - +

14 M 1 Finger Wrist - Moderate 5FNAV 147.3 (NA) - +

15 M 10.5 Toe Toe - Mild - ND - -

16 M 1.5 Toe Ankle Debridement Severe 4 FNAV 297.8 (NA) - +

17 M 1.5 Finger Finger - Mild 4 FNAV ND - -

Unidentified 18 M 12.5 Finger Shoulder Debridement/

Fasciotomy

Severe 4 FHAV 210.6 (TS)/77.6

(PM)

+ -

19 M Unknown Forearm Upper arm Debridement/

Fasciotomy

Severe 4 FHAV 90.3 (TS)/59.4

(PM)

+ -

20 M 2.5 Ankle Ankle - Mild 1 FHAV ND - -

21 M 34 Thumb Forearm - Mild 2 FHAV ND - -

a Initial identification: it is shown the envenoming snake species which was initially identified by patients’ description or recognition of snake photograph.
b Clinical severity: the definition of each level of severity is shown in Supplemental Table 1.
c Non-detected: The level of venom concentration is lower than the LOD of ELISA, or even no venom is existed in the clinical sample.

�: The envenoming species was confirmed from the culprit snake brought to the ER.

https://doi.org/10.1371/journal.pntd.0007014.t002
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present study suggest that purification of SSAbs from antivenoms could be a feasible and cost-

effective strategy for generating effective probes for snake venom detection and species

discrimination.

Sandwich ELISAs, which have been widely used in snake venom detection and snakebite

diagnosis [10, 11, 44, 48], are capable of measuring venom proteins at the level of a few nano-

grams per milliliter. In conjunction with the biotin-streptavidin amplification system, the

detection limit can be further improved, reducing the lower limit to less than 1 ng/ml [10].

Generally, two different antibodies are used for sandwich ELISA assay development. Because

we used the same SSAb as both capture and detection antibody in our sandwich ELISA, the

capture SSAbs in the solid phase only occupied one binding site on their cognate antigen mole-

cules. Thus, the detection SSAb was still capable of recognizing the remaining epitopes on the

captured antigens. With this approach, how to pair two suitable antibodies to form the sand-

wich complex for detection is not a concern, making it easy to adapt for snake venom detec-

tion. Although the sandwich ELISA assay is time consuming, and thus is likely not the most

appropriate assay for use in emergency rooms, it is still a good tool for snakebite epidemiology

and prognosis studies.

The usefulness of our sandwich ELISA assay was demonstrated by detecting venoms in

blood samples from an experimentally envenomed mouse model (Fig 5). These experiments

showed that this assay is capable of identifying the envenoming species and quantifying

venom concentrations in blood. Application of this ELISA to the snakebite animal model

revealed that concentrations of T. stejnegeri, P. mucrosquamatus and N. atravenom proteins

gradually increased in mouse plasma during a 2-h period post-injection; in contrast, the con-

centration of B.multicinctus venom proteins dramatically decreased over this same time period

(Fig 5). A previous study reported that more than half (nearly 60–80%) of B.multicinctus
venom components are neurotoxins, including β-bungarotoxin,α-bungarotoxin and γ-bun-

garotoxin [49]. These bungarotoxins bind to specific receptor(s) on presynaptic and postsyn-

aptic membranes, leading to paralysis and neurotoxicity [50–52]. Our findings suggest that,

when injected into the victim, these bungarotoxins rapidly interact with specific receptors, and

thus are immobilized in the neuromuscular junctions; this, in turn, causes a significant

decrease in their bioavailability, accounting for the rapid decrease in their concentration in

blood plasma.

The lateral flow strip assay is a sandwich-based immunostrip used to rapidly (5–20 min)

examine whether target molecules are present in a sample [53]. This type of assay is appropri-

ate for use in snakebite detection and diagnosis, and can offer guidance to physicians in

administering antivenom [22, 23]. Furthermore, the visual diagnosis format of this assay is

simple, making it desirable for use in developing countries, where snakebites are most preva-

lent. However, some factors and sampling conditions may profoundly affect strip assay results.

For example, a high concentration of serum proteins and high viscosity of the test sample

could interfere with the formation of the red line in test and control zones, and samples con-

taining high concentrations of salt, such as urine, often cause false-positive results. Thus, in

some situations, sample pretreatment is required. The lateral flow strip assay developed here

has two test lines for discriminating hemorrhagic and neurotoxic snake envenomation in Tai-

wan. This strip assay successfully detected and identified snake venom in serum samples from

snakebite patients.

Our small-scale clinical study demonstrated that the lateral flow strip assay is useful for

assessing neurotoxic envenomation, exhibiting a sensitivity/specificity of 100%. It is suggested

that the newly developed strip assay holds promise for the diagnosis of neurotoxic snakebite.

However, the sensitivity of this assay for hemorrhagic envenomation was nearly 40%. ELISA

results of these 11 hemorrhagic envenomation samples showed that the T. stejnegeri or P.
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mucrosquamatus venom protein concentrations in 7 lateral flow strip-negative samples were

less than 10 ng/ml (Table 2), suggesting that this assay is not sensitive enough to detect snake-

bite cases with low blood concentration of hemorrhagic venom in clinical practice. Although,

at this point, we cannot definitively establish the appropriateness of our lateral flow strip assay

for precise diagnosis of all clinical snakebites, the combination of clinical symptoms and the

results of lateral flow strip could improve the clinical utility of our lateral flow strip, especially

in the weak aspect of diagnosis of hemorrhagic snake envenomation. A diagnosis flowchart

which composed of clinical symptoms and the result of lateral flow strip was therefore pro-

posed (Fig 8). Because of the relative high sensitivity and specificity of our lateral flow strip in

diagnosis of neurotoxic snake envenoming, cases with negative lateral flow strip results have a

great possibility of hemorrhagic snake envenoming when they have developed local tissue

swelling. This diagnosis flowchart may further enhance the ability of our lateral flow strip to

guide the usage of antivenom. Because only 21 snakebite cases were included, further study

using a larger sample set is needed to verify the sensitivity, specificity, stability, and feasibility

of this strip assay.

Seven of the 21 clinical samples examined in this study showed positive ELISA result but

negative on the lateral flow strip test. All of them were identified as hemorrhagic snake enven-

omation with low venom concentration level accompanying with mild or moderate clinical

severity. Even though these patients have been transferred to hospital and sampled nearly

within 1–2 hrs, their blood venom concentrations were still lower than the others. It is highly

possible that the amount of venom injected into these victims was originally low, which is hard

to detect by lateral flow strip assay after dilution in the systemic circulation, and only induced

mild clinical symptoms. Despite initial identification of envenoming species is almost the

same as the test results in our small-scale study (Table 2), sometimes, envenoming species

identified by patients or their family may mislead the physicians. Take case 8 as an example,

this patient was initially identified as P. mucrosquamatus envenomation according to family

members’ recognition of the snake pictures, however, both ELISA and lateral flow strip assay

showed positive result of neurotoxic snake envenomation, indicating the culprit snake is N.

atra. Furthermore, few cases with negative result of both assays may be bitten by non-

Fig 8. A proposed diagnosis flowchart for venomous snakebite patients in Taiwan by incorporating the newly

developed lateral flow strip assay.

https://doi.org/10.1371/journal.pntd.0007014.g008
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venomous snakes. There are more than 50 snake species in Taiwan. It is hard for citizens to

correctly recognize and distinguish all of them. Bringing the envenoming snake to the hospital,

like cases 9 and 13, is the most reliable way for species identification.

In the present study, all five cases (case 11, 15, 17, 20 and 21) with negative quantification of

venom displayed the mild clinical severity. These patients may be bitten by non-venomous

snakes, or the dry bite. As mentioned above, snakebite victims have the chance to misidentify

the envenoming species, and slight swelling usually occurred around the fang mark even if

they were bitten by non-venomous snakes. It is one of the reasons leading to the negative

results in both assays. In addition, although we did not observe a close relationship between

the transcurrent time from the bites to the ER consult and the results of the diagnostic test, 3

of the 5 cases with negative ELISA result had longer transcurrent time. Case 11, 15 and 21 had

their transcurrent time for 14, 10.5 and 34 hrs, respectively. The metabolism time more than

10 hours may allow the venom to be eliminated from patients’ body and resulted in negative

test result. The delay in seeking medical help may be another reason leading to the negative

test results. On the other hand, case 18 had 12.5 hours of transcurrent time, but displayed

severe clinical symptoms and positive test results. It is reasonable to assume that the type and

amount of venom injected into patients is the main factor to determine the outcome of the test

results, and the effect of transcurrent time could be minor.

The current study used serum samples from snakebite patients to evaluate the performance

of the snakebite lateral flow strip assay. Other types of specimen, such as urine, wound exudate

and blister fluid, have been reported as alternatives for venom detection [7, 12]. The highest

amounts of venom proteins (>100 ng/ml) are found in wound exudates and blister fluid; thus,

venom proteins are more easily detected and measured in these types of specimens [12]. How-

ever, cases with blister fluid are very rare; in the current study, only one patient formed blister

fluids after envenomation. Wound exudates are easier to obtain than blister fluids, but obtain-

ing untreated wound exudates for pre-clinical trials is another challenge. Because people have

been taught to perform first aid when bitten by snakes, snake venom remaining in the wound

will typically have been washed out or swabbed out. Furthermore, fang marks have usually

clotted by the time victims arrive at the Emergency Department. Thus, although wound exu-

date maybe the best sample type for venom detection, how to collect good quality samples for

survey remains a daunting challenge.

Countries in tropical and subtropical regions have various indigenous venomous snake spe-

cies. Two or more antivenoms are currently available for clinical treatment of snake envenom-

ation. Directly using these antivenoms as a resource for the development of snakebite

diagnostic assays could be a cost-effective approach for snakebite management. The use of an

affinity purification strategy makes it possible to obtain SSAbs from antivenoms, thereby elim-

inating cross-reactive antibodies and preventing false-positive results in assays of snake ven-

oms. This approach obviates the need to produce additional polyclonal or monoclonal

antibodies, and alleviates concerns regarding whether the antigens targeted by the polyclonal

or monoclonal antibodies produced are species specific. SSAbs purified from antivenoms are

suitable for use in developing sandwich ELISAs and lateral flow assays for rapid detection of

snake venoms. The ability of these purified SSAbs to detect venom in the blood of animal mod-

els as well as in blood samples taken from snakebite patients validates the usefulness of this

strategy.

In conclusion, our data indicate the feasibility of a cost-effective approach (i.e. preparation

of SSAbs from specific antivenoms available in Taiwan) to develop the snakebite diagnostic assay

for discriminating hemorrhagic and neurotoxic snake envenomation in Taiwan. When combin-

ing the clinical observation of patient’s symptom, this assay would aid in the clinical decision of

the appropriate antivenom to be used where the signs and symptoms of the envenoming did not
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allow a precise diagnosis by the clinician responsible to treat the envenomed patient. Although

our present results are promising, further studies including improvement of detection sensitivity/

specificity of the assays and application of the optimized assays to a larger sample set are needed

to validate the clinical utility of the assays for snakebite management.

Supporting information

S1 Fig. Protein profiles of the four snake venoms. Venom proteins (5 μg) from each of the

four snakes were resolved by SDS-PAGE on 15% gels and visualized by Coomassie blue stain-

ing.

(TIF)

S2 Fig. SDS-PAGE analysis of affinity-purified HSS- and NSS-Abs. Affinity-purified

HSS-Abs and NSS-Abs (1 ml for each) were resolved by SDS-PAGE on 15% gels and visualized

by Coomassie blue staining.

(TIF)

S1 Table. The definition of Clinical severity of Snakebite.

(XLSX)
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A B S T R A C T

Complex nanosystems fabricated by hybridization of different types of materials such as lipids, proteins, or
polysaccharides are usually superior to simple ones in terms of features and applications. Proteins and poly-
saccharides hold great potential for development of nanocarriers for drug delivery purposes based on their
unique biocompatibility, biodegradability, ease of functionalization, improved biodistribution and minimal
toxicity profiles. Protein-polysaccharide nanohybrids have gained a lot of attention in the past few years par-
ticularly for drug delivery applications. In this review, different hybridization techniques utilized in the fabri-
cation of such nanohybrids including electrostatic complexation, Maillard conjugation, chemical coupling and
electrospinning were thoroughly reviewed. Moreover, various formulation factors affecting the characteristics of
the formed nanohybrids were discussed. We also reviewed in depth the outcomes of such hybridization ranging
from stability enhancement, to toxicity reduction, improved biocompatibility, and drug release modulation. We
also gave an insight on their limitations and what hinders their clinical translation and market introduction.

1. Introduction

The advanced progress of research in the fabrication of different

nanosystems for drug delivery applications gives an insight about their
added benefit in that area. The scope of benefits includes enhanced
drug solubility, modulated drug release, enhanced targeting efficacy
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and better uptake by cells, enhanced drug stability and reduced toxi-
city, enhanced biocompatibility, among others [1–4]. A variety of
materials, including natural and synthetic ones, have been used in the
fabrication of these nanosystems [5,6]. Natural biopolymers, in-spe-
cific, including proteins and polysaccharides have become an inter-
esting alternative to synthetic ones in the fabrication of different nano-
sized drug delivery systems [7–9]. Among these synthetic polymers,
polyethylene glycol (PEG) has been widely used, if not being the most
one, in products approved by the food and drugs administration (FDA)
or products undergoing clinical trials. PEG is well known for its bio-
compatibility, however, toxicities occurring from its accumulation in
vivo as well as some immunogenic reactions are still being discussed. In
contrast, proteins and polysaccharides are generally safer, especially
when their physicochemical properties are finetuned for the biological
safety, with many being “generally recognized as safe” (GRAS) by FDA,
which makes them a better candidate for the fabrication of different
drug-loaded nanocarriers [10–12]. Moreover, proteins and poly-
saccharides carry intrinsic biological properties which can be exploited
for a wide array of applications [13–15]. For example, albumin can be
used for targeting certain tissues overexpressing its receptors e.g. tumor
and inflamed tissues, reducing recognition by the mononuclear pha-
gocytic system (MPS), among other applications [16–18]. Chitosan and
alginate can be exploited for their mucoadhesive properties, thus in-
creasing the residence time of loaded drugs and interaction with in-
testinal cells, and subsequently increasing drug absorption [19]. Hya-
luronan can be exploited for targeting chondrocytes and certain tumors
overexpressing its receptors [9,20,21].

Proteins and polysaccharides are major components in biological
systems with different roles ranging from structural ones to enzymatic
activity, or energy production [22–24]. Many can be even found in-
teracting specifically in vivo such as the interaction between lysozyme
and glycosaminoglycans in cartilages, or the interaction between he-
parin and antithrombin in the inhibition of coagulation. These natural
interactions inspired the fabrication of protein-polysaccharide nano-
hybrids which were superior to their individual components showing
features not usually attained individually. Different proteins such as
albumin, gelatin, α-lactalbumin (α-La), β-lactoglobulin (β-Lg), casein,
lactoferrin (Lf), and lysozyme; and polysaccharides such as chitosan,
carrageenans, pectins, chondroitin sulfate, and alginate were used in
the fabrication of those protein-polysaccharide nanohybrids. Thus, the
choice of the right partners for fabrication of protein-polysaccharide
nanohybrids is important in creating certain sizes, hydrophilicities,
surface charges, release patterns, etc. [21,25,26]. These different fea-
tures have changed the scope of applications of these materials which is
discussed in depth in our review. The wide array of applications of such
nanocomplexes include enhanced stability of many unstable drugs such

as vitamin D, curcumin, and insulin, improved biocompatibility, and
stability of the nanosystem itself, enhanced targeting ability, and
modulated drug release. Also discussed are the different hybridization
techniques used in the fabrication of these nanohybrids and the dif-
ferent factors affecting their physicochemical properties. Last, but not
least, the limitations hindering the clinical translation of these nano-
hybrids and the future prospects looming in the horizon.

2. Hybridization techniques

Protein-polysaccharide nanohybrids for drug delivery applications
could be fabricated via many techniques including electrostatic com-
plexation, chemical conjugation and electrospinning.

2.1. Electrostatic complexation

As mixing of the macromolecules results in low entropy gain, pro-
teins and polysaccharides are rarely miscible and their thermo-
dynamically stable mixtures exist only under certain conditions such as
low concentrations and/or being structurally and chemically very si-
milar. The protein-polysaccharide interactions determine their phase
behavior whether being attractive interaction which in general will lead
to associative phase separation or repulsive interaction leading to seg-
regative phase separation. Associative phase separation results from
oppositely charged protein/polysaccharide condensation in the same
phase leaving the solvent phase depleted yielding an insoluble complex.
The driving forces for associative phase separation are the electrostatic
interactions between protein and polysaccharide and the entropic gain
by releasing counterions upon complex formation. In general, associa-
tive phase separation is observed between negatively charged poly-
saccharides carrying groups such as sulphate or carboxylates and po-
sitively charged proteins at pHs below their isoelectric points (PIs)
[27,28].

In the light of the previous information, the formation of a protein-
polysaccharide electrostatic complex will depend mainly on making the
protein and polysaccharide bear opposite charges to avoid segregative
phase separation thus favouring electrostatic attraction which will lead
to a size increment. According to the stability of the formed particles,
these particles will either continue to aggregate resulting in associative
phase separation and finally precipitate or will remain colloidal in the
nanosized range. Tian et al. established a phase diagram and structural
transitions of protein/polysaccharide where bovine serum albumin
(BSA) represents the protein and sugar beet pectin represents the
polysaccharide (Fig. 1). The phase diagram shows five regions where
different structures of protein/polysaccharide complexes are formed: (I)
individual soluble molecules with no interactions; (II) the

Fig. 1. Phase diagram showing 5 regions (I–V) and structural transitions showing 4 different structures of protein/polysaccharide complexes (a–d). (a) shows
individual soluble polymers corresponding to regions I and V of phase diagram. (b) is the soluble intramolecular complex corresponding to region II. (c) is the soluble
intermolecular complex corresponding to region III. (d) is the insoluble intermolecular complex corresponding to region IV. pHc (circle) and pHφ (square), and pHd
(triangle) are going to be discussed later on in this review [28].
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Table 1
Protein-polysaccharide nanohybrids prepared by electrostatic complexation.

Protein-Polysaccharide Drug Key Outcomes Ref.

Albumin-CMC DTX Enhanced antitumor activity was demonstrated via an active targeting mechanism [36]
Albumin-Chitosan DOX Significant cytotoxicity enhancement in HepG2 cells for retinoic acid-targeted nanohybrids in

comparison to non-targeted ones
[29]

Albumin-Chitosan, Alginate and Dextran Insulin Enhanced stability of insulin, release modulation according to pH, and enhanced intestinal
permeability

[37]

BSA-Chitosan GEM Higher cytotoxicity in A549 and H460 lung adenocarcinoma cell lines in comparison to sole albumin
nanoparticles

[33]

BSA-Chitosan psiRNA-hH1GFPzeo Higher biocompatibility in comparison to chitosan alone [34]
BSA- i-Carrageenan Curcumin Enhanced the stability and the antioxidant activity of curcumin [38]
BSA- i-Carrageenan EGCG Enhanced stability and antioxidant activity of EGCG [31]
BSA-Alginate TRAIL and DOX Synergistic cytotoxic activity was achieved even in the DOX-resistant L929 cell line [39]
BSA-Gum acacia – Successful fabrication of nanohybrids with a size of 108 nm [40]
BSA-Chitosan-Dextran DOX Significant prolongation in the survival of hepatoma (H22)-bearing mice in comparison to free DOX [41]
Egg albumin-Chitosan Aceclofenac Enhanced skin permeation and higher anti-inflammatory activity in comparison to the marketed gel [30]
Ovalbumin- Chitosan – Enhanced nanohybrid stability upon long term storage with pH responsiveness [42]
Gelatin-Chitosan CPs Higher apoptotic activity was achieved against THP-1 leukemic cells in comparison to free CPs [43]
Gelatin-Chitosan Fluorescein The intravenous administration was found optimum for achieving higher tissue concentrations rather

than the intraperitoneal one
[44]

Gelatin-Chitosan 5-FU and HYL Release modulation of 5-FU and HYL to COLO-205 and HT-29 colon cancer cells [45]
Gelatin-CMC alpha amylase Efficient carrier systems for the immobilization of alpha amylase [46]
Gelatin-Alginate Curcumin Enhanced cytotoxic activity against MCF-7 cell line [47]
Gelatin-Gum arabic Jasmine oil Stability enhancement against humid heat [48]
Cationized gelatin- Dextran or CS pEGFP Enhanced plasmid ocular delivery [49]
Cationized gelatin- Dextran or CS pMUC5AC Enhanced MUC5AC protein expression in conjunctival cells [50]
α-La or β-Lg-Chitosan – Successful fabrication of the nanohybrid system with potential applications for drug, food, cosmetic or

nutraceutical delivery
[51]

β-Lg-Alginate Quercetin Enhanced the stability of quercetin 3-folds and modulated its release profile [52]
β-Lg-Pectin DHA Transparent nanohybrid systems with stability for DHA against oxidation [53]
β-Lg-Pectin – Cosolvents as glycerol and sorbitol could modulate nanohybrid properties formed by heat treatment [54]
β-Lg- Pectin Pt(II) complex Enhanced cytotoxicity against the colon cancer HCT116 cell line [55]
β-Lg-Pectin or Carrageenan – β-Lg-Pectin nanohybrids were more stable than their β-Lg-Carrageenan counterparts against pH

changes
[56]

β-Lg-KC or β-Lg-Sodium alginate – Enhanced stability against aggregation [57,58]
β-Lg-LMP Oxali-palladium A pH-sensitive targeted colon delivery of oxali-palladium was achieved [59]
β-Lg-Gum Arabic or CMC – Enhanced stability against aggregation [60]
WPI-Inulin Resveratrol Intrinsic prebiotic activity with efficient encapsulation of resveratrol [61]
WPI-Alginate – Successful fabrication of the nanohybrid system with higher hydrophobic patches exposed for binding

lipophilic drugs
[62]

Soy protein-Soy polysaccharide Curcumin The nanohybrids enhanced the thermal stability of curcumin and modulated its release [63]
Soy protein-Soy polysaccharide Folic acid Enhanced folic acid protection and delivery in food and beverages [64,65]
Soy protein-CMCS Vitamin D3 Enhanced vitamin D3 loading, encapsulation efficiency and release profile [66]
Soy protein-KC Quercetagetin Improved light stability and the antioxidant properties of quercetagetin [67]
Lf-Pectin – Higher nanosystem thermal stability in comparison Lf alone [68]
Lf-Pectin, Carrageenan or Alginate – Improved stability at pH range 5 to 8 [35]
Lf-Alginate or i-Carrageenan – Alginate and i-Carrageenan endowed Lf nanoparticles with higher stability against gastric digestion [69]
Lf-Pectin, i-Carrageenan or Alginate – Enhanced stability against gastric digestion was demonstrated especially with i-carrageenan [70]
Lysozyme-CS – CS endowed lysozyme with stability against degradation and biocompatibility [71]
Lysozyme-CMC 5-FU A more sustained drug release was achieved in simulated gastric fluid than in intestinal fluid [72]
Lysozyme-CMC MTX and QDs Concomitant cancer imaging and therapy “theranostic nanohybrids” were developed [73]
Lysozyme-CMC – The higher the substitution degree on CMC, the more is the negative charge and the stronger is the

electrostatic interaction
[74]

Lysozyme-Alginate β-lactamase Prevention of the irreversible destruction of the enzyme with stimuli-responsive release [75]
Casein-Pectin Vitamins Successful incorporation of both hydrophilic and hydrophobic vitamins [76]
Casein-Pectin Rutin Enhanced stability in gastric conditions while releasing rutin in intestinal conditions [77]
Casein-Chitosan – Successful fabrication of stable soluble nanohybrid systems in the pH range 4.8 to 6.0 [78]
Protamine-HA GFP-ODN Enhanced cellular uptake and transfection efficiency of the GFP-ODNs [79]
Protamine-HA miR-34a Enhanced delivery of miR-34a to breast tumor tissues [80]
Protamine-Heparin Ferumoxytol Enhanced cell-labelling capability facilitating MRI-monitoring [81]
FSP-Alginate – Successful fabrication of non-toxic stable nanohybrids [82]
Zein-Pectin – Successful fabrication of nanohybrids with potential emulsion stabilizing properties [83]
Egg yolk LDL-Pectin Curcumin Successful fabrication of nanohybrids with modulated curcumin release [84]
Lactoferrin-chondroitin DOX/Ellagic acid Superior internalization of the nanocomplex into lung cancer cells and hence enhanced anti-tumor

efficacy in vitro and in vivo
[32]

CMC: Carboxymethyl cellulose, DTX: Docetaxel, DOX: Doxorubicin, psiRNA-hH1GFPzeo: vector for generating shRNA targeting GL3 luciferase, EGCG:
Epigallocatechin-3-gallate, TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand, CPs: Cocoa procyanidins, 5-FU: 5-Fluorouracil, HYL: Hyaluronidase, CS:
Chondroitin sulfate, pEGFP: Plasmid for enhanced green fluorescent protein, pMUC5AC: Plasmid for gel-forming mucin, DHA: Docosahexaenoic acid, Pt(II)
complex: Bipyridine ethyl dithiocarbamate Pt(II) nitrate, KC: ϰ-carrageenan, LMP: Low methoxyl pectin, WPI: Whey protein isolate, CMCS: Carboxymethyl chit-
osan, Lf: Lactoferrin, i-Carrageenan: iota Carrageenan, MTX: Methotrexate, QDs: Quantum dots, HA: Hyaluronic acid, MRI: Magnetic resonance imaging, GFP-
ODN: Green fluorescent protein antisense oligodeoxynucleotide, miR-34a: a potent endogenous tumor suppressor microRNA, FSP: Fish sarcoplasmic protein, LDL:
low density lipoprotein.
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intramolecular soluble complex at the molecular state; (III) the inter-
molecular soluble complex where colloidal stability will determine
whether the complex will be in nanosized range; or (IV) aggregates
resulting in an intermolecular insoluble complex; and finally phase (V)
where individual soluble molecules appear again [28].

The electrostatic protein-polysaccharide nanocomplexes are fabri-
cated by one of two main methods. The first method is a single-step
strategy depending on matrix formation between the protein and
polysaccharide where the nanoparticles are prepared by mixing their
pH adjusted aqueous solutions. The second method is a two-step core/
shell method where the core is formed in an independent step from
either polymers and subsequently coated by the other. All the protein-
polysaccharide nanohybrids prepared by electrostatic complexation, to
our knowledge, are summarized in Table 1.

2.1.1. Single-step nanocomplexes
The single-step approach utilizes the electrostatic/ionic interac-

tion between the two polymers forming a matrix nanoparticle. This
aqueous ionic coacervation method is preferred since it eliminates the
need of an organic solvent or a toxic crosslinking agent such as glu-
taraldehyde that dictates their subsequent removal. Thus, this method
reduces the production costs, and increases the safety of the formed
drug delivery system. In a study by Varshosaz et al., cationic chitosan
(pKa 6.5) and anionic albumin (pI 4.7) were utilized to fabricate na-
noparticles by direct mixing of both solutions under stirring to induce
aqueous coacervation. The polysaccharide here, chitosan, unlike most
polysaccharides, carried out a positive charge because of the abundance
of amino groups that get protonated at pH of 2.49 which is lower than
its pKa. Albumin, however, carried out a net negative charge since it
was dissolved in deionized water with a pH above its pI. The prepared
chitosan-albumin nanoparticles were subsequently decorated with re-
tinoic acid showing an optimum size of 286 nm for the targeted delivery
of doxorubicin to hepatocellular carcinoma [29]. In another study, Jana
et al. also fabricated chitosan/albumin complexes by adding chitosan-
aceclofenac mixtures into egg albumin solutions followed by pH ad-
justment to 5.4 and heating at 80 °C for 30min, thus forming nano-
particles via electrostatic attraction/heat coagulation. The nano-
particles were then further stabilized by tripolyphosphate crosslinking,
showing a size of 352.90 nm, and then incorporated into a transdermal
Carbopol gel for sustained skin permeation of aceclofenac and en-
hanced its in vivo anti-inflammatory activity [30]. On the other hand,
BSA-Carrageenan nanocomplexes were prepared by mixing BSA and i-
carrageenan solutions at pH 7 and then heating them. Although BSA
and i-carrageenan are both anionic at pH 7, the formation of BSA/i-
carrageenan complexes might be attributed to an electrostatic interac-
tion between the cationic amino patches on BSA and the anionic sul-
phate groups on i-carrageenan [31]. In a recent study, an electrostatic
nanocomplex was formed based on ionic interaction between cationic
lactoferrin and anionic chondroitin [32]. Adjusting the pH of protein
solution at 3.5 (below its isoelectric point 8.6) increased the positive

charge density on the macromolecule resulting in strong interaction
with the polysaccharide leading to small size nanoparticles (192.3 nm)
with high colloidal stability.

2.1.2. Core-shell nanocomplexes
In this two-step approach, nanoparticles are initially fabricated

from one of the polymers and then electrostatically coated by the other
one. Tekade and Chougule have formulated albumin-chitosan hybrid
nanocarriers for efficient cancer-specific delivery of a model anticancer
drug, Gemcitabine (GEM). First, GEM-loaded BSA nanoparticles were
prepared as core by modified desolvation method where diluted
ethanol was used to induce coacervation instead of pure ethanol. Then,
the surface of preformed GEM-loaded albumin nanoparticles were
coated with chitosan shell through electrostatic interactions. This was
concluded through the increase in size from approximately 25 nm to
46 nm upon the addition of chitosan and the charge reversal from
−24.88mV to 15.05mV. Then, this was followed by crosslinking the
chitosan shell with the polyanionic crosslinker, tripolyphosphate, in-
stead of glutaraldehyde due to its superior safety and biocompatibility.
The use of diluted ethanol instead of pure ethanol was anticipated to
impart milder conditions for desolvation and nanofabrication; thereby
allowing mild folding of BSA polymer to generate nanocarriers in the
size range of 50 nm in contrast to that of reported methodologies that
generate nanocarriers in the size range between 150 and 300 nm [33].

In another study, Karimi et al. used cationic chitosan to condense
the negatively charged DNA which was then used to coat a plasmid
(shRNA targeting GL3 luciferase)-loaded albumin nanoparticles pre-
pared by desolvation. The experiment was carried out at a pH of 5–6;
and so imparting chitosan and albumin opposite charges; thus facil-
itating the electrostatic interaction between the two polymers [34].
Similarly, Peinado et al. fabricated nanosized lactoferrin (Lf)-poly-
saccharide nanoparticles by an electrostatic interaction of heat-dena-
tured (91 °C, 20 min) Lf nanoparticles (200–400 nm) with different
negatively charged polysaccharides (carrageenan, alginate, or pectin).
Lowering the pH from 8 to 5 has promoted electrostatic deposition of
the anionic polysaccharides onto the surface of protein nanoparticles
since Lf has a pI of 8.5. The charge inversion and the size increase of Lf
nanoparticles upon the addition the three polysaccharides as shown in
Fig. 2 proves such electrostatic complexation [35].

Another interesting approach includes the use of oppositely charged
alternative layers of proteins and polysaccharide for coating of pre-
viously prepared nanocarriers. Those layers can provide controlled drug
release, enable tumor targeting or enhance the physical stability of
nanocarriers. In our laboratory, the tumor targeting properties of the
cationic lactoferrin (Lf) and anionic hyaluronate were exploited to coat
lipid nanoparticles co-loaded with rapamycin and berberine for effi-
cient targeting of lung cancer cells [85,86]. The layer-by-layer (LbL)-
coated NPs showed enhanced uptake and cytotoxicity against A549
lung cancer cells via binding to CD44 receptors overexpressed by tumor
cells. In another study, a cationic layer of gelatin type A was used to

Fig. 2. The effect of increasing the polysaccharide (biopolymer) concentration on the zeta potential (A), turbidity (B), and mean particle size (C) of Lf nanoparticles
[35].
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coat the negatively charged chondroitin sulfate-based oily core nano-
capsules co-encapsulating celecoxib and rapamycin for synergistic
killing of breast cancer cells [87]. The outer gelatin corona helped to
inhibit the nonspecific binding of chondroitin nanocapsules with
normal cells expressing CD44 receptors. At the tumor microenviron-
ment, the gelatin layer would be degraded by matrix metalloproteinase
(MMP-2) thus exposing the tumor-targeting chondroitin nanocapsules
resulting in enhanced internalization into tumor cells and hence su-
perior antitumor efficacy. Moreover, coupling of quantum dots to the
gelatin layer displayed strong fluorescence which enabled imaging of
the nanocarriers after their internalization into cancer cells.

2.1.3. Drug loading mechanisms
A variety of mechanisms could be used for drug encapsulation into

electrostatic protein-polysaccharide nanohybrids; the simplest of which
is the physical encapsulation through desolvation of the core polymer
with the drug, or through mixing the drug with the protein and poly-
saccharide and then heating them to form stable nanohybrid systems
through a thermal coagulation process. Other mechanisms for drug
encapsulation including electrostatic, hydrophobic, or covalent inter-
actions can be also considered depending on the characteristics of drug
molecules.

In a study by Tekade et al., albumin nanoparticles were physically
loaded with GEM through desolvation process, which were then elec-
trostatically coated with chitosan. In this approach, an aqueous solution
of GEM was slowly injected into albumin solution for under stirring
followed by desolvation using a diluted ethanol solution. After com-
plete removal of ethanol, a high entrapment efficiency of GEM (80%) in
the hybrid nanoparticles was achieved [33]. For loading of the water
insoluble cocoa procyanidins (CPs), a solution of CPs in acetone was
gradually added to an aqueous gelatin solution inducing the formation
of nanoparticles which were then electrostatically coated with chitosan.
A high loading capacity (about 20%) of CPs into the nanohybrids was
obtained [43]. In a study by Jana et al., aceclofenac-loaded albumin-
chitosan nanohybrids were prepared by a heat coagulation process. A
homogenized aceclofenac-chitosan solution was added to aqueous al-
bumin solution under stirring. The pH of solution was finally adjusted
to 5.4; and the dispersions were then heated at 80 °C for 30min re-
sulting in formation of aceclofenac-loaded nanohybrids with a sig-
nificantly high entrapment efficiency of aceclofenac (96.32%) [30]. In
another approach, the water insoluble herbal drug, ellagic acid was first
pre-formulated as water dispersible nanocrystals by anti-solvent pre-
cipitation to facilitate its physical encapsulation into the hydrophilic
electrostatic Lf-chondroitin nanocomplex [32].

Other mechanisms for drug encapsulation include hydrophobic,
electrostatic, or covalent interactions based on the properties of drug
molecules. In a study by Li et al., (-)-epigallocatechin-3-gallate (EGCG)
was found to be hydrophobically bound to albumin in the albumin-i-
carrageenan nanocomplexes. Blank nanocomplexes without EGCG
showed a characteristic fluorescence peak at 345 nm due to tryptophan
residues (Trp 214) in the hydrophobic pockets of albumin. Addition of
EGCG to the nanocomplexes resulted in remarked decrease of the
fluorescence peak intensity with a red shift. This could be attributed to
the fluorescence quenching induced by the hydrophobic binding of
phenolic rings of EGCG to the hydrophobic groups near Trp 214 re-
sidues of albumin. In a similar study, docosahexaenoic acid (DHA) was
hydrophobically bound to the tryptophan residue 19 (Trp 19) in β-
lactoglobulin (βLG) before the formation of βLG-pectin electrostatic
nanocomplexes. About 2.67mol of DHA were bound to each mole of
βLG which suggests the presence of other binding sites in the protein
rather than the Trp 19 which could be the dimer interface and crevice
next to the alpha helix in the βLG structure [53]. On the other hand, a
plasmid psiRNA-hH1GFPzeo (vector for generating shRNA targeting
GL3 luciferase) was electrostatically complexed with chitosan. The
abundant cationic amino groups of chitosan can strongly interact with
the negatively charged phosphate groups in the backbone of genetic

materials; thus protecting them from endonuclease degradation. The
electrostatic complex was further electrostatically coated with albumin
to form a nanohybrid with a small size of about 176 nm and a high
loading efficiency of approximately 80% [34].

2.1.4. Factors affecting characteristics of electrostatic nanocomplexes
Many factors affect the electrostatic complexation and physio-

chemical properties of protein-polysaccharide nanohybrids resulting in
the formation of coacervates or soluble complexes.

(a) pH

Being the main factor for formation of the ionic complex, the pH of
the complexation medium affects nearly all physiochemical character-
istics of the formed nanocomplex. For the ionic complex to be formed,
both protein and polysaccharide should bear opposite surface charges.
Polysaccharides having only either negative or positive ionizable
groups will oblige the charge to be possessed by the protein which,
thanks to its zwitterionic nature, can possess either positive or negative
charge depending on its pI; the protein will be negatively charged
above its pI and positively charged below it. Three pH regions are to be
identified for each electrostatic complex where each region will cor-
respond to a phase as previously described in the protein/poly-
saccharide phase diagram (Fig. 1). pHc is regarded as the critical point
for the formation of protein-polysaccharide soluble complexes. pHφ is
the pH where the formation of protein-polysaccharide insoluble com-
plexes takes place. Finally, pHd is attributed to the dissociation of
protein-polysaccharide complexes due to the reduction of negative
charges on the polysaccharide by protonation at low pHs. In general, for
a nanocomplex to be formed, the pH should lie between pHc and pHφ
[28].

By tracking the pH during gelatin/gum arabic complex formation by
measuring turbidity at 600 nm upon acidification, Lv et al. found that
the soluble nanocomplexes were formed within a narrow window of pH
range and the nanoparticles specifically were favorably formed at pH
4.80 under a mixing ratio of 1:1 (gelatin/gum arabic, w/w). Once the
turbidity changed from 0 to 0.001, the pH of 5.47 which triggered such
change was considered the pHc which denoted the onset of soluble
complexes formation in the nanosize. Upon further lowering of pH, the
turbidity started to rise gradually until reaching the pHφ of 4.68, which
denoted the halting of soluble complex formation and the beginning of
microparticles formation. Turbidity results were supported with size
results where soluble complexes of a 100 nm size were formed with a
more unimodal size distribution in comparison to an evident bimodal
pattern accompanied with a narrow peak at 10000 nm at pHs below pH
of 5.10 indicating the beginning of microparticles formation.
Interestingly enough, at pH of 4.8 and a mixing ratio of 1:1, the na-
noparticles showed a unimodal size of around 100 nm with a homo-
genous distribution [48].

(b) Ionic strength

To further understand the effect of salt concentration, Teng et al.
prepared hybrid nanoparticles from carboxymethyl chitosan (CMCS)
and soy protein isolate (SPI) by ionic co-gelation with Ca2+ at a con-
centration range of 0.2–1.6 mg/ml. Comparing the nanoparticle
forming ability, the hybrid nanoparticles exhibited 46% and 190%
higher count rates than the maximum achieved by SPI or CMCS alone,
respectively. Moreover, complex nanoparticles showed the smallest
particle size of 265.5 nm in comparison to 267.4 nm and 417.6 nm for
SPI and CMCS, respectively. Regarding the CaCl2 concentration, hybrid
nanoparticles were formed at concentrations lower than 0.1mg/ml in
the pH range of 6.0 to 8.5. These concentrations were similar to the
concentrations needed for SPI to form nanoparticles but were ap-
proximately one tenth the concentrations needed for CMCS. The dif-
ferences in the nanoparticle forming ability between SPI and CMCS
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could not be attributed to the zeta potential which was minorly dif-
ferent, being -19.4 and −23.2 mV, respectively, at pH 7.5. Rather, the
difference was attributed to two main factors; the hydrophobicity and
chain rigidity. Unlike polysaccharides, proteins are known for their
hydrophobic side chains on their surface. Moreover, polysaccharides
have bulky sugar rings that tend to make polysaccharides more linearly
conformed, whereas globulins such as SPI tend to be more convoluted
in conformation with higher chain flexibility. It could be concluded that
the higher CaCl2 concentration needed in nanoparticle formation by
CMCS could be attributed to the weaker hydrophobic interactions and
higher rigidity and linearity that need to be overcome by CaCl2 to bring
CMCS molecules in proximity and crosslink them into spherical nano-
particles. Thus, the SPI presence in the nanohybrid system is critical
since it lowers the CaCl2 concentration needed preventing an overdose
of CaCl2, decreases the size of nanoparticles, and maintains nano-
particles stable over a wide range of pH. The nanohybrids had a dia-
meter of 163 nm at pH 6.5 and were stable maintaining a nanosize of
about 250 nm upon increasing pH from 7.0 to 9.5 [66].

In a study by Joye et al., gliadin-pectin nanohybrids were found
more stable to salt in comparison to uncoated gliadin nanoparticles
which precipitated even in low salt concentrations i.e. 10mM NaCl. As
can be seen in Fig. 3, the nanohybrids fabricated with two types of
pectin; the low (LMP) and high methoxyl pectin (HMP), were stable in
the NaCl concentration range from 0 to 50mM where their size did not
appreciably change. This could be attributed not only to the electro-
static repulsion but also to the steric hindrance imposed by pectin, since
pectin enhnaced the stability of nanoparticles against gravitational se-
paration in NaCl concentrations up to 500mM [88].

The influence of pH and ionic strength on the stability of different
LF-polysaccharide nanohybrids formed by electrostatic interaction of
heat-denatured LF and negatively charged polysaccharides was ex-
amined by Peinado et al. through observing the zeta potential, tur-
bidity, and mean particle size upon changing pH or addition of different
amounts of NaCl in separate experiments, as shown in Fig. 4A & B.

Due to electrostatic screening effects, the zeta potential of all na-
nohybrids became less negative with rising salt concentrations as
shown in Fig. 4(iiA). However, the authors observed that Lf-alginate
and Lf-pectin nanohybrids were relatively homogenous and turbid at all
salt concentrations, denoting their stability, whereas Lf-carrageenan

nanohybrids formed a thin white sediment layer at all salt concentra-
tions indicating at least a partial instability. The particle size of Lf-
pectin nanohybrids decreased with rising salt concentrations which
could be ascribed to the charge screening of similarly charged groups
preventing their repulsion, and so becoming more compact. However,
Lf-alginate nanohybrids showed a more dependent behavior on salt
concentration whereas an increase in size and turbidity was observed
with an increase in salt concentration up to 100mM, after which a
decrease in size and turbidity was observed. The results suggested that
flocculation was promoted at intermediate salt concentrations, whereas
higher levels promoted the de-flocculation of the aggregates. All na-
nohybrids showed high stability across a pH range of 8 to 4, due to the
high negative zeta potential. However, upon further reduction of pH
from 4 to 2, Lf-alginate and Lf-pectin nanohybrids showed a remarkable
decrease of surface charge, whereas Lf-carrageenan showed a slight
decrease in zeta potential. This was ascribed to the protonation of
carboxyl groups of alginate and pectin when the pH approached their
pKa, however, the sulfate groups of carrageenan conferred a lower pKa,
and thus the extent of protonation was lower. Flocculation occurred at
low pHs because of charge neutralization. As the charge density on the
nanohybrids decreased, the electrostatic repulsion decreased, thus
promoting aggregation [35].

(c) Biopolymers ratio

Evidence from literature have shown that the nanocomplexes
composition or better stoichiometric ratios between proteins and the
poly-acid polysaccharides depends mainly on their charge density. Each
component; either the protein or the poly-acid polysaccharide, have
their own pH at which their charge neutralizes depending on their pI or
pKa, respectively, as mentioned previously. At a pH below the pI of the
protein where the formation of nanocomplexes becomes possible, the
ratio between the protein and the poly-acid polysaccharide decreases as
the pH decreases until reaching a point where the poly-acid stops dis-
sociation and so suppressing the electrostatic complexation (usually at a
pH below 2.0 which was previously described as pHd). This is true for
weak poly-acids; however, the situation is different for strong ones.
First of all, proteins tend to precipitate upon complexation with strong
poly-acids. Secondly, strong poly-acids never get neutralized at low
pHs. When the strong poly-acid is titrated with a protein at a pH below
its pI, the poly-acid may adsorb protons as to impose charge neutrality
of the complex; which as a result causes an increase in pH in the be-
ginning before sufficient protein gets added [89].

Luo et al. formulated zein nanoparticles coated with chitosan to
encapsulate tocopherol (TOC) based on the hydrophobic properties of
zein [90,91]. Different weight ratios between zein and chitosan were
tested; 20/1, 10/1, and 5/1. Interestingly, the particle size of the un-
coated zein nanoparticles was around 800 nm and decreased sig-
nificantly to around 211 nm after coating with chitosan at 20/1 ratio.
This reduction in particle size indicated an interaction between TOC-
loaded zein nanoparticles and chitosan has taken place. However, the
size increased significantly to 364 nm and 862 nm upon lowering the
ratios to 10/1 and 5/1, respectively, which was attributed to the excess
chitosan increasing the thickness of the coat layer [92]. Similar findings
were observed upon coating of Lf nanoparticles with different con-
centrations of the anionic polysaccharides (alginate, carrageenan, or
pectin). As shown in Fig. 2, the increase of polysaccharide concentra-
tion resulted in increase of the size and zeta potential of the nanohy-
brids that became increasingly negative until reaching a plateau in-
dicating surface saturation of Lf nanoparticles with polysaccharide coat.
At very low polysaccharide concentrations, large aggregates were
formed that rapidly sedimented which could be attributed to their in-
stability; having no enough coating with high zeta potential to act as an
electrostatic or steric barrier for aggregation [35].

However, in another study by Karimi et al., the protein concentra-
tion had more prominent effect on the size of fabricated nanohybrid

Fig. 3. The effect of increasing NaCl salt concentration (mM) on HMP and LMP-
coated gliadin nanoparticles diameter (nm) [88].
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rather than the protein/polysaccharide ratio. Chitosan-coated albumin
nanohybrid system was found to be more affected by the concentration
of albumin which was kept at a low level of 0.1 mg/ml in further stu-
dies. This was attributed to albumin; being the constituting polymer of
the core of the nanohybrid, and thus affecting its size [34].

(d) Sonication

Hosseini et al. studied the effect of ultrasound irradiation of κ-car-
rageenan (KC) solution on its interaction with βLG. There was a great
reduction in the viscosity of KC solution (0.5% w/w) from 19 to 3mPa.s
after sonication for 30min with an amplitude 100% at 25 °C. This was
attributed to the cleavage of the polysaccharide backbone into smaller
chains with lower molecular weight. The depolymerization process is a
result of cavitation forces which could have involved one of two me-
chanisms: the mechanical polymer degradation as a result of collapsed
cavitation bubbles, or chemical degradation mediated by interaction
between the polysaccharide with high energy hydroxyl groups formed
by the cavitation process. Comparing the turbidimetry results of na-
nohybrids produced from either intact KC or ultrasonicated KC with
βLG; intact KC produced more turbid solutions than the ultrasonicated
counterpart which was attributed to formation of hybrids with low
molecular weight KC in case of ultrasonication. The interaction was
further investigated by isothermal titration calorimetry (ITC), and the
results have shown that ultrasonicated KC showed a significantly lower
affinity constant of 535 ± 137 g−1 l in comparison to
10476 ± 6032 g−1 l for the intact KC. This lower affinity could be
ascribed to the lower charge density on the ultrasonicated KC and the
changes in its helical structure. Using ultrasonicated KC, the nanohy-
brids showed a more homogenous size distribution in comparison to
intact KC. For instance, using a weight ratio of 0.75, intact KC produced
nanohybrids with a polydispersity index (PDI) of 0.313 which is sig-
nificantly higher than the PDI for the nanohybrids produced from ul-
trasonicated KC; being 0.151. Such results were attributed to the effect
of sonication on the unification polysaccharide chains’ sizes [57]. The
authors found nearly the same findings when the study was performed

on alginate instead of KC [58].

(e) Thermal treatment

Nanocomplexes between proteins and polysaccharides could be
created by heating of the electrostatic nanocomplexes between proteins
and polysaccharides to a temperature higher than the protein’s thermal
denaturation temperature. Unlike native proteins, native poly-
saccharides, or electrostatic complexes without thermal treatment, the
thermally-treated nanocomplexes have shown great stability against
dissociation or aggregation upon changes in pH, temperature, or salt
concentration. Therefore, the thermally-treated nanocomplexes hold
great potential as vehicles for encapsulation and stabilization of foods
and drugs [93].

In addition to the studies held on βLG-based nanohybrids, oval-
bumin-chitosan nanogels were fabricated by heating their mixed solu-
tion at a pH where both polymers were oppositely charged. Upon
thermal gelation of ovalbumin, the chitosan macromolecular chains
were partially frozen within the gelled protein core, whereas the re-
maining chitosan chain fragments have extended out forming a shell.
The nanogels maintained their size during storage over a broad pH
range of 2–10.5 even when both polymers carried the same charge due
to crosslinking of the protein core [42].

Jones et al. examined the thermal treatment of electrostatic nano-
complexes formed between pectins (HMP and LMP) and carrageenan as
negatively charged polysaccharides, and βLG as a cationic protein.
Pectins are characterized by a linear anionic backbone with regions of
no side chains and regions with non-ionic side chains. The electrical
characteristics of pectins depend on the number and location of car-
boxylic groups; either in the free or methyl esterified form, with a pKa
value at about 3.5. Carrageenans have a linear anionic backbone
without side chains, and their electrical characteristics depend on the
sulfate groups (eOSO3) which have a pKa around pH 2 thus carragee-
nans possess a higher charge density compared to pectins. Therefore,
strong aggregation took place above Tm for βLG-pectin, but not for
βLG-carrageenan complexes. This difference was ascribed to the

Fig. 4. Change in zeta potential (A), turbidity (B), and mean particle size (C) upon changing pH (i) or addition of different amounts of NaCl (ii) [35].
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stronger electrostatic attraction between βLG and carrageenan, rather
than with pectin molecules. Moreover, the formed βLG-carrageenan
complexes had the highest charge density which might have impeded
the complexes from approaching each other, and thus preventing ag-
gregation [56].

2.2. Chemical conjugation

Protein-polysaccharide nanocomplexes could be also prepared via
chemical coupling rather than electrostatic complexation. Natural
polymers such as proteins and polysaccharides are rich in reactive
functional groups such as amino, carboxylic, and thiol groups which
can be used in chemical conjugation under certain conditions.
Therefore, protein-polysaccharide nanohybrids could be developed by
various chemical bonding strategies or Maillard conjugation process.
The protein-polysaccharide nanohybrids prepared by chemical con-
jugation are summarized in Table 2.

2.2.1. Chemical coupling
BSA-alginate hybrid nanoparticles were prepared using chemical

conjugation for the delivery of tamoxifen [94,95] and 5-fluorouracil (5-
FU) [96]. In order to facilitate a disulfide bond formation between al-
ginic acid and BSA, L-cysteine was first used to introduce thiol groups
onto alginic acid via an amide linkage between the carboxylic moieties
of alginate and cysteine’s primary amino groups. Then, a disulfide
bond-reduced BSA was prepared by incubating BSA with 2-mercap-
toethanol at pH 8.0. For the preparation of hybrid nanoparticles, a
mixture of each polymer was dissolved in 1mM HCl and left to stir
vigorously for 12 hrs for disulphide bonds to form. Results have shown
that the nanohybrid particles were cubic in shape with spherical ten-
dency. The size of the different formulations made were always below
300 nm. Tamoxifen loading was 2–4 µg per mg of nanoparticle with a
modulated release behaviour depending on the percentage of alginate
[94]. No many researches have been reported concerning chemical
coupling between proteins and polysaccharides, such as BSA-alginate
conjugate nanohybrids discussed above. Therefore, we focused on

discussing Maillard conjugates’ drug loading mechanisms, factors af-
fecting their stability, or characteristics in the coming sections.

2.2.2. Maillard conjugates
A special form of chemical conjugation is Maillard reaction which is

an ubiquitous condensation reaction that occurs naturally between the
amino groups a peptide or a protein and the reducing end carbonyl
moieties of a reducing sugar or a polysaccharide upon heating. The
primary glycation site is the ε-amino group of the lysine residues,
however other groups like the indole group of tryptophan, the guani-
dine group of arginine and the imidazole group of histidine residues
also involve in the reaction with a lesser extent. According to Hodge
et al., Maillard reaction can be classified into 3 stages: initial, inter-
mediate, and final as seen in Fig. 5. Conjugation is based on the Ama-
dori rearrangement of the Maillard reaction and finally reaching for
melanoidins in the final step. Maillard reaction can occur in powder and
solutions. The glycation rate is affected by the presence of water as it
slows down the initial Amadori reaction and the consequent reactions
in aqueous solutions. Therefore, in all the following studies, Maillard
conjugates were prepared by heating the lyophilized powder mixture of
protein and polysaccharide [97].

Generally, 0.1 N NaOH is used to adjust the pH of the aqueous so-
lution of proteins and polysaccharides to 7–8. The mixture solution is
then dried by either spray-drying or lyophilization. The reaction of
dried powder is performed at 60–90 °C and 78.9% relative humidity.
Shah et al. successfully prepared whey protein isolate-maltodextrin
(WPI-MD) Maillard conjugate encapsulating eugenol by spray-drying of
the aqueous solution containing both WPI and MD; and then the spray-
dried powders was heated at 90 °C for 2 h [98].

In some cases, Maillard product may be used without separation of
the unreacted proteins and polysaccharides. Instead, to obtain the pure
glycosylated protein, two simple techniques were successfully used,
namely, centrifugal filtration and isoelectric point precipitation. In
centrifugal filtration, Maillard conjugate was first allowed to cool-
down to room temperature after its formation and then it was purified
by centrifugation using centrifugal filter devices for reactant removal.

Table 2
Protein-polysaccharide nanohybrids prepared by chemical conjugation.

Protein-Polysaccharide Drug Chemical conjugation
technique

Key Outcomes Ref.

BSA-Dextran Ibuprofen Maillard coupling Simultaneous formation of nanohybrids and ibuprofen loading was achieved
through a simple green process

[103]

BSA-Dextran DOX Maillard coupling Improved toxicity profile of DOX, thus allowing the usage of a higher dose [105]
BSA-Alginate TMX Thiol coupling - Enhanced anti-tumor activity while minimizing TMX levels in non-target

tissues
- Modulation of TMX release by changing the protein-polysaccharide ratio
- Folic acid-targeted nanohybrids caused tumor remission which was not
achieved by the non-targeted ones

[94,95,106,107]

BSA-Alginate 5-FU Thiol coupling Enough stability for the nanohybrids to reach the blood stream after oral
administration

[96]

BSA-Dextran or BSA-Chitosan-
Dextran

DOX Maillard coupling Survival prolongation of hepatoma H22-bearing mice in comparison to free
DOX

[41,108]

Ovalbumin- Dextran Curcumin Maillard coupling Enhanced oral bioavailability of curcumin [109]
Casein-Dextran EGCG Maillard coupling Sustained EGCG release profile and stability against degradation in gut

conditions
[110]

Casein-Dextran β-carotene Maillard coupling Enhanced stability against ionic strength and pH changes, oxidation and
dilution

[111,112]

Casein-Dextran Curcumin Maillard coupling Enhanced curcumin loading and stability [113]
Casein-MD Vitamin D Maillard coupling Improved vitamin D stability and enhanced solution transparency [100]
α-La-Dextran Curcumin Maillard coupling Improved oxidative stability of curcumin [114]
WPI-Chitosan Catechin Maillard coupling Improved stability and controlled release behavior in gastric conditions [102]
WPI-MD Eugenol Maillard coupling Enhanced thermal stability and dispersion transparency [98]
Lysozyme-Dextran HAF Maillard coupling Enhanced uptake by their target endothelial cells while preventing phagocytic

uptake
[99]

Lysozyme-Dextran Ibuprofen Maillard coupling Successful fabrication through a green process with high loading and
encapsulation efficiencies

[101]

Gelatin-Dextran TPP Maillard coupling Comparable or even higher cytotoxicity than free TPP in MCF-7 [104]

TMX: Tamoxifen, HAF: 5-hexadecanoylaminofluorescein, TPP: Tea polyphenol.
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In a study by Ferrer et al. the individual lysozyme (14.3 KDa) or dextran
(64–76 kDa) molecules not taking part in the dextran-lysozyme
Maillard conjugate formation flowed through the membrane (100 kDa
molecular weight cutoff) as an ultrafiltrate, while the conjugate was
retained on the membrane as a retentate which was collected, freeze-
dried and, then stored at 4 °C [99]. In isoelectric point precipitation,
fractionation of the conjugate can be performed by sedimentation of the
protein at its pI. In the study of Markman et al., after the precipitation
of the unreacted casein at its isoelectric point, the supernatant con-
taining the Maillard casein–MD (CN–MD) conjugate was found to be
soluble at such pH owing to the superior solubility of the saccharide
parts at this pH, which was then collected, and freeze-dried. Vitamin D
(VD)-ethanolic solution was added to those solutions while vortexing. It
is be observed that the majority of the VD-containing supernatant
conjugates maintained a size less than 30 nm without precipitation,
even at the pI of CN at pH 4.6 [100].

Different approaches were attempted for stabilization of Maillard
conjugates including thermal gelation, chemical crosslinking, and
electrostatic interaction. In thermal gelation, the pH of Maillard con-
jugate aqueous solution is adjusted to be around its pI and then heated
above the denaturation temperature of secondary and tertiary struc-
tures of the protein. This heat gelation process causes partial dena-
turation of the protein followed by protein–protein interactions invol-
ving hydrophobic, electrostatic interactions, disulfide-sulfhydryl
interchange reactions, and hydrogen bonding with subsequent forma-
tion of stable nanogels having a protein-rich core and polysaccharide
shell. The increase in the time of heating may lead to further dena-
turation and aggregation/gelation of protein, inducing higher degree of
crosslinking to the nanoparticles.

In the study of Li et al., the pH of the aqueous solution of lysozyme-
dextran Maillard conjugate was adjusted to 10.7 (near pI of lysozyme),
where the solution was further reacted at 80 °C for 30min to form the
nanogel. While a physical mixture of lysozyme and dextran at pH 10.7
showed aggregation/coagulation upon heating at 80 °C, the solution of
lysozyme-dextran Maillard conjugates constituted of the same mixture
turned into a homogeneous particulate solution of 200 nm in diameter
at the same temperature conditions, indicating the nanogels formation
where dextran shell could suppress lysozyme coagulation. The lyso-
zyme-dextran nanogels demonstrated excellent stability as indicated by
the unchanged nanogel size either in solution or lyophilized form up to
7months or even after dilution indicating that the cross-linked struc-
ture of the nanogels could hinder the dissociation due to dilution [101].

Another approach is the stabilization of the Maillard conjugate via
an electrostatic interaction. Qi et al. prepared BSA–dextran–chitosan
nanoparticles through the combination of the ionic interaction between
negatively charged BSA (above pI 4.8) and cationic chitosan (pKa
6.2–7.0) as well as the thermal gelation of BSA. Upon heating chitosan

and BSA–dextran Maillard conjugate solutions mixture at 80 °C for 1 h
after pH adjustment to 5.6, the molecules of BSA gelate constituting the
nanoparticles core while chitosan chains become partly trapped in the
core of the nanoparticle as illustrated in Fig. 6. The remaining chitosan
and the dextran conjugated to BSA extended in the nanoparticles shell,
hence stabilizing them [41].

Chemical crosslinking strategy was also utilized for stabilizing
Maillard conjugates via formation of covalent or ionic bonding.
Nanoparticles made of the catechin-loaded chitosan–whey protein iso-
late Maillard conjugate were spontaneously formed by the ionic
crosslinking between the positively charged chitosan’s amino groups
and anionic sodium tripolyphospate (STP) [102]. Glutaraldehyde was
also used to prepare crosslinked ibuprofen-loaded BSA-dextran con-
jugate nanoparticles via covalent linking of the amino groups of BSA
[103]. Similarly, gelatin-dextran conjugates encapsulating tea poly-
phenols were successfully crosslinked by genipin via the reaction of the
aldehyde groups of genipin with the amine groups of gelatin [104].

2.2.3. Drug loading mechanisms
Maillard conjugates have been exploited for the loading of both

hydrophilic and hydrophobic drugs. Water soluble drugs such as
ibuprofen [103] and doxorubicin hydrochloride [108] were added to
the aqueous BSA–dextran Maillard conjugate solution before pH ad-
justment and heat gelation process at 80 °C for at least 30–60min to
produce nanogels fixing the drug in the core. Binding of drug with BSA
via electrostatic and hydrophobic interactions as well as the gelation of
BSA could suppress the drug precipitation. The free unloaded drug was
separated from the nanogels by ultrafiltration. DOX has a pKa of 8.2
while the pI of BSA is at pH 4.8. Increasing the pH of the solution from
5.4 to 7.4 facilitated the electrostatic interactions between the posi-
tively charged DOX and the negatively charged BSA. Moreover, the
uncharged DOX molecules formed at this higher pH can bind with BSA
via hydrophobic interactions with the lipid binding domain of BSA
[103]. Similar findings were observed with ibuprofen (pKa 5.2–5.6),
where drug precipitation did not take place after setting the solution pH
to 5.2 at 10mg/mL BSA concentration and ibuprofen/BSA weight ratio
of 0.4 or less via electrostatic and hydrophobic interactions with BSA.
However, precipitation occurred when the weight ratio became larger
than 0.4. Such behavior could be attributed to either the hydro-
phobicity of BSA being insufficient for stabilizing the nanocomplexes
and/or the saturation of the binding sites in BSA making it unable to
accommodate more ibuprofen. To increase the hydrophobicity of BSA
and accommodate more ibuprofen, BSA-dextran Maillard conjugates
were formulated. The conjugates have prevented precipitation for all
weight ratios below 1.6 at pH 5.2 showing that BSA binding sites have
not reached saturation [108].

On the other hand, for loading of water insoluble drugs, the high

Fig. 5. A schematic diagram of the Maillard reaction with modification from Hodge et al. [97].

M. Gaber et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 42–62

50 436



hydrophobicity of some drugs and nutraceuticals enabled the interac-
tion with the hydrophobic segments of proteins. Particularly, the milk
protein, casein is known for its great capacity for encapsulation of hy-
drophobic drugs within its hydrophobic core [115–118]. Different
techniques including solvent evaporation, dialysis or emulsification
were used for encapsulation of the water insoluble drug or nu-
traceuticals into Maillard conjugates. In solvent evaporation method,
ethanolic solution of β-carotene was stirred with the aqueous solution
of casein-g-dextran conjugate (pH 7.0) for 24 h, followed by solvent
evaporation under vacuum at 0 °C. In dialysis method, the mixture of
prepared conjugate and β-carotene was dialyzed against a gradually
increasing water concentration in water ethanol solvent from 70 to 80
to 90 and then finally reaching 100%. Increasing the percentage of
water up to 100%, resulted in formation of particles with a hydro-
dynamic diameter of 200 nm, which inferred that increasing water
concentration was essential for nanoparticles formation. When either
dialysis or evaporation method was utilized, water dispersion decreases
the solubility of the hydrophobic casein/β-carotene complex and gra-
dually increases the solubility of dextran which lead to subsequent
formation of nanoparticles with β-carotene and casein in the core with
dextran shell [112]. In emulsification technique, an oily phase of eu-
genol was emulsified into an aqueous solution of whey protein isolate-
maltodextrin conjugates then the emulsion was subjected to spray-
drying [98].

2.2.4. Factors affecting characteristics of Maillard conjugates
Different factors such as temperature, time, relative humidity (RH),

pH, and reactant protein/polysaccharide molar ratio affect the extent
and rate of the Maillard reaction, hence, the nature of the products
formed and their functional properties.

(a) Maillard reaction time

Analysis of lysozyme-dextran conjugate using SDS-PAGE showed
that lysozyme was a single band before the reaction and appearance of
a new smear band with much higher molecular weight after the
Maillard reaction with dextran, denoting lysozyme-dextran conjugates
formation. With increasing time of the reaction, the smear band became
more evident and the band of lysozyme became fainter, denoting that
more lysozyme-dextran conjugates were formed. Ortho-phthaldialde-
hyde (OPA) assay, which expressed the loss in free amino groups per
gram of protein following Maillard reaction, revealed the decrease in
free amino groups with increasing reaction time. With a dextran to
lysozyme molar ratio of 1:2, about 0.5 mol or more of amino groups was
lost after a reaction time of 72 h or longer, indicating some crosslinking
and other side reactions taking place in the final stages of the Maillard
reaction. To get a grip the Amadori rearrangements in their early
stages, the time of Maillard reaction was set as 24 h or less; the reaction
products were white and well-dissolved in water, denoting that the side
reactions were nominal. In this study, to prepare the conjugates, the

authors selected a reaction time of 18 h, where about 0.3mol of dextran
was linked to 1.0 mol of lysozyme; and lysozyme kept its native-like
secondary and tertiary structures. The conjugates formed at different
reaction times as mentioned above were utilized for nanogels pre-
paration by adjusting the pH of conjugate solutions to 10.7 followed by
heating at 80 °C for 30min. The intensity (kcounts/sec) and hydro-
dynamic diameter (nm) decreased whereas the PDI increased with
longer reaction times. For instance, as the reaction time increased from
6 to 168 h, the hydrodynamic diameter decreased from 217 to 160 nm,
the PDI increased from 0.11 to 0.18, and the intensity decreased
79–32 kcounts/sec. The longer reaction time resulted in more dextran
chains linked to the lysozyme; hence stabilizing a larger surface area
and resulting in nanogels of smaller sizes. On the other hand, when the
time of Maillard reaction exceeded 24 h, crosslinking and other side
reactions took place which resulted in aggregate formation [101].

In the study of Pan et al., Casein-g-dextran Maillard conjugate was
fabricated after a Maillard reaction time of 8 or 20 h with casein:
dextran molar ratio of 1:8 and pH adjusted to 7.0 (38). Similarly, in the
study of Hiller et al., conjugates were prepared with reaction times of 4,
6, or 8 h, so controlling the reaction in its early stages; the Amadori
rearrangements, without significant advancement of the Maillard re-
action towards melanoidin formation [119].

(b) Molecular weight and molar ratio

Li et al. studied the effect of different dextran molar ratios (1:8, 1:4,
1:2, 1:1, 2:1, 4:1, and 8:1) and molecular weights (10,000, 35,000, and
62,000) in the formation of nanohybrids with lysozyme. As the dextran
molar ratio and molecular weight were increased, a reduction of the
nanogel size with more homogeneity (low PDI) was observed. This was
attributed to the increased hydrophilicity endowed upon the nanogel by
dextran which stabilized a larger surface area as a result, producing a
smaller size. Using dextran with molecular weights of 10,000 and
35,000, aggregates appeared at low molar ratios which indicated the
absence of enough hydrophilicity to prevent aggregation. However,
using a higher molecular weight of 62000, a nanosize of 140–210 nm
with a PDI of 0.1 was obtained for the molar ratio range 1:8–2:1.
Further increase in the molar ratio to 4:1 or 8:1, produced nanogel with
higher PDI and lower intensity indicating that too much of hydro-
philicity disturbs the formation of the nanogel. Thus, a molecular
weight of 62,000 with a molar ratio of 1:2 was selected as the optimum
one [101].

Different molar ratios of maltodextrin:casein (10, 20, 40, and 80)
were used in the formation of Maillard nanohybrids and their effect on
the conjugation efficiency was studied. Using OPA assay, a maximum of
8–9 lysine residues from a total of 13.6 lysine residues in casein were
conjugated to maltodextrin producing a conjugation efficiency of 62%
at a molar ratio of 40. There was no further increase in the conjugation
efficiency by increasing the molar ratio to 80, which could be attributed
to two main factors. The first of which is the steric hindrance produced

Fig. 6. A schematic diagram showing the formation and the final structure of the hybrid BSA–dextran–chitosan nanoparticles [41].
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by the conjugated maltodextrin preventing the approach of any further
maltodextrin molecules. The second attribute could be the phase se-
paration due to the thermodynamic instability between the two poly-
mers especially during freeze-drying; owing to the effect of freeze-
concentration. Both attributes diminished the contact between the two
polymers affecting the conjugation efficiency. In an attempt to possibly
increase the conjugation efficiency, freeze drying could be conducted
by quench freezing of the polymer solution under liquid nitrogen [100].

(c) Heating temperature and time in the second heating process

The lysozyme denaturation temperatures are 75 and 60 °C at pHs of
7.0 and 10.3, respectively. Therefore, to prepare the nanogels, Li et al.
heated the dextran-lysozyme conjugate solutions for 30min at 80 °C.
After 10min of heating, the change of turbidity at 500 nm absorbance
levelled off indicated that the nanogels have been fabricated in the first
10 min of the process of heating. Circular dichroism spectra showed
that the lysozyme’s secondary and tertiary structures in the nanogels
were vanished, indicating the denaturation of the lysozyme molecules
in the nanogels [101].

(d) pH and polymer concentration in the second heating process

It was found by Li et al. that by increasing the pH from 9.5 to 10.5,
the size and intensity of the formed dextran-lysozyme nanohybrids in-
creased while the PDI decreased indicating an increase in homogeneity.
This could be attributed to the decrease in charge of lysozyme as the pH
approached its pI of 10.7, thus decreasing the electrostatic repulsion. A
balance between the hydrophobic association and electrostatic repul-
sion is achieved in this process of gelation. When the pH decreases from
10.5 to 9.5, lysozyme carries more positive charge which makes the
molecules apart from each other; unfavouring nanogel formation.
Regarding lysozyme concentration, a higher concentration favours na-
nogel formation overcoming the electrostatic repulsion between lyso-
zyme molecules. Increasing the concentration from 1 to 10mg/ml at pH
9.5 increased the conjugation efficiency from 55 to 100% [101]. In
another study, casein-g-dextran copolymer was found to have a pH-
dependent behaviour, where no particles were formed over a broad
range of pH except at the pI of casein (pH 4.6). A hydrodynamic dia-
meter of 80 nm was obtained at a pH of 4.6; however, no peak was
obtained at higher or lower pH values. These results are in line with
what Li et al. findings indicating that the charge endowed upon casein
at higher or lower pH values caused an electrostatic repulsion between
casein molecules preventing the formation of nanoparticles. Moreover,
the hydrophilicity of dextran makes the copolymer soluble in aqueous
solutions [112].

2.3. Electrospinning

Although the term “electrospinning” recently appeared in 1994
which stands for “electrostatic spinning”, electrospinning as a process
dates way back to 1934 when Formalas started patenting the apparatus
and the process of filament production using an electric field.
Electrospinning is the uniaxial stretching of a viscoelastic jet of a
charged polymer solution under the effect of an electric field [120,121].
The process relies on three fundamental stages; (1) the formation and
the extension of the jet, (2) the formation of a whipping/bending in-
stability and further elongation of the jet, and (3) the solidification of
the formed nanofibers [122].

To fully understand the process and the parameters upon which the
characteristics of the formed nanofibers vary, a schematic diagram of
the apparatus is shown in Fig. 7A. The apparatus consists of three main
partitions; (1) a polymer reservoir (a capillary tube) with a nozzle, (2) a
high voltage supplier, and (3) a collector. First, an electric field is ap-
plied to the polymer reservoir which causes mutual charge repulsion
and ions to accumulate in the solution droplet at the tip of the nozzle.

The droplet starts then to act as an electrode which only gets held back
from falling by its surface tension. As the voltage starts to increase, the
droplet elongates taking the shape of a hyperbolic cone, called the
Taylor cone. At a certain point, the electric force overcomes the surface
tension and drives a thin jet to the nearest electrode of an opposite
polarity; the collector. In many cases, the collector is just grounded as
shown in Fig. 7. Although most frequently a solvent is used to dissolve
the polymer which subsequently evaporates during the jet ejection in
the air, electrospinning could be performed without solvents through
using a polymer melt in a vacuum chamber, which in both cases, leave
nanofibers in the form of a non-woven web on the collector [121,122].

Regarding protein-polysaccharide nanohybrids, few have exploited
them in the formation of nanofibers by electrospinning; a summary of
which is presented in Table 3. In an attempt to electrospin egg albumin,
cellulose acetate was used by Wongsasulak et al. to form an electro-
spinnable protein-polysaccharide hybrid nanofibers. The globular
structure of egg albumin lacked the sufficient entanglement and the low
surface tension to be electrospinnable. The hybridization of egg al-
bumin with cellulose acetate and the addition of tween 80 have de-
creased both its surface tension and electrical conductivity which in
turn facilitated its electrospinning [124]. In another study, the anti-
microbial property of chitosan was to be exploited in the formation of a
biocidal nanofiber mat. However, chitosan has been long known for its
difficulty to electrospin due to its high surface tension and viscosity. By
hybridization with zein, chitosan-zein hybrid system has been rendered
electrospinnable up to 10wt.% chitosan; after which electro-spraying
phenomena started to appear where small droplets were sprayed in-
stead of a continuous jet. As shown in Fig. 7B, more beads start to
appear in the structure of nanofibers with increasing concentrations of
chitosan. This could be attributed to the high molecular weight of
chitosan (50 to 190 KDa) which in turn increases the viscosity and
surface tension of the formed solution causing the formation of beaded
fibers. Zein also rendered the formed nanofibers water-resistant which
is desirable for moisture contact applications [123]. Similarly, silver
nanoparticles-microcrystalline chitosan composites could be electro-
spinned by the use of gelatin (10% wt/wt) for wound dressing appli-
cations [125].

2.3.1. Factors affecting characteristics of electrospun nanofibers
Factors affecting the electrospinning process and the characteristics

of the formed protein-polysaccharide hybrid nanofibers could be di-
vided into: (a) solution properties, (b) apparatus parameters, and (c)
environmental factors.

(a) Solution properties

Solution properties such as the concentration, viscosity, surface
tension, or the molecular weight of the used polymers have great im-
pact on the electrospinnability and the morphology of the formed na-
nofibers. It has been observed that electrospinning of a polymer solu-
tion usually can not occur below a molecular weight of 10,000 g/mole
which could be explained by the lack of sufficient polymer entangle-
ment needed for electrospinning. Below such molecular weight, the
electrospraying phenomenon has been observed. Another important
remark has to be made to the molecular structure of the polymer which
also affects the entanglement of the polymeric chains. Branched glob-
ular polymers are difficult to electrospin and need to be in higher
concentrations or hybridized with another polymer in order to render it
electrospinnable as has been observed with Wongsasulak et al. in the
electrospinning of egg albumin [124].

Another important factor that affects the morphology of the formed
nanofibers is the polymer solution concentration. As the polymer con-
centration increases, the nanofiber diameter increases and bead for-
mation decreases. The addition of salt has been observed to decrease
the diameter of the formed fibers. This could be ascribed to the increase
in the charge density of the solution that would increase the elongation
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forces acting on the solution causing thinner more straight fibers to
form. Viscosity is another important factor that needs to be taken in
consideration. A certain critical range of viscosity for each polymer or
hybrid of polymers allows electrospinning, above which the solution
cohesiveness causes jet instability and below which the jet breaks into
small droplets. Thus, in electrospinning, the concentration needs to be
maintained above a critical point and below a certain viscosity that
would allow the process to occur. Lastly, as explained previously, the
surface tension needs to be low enough for the electric forces to over-
come it and allow a thin jet to be formed. An emphasis on the impact of
surface tension and viscosity has been made by Torres-Giner et al. in the
electrospinning of zein-chitosan hybrid. Increasing chitosan con-
centration from up to 10%wt/wt in the hybrid has caused a significant
increase of surface tension from 44.8 to 63.1 mN/m and a significant
increase in viscosity from 118.5 to 475.1 cP which made it impossible
to electrospin the hybrid solution at chitosan concentrations above 10%
[123].

With regards to the polymers’ solvent, generally a solvent with low
surface tension that evaporates rapidly is more preferred, however, this
is not always the case. Acetone with a surface tension of 23.7 dyne/cm
was found to produce short fibres of cellulose acetate with 1 µm size
and beaded morphology. However, when a mixture with dimethylace-
tamide (surface tension of 32.4 dyne/cm) was used, a uniform size of
700 nm with no beads was obtained [126].

(b) Apparatus parameters

Many apparatus-related parameters affect the characteristics of the
formed nanofibers including voltage, needle diameter, and distance.
There has been some discrepancies about the effect of voltage on the
diameter of the obtained fibers. Electrospinning of polyurethane solu-
tion showed an increase in diameter with increased voltage [127]
which was the reverse to that observed upon electrospinning of poly
(lactic-co-glycolic acid) (PLGA) [128]. Needle diameter is another

parameter that affects the size of the formed nanofibers. When smaller
needles are used, the diameter of the formed nanofibers decreases due
to a smaller Taylor cone base and so a thinner jet to be produced.
Distance between the needle tip and the collector screen is another
important parameter that needs to be controlled, since shorter distances
do not allow for complete solvent evaporation and so sticky beaded
fibres get formed [122].

(c) Environmental factors

One of the most important environmental factors that affect the
electrospinning process is the temperature. Increased solution tem-
perature would result in decreased viscosity which may affect the
morphology of the formed fibers. Although a higher concentration of
polyurethane (21.2 wt.%) was used at 70 °C, the diameter of the formed
fibers was smaller and more uniform than that produced at room
temperature and a lower concentration (12.8 wt.%) [127]. Humidity is
another important factor that affects the morphology of the formed fi-
bers as the presence of humidity induces the formation of pores in the
nanofibers [122].

Comparing the three techniques used for preparation of protein-
polysaccharide nanohybrids, the electrostatic complexation is a mild
technique based on the ionic interaction between oppositely charged
proteins and polysaccharides. Therefore, the physicochemical proper-
ties of those mild complexes can be easily tailored by modulating pH or
ionic strength. Moreover, various drug categories can be physically
encapsulated within the complexes that can be further stabilized via
crosslinking approach. On the other hand, chemical conjugation re-
quires specific chemical linkers, reducing end polysaccharides, or re-
latively harsh conditions (such as alkaline pH and heating at high
temperature). Although more stable nanohybrids can be generated,
many sensitive drugs cannot withstand those harsh conditions.
Electrospinning seems to be a promising technique for fabrication of
protein-polysaccharide nanohybrids in the form of nanofibers.
However, some limitations exist concerning the nature of polymers (e.g.
being non-electrospinnable) or the apparatus parameters. Therefore,
more optimization of the preparation conditions is required to include
more proteins and polysaccharides and elucidate more advanced ap-
plications of the resultant electrospun nanofibers.

3. Implications of protein-polysaccharide nanohybrids

3.1. Enhanced colloidal stability

It would be of no value to obtain a nanohybrid system without as-
suring its stability to maintain such nanosize whether on-shelf or in vivo
till reaching its target site. In a study developed by X. Pan et al., the
impact of dilution on the stability of casein-dextran Maillard conjugate

Fig. 7. (A) A schematic diagram of the electrospinning apparatus setup [122], (B) Scanning electron microscope images of zein-chitosan nanofibers made with
increasing concentrations of chitosan: (a) 0 wt.% chitosan (pure zein), (b) 1 wt.% chitosan, (c) 3 wt.% chitosan (d) 5 wt.% chitosan (e) 10wt.% chitosan [123].

Table 3
Protein-polysaccharide nanohybrids prepared by electrospinning.

Protein-
Polysaccharide

Drug Key Outcomes Ref.

Egg albumin-
Cellulose acetate

– Edible hybrid nanofibers were
formulated with potential to act as
carriers for drugs or nutraceuticals.

[124]

Gelatin-MCCh Silver NPs Hybrid nanofibers encapsulating
silver NPs were prepared for wound
dressing applications.

[125]

Zein-Chitosan – An intrinsic antibacterial activity for
the nanohybrid was observed.

[123]

MCCh: Microcrystalline chitosan, NPs: Nanoparticles.
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micelles was investigated. The casein-dextran nanohybrids maintained
their nanometric size of 80 nm without disassociation after dilution to
10mg/L indicating their thermodynamic stability. This dissociation
concentration could be further reduced to 1mg/L after incorporation of
β-carotene within the casein core of the micelles. This could be ex-
plained by the strong hydrophobicity induced by β-carotene preventing
the copolymer system from dissociation in water. Compared to the
dissociation concentration of some copolymers such as polylactic acid-
b-poly(ethylene oxide) (35mg/L) and poly(β-benzyl-L-aspartate)-b-
poly(ethylene oxide) (5–18mg/L), casein-dextran copolymer was at
least as stable or even showed higher stability against dilution.
Moreover, the nanohybrids showed stability over a broad range of pH
(2.0–12.0) and over a long period of storage as long as 91 days
[111,112].

In another study, aggregates of β-Lg were formed at pH 4–5 due to
strong self-association of the protein around its isoelectric point (pI).
However, there was a significant decrease in the pH that caused ag-
gregation of β-Lg in the presence of alginate which could be attributed
to the stabilization effect imparted by alginate presumably due to an
increase in both, electrostatic repulsion and steric hindrance of the
nanohybrids [58]. A similar stabilizing effect of β-Lg to aggregation was
induced by ϰ-carrageenan as revealed by the increasing negative zeta
potential of the nanohybrids upon increasing concentration of ϰ-car-
rageenan as shown in Fig. 8 [57].

3.2. Enhanced targeting efficacy

Certain proteins and polysaccharides such as albumin and hya-
luronic acid (HA) could target anti-cancer drugs to certain tumors
overexpressing their receptors such as SPARC (Secreted Protein, Acidic
and Rich in Cysteine) and CD44 receptors, respectively [129]. Albumin-
coated Cellax, which is a docetaxel-carboxymethylcellulose (DTX-CMC)
conjugate, had enhanced the cellular uptake by more than 2-folds in
SPARC-positive 4 T1 cells in comparison to uncoated Cellax. However,
there was no significant difference in cellular uptake between albumin-
coated and uncoated Cellax when using SPARC-negative MDA-MB-231
cells which clearly demonstrates the importance of SPARC receptors in
mediating the internalization of albumin-coated nanohybrids. In vivo,
the expression level of SPARC receptors showed a positive linear cor-
relation with the level of inhibition of tumor growth. Moreover, prior to
this active targeting mechanism, the nanosize of the hybrids played a
vital role in targeting the leaky vasculature of tumor blood vessels
mediated by enhanced permeability and retention (EPR) effect. An il-
lustration of these targeting mechanisms is shown in Fig. 9 [36].

CD44 receptors are known for their overexpression on some can-
cerous cells in addition to chondrocytes which could serve as a viable
target for treating cancer and osteoarthritis. However, the high

clearance rate by the synovium which necessitates repeated injections
that might cause infection and disability. Therefore, Chen et al. devel-
oped HA-coated BSA nanohybrids for chondrocyte-targeted drug de-
livery. HA-coated brucine-loaded BSA nanohybrids have shown a 2- and
4-fold increase in uptake by chondrocytes after 1 h in comparison to
BSA nanoparticles and brucine solution, respectively. Upon addition of
free HA, a significant inhibition in cellular uptake of HA-coated nano-
hybrids was observed but not with uncoated BSA nanoparticles in-
dicating the critical role of HA interaction with CD44 receptors for the
internalization of the nanohybrids. When intra-articularly injected into
rats, the near infrared dye (NIRD)-loaded HA-coated BSA nanohybrids
have shown little distribution into systemic circulation and continued
to show fluorescence from joints for more than 14 days which clearly
indicated their prolonged retention [130].

Protamine is a cationic polypeptide that forms electrostatic nano-
complexes with anionic polysaccharides [131,132]. CD44 receptors
overexpressed on triple-negative breast cancer cells (MDA-MB-231)
were successfully targeted by miR-34a-loaded HA-protamine nanohy-
brid complexes via receptor-mediated endocytosis. In vivo, smaller
tumor sizes and higher miRNA expression levels (200-folds) were
achieved [80].

Proteins and polysaccharides, not only they inherently target their
overexpressed receptors in certain tissues, but also provide functional-
ities (eOH, eCOOH, eNH2, and -SH) that aid ligand attachment for
targeting purposes [133]. In a study reported by Martínez et al., folic
acid-albumin conjugate was formed via a carbodiimide chemistry
which was then used to form albumin- alginate nanohybrids as ta-
moxifen carriers for breast cancer treatment. When the BSA to alginate
ratio was 50:50 (B-50-50), 3.5-folds higher cellular uptake into MCF-7
cells after 24 hr and hence higher cytotoxicity in comparison to B-30-70
which was attributed to the provision of more folate to interact with
folate receptors overexpressed on MCF-7 cells. In vivo, higher tamoxifen
tumor accumulation and tumor volume regression was also observed
for folate-targeted nanohybrids in comparison to non-targeted ones.
Similar enhanced targeting was observed with folate-conjugated DOX-
loaded BSA-dextran nanohybrids in hepatoma H22-bearing mice [105].

Another targeting moiety, retinoic acid, was exploited for con-
jugation with abundant amines on chitosan via carbodiimide chemistry.
The conjugate was then exploited to form chitosan-albumin nanohy-
brids loaded with DOX for targeting hepatocellular carcinoma. Targeted
nanohybrids have shown a significant reduction in the IC50 values of
DOX in comparison to non-targeted nanohybrids or free DOX, respec-
tively. Such enhancement in activity was attributed to the receptor-
mediated internalization of the nanohybrids by retinoic acid [29].

3.3. Enhanced biocompatibility

One of the prerequisites for the clinical translation of any nano-
system is the avoidance of non-target cell interactions and opsonization
by fibronectin, complement proteins, and immunoglobulins to avoid
phagocytosis and in order to ultimately increase the chances for target
site interaction. In a study developed by Ferrer et al., rhodamine-la-
belled dextran-lysozyme nanogels showed “stealth” properties against
phagocytosis. The dextran shell increased the hydrophilicity of nano-
hybrids and sterically hindered their opsonisation thus reducing their
uptake by the MPSF. After 24 hr of exposure, a slow uptake with only
41.1% of THP-1 phagocytic cells containing the nanohybrids was stably
transduced with green fluorescent protein (GFP) even in the presence of
10% serum in the culture medium (19).

Several studies have reported that albumin showed an enhancement
in the biocompatibility of chitosan [33,34,37]. Albumin-chitosan na-
nohybrids showed lower toxicity than chitosan nanoparticles against
HeLa cells, H460 and A549 cells which was attributed to the lower
positive charge induced by albumin on the nanohybrids, being
+28.9mV, in comparison to +53.9 for their chitosan counterparts
(Fig. 10) [34].

Fig. 8. Change in zeta potential of ϰ-carrageenan- β-Lg nanohybrid upon in-
creasing concentration of ϰ-carrageenan; intact (●) and ultrasonicated (■)
[57].
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3.4. Modulated release profile

Protein-polysaccharide nanohybrids showed sustained release of
drugs via different mechanisms. In a study by Chen et al., 56–60%
curcumin was released from soy polysaccharide-soy protein nanohy-
brids at pH 4 or 7 in comparison to ∼90% from soy protein nano-
particles after 20 hr. This sustained release could be ascribed to the
core-shell structure of the nanohybrids resulting in a longer distance for
curcumin to pass [63]. On another avenue, the hydrogen bonding in-
teraction between EGCG and casein, and the protection of casein
against gastric digestion by the dextran shell seem to be the possible
mechanisms responsible for sustained release of EGCG from dextran-
casein nanohybrids [110].

Besides controlled release, protein-polysaccharide nanohybrids can
also induce stimuli-responsive drug release. A pH-sensitive curcumin
release was observed upon incorporation into cationized gelatin-sodium
alginate nanohybrids. 87% curcumin was released at pH 5 compared to
∼64% at pH 7.4 after 48 hr. The charge density on sodium alginate
decreases as acidity increases due to the protonation of its carboxylic
groups, thus disrupting the electrostatic complex and releasing cur-
cumin. Such pH-sensitive release is desired in targeting the acidic

Fig. 9. Mechanisms proposed for the targeting of albumin-coated Cellax to tumor cells [36].

Fig. 10. MTT assay on HeLa cells at three different concentrations of the
Albumin-Chitosan nanohybrid (Blue), Chitosan (Red), and Albumin (Green)
[34]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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tumour microenvironment where accumulation of the acidic metabolic
products favours the nanohybrid disruption and curcumin release [47].
Oppositely, a slower release of rutin (20%) from pectin-casein nano-
hybrids was observed in simulated gastric fluid (pH 2) in the first 2 hr
followed by a faster release of 80% in simulated intestinal fluid (pH 7)
after 4 hr. While the pectin shell protected casein core from gastric
enzymes, it was dissociated as the pH increased from 2 to 7 due to the
loss of the electrostatic interaction between the negative charge of
pectin’s carboxylic groups and the positive charge of casein’s proto-
nated amines. Surpassing its pI of 4.6, the casein charge was inverted
from positive to negative through the deprotonation of its carboxylic
groups, thus repelling the similarly-charged pectin and increasing rutin
release [77].

Ionic strength can be also exploited as the stimulus that trigger the
cargo release as in the case of β-lactamase-loaded alginate-lysozyme
nanohybrids. Increasing the ionic strength by increasing NaCl con-
centration caused a decrease in light scattering till complete fading at a
concentration of 150mM. Accompanied with such decrease in scat-
tering, an increase in β-lactamase activity, becoming 4-fold at 150mM
concentration. These results demonstrated the screening effect of the
electrolyte on the electrostatic interaction between alginate and lyso-
zyme overcoming it completely and causing its dissociation at 150mM
concentration [75].

3.5. Enhanced drug stability

Encapsulation of sensitive drugs within the matrix of protein-poly-
saccharide nanohybrids was found to improve their stability. Since
clinical application of curcumin was hampered by its high instability in
neutral/basic conditions and limited aqueous solubility, extensive re-
search was done curcumin and was loaded into different protein-poly-
saccharide nanohybrid systems including i-carrageenan-albumin [38],
α-lactalbumin-dextran [114], and soy polysaccharide-soy protein [63]
nanohybrids to overcome these instabilities. Its encapsulation within i-
carrageenan-albumin nanohybrids reduced its decomposition to 16, 12,
and 10% after 1000min of incubation at pH 7 upon using increasing
concentrations of i-carrageenan of 0.5, 1.0, and 1.5 g/L, respectively. In
comparison, 53 and 24% of curcumin was decomposed for free cur-
cumin and BSA nanoparticles, respectively. Moreover, loading of cur-
cumin into α-lactalbumin-dextran nanohybrids enhanced its DPPH
(2,2-diphenyl-1-picryl-hydrazil) scavenging ability to 64.1% compared
to only 25.4% for free curcumin. Even the thermal stability of curcumin
has been enhanced where 14.5% of free curcumin was retained after 4
hr of thermal treatment at 95 °C in comparison to 29.1 and 35.5% for α-
lactalbumin nanoparticles and α-lactalbumin-dextran nanohybrids, re-
spectively. The stabilizing mechanisms of nanohybrids include stronger
hydrophobic binding of curcumin to the nanohybrids with high binding
constant (Kb) which in turn decreases the interaction with water and
supresses the proton donation from the activated carbon in the keto-
enol group causing curcumin degradation [38].

The incorporation of folic acid into soy polysaccharide-soy protein
nanohybrids protected it from photodegradation that breaks the
C9eN10 bond yielding pteridine and (p-aminobenzoyl)-l-glutamic acid.
UV irradiation of free folic acid caused a 100% degradation in com-
pared to only 17% for soy polysaccharide-soy protein nanohybrids.
Such result could be ascribed to the prevention of interaction between
folic acid and dissolved oxygen during UV irradiation through the in-
trinsic ability of the soy proteins and polysaccharides to react with
oxygen [64]. Also, the immobilization of vitamin D in the hydrophobic
core of casein-maltodextrin nanohybrids caused a marked reduction of
its reactivity. As a result, 90% of the vitamin survived gastric-like
conditions comparison to 75% and 30% for the casein-maltodextrin
mixture and the free vitamin, respectively. Another important stabili-
zation mechanism involves the products of Maillard reaction itself
which conferred an antioxidant activity [100]. The protection of EGCG
against oxidation was enabled by its incorporation within the matrix of

dextran-casein [110] and i-carrageenan-albumin [31] nanohybrids by
preventing the destruction of its galloyl group. This was ascribed to the
strong hydrophobic binding of EGCG with the hydrophobic pockets of
albumin, thus effectively retarding the contact between its galloyl
groups and water [31]. Similarly, the strong binding of quercetagetin to
the hydrophobic pockets in soy protein-ϰ-carrageenan nanohybrids
enhanced its stability which was indicated by the longer half-life in
comparison to the free form, soy protein, or ϰ-carrageenan nano-
particles [67].

3.6. Reduced drug toxicity

Chemotherapeutic drugs are suffering from severe toxicity to
normal tissues. Therefore, some anti-cancer drugs were incorporated
into protein-polysaccharide nanohybrids with the aim of reducing their
toxicity. Encapsulation of DOX into albumin-dextran nanohybrids
showed a marked increase in the average body weight (from 20.7 to
24.4 g after 7 days) and 35.4% increase in survival rate of hepatoma
H22 bearing-mice compared to free doxorubicin (body weight changed
from 20.7 to 16.1 g) with only 1.24% increase of survival rate.
Moreover, the nanohybrids allowed an increase in doxorubicin dose to
8mg/Kg which further increased the survival rate to 55.7%. These re-
sults implied the enhancement in the safety profile of doxorubicin en-
dowed by the nanohybrids which could be attributed to the better re-
tention, enhanced targeting, and extended release of doxorubicin
[108]. Further attachment of folic acid as a targeting ligand to the BSA-
dextran nanohybrids caused a higher increase in body weight and
survival rate which confirms that better targeting together with a better
release profile are the main factors for enhancing the toxicity profile of
doxorubicin [105]. Similar conclusions were drawn from doxorubicin
loading into albumin-dextran-chitosan nanohybrids [41].

3.7. Intrinsic activity

Novel zein-chitosan hybrid nanofibers electrospun from tri-
fluoroacetic acid (TFA) solutions showed intrinsic antimicrobial activity
resulting in complete death of S. aureus in a period of 24 hr. The an-
timicrobial activity of nanofibers was not caused by the acidity of TFA
but rather to the intrinsic antimicrobial activity of chitosan. This was
proved when control TFA solutions showed no activity upon titration to
the same pH of chitosan-containing nanofibers. The biocidal activity of
chitosan could be attributed to the release of protonated glucosamine
fractions which bind the DNA and subsequently inhibit RNA and pro-
tein synthesis, or the formation of an impervious layer on bacterial cells
causing their death [123].

Based on the well-known prebiotic effects of inulin, Ha et al. tested
whether the whey protein isolate-inulin nanohybrids will preserve the
prebiotic effects of inulin on L. acidophilus ATCC 43121. As shown in
Fig. 11, 1% whey protein isolate showed a higher number of viable cells
in comparison to negative control (minimum media), however, this was
significantly lower than the positive control (1% inulin). The

Fig. 11. The potential prebiotic effect of different treatments on the viability of
L. acidophilus ATCC 43121 [61].
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nanohybrids, however, showed similar viability to the positive control
indicating that inulin, as reported, is the component responsible for the
prebiotic properties and that the nanohybrid did not quench such
property. Such nanohybrids can be used as a delivery system as well as
conferring an intrinsic prebiotic activity [61].

3.8. Theranostic applications

In recent years, polymeric-inorganic nanohybrids have been
emerged for drug delivery, tissue engineering and theranostic applica-
tions [134,135]. Theranostic nanohybrids based on lysozyme-carbox-
ymethylcellulose complexes were used for the co-delivery of the ther-
apeutic agent, methotrexate, and the imagining agent, CdTe quantum
dots (QDs). The nanohybrids maintained their fluorescence in HepG2
and MCF-7 cells for longer time showing higher fluorescence after 12 hr
of incubation compared to free QDs (Fig. 12). This could be attributed
to the protective effect endowed upon QDs by the nanohybrids pre-
venting their quick degradation. Moreover, the nanohybrids showed
enhanced anti-cancer activity in comparison to free methotrexate. The
ability of nanohybrids to reduce the p-glycoprotein efflux mechanism as
well as the gradual drug release over a prolonged period contributed to
the enhanced efficacy compared to the free drug. Moreover, the na-
nohybrids enhanced the biocompatibility of the QDs reducing their
cytotoxicity [73].

3.9. Improved transparency for food applications

For food application purposes, the visual appearance of the nano-
system is of utmost importance where transparent systems are needed
for enhancement of the sensorial characteristics of the final product
especially for beverages. However, protein nanosystems aggregate and
become turbid when the pH is near their pI where the electrostatic
repulsion is weakened especially at high ionic strength. Moreover, the
nanosystem should be stable enough to allow the mandate thermal
treatment of food for the prevention of spoilage by pathogenic micro-
organisms. In a study by Shah et al., whey protein isolate-maltodextrin
nanohybrids showed enhanced transparency for the encapsulation of
eugenol in comparison to the corresponding mixture. A whey protein
isolate-maltodextrin mass ratio of 1:2 showed lower turbidity before or
after heating than mass ratios of 1:1 or 2:1. This was attributed to the

higher conjugation efficiency at higher maltodextrin concentration re-
sulting in lower particle size, lower scattering of light, and enhanced
transparency. As shown in Fig. 13, the non-conjugated whey protein
isolate-maltodextrin mixture was more turbid than the nanohybrids
especially at pH 5 which is near the pI of the most abundant whey
protein, β-lactoglobulin (pI= 5.2), which led to its aggregation.
Moreover, eugenol encapsulation decreased the dispersibility of the
mixture leading to the formation of more translucent samples. Similar
observation was seen after heating which could be attributed to the
increase in the size of the mixture yielding more turbid samples in
comparison to a decrease in the size of the nanohybrids after heating
yielding more transparent ones [98]. Similar results were obtained by
encapsulation of vitamin D, ω-3 fatty acids and rutin into case-
in–maltodextrin [100], β-lactoglobulin-pectin [53] and casein-pectin
[77] nanohybrids showing enhanced transparency.

3.10. Miscellaneous applications

3.10.1. Enhanced oral bioavailability
Numerous approaches have been exploited to improve the oral

bioavaiability of drugs such as nanoencapsulation, phospholipid com-
plexation and solid dispersions [136–139]. Particularly, lots of research
have been made to to overcome the impediments standing against the
oral delivery of protein drugs such as insulin. In a study by Lopes et al.,
albumin/chitosan-coated alginate/dextran sulfate nanohybrids have
been developed to enhance the oral bioavailability of insulin. In si-
mulated gastric fluid (pH=1.2), 35% of insulin was released from the
nanohybrids after 2 hr in comparison to 80% for free insulin which
preserved insulin from degradation by gastric proteases. The retention
of insulin by the nanohybrids could be attributed to the high positive
charge conferred by insulin at this acidic environment enhancing its
interaction with the alginate/dextran sulfate core. Moreover, the cal-
cium in simulated gastric fluid crosslinked the alginate causing a sol-gel
transition, thus making insulin release more of a cumbersome. How-
ever, a shift to intestinal conditions (pH=5.5) caused a complete re-
lease of insulin to 100% from the nanohybrids while maintaining its
solubility. This in contrast to free insulin which precipitated completely
during such shift that could be attributed to the rapid release of insulin
and its accumulation at a pH near its pI making it uncharged. Beside
this stabilizing effect, the nanohybrids enhanced the interaction with

Fig. 12. The fluorescence of free QDs (QDs) and the QD-loaded nanohybrid system (QDs-NGs) on HepG2 and MCF-7 cell lines after 1 and 12 hr of incubation [73].
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Caco-2:HT29-MTX co-cultures and hence demonstrated higher ap-
parent permeability in both intestinal (pH=5.5) and colonic condi-
tions (pH 7.4) than free insulin. This could be attributed to chitosan
which beside its mucoadhesive properties, its positive charge enhances
the interaction with the negatively charged proteoglycans on the cel-
lular surfaces. All in all, the ability of the nanohybrids to protect insulin
from degradation and improve its intestinal permeation would defi-
nitely enhance its oral bioavailability [37].

In another study, the stability and bioavailability of curcumin has
been enhanced via its encapsulation into ovalbumin-dextran nanohy-
brids. The nanohybrids protected>90% of curcumin after simulated
gastrointestinal digestion in comparison to 74.22 and 56.17% for
ovalbumin nanoparticles and free curcumin, respectively. This simply
could be attributed to the physical barrier provided by the nanohybrids
preventing the contact of curcumin with the surrounding aqueous en-
vironment. The dextran shell acts as an extra barrier, preventing the
access of aqueous environment to curcumin inside the hydrophobic
ovalbumin core. Moreover, the steric hindrance provided by the dex-
tran shell resulted in reduction of ovalbumin proteolysis. The stability
enhancement endowed upon curcumin by the nanohybrid did not
compromise its bioaccessibility to intestinal cells. The percentage of
curcumin available in the micellar form was in the range of 50–53% for
both, the nanohybrids and the ovalbumin nanoparticles, in comparison
to 18.9% for free curcumin. These results demonstrate the ability of
nanohybrids to enhance the stability of curcumin without compro-
mising its bioavailability in comparison to nonhybrid nanoparticles
[109].

3.10.2. Enhanced skin permeation
The transdermal route of delivery has become very attractive since

it reduces side effects, avoids first pass metabolism, increases patient
compliance, and sustains drug release over a longer period maintaining
a steady blood concentration [140]. Non-steroidal anti-inflammatory
drugs (NSAIDS) such as aceclofenac are known for their side effects as
gastric irritation, ulceration, flatulence, and abdominal pain when used
chronically. A topical gel formulation containing aceclofenac-loaded
chitosan-albumin nanohybrids was fabricated to overcome such pro-
blems. The formulation showed a significantly higher ex vivo permea-
tion of 0.0681 µg/cm2/hr using excised mouse skin in comparison to
0.0316 µg/cm2/hr for the marketed aceclofenac gel. This correlated
well with the in vivo anti-inflammatory results in carrageenean-induced
rat-paw edema where the nanohybrid gel formulation showed a higher
percentage of paw edema inhibition over a period of 4 hr in comparison
to the marketed aceclofenac gel [30].

3.10.3. Enhanced ocular delivery
Ocular gene delivery has attracted interest recently due to the im-

mune-privileged nature of the eye and easy accessibility. Moreover, the
local gene delivery could provide low and continuous concentrations
enhancing the efficacy and safety of these biologically active com-
pounds. In a study by Zorzi et al., two nanohybrid systems, cationized
gelatin-chondroitin sulfate and cationized gelatin-dextran sulfate, were
investigated for enhancing the ocular delivery of plasmid DNA. The
nanohybrids conferred higher plasmid protection against degradation
by DNase I for at least 1 hr in comparison to complete degradation after
5min for naked plasmid DNA. This was ascribed to the spermine con-
tent in cationized gelatin which is known for its inhibition of en-
donucleases such as DNase I. Moreover, the nanohybrid systems en-
hanced the toxicity profile of cationized gelatin nanoparticles against
human corneal epithelial (HCE) cells where the IC50 of cationized ge-
latin-chondroitin sulfate and cationized gelatin-dextran sulfate

Fig. 13. Photographs of whey protein isolate-maltodextrin nanohybrids (a) and mixture (b) at three different pHs (3, 5, and 7) and at two different NaCl con-
centrations (0 mmol/L and 50mmol/L) before and after heat treatments [98].

Fig. 14. Confocal microscopy images showing cellular uptake of free Cy3-la-
belled plasmid DNA (A), Cy3-labelled plasmid DNA-loaded cationized gelatin
nanoparticles (B), Cy3-labelled plasmid DNA-loaded cationized gelatin-chon-
droitin sulfate nanohybrids (C), and Cy3-labelled plasmid DNA-loaded catio-
nized gelatin-dextran sulfate nanohybrids (D) by HCE cells [49].
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nanohybrids were 107 and 79 µg/cm2, respectively, being 3- and 2-
folds higher than that of cationized gelatin nanoparticles. The cellular
uptake by HCE cells has been also enhanced by the nanohybrid systems
where Cy3-labelled plasmid DNA-loaded nanohybrids showed a more
intense green flourescence in comparison to cationized gelatin nano-
particles (Fig. 14). These results were reflected well on the transfection
study where the nanohybrids surpassed its cationized gelatin counter-
part [49].

4. In vivo fate of protein-polysaccharide nanohybrids following
administration

Protein based carrier systems for drug delivery are gaining interest
because of their advantages like biocompatibility and biodegradability
[24]. Fate of the protein delivery system is very crucial, as ultimately it
will affect the fate of the drug following physiological administration.
One study by Yang et al. has shown distribution of self-assembled
protein nanoparticles in xenografted mice. In this study, they used
tumor targeting bombesin peptide to radiolabel with technetium tri-
carbonyl, which is hydrophilic in nature. The resulting nanoparticles
were monodispersed and had particles size of 33–36 nm. The biodis-
tribution study showed that nanoparticles mostly accumulated in the
liver and immune organ spleen of mice, following the intravenous ad-
ministration [141].

On the other hand, polysaccharides are safe, biocompatible, cheap
and biodegradable. Because of these merits polysaccharides are in-
creasingly used as drug delivery systems [142]. Chitosan based drug
delivery is one the common polysaccharide used in drug delivery.
Nascimento et al. studied the biodistribution of Mad2 siRNA-loaded
EGFR targeting chitosan nanoparticles in xenografted mice. When in-
jected by i.v. route, nanoparticles were mainly accumulated in tumor,
liver and kidney for the first 48 hr. Tumor targeting efficiency for EGFR
in tumor was increased for these nanoparticles, as compared with other
tissues [143].

In a study by Yi-Mu et al., the fate of the protein-polysaccharide
nanohybrid systems was studied after oral administration in Kunming
rats. 5-FU-loaded 125I-labelled sodium alginate-BSA nanohybrids were
shown to be distributed mainly to organs rich in phagocytes; the liver
and the spleen. Radioactivity after 8 h in the liver, spleen and lungs
were 2.08, 2.32 and 1.60 times as that in blood which decreased to
1.18, 1.22 and 0.87 times after 24 h, respectively. The micro-
radioautographical results denoted the accumulation of the nanohy-
brids in the Kupffer liver cells and the parenchymal ones.
Pharmacokinetic parameters showed that the T1/2= 9.42 hr,
Tmax= 2.18 hr, Cmax= 2.45× 107 Becquerel (Bq), and
AUC=148×109 Bq [96]. Further research should be conducted in
order to investigate the fate of protein-polysaccharide nanohybrids in
the body after in vivo administration.

Interestingly, in a study by Fuenzalida et al., the physicochemical
properties of alginate, the molecular weight and composition, were
examined for their effect on protein (lysozyme) association. Alginate is
composed of alternating blocks of homopolymeric (1/4)-linked poly-D-
β-mannuronate (poly-M), poly-L-α-guluronate (poly-G), and hetero
polymeric section of poly-MG; and the overall composition is expressed
as an M/G ratio. The increase in M/G ratio or molecular weight of al-
ginate interacting with lysozyme was associated with higher enthalpy,
and thus higher lysozyme association. This could explain the increase in
non-specific binding to immune system proteins associated with higher
binding enthalpies. It has been shown in previous studies that alginates
of high M-content elicit the immune response via cytokine production
in monocytes, and CD14 stimulation on innate immune cells [75,144].
The level of impurities in alginate samples is another potential cause for
immunogenic responses. Alginate, depending on the source and the
purification method, could end up being contaminated with poly-
phenols, endotoxins and proteins, which were shown to play a role in
alginate immunogenicity. What applied on alginate could apply, by

varying degrees, on other polymers; thus it is of big importance to fine
tune the polymer properties according to the intended goals, such as an
alginate with a high G-content (> 50%) or an alginate with high purity
which had shown to elicit no immune responses [75,145]. And, al-
though, knowledge about the sole polymers could give us cues, their
immunological properties should be studied in their nanosized forms
and when hybridized with other polymers, which might bring new
properties that were not evident in either polymer alone. Evidently, the
lack of research on the pharmacokinetics and the biological fate of the
nanohybrid systems ensues further studies to be conducted in order to
reach a more conclusive picture.

5. Limitations and future prospects

The field of nanotechnology is rapidly growing with 77 nano-
technology-based products have been granted approval by FDA and
40% of clinical trials registered in 2014 or 2015 being nanotechnology-
based. Needless to say, the obvious increase in basic research in this
field has led to such hike up in product approvals and clinical trials in
different phases. What can be noticed is that the vast majority of these
nanosystems are simple ones, with no hybrid nanosystems being
granted approval up till now. Specifically speaking, no protein-poly-
saccharide nanohybrids have been approved, nor currently being in
clinical trials which raises many questions regarding the efficacy,
toxicity and/or financial causes. Generally, efficacy issues are the main
reason comprising 51% of Phase II failures according to a review
published in 2011 while strategic problems and toxicity issues comprise
29 and 19%, respectively. Similar results were obtained for phase III
failures which might give an insight of what might be hindering their
clinical translation. The complexity of nanohybrids undoubtedly in-
creases costs and proposes difficulties in the scaling up of these systems
which grants further research. Moreover, nanohybrids might show
features that are totally different from their respective constituting
materials which raises questions regarding their toxicity and/or im-
munogenicity. Last, but not least, the translation of such research re-
quires funding from industry which is only willing to do so in promising
products that have obtained a “proof of concept in man” that itself
requires big funding. All this poses restriction for the translation of the
recently introduced protein-polysaccharide nanohybrids which, in the
end, often face less support and guidance from drug regulatory autho-
rities that lack experience in hybrid systems making their translation
even more difficult. It is also important to say that 25% of approved
products and 80% of clinical trials are aimed at cancer which itself faces
its own challenges. The heterogenicity of tumors, the difficulty in ex-
trapolating in vitro results and animal studies into human trials, and the
great dependency on the EPR effect which is currently doubted by many
for being a passive targeting strategy are the main reasons hindering
cancer nanotechnology research. Moreover, regulatory authorities find
it difficult to classify these newly introduced hybrid systems and take a
precautionary stand in their progress. All in all, extensive research
needs to be directed towards the scalability and toxicity of these hybrid
systems before any progress can be seen in this area, especially for
protein-polysaccharide nanohybrids [111,146–148].

References

[1] P. Tyagi, J.A. Subramony, Nanotherapeutics in oral and parenteral drug delivery:
key learnings and future outlooks as we think small, J. Control. Release 272
(2018) 159–168.

[2] A. Elzoghby, Polymeric nanocarriers as robust platforms for cancer therapy, Curr.
Pharm. Des. 23 (2017) 5211–5212.

[3] C.-H. Chen, T.-H. Huang, A.O. Elzoghby, P.-W. Wang, C.-W. Chang, J.-Y. Fang,
Squarticles as the nanoantidotes to sequester the overdosed antidepressant for
detoxification, Int. J. Nanomed. 12 (2017) 8071–8083.

[4] M.A. Sallam, A.O. Elzoghby, Flutamide-loaded zein nanocapsule hydrogel, a
promising dermal delivery system for pilosebaceous unit disorders, AAPS Pharm.
Sci. Tech. 19 (2018) 2370–2382.

[5] S.N. Khattab, S.E.A. Naim, M. El-Sayed, A.A. El Bardan, A.O. Elzoghby,

M. Gaber et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 42–62

59 445

http://refhub.elsevier.com/S0939-6411(18)30821-X/h0005
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0005
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0005
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0010
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0010
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0015
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0015
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0015
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0020
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0020
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0020
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0025


A.A. Bekhit, A. El-Faham, Design and synthesis of new s-triazine polymers and
their application as nanoparticulate drug delivery systems, New J. Chem. 40
(2016) 9565–9578.

[6] F. Danhier, E. Ansorena, J.M. Silva, R. Coco, A. Le Breton, V. Préat, PLGA-based
nanoparticles: an overview of biomedical applications, J. Control. Release 161
(2012) 505–522.

[7] A.O. Elzoghby, M.M. Abd-Elwakil, K. Abd-Elsalam, M.T. Elsayed, Y. Hashem,
O. Mohamed, Natural polymeric nanoparticles for brain-targeting: implications on
drug and gene delivery, Curr. Pharm. Des. 22 (2016) 3305–3323.

[8] H.M. Abdelaziz, M. Gaber, M.M. Abd-Elwakil, M.T. Mabrouk, M.M. Elgohary,
N.M. Kamel, D.M. Kabary, M.S. Freag, M.W. Samaha, S.M. Mortada,
K.A. Elkhodairy, J.Y. Fang, A.O. Elzoghby, Inhalable particulate drug delivery
systems for lung cancer therapy: nanoparticles, microparticles, nanocomposites
and nanoaggregates, J. Control. Release: Off. J. Control. Release Soc. 269 (2018)
374–392.

[9] S. Sabra, M. Abdelmoneem, M. Abdelwakil, M.M. Taha, D. Anwar, R. Mohamed,
S. Khattab, A. Bekhit, K. Elkhodairy, M. Freag, Self-assembled nanocarriers based
on amphiphilic natural polymers for anti-cancer drug delivery applications, Curr.
Pharm. Des. (2017).

[10] G. Pasut, F.M. Veronese, State of the art in PEGylation: the great versatility
achieved after forty years of research, J. Control. Release 161 (2012) 461–472.

[11] F. Seidi, R. Jenjob, T. Phakkeeree, D. Crespy, Saccharides, oligosaccharides, and
polysaccharides nanoparticles for biomedical applications, J. Control. Release: Off.
J. Control. Release Soci. 284 (2018) 188–212.

[12] R. Ahmad, Y. Deng, R. Singh, M. Hussain, M.A.A. Shah, S. Elingarami, N. He,
Y. Sun, Cutting edge protein and carbohydrate-based materials for anticancer drug
delivery, J. Biomed. Nanotechnol. 14 (2018) 20–43.

[13] S.A. Sabra, A.O. Elzoghby, S.A. Sheweita, M. Haroun, M.W. Helmy,
M.A. Eldemellawy, Y. Xia, D. Goodale, A.L. Allan, S. Rohani, Self-assembled am-
phiphilic zein-lactoferrin micelles for tumor targeted co-delivery of rapamycin and
wogonin to breast cancer, Eur. J. Pharm. Biopharm. 128 (2018) 156–169.

[14] D.M. Anwar, S.N. Khattab, M.W. Helmy, M.K. Kamal, A.A. Bekhit, K.A. Elkhodairy,
A.O. Elzoghby, Lactobionic/folate dual-targeted amphiphilic maltodextrin-based
micelles for targeted co-delivery of sulfasalazine and resveratrol to hepatocellular
carcinoma, Bioconjug. Chem. 19 (2018) 3026–3041.

[15] S.W. El-Far, M.W. Helmy, S.N. Khattab, A.A. Bekhit, A.A. Hussein, A.O. Elzoghby,
Folate conjugated vs PEGylated phytosomal casein nanocarriers for codelivery of
fungal-and herbal-derived anticancer drugs, Nanomedicine 13 (2018) 1463–1480.

[16] A. Elzoghby, Editorial (thematic issue: nanocarriers based on natural polymers as
platforms for drug and gene delivery applications), Curr. Pharm. Des. 22 (2016)
3303–3304.

[17] N. Elgindy, K. Elkhodairy, A. Molokhia, A. ElZoghby, Biopolymeric nanoparticles
for oral protein delivery: design and in vitro evaluation, J. Nanomedicine &
Nanotechnol. 02 (2011).

[18] A.O. Elzoghby, M.M. Elgohary, N.M. Kamel, Implications of protein- and Peptide-
based nanoparticles as potential vehicles for anticancer drugs, Adv. Protein Chem.
Struct. Biol. 98 (2015) 169–221.

[19] M.S. Freag, W.M. Saleh, O.Y. Abdallah, Exploiting polymer blending approach for
fabrication of buccal chitosan-based composite sponges with augmented mu-
coadhesive characteristics, Eur. J. Pharm. Sci. 120 (2018) 10–19.

[20] M. Gaber, W. Medhat, M. Hany, N. Saher, J.Y. Fang, A. Elzoghby, Protein-lipid
nanohybrids as emerging platforms for drug and gene delivery: challenges and
outcomes, J. Control. Release: Off. J. Control. Release Soc. 254 (2017) 75–91.

[21] J.P. Fuenzalida, F.M. Goycoolea, Polysaccharide-protein nanoassemblies: novel
soft materials for biomedical and biotechnological applications, Curr. Protein
Pept. Sci. 16 (2015) 89–99.

[22] M.A. Abdelmoneem, M. Mahmoud, A. Zaky, M.W. Helmy, M. Sallam, J.-Y. Fang,
K.A. Elkhodairy, A.O. Elzoghby, Dual-targeted casein micelles as green nanome-
dicine for synergistic phytotherapy of hepatocellular carcinoma, J. Control.
Release 287 (2018) 78–93.

[23] Y. Luo, Q. Wang, Recent development of chitosan-based polyelectrolyte complexes
with natural polysaccharides for drug delivery, Int. J. Biol. Macromol. 64 (2014)
353–367.

[24] M.J. Hawkins, P. Soon-Shiong, N. Desai, Protein nanoparticles as drug carriers in
clinical medicine, Adv. Drug. Deliv. Rev. 60 (2008) 876–885.

[25] O.G. Jones, D.J. McClements, Recent progress in biopolymer nanoparticle and
microparticle formation by heat-treating electrostatic protein-polysaccharide
complexes, Adv. Colloid Interface Sci. 167 (2011) 49–62.

[26] S.L. Turgeon, C. Schmitt, C. Sanchez, Protein–polysaccharide complexes and
coacervates, Curr. Opin. Colloid Interface Sci. 12 (2007) 166–178.

[27] Y. Fang, L. Li, C. Inoue, L. Lundin, I. Appelqvist, Associative and segregative phase
separations of gelatin/kappa-carrageenan aqueous mixtures, Langmuir ACS J.
Surf. Colloids 22 (2006) 9532–9537.

[28] D.Z. Tian, Y.P. Fang, K. Nishinari, G.O. Phillips, Protein-polysaccharide interac-
tions: phase behaviour and applications (2014) 52-63.

[29] J. Varshosaz, F. Hassanzadeh, H. Sadeghi, Z. Ghelich Khan, M. Rostami, Retinoic
acid decorated albumin-chitosan nanoparticles for targeted delivery of doxor-
ubicin hydrochloride in hepatocellular carcinoma, J. Nanomaterials 2013 (2013)
1–12.

[30] S. Jana, S. Manna, A.K. Nayak, K.K. Sen, S.K. Basu, Carbopol gel containing
chitosan-egg albumin nanoparticles for transdermal aceclofenac delivery, Colloids
Surf. B 114 (2014) 36–44.

[31] J. Li, X. Wang, Binding of (-)-epigallocatechin-3-gallate with thermally-induced
bovine serum albumin/iota-carrageenan particles, Food Chem. 168 (2015)
566–571.

[32] M.M. Abd Elwakil, M.T. Mabrouk, M.W. Helmy, E.-Z.A. Abdelfattah, S.K. Khiste,

K.A. Elkhodairy, A.O. Elzoghby, Inhalable lactoferrin–chondroitin nanocomposites
for combined delivery of doxorubicin and ellagic acid to lung carcinoma,
Nanomedicine 13 (2018).

[33] R.K. Tekade, M.B. Chougule, Formulation development and evaluation of hybrid
nanocarrier for cancer therapy: Taguchi orthogonal array based design, Biomed.
Res. Int. 2013 (2013) 712678.

[34] M. Karimi, P. Avci, R. Mobasseri, M.R. Hamblin, H. Naderi-Manesh, The novel
albumin-chitosan core-shell nanoparticles for gene delivery: preparation, optimi-
zation and cell uptake investigation, J. Nanoparticle Res.: An Interdisciplinary
Forum Nanoscale Sci. Technol. 15 (2013) 1651.

[35] I. Peinado, U. Lesmes, A. Andres, J.D. McClements, Fabrication and morphological
characterization of biopolymer particles formed by electrostatic complexation of
heat treated lactoferrin and anionic polysaccharides, Langmuir ACS J. Surf.
Colloids 26 (2010) 9827–9834.

[36] B. Hoang, M.J. Ernsting, A. Roy, M. Murakami, E. Undzys, S.D. Li, Docetaxel-
carboxymethylcellulose nanoparticles target cells via a SPARC and albumin de-
pendent mechanism, Biomaterials 59 (2015) 66–76.

[37] M. Lopes, N. Shrestha, A. Correia, M.A. Shahbazi, B. Sarmento, J. Hirvonen,
F. Veiga, R. Seica, A. Ribeiro, H.A. Santos, Dual chitosan/albumin-coated alginate/
dextran sulfate nanoparticles for enhanced oral delivery of insulin, J. Control.
Release: Off. J. Control. Release Soc. 232 (2016) 29–41.

[38] M. Yang, Y. Wu, J. Li, H. Zhou, X. Wang, Binding of curcumin with bovine serum
albumin in the presence of iota-carrageenan and implications on the stability and
antioxidant activity of curcumin, J. Agric. Food. Chem. 61 (2013) 7150–7155.

[39] W. Cui, A. Wang, J. Zhao, X. Yang, P. Cai, J. Li, Layer by layer assembly of albumin
nanoparticles with selective recognition of tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL), J. Colloid Interface Sci. 465 (2016) 11–17.

[40] R. Hedayati, M. Jahanshahi, H. Attar, Fabrication and characterization of albumin-
acacia nanoparticles based on complex coacervation as potent nanocarrier, J.
Chem. Technol. Biotechnol. 87 (2012) 1401–1408.

[41] J. Qi, P. Yao, F. He, C. Yu, C. Huang, Nanoparticles with dextran/chitosan shell
and BSA/chitosan core–doxorubicin loading and delivery, Int. J. Pharm. 393
(2010) 176–184.

[42] S. Yu, J. Hu, X. Pan, P. Yao, M. Jiang, Stable and pH-sensitive nanogels prepared
by self-assembly of chitosan and ovalbumin, Langmuir ACS J. Surfaces Colloids 22
(2006) 2754–2759.

[43] T. Zou, S.S. Percival, Q. Cheng, Z. Li, C.A. Rowe, L. Gu, Preparation, character-
ization, and induction of cell apoptosis of cocoa procyanidins-gelatin-chitosan
nanoparticles, Eur. J. Pharm. Biopharm.: Official J. Arbeitsgemeinschaft fur
Pharmazeutische Verfahrenstechnik e.V 82 (2012) 36–42.

[44] A.N. Jatariu Cadinoiu, M.N. Holban, C.A. Peptu, A. Sava, M. Costuleanu, M. Popa,
Double crosslinked interpenetrated network in nanoparticle form for drug tar-
geting–preparation, characterization and biodistribution studies, Int. J. Pharm.
436 (2012) 66–74.

[45] M. Rajan, V. Raj, A.A. Al-Arfaj, A.M. Murugan, Hyaluronidase enzyme core-5-
fluorouracil-loaded chitosan-PEG-gelatin polymer nanocomposites as targeted and
controlled drug delivery vehicles, Int. J. Pharm. 453 (2013) 514–522.

[46] V. Singh, S. Ahmad, Carboxymethyl cellulose-gelatin-silica nanohybrid: an effi-
cient carrier matrix for alpha amylase, Int. J. Biol. Macromol. 67 (2014) 439–445.

[47] P.R. Sarika, N.R. James, Polyelectrolyte complex nanoparticles from cationised
gelatin and sodium alginate for curcumin delivery, Carbohydr. Polym. 148 (2016)
354–361.

[48] Y. Lv, F. Yang, X. Li, X. Zhang, S. Abbas, Formation of heat-resistant nanocapsules
of jasmine essential oil via gelatin/gum arabic based complex coacervation, Food
Hydrocolloids 35 (2014) 305–314.

[49] G.K. Zorzi, J.E. Parraga, B. Seijo, A. Sanchez, Hybrid nanoparticle design based on
cationized gelatin and the polyanions dextran sulfate and chondroitin sulfate for
ocular gene therapy, Macromol. Biosci. 11 (2011) 905–913.

[50] G. Konat Zorzi, L. Contreras-Ruiz, J.E. Parraga, A. Lopez-Garcia, R. Romero Bello,
Y. Diebold, B. Seijo, A. Sanchez, Expression of MUC5AC in ocular surface epi-
thelial cells using cationized gelatin nanoparticles, Mol. Pharm. 8 (2011)
1783–1788.

[51] A.-C. Lee, Y.-H. Hong, Coacervate formation of α-lactalbumin–chitosan and β-
lactoglobulin–chitosan complexes, Food Res. Int. 42 (2009) 733–738.

[52] S.F. Mirpoor, S.M.H. Hosseini, A.R. Nekoei, Efficient delivery of quercetin after
binding to beta-lactoglobulin followed by formation soft-condensed core-shell
nanostructures, Food Chem. 233 (2017) 282–289.

[53] P. Zimet, Y.D. Livney, Beta-lactoglobulin and its nanocomplexes with pectin as
vehicles for ω-3 polyunsaturated fatty acids, Food Hydrocolloids 23 (2009)
1120–1126.

[54] W. Chanasattru, O.G. Jones, E.A. Decker, D.J. McClements, Impact of cosolvents
on formation and properties of biopolymer nanoparticles formed by heat treat-
ment of β-lactoglobulin–Pectin complexes, Food Hydrocolloids 23 (2009)
2450–2457.

[55] Z. Izadi, A. Divsalar, A.A. Saboury, L. Sawyer, beta-lactoglobulin-pectin nano-
particle-based oral drug delivery system for potential treatment of colon cancer,
Chem. Biol. Drug Des. 88 (2016) 209–216.

[56] O. Jones, E.A. Decker, D.J. McClements, Thermal analysis of β-lactoglobulin
complexes with pectins or carrageenan for production of stable biopolymer par-
ticles, Food Hydrocolloids 24 (2010) 239–248.

[57] S.M. Hosseini, Z. Emam-Djomeh, S.H. Razavi, A.A. Moosavi-Movahedi,
A.A. Saboury, M.A. Mohammadifar, A. Farahnaky, M.S. Atri, P. Van der Meeren,
Complex coacervation of beta-lactoglobulin - kappa-carrageenan aqueous mix-
tures as affected by polysaccharide sonication, Food Chem. 141 (2013) 215–222.

[58] S.M.H. Hosseini, Z. Emam-Djomeh, S.H. Razavi, A.A. Moosavi-Movahedi,
A.A. Saboury, M.S. Atri, P. Van der Meeren, β-Lactoglobulin–sodium alginate

M. Gaber et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 42–62

60 446

http://refhub.elsevier.com/S0939-6411(18)30821-X/h0025
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0025
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0025
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0030
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0030
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0030
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0035
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0035
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0035
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0040
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0045
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0045
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0045
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0045
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0050
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0050
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0055
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0055
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0055
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0060
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0060
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0060
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0065
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0065
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0065
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0065
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0070
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0070
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0070
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0070
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0075
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0075
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0075
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0080
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0080
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0080
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0085
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0085
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0085
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0090
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0090
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0090
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0095
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0095
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0095
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0100
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0100
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0100
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0105
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0105
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0105
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0110
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0110
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0110
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0110
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0115
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0115
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0115
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0120
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0120
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0125
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0125
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0125
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0130
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0130
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0135
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0135
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0135
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0145
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0145
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0145
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0145
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0150
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0150
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0150
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0155
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0155
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0155
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0160
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0160
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0160
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0160
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0165
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0165
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0165
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0170
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0170
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0170
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0170
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0175
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0175
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0175
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0175
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0180
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0180
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0180
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0185
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0185
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0185
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0185
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0190
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0190
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0190
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0195
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0195
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0195
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0200
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0200
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0200
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0205
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0205
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0205
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0210
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0210
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0210
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0215
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0215
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0215
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0215
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0220
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0220
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0220
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0220
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0225
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0225
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0225
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0230
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0230
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0235
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0235
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0235
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0240
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0240
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0240
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0245
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0245
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0245
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0250
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0250
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0250
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0250
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0255
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0255
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0260
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0260
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0260
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0265
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0265
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0265
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0270
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0270
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0270
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0270
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0275
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0275
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0275
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0280
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0280
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0280
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0285
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0285
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0285
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0285
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0290
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0290


interaction as affected by polysaccharide depolymerization using high intensity
ultrasound, Food Hydrocolloids 32 (2013) 235–244.

[59] B. Ghalandari, A. Divsalar, A.A. Saboury, K. Parivar, The new insight into oral
drug delivery system based on metal drugs in colon cancer therapy through beta-
lactoglobulin/oxali-palladium nanocapsules, Journal of photochemistry and pho-
tobiology, B, Biology 140 (2014) 255–265.

[60] S.M. Hosseini, Z. Emam-Djomeh, M. Negahdarifar, M. Sepeidnameh, S.H. Razavi,
P. Van der Meeren, Polysaccharide type and concentration affect nanocomplex
formation in associative mixture with beta-lactoglobulin, Int. J. Biol. Macromol.
93 (2016) 724–730.

[61] H.K. Ha, N.E. Jeon, J.W. Kim, K.S. Han, S.S. Yun, M.R. Lee, W.J. Lee,
Physicochemical characterization and potential prebiotic effect of whey protein
isolate/inulin nano complex, Korean J. Food Sci. Anim. Resour. 36 (2016)
267–274.

[62] S.A. Fioramonti, A.A. Perez, E.E. Aríngoli, A.C. Rubiolo, L.G. Santiago, Design and
characterization of soluble biopolymer complexes produced by electrostatic self-
assembly of a whey protein isolate and sodium alginate, Food Hydrocolloids 35
(2014) 129–136.

[63] F.P. Chen, S.Y. Ou, C.H. Tang, Core-shell soy protein-soy polysaccharide complex
(nano)particles as carriers for improved stability and sustained release of cur-
cumin, J. Agric. Food. Chem. 64 (2016) 5053–5059.

[64] X. Ding, P. Yao, Soy protein/soy polysaccharide complex nanogels: folic acid
loading, protection, and controlled delivery, Langmuir ACS J. Surf. Colloids 29
(2013) 8636–8644.

[65] B. Yin, W. Deng, K. Xu, L. Huang, P. Yao, Stable nano-sized emulsions produced
from soy protein and soy polysaccharide complexes, J. Colloid Interface Sci. 380
(2012) 51–59.

[66] Z. Teng, Y. Luo, Q. Wang, Carboxymethyl chitosan-soy protein complex nano-
particles for the encapsulation and controlled release of vitamin D(3), Food Chem.
141 (2013) 524–532.

[67] W. Wang, F. Liu, Y. Gao, Quercetagetin loaded in soy protein isolate–κ-carra-
geenan complex: fabrication mechanism and protective effect, Food Res. Int. 83
(2016) 31–40.

[68] C. Bengoechea, O.G. Jones, A. Guerrero, D.J. McClements, Formation and char-
acterization of lactoferrin/pectin electrostatic complexes: impact of composition,
pH and thermal treatment, Food Hydrocolloids 25 (2011) 1227–1232.

[69] G. Shimoni, C. Shani Levi, S. Levi Tal, U. Lesmes, Emulsions stabilization by lac-
toferrin nano-particles under in vitro digestion conditions, Food Hydrocolloids 33
(2013) 264–272.

[70] T. David-Birman, A. Mackie, U. Lesmes, Impact of dietary fibers on the properties
and proteolytic digestibility of lactoferrin nano-particles, Food Hydrocolloids 31
(2013) 33–41.

[71] E.S. Lee, K.H. Park, D. Kang, I.S. Park, H.Y. Min, D.H. Lee, S. Kim, J.H. Kim, K. Na,
Protein complexed with chondroitin sulfate in poly(lactide-co-glycolide) micro-
spheres, Biomaterials 28 (2007) 2754–2762.

[72] K. Zhu, T. Ye, J. Liu, Z. Peng, S. Xu, J. Lei, H. Deng, B. Li, Nanogels fabricated by
lysozyme and sodium carboxymethyl cellulose for 5-fluorouracil controlled re-
lease, Int. J. Pharm. 441 (2013) 721–727.

[73] Z. Li, W. Xu, Y. Wang, B.R. Shah, C. Zhang, Y. Chen, Y. Li, B. Li, Quantum dots
loaded nanogels for low cytotoxicity, pH-sensitive fluorescence, cell imaging and
drug delivery, Carbohydr. Polym. 121 (2015) 477–485.

[74] Z. Li, Y. Wang, Y. Pei, W. Xiong, W. Xu, B. Li, J. Li, Effect of substitution degree on
carboxymethylcellulose interaction with lysozyme, Food Hydrocolloids 62 (2017)
222–229.

[75] J.P. Fuenzalida, P.K. Nareddy, I. Moreno-Villoslada, B.M. Moerschbacher,
M.J. Swamy, S. Pan, M. Ostermeier, F.M. Goycoolea, On the role of alginate
structure in complexing with lysozyme and application for enzyme delivery, Food
Hydrocolloids 53 (2016) 239–248.

[76] T. Wang, S. Soyama, Y. Luo, Development of a novel functional drink from all
natural ingredients using nanotechnology, LWT - Food Sci. Technol. 73 (2016)
458–466.

[77] Y. Luo, K. Pan, Q. Zhong, Casein/pectin nanocomplexes as potential oral delivery
vehicles, Int. J. Pharm. 486 (2015) 59–68.

[78] A.K. Anal, A. Tobiassen, J. Flanagan, H. Singh, Preparation and characterization of
nanoparticles formed by chitosan-caseinate interactions, Colloids Surf., B 64
(2008) 104–110.

[79] H. Mok, J.W. Park, T.G. Park, Antisense oligodeoxynucleotide-conjugated hya-
luronic acid/protamine nanocomplexes for intracellular gene inhibition,
Bioconjug. Chem. 18 (2007) 1483–1489.

[80] S. Wang, M. Cao, X. Deng, X. Xiao, Z. Yin, Q. Hu, Z. Zhou, F. Zhang, R. Zhang,
Y. Wu, W. Sheng, Y. Zeng, Degradable hyaluronic acid/protamine sulfate inter-
polyelectrolyte complexes as miRNA-delivery nanocapsules for triple-negative
breast cancer therapy, Adv. Healthcare Mater. 4 (2015) 281–290.

[81] M.S. Thu, L.H. Bryant, T. Coppola, E.K. Jordan, M.D. Budde, B.K. Lewis,
A. Chaudhry, J. Ren, N.R. Varma, A.S. Arbab, J.A. Frank, Self-assembling nano-
complexes by combining ferumoxytol, heparin and protamine for cell tracking by
magnetic resonance imaging, Nat. Med. 18 (2012) 463–467.

[82] K. Stephansen, M. Mattebjerg, J. Wattjes, A. Milisavljevic, F. Jessen, K. Qvortrup,
F.M. Goycoolea, I.S. Chronakis, Design and characterization of self-assembled fish
sarcoplasmic protein-alginate nanocomplexes, Int. J. Biol. Macromol. 76 (2015)
146–152.

[83] S. Piriyaprasarth, M. Juttulapa, P. Sriamornsak, Formation and characterization of
polyelectrolyte complexes containing pectin and zein, Walailak J. Sci. Technol.
(WJST) 13 (10) (2016) Special Issue on Pharmacy and Pharmaceutical Sciences,
(2016).

[84] M. Zhou, T. Wang, Q. Hu, Y. Luo, Low density lipoprotein/pectin complex

nanogels as potential oral delivery vehicles for curcumin, Food Hydrocolloids 57
(2016) 20–29.

[85] D.M. Kabary, M.W. Helmy, K.A. Elkhodairy, J.-Y. Fang, A.O. Elzoghby,
Hyaluronate/lactoferrin layer-by-layer-coated lipid nanocarriers for targeted co-
delivery of rapamycin and berberine to lung carcinoma, Colloids Surf., B 169
(2018) 183–194.

[86] D.M. Kabary, M.W. Helmy, E.-Z.A. Abdelfattah, J.-Y. Fang, K.A. Elkhodairy,
A.O. Elzoghby, Inhalable multi-compartmental phospholipid enveloped lipid core
nanocomposites for localized mTOR inhibitor/herbal combined therapy of lung
carcinoma, Eur. J. Pharm. Biopharm. 130 (2018) 152–164.

[87] A.S. AbdElhamid, M.W. Helmy, S.M. Ebrahim, M. Bahey-El-Din, D.G. Zayed,
E.A. Zein El Dein, S.A. El-Gizawy, A.O. Elzoghby, Layer-by-layer gelatin/chon-
droitin quantum dots-based nanotheranostics: combined rapamycin/celecoxib
delivery and cancer imaging, Nanomedicine 13 (2018).

[88] I.J. Joye, V.A. Nelis, D.J. McClements, Gliadin-based nanoparticles: Stabilization
by post-production polysaccharide coating, Food Hydrocolloids 43 (2015)
236–242.

[89] C.G. de Kruif, F. Weinbreck, R. de Vries, Complex coacervation of proteins and
anionic polysaccharides, Curr. Opin. Colloid Interface Sci. 9 (2004) 340–349.

[90] A. Elzoghby, M. Freag, H. Mamdouh, K. Elkhodairy, Zein-based nanocarriers as
potential natural alternatives for drug and gene delivery: focus on cancer therapy,
Curr. Pharm. Des. (2017).

[91] A.O. Elzoghby, S.A. El-Lakany, M.W. Helmy, M.M. Abu-Serie, N.A. Elgindy, Shell-
crosslinked zein nanocapsules for oral codelivery of exemestane and resveratrol in
breast cancer therapy, Nanomedicine 12 (2017) 2785–2805.

[92] Y. Luo, B. Zhang, M. Whent, L.L. Yu, Q. Wang, Preparation and characterization of
zein/chitosan complex for encapsulation of alpha-tocopherol, and its in vitro
controlled release study, Colloids Surf. B 85 (2011) 145–152.

[93] O.G. Jones, U. Lesmes, P. Dubin, D.J. McClements, Effect of polysaccharide charge
on formation and properties of biopolymer nanoparticles created by heat treat-
ment of β-lactoglobulin–pectin complexes, Food Hydrocolloids 24 (2010)
374–383.

[94] A. Martínez, I. Iglesias, R. Lozano, J.M. Teijón, M.D. Blanco, Synthesis and char-
acterization of thiolated alginate-albumin nanoparticles stabilized by disulfide
bonds, Eval. Drug Delivery Syst. Carbohydr. Polym. 83 (2011) 1311–1321.

[95] A. Martinez, E. Muniz, I. Iglesias, J.M. Teijon, M.D. Blanco, Enhanced preclinical
efficacy of tamoxifen developed as alginate-cysteine/disulfide bond reduced al-
bumin nanoparticles, Int. J. Pharm. 436 (2012) 574–581.

[96] Y.M. Yi, T.Y. Yang, W.M. Pan, Preparation and distribution of 5-fluorouracil (125)I
sodium alginate-bovine serum albumin nanoparticles, World J. Gastroenterol. 5
(1999) 57–60.

[97] J.E. Hodge, Dehydrated foods, chemistry of browning reactions in model systems,
J. Agric. Food. Chem. 1 (1953) 928–943.

[98] B. Shah, P.M. Davidson, Q. Zhong, Encapsulation of eugenol using Maillard-type
conjugates to form transparent and heat stable nanoscale dispersions, LWT - Food
Sci. Technol. 49 (2012) 139–148.

[99] M. Carme Coll Ferrer, P. Sobolewski, R.J. Composto, D.M. Eckmann, Cellular
uptake and intracellular cargo release from dextran based nanogel drug carriers, J.
Nanotechnol. Eng. Med. 4 (2013) 110021–110028.

[100] G. Markman, Y.D. Livney, Maillard-conjugate based core-shell co-assemblies for
nanoencapsulation of hydrophobic nutraceuticals in clear beverages, Food Funct.
3 (2012) 262–270.

[101] J. Li, S. Yu, P. Yao, M. Jiang, Lysozyme-dextran core-shell nanogels prepared via a
green process, Langmuir ACS J. Surf. Colloids 24 (2008) 3486–3492.

[102] L. Zhang, A. Dudhani, L. Lundin, S.L. Kosaraju, Macromolecular conjugate based
particulates: preparation, characterisation and evaluation of controlled release
properties, Eur. Polym. J. 45 (2009) 1960–1969.

[103] J. Li, P. Yao, Self-assembly of ibuprofen and bovine serum albumin-dextran con-
jugates leading to effective loading of the drug, Langmuir ACS J. Surf. Colloids 25
(2009) 6385–6391.

[104] H. Zhou, X. Sun, L. Zhang, P. Zhang, J. Li, Y.N. Liu, Fabrication of biopolymeric
complex coacervation core micelles for efficient tea polyphenol delivery via a
green process, Langmuir ACS J. Surf. Colloids 28 (2012) 14553–14561.

[105] H. Hao, Q. Ma, C. Huang, F. He, P. Yao, Preparation, characterization, and in vivo
evaluation of doxorubicin loaded BSA nanoparticles with folic acid modified
dextran surface, Int. J. Pharm. 444 (2013) 77–84.

[106] A. Martinez, E. Muniz, C. Teijon, I. Iglesias, J.M. Teijon, M.D. Blanco, Targeting
tamoxifen to breast cancer xenograft tumours: preclinical efficacy of folate-at-
tached nanoparticles based on alginate-cysteine/disulphide-bond-reduced al-
bumin, Pharm. Res. 31 (2014) 1264–1274.

[107] A. Martinez, R. Olmo, I. Iglesias, J.M. Teijon, M.D. Blanco, Folate-targeted nano-
particles based on albumin and albumin/alginate mixtures as controlled release
systems of tamoxifen: synthesis and in vitro characterization, Pharm. Res. 31
(2014) 182–193.

[108] W. Deng, J. Li, P. Yao, F. He, C. Huang, Green preparation process, character-
ization and antitumor effects of doxorubicin-BSA-dextran nanoparticles,
Macromol. Biosci. 10 (2010) 1224–1234.

[109] J. Feng, S. Wu, H. Wang, S. Liu, Improved bioavailability of curcumin in oval-
bumin-dextran nanogels prepared by Maillard reaction, J. Funct. Foods 27 (2016)
55–68.

[110] J. Xue, C. Tan, X. Zhang, B. Feng, S. Xia, Fabrication of epigallocatechin-3-gallate
nanocarrier based on glycosylated casein: stability and interaction mechanism, J.
Agric. Food. Chem. 62 (2014) 4677–4684.

[111] X. Pan, M. Mu, B. Hu, P. Yao, M. Jiang, Micellization of casein-graft-dextran co-
polymer prepared through Maillard reaction, Biopolymers 81 (2006) 29–38.

[112] X. Pan, P. Yao, M. Jiang, Simultaneous nanoparticle formation and encapsulation

M. Gaber et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 42–62

61 447

http://refhub.elsevier.com/S0939-6411(18)30821-X/h0290
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0290
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0295
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0295
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0295
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0295
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0300
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0300
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0300
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0300
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0305
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0305
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0305
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0305
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0310
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0310
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0310
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0310
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0315
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0315
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0315
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0320
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0320
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0320
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0325
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0325
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0325
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0330
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0330
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0330
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0335
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0335
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0335
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0340
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0340
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0340
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0345
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0345
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0345
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0350
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0350
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0350
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0355
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0355
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0355
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0360
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0360
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0360
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0365
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0365
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0365
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0370
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0370
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0370
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0375
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0375
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0375
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0375
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0380
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0380
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0380
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0385
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0385
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0390
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0390
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0390
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0395
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0395
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0395
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0400
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0400
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0400
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0400
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0405
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0405
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0405
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0405
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0410
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0410
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0410
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0410
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0415
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0415
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0415
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0415
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0420
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0420
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0420
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0425
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0425
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0425
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0425
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0430
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0430
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0430
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0430
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0435
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0435
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0435
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0435
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0440
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0440
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0440
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0445
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0445
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0450
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0450
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0450
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0455
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0455
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0455
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0460
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0460
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0460
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0465
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0465
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0465
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0465
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0470
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0470
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0470
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0475
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0475
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0475
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0480
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0480
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0480
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0485
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0485
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0490
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0490
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0490
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0495
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0495
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0495
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0500
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0500
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0500
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0505
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0505
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0510
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0510
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0510
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0515
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0515
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0515
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0520
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0520
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0520
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0525
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0525
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0525
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0530
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0530
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0530
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0530
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0535
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0535
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0535
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0535
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0540
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0540
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0540
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0545
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0545
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0545
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0550
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0550
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0550
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0555
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0555
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0560


driven by hydrophobic interaction of casein-graft-dextran and beta-carotene, J.
Colloid Interface Sci. 315 (2007) 456–463.

[113] Y. Wu, X. Wang, Binding, stability, and antioxidant activity of curcumin with self-
assembled casein–dextran conjugate micelles, Int. J. Food Prop. 20 (2017)
3295–3307.

[114] J. Yi, Y. Fan, Y. Zhang, Z. Wen, L. Zhao, Y. Lu, Glycosylated α-lactalbumin-based
nanocomplex for curcumin: physicochemical stability and DPPH-scavenging ac-
tivity, Food Hydrocolloids 61 (2016) 369–377.

[115] S.W. El-Far, M.W. Helmy, S.N. Khattab, A.A. Bekhit, A.A. Hussein, A.O. Elzoghby,
Phytosomal bilayer-enveloped casein micelles for codelivery of monascus yellow
pigments and resveratrol to breast cancer, Nanomedicine (London, Engl.) 13
(2018) 481–499.

[116] A.O. Elzoghby, M.W. Helmy, W.M. Samy, N.A. Elgindy, Micellar delivery of flu-
tamide via milk protein nanovehicles enhances its anti-tumor efficacy in an-
drogen-dependent prostate cancer rat model, Pharm. Res. 30 (2013) 2654–2663.

[117] A.O. Elzoghby, N.I. Saad, M.W. Helmy, W.M. Samy, N.A. Elgindy, Ionically-
crosslinked milk protein nanoparticles as flutamide carriers for effective antic-
ancer activity in prostate cancer-bearing rats, Eur. J. Pharm. Biopharma.: Official
J. Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V 85 (2013)
444–451.

[118] A.O. Elzoghby, B.Z. Vranic, W.M. Samy, N.A. Elgindy, Swellable floating tablet
based on spray-dried casein nanoparticles: near-infrared spectral characterization
and floating matrix evaluation, Int. J. Pharm. 491 (2015) 113–122.

[119] B. Hiller, P.C. Lorenzen, Functional properties of milk proteins as affected by
Maillard reaction induced oligomerisation, Food Res. Int. 43 (2010) 1155–1166.

[120] Z.-M. Huang, Y.Z. Zhang, M. Kotaki, S. Ramakrishna, A review on polymer na-
nofibers by electrospinning and their applications in nanocomposites, Compos.
Sci. Technol. 63 (2003) 2223–2253.

[121] A. Valizadeh, S. Mussa Farkhani, Electrospinning and electrospun nanofibres, IET
Nanobiotechnology 8 (2014) 83–92.

[122] N. Ashammakhi, I. Wimpenny, L. Nikkola, Y. Yang, Electrospinning: methods and
development of biodegradable nanofibres for drug release, J. Biomed.
Nanotechnol. 5 (2009) 1–19.

[123] S. Torres-Giner, M.J. Ocio, J.M. Lagaron, Novel antimicrobial ultrathin structures
of zein/chitosan blends obtained by electrospinning, Carbohydr. Polym. 77 (2009)
261–266.

[124] S. Wongsasulak, M. Patapeejumruswong, J. Weiss, P. Supaphol, T. Yoovidhya,
Electrospinning of food-grade nanofibers from cellulose acetate and egg albumen
blends, J. Food Eng. 98 (2010) 370–376.

[125] X. Zhuang, B. Cheng, W. Kang, X. Xu, Electrospun chitosan/gelatin nanofibers
containing silver nanoparticles, Carbohydr. Polym. 82 (2010) 524–527.

[126] H. Liu, Y.-L. Hsieh, Ultrafine fibrous cellulose membranes from electrospinning of
cellulose acetate, J. Polym. Sci., Part B: Polym. Phys. 40 (2002) 2119–2129.

[127] M.M. Demir, I. Yilgor, E. Yilgor, B. Erman, Electrospinning of polyurethane fibers,
Polymer 43 (2002) 3303–3309.

[128] D.S. Katti, K.W. Robinson, F.K. Ko, C.T. Laurencin, Bioresorbable nanofiber-based
systems for wound healing and drug delivery: optimization of fabrication para-
meters, J. Biomed. Mater. Res. 70B (2004) 286–296.

[129] M.S. Freag, Hyaluronate-lipid nanohybrids: fruitful harmony in cancer targeting,
Curr. Pharm. Des. 23 (2017) 5283–5291.

[130] Z. Chen, J. Chen, L. Wu, W. Li, J. Chen, H. Cheng, J. Pan, B. Cai, Hyaluronic acid-
coated bovine serum albumin nanoparticles loaded with brucine as selective na-
novectors for intra-articular injection, Int. J. Nanomed. 8 (2013) 3843–3853.

[131] A.O. Elzoghby, S.K. Mostafa, M.W. Helmy, M.A. ElDemellawy, S.A. Sheweita,
Multi-reservoir phospholipid shell encapsulating protamine nanocapsules for co-

delivery of letrozole and celecoxib in breast cancer therapy, Pharm. Res. 34 (2017)
1956–1969.

[132] A.O. Elzoghby, S.K. Mostafa, M.W. Helmy, M.A. ElDemellawy, S.A. Sheweita,
Superiority of aromatase inhibitor and cyclooxygenase-2 inhibitor combined de-
livery: hyaluronate-targeted versus PEGylated protamine nanocapsules for breast
cancer therapy, Int. J. Pharm. 529 (2017) 178–192.

[133] M.S. Freag, W.M. Saleh, O.Y. Abdallah, Laminated chitosan-based composite
sponges for transmucosal delivery of novel protamine-decorated tripterine phy-
tosomes: ex-vivo mucopenetration and in-vivo pharmacokinetic assessments,
Carbohydr. Polym. 188 (2018) 108–120.

[134] M. Freag, A. Elzoghby, Protein-inorganic nanohybrids: A potential symbiosis in
tissue engineering, Curr. Drug Targets 19 (2018) 1897–1904.

[135] A.O. Elzoghby, A.L. Hemasa, M.S. Freag, Hybrid protein-inorganic nanoparticles:
from tumor-targeted drug delivery to cancer imaging, J. Control. Release 243
(2016) 303–322.

[136] M.S. Freag, W.M. Saleh, O.Y. Abdallah, Self-assembled phospholipid-based phy-
tosomal nanocarriers as promising platforms for improving oral bioavailability of
the anticancer celastrol, Int. J. Pharm. 535 (2017) 18–26.

[137] N. Elgindy, K. Elkhodairy, A. Molokhia, A. Elzoghby, Biopolymeric microparticles
combined with lyophilized monophase dispersions for controlled flutamide re-
lease, Int. J. Pharm. 411 (2011) 113–120.

[138] N. Elgindy, K. Elkhodairy, A. Molokhia, A. Elzoghby, Lyophilization monophase
solution technique for preparation of amorphous flutamide dispersions, Drug Dev.
Ind. Pharm. 37 (2011) 754–764.

[139] N. Elgindy, K. Elkhodairy, A. Molokhia, A. Elzoghby, Lyophilized flutamide dis-
persions with polyols and amino acids: preparation and in vitro evaluation, Drug
Dev. Ind. Pharm. 37 (2011) 446–455.

[140] A.S. Torky, M.S. Freag, M.M.A. Nasra, O.Y. Abdallah, Novel skin penetrating
berberine oleate complex capitalizing on hydrophobic ion pairing approach, Int. J.
Pharm. 549 (2018) 76–86.

[141] Y. Yang, T. Neef, C. Mittelholzer, E. Garcia Garayoa, P. Blauenstein, R. Schibli,
U. Aebi, P. Burkhard, The biodistribution of self-assembling protein nanoparticles
shows they are promising vaccine platforms, J. Nanobiotechnology 11 (2013) 36.

[142] H. Kaur, M. Ahuja, S. Kumar, N. Dilbaghi, Carboxymethyl tamarind kernel poly-
saccharide nanoparticles for ophthalmic drug delivery, Int. J. Biol. Macromol. 50
(2012) 833–839.

[143] A.V. Nascimento, F. Gattacceca, A. Singh, H. Bousbaa, D. Ferreira, B. Sarmento,
M.M. Amiji, Biodistribution and pharmacokinetics of Mad2 siRNA-loaded EGFR-
targeted chitosan nanoparticles in cisplatin sensitive and resistant lung cancer
models, Nanomedicine (London, Engl.) 11 (2016) 767–781.

[144] T. Andersen, B.L. Strand, K. Formo, E. Alsberg, B.E. Christensen, Chapter 9
Alginates as biomaterials in tissue engineering, Carbohydrate Chemistry, The
Royal Society of Chemistry, 2012, pp. 227–258.

[145] M. Menard, J. Dusseault, G. Langlois, W.E. Baille, S.K. Tam, L. Yahia, X.X. Zhu,
J.P. Halle, Role of protein contaminants in the immunogenicity of alginates, J.
Biomed. Mater. Res. Part B, Appl. Biomaterials 93 (2010) 333–340.

[146] D. Bobo, K.J. Robinson, J. Islam, K.J. Thurecht, S.R. Corrie, Nanoparticle-based
medicines: a review of fda-approved materials and clinical trials to date, Pharm.
Res. 33 (2016) 2373–2387.

[147] P. Satalkar, B.S. Elger, P. Hunziker, D. Shaw, Challenges of clinical translation in
nanomedicine: a qualitative study, Nanomedicine: Nanotechnol. Biol. Med. 12
(2016) 893–900.

[148] C.A. Schutz, L. Juillerat-Jeanneret, H. Mueller, I. Lynch, M. Riediker, Therapeutic
nanoparticles in clinics and under clinical evaluation, Nanomedicine (London,
Engl.) 8 (2013) 449–467.

M. Gaber et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 42–62

62 448

http://refhub.elsevier.com/S0939-6411(18)30821-X/h0560
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0560
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0565
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0565
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0565
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0570
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0570
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0570
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0575
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0575
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0575
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0575
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0580
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0580
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0580
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0585
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0585
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0585
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0585
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0585
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0590
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0590
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0590
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0595
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0595
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0600
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0600
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0600
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0605
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0605
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0610
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0610
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0610
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0615
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0615
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0615
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0620
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0620
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0620
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0625
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0625
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0630
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0630
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0635
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0635
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0640
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0640
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0640
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0645
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0645
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0650
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0650
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0650
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0655
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0655
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0655
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0655
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0660
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0660
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0660
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0660
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0665
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0665
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0665
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0665
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0670
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0670
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0675
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0675
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0675
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0680
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0680
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0680
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0685
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0685
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0685
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0690
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0690
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0690
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0695
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0695
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0695
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0700
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0700
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0700
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0705
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0705
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0705
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0710
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0710
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0710
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0715
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0715
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0715
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0715
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0720
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0720
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0720
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0725
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0725
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0725
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0730
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0730
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0730
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0735
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0735
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0735
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0740
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0740
http://refhub.elsevier.com/S0939-6411(18)30821-X/h0740


Lee et al. Emerging Microbes & Infections  (2018) 7:111 Emerging Microbes & Infections
DOI 10.1038/s41426-018-0107-0 www.nature.com/emi

ART ICLE Open Ac ce s s

Discovery of Enterovirus A71-like
nonstructural genomes in recent circulating
viruses of the Enterovirus A species
Kuo-Ming Lee1, Yu-Nong Gong1, Tzu-Hsuan Hsieh2, Andrew Woodman 3, Nynke H. Dekker4, Craig E. Cameron3 and
Shin-Ru Shih1,2,5,6

Abstract
Enterovirus A71 (EV-A71) is an important nonpolio enterovirus that causes severe neurological complications. In
1998, Taiwan experienced an EV-A71 outbreak that caused 78 deaths. Since then, periodic epidemics of EV-A71
associated with newly emerging strains have occurred. Several of these strains are known to be recombinant;
however, how these strains arose within such a short period of time remains unknown. Here, we sequenced 64 full-
length genomes from clinical isolates collected from 2005 to 2016 and incorporated all 91 Taiwanese genomes
downloaded from the Virus Pathogen Resource to extensively analyze EV-A71 recombination in Taiwan. We found
that the B3 subgenotype was a potential recombinant parent of the EV-A71 C2-like and C4 strains by intratypic
recombination. Such B3-similar regions were also found in many cocirculating coxsackieviruses belonging to
Enterovirus A species (EV-A) through a series of intertypic recombinations. Therefore, locally enriched outbreaks of
cocirculating viruses from different genotypes/serotypes may facilitate recombination. Most recombination
breakpoints we found had nonrandom distributions and were located within the region spanning from the
boundary of P1 (structural gene) and P2 (nonstructural) to the cis-acting replication element at P2, indicating that
specific genome reassembly of structural and nonstructural genes may be subject to natural selection. Through
intensive recombination, 11 EV-A71-like signatures (including one in 3A, two in 3C, and eight in 3D) were found to
be present in a variety of recently cocirculating EV-A viruses worldwide, suggesting that these viruses may be
targets for wide-spectrum antiviral development.

Introduction
Enterovirus A71 (EV-A71), a member of the nonpolio

enterovirus family, belongs to the Enterovirus A species
(EV-A) of Picornaviridae1. Notably, infection with EV-
A71 in children under 5 years of age sometimes leads to
severe neurological complications (e.g., brainstem
encephalitis, meningitis, and acute flaccid paralysis) and

even death owing to cardiopulmonary failure1–3. EV-
A71 is a nonenveloped small RNA virus with a positive,
single-stranded RNA genome1. The viral genome can
be directly translated into a polyprotein consisting of
the structural (P1) and nonstructural (P2 and P3)
regions; this polyprotein is subjected to a series of
proteolytic cleavages to generate functional proteins,
including structural proteins (VP1–4) functioning in
capsid assembly and nonstructural proteins (2A–C,
3A–D) required for viral replication1. Based on
the nucleotide sequence of the VP1 protein, EV-A71
is classified into seven genotypes (A–G)4–6. Genotypes
B and C can be further divided into subgenotypes
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from B0 to B5 and from C1 to C5, respectively7. Out-
breaks caused by these variable genotypes have been
reported8.
In 1969 and the early 1970s, EV-A71 genotype A

caused outbreaks in the United States of America
(USA). However, genotype A did not recur until 2008,
and the intervening worldwide epidemics were found to
be caused by other genotypes8. From the 1970s to the
late 1980s, genotype B dominated and led to outbreaks
in the USA, Japan, Australia, and Europe. In the late
1980s, the prevalent genotype changed to genotype C,
which is currently active outside the Asia-Pacific region.
However, after the 1975 Bulgaria and 1978 Hungary
outbreaks, no severe outbreaks occurred until 19977,8;
since then, several EV-A71 outbreaks have accompanied
fatal hand–foot–mouth disease (HFMD) cases in var-
ious countries in the Western Pacific region, and the
threat continues8. Thus, EV-A71 has been selected by
the World Health Organization as one of the top five
viruses in the post-polio eradication era9. These recent
outbreaks were associated with newly emerging strains,
including the recombinant B3, B4, C2, and
C4 subgenotypes7,8. Notably, recombination is believed
to play a more important role than that of mutations in
the evolution of EV-A717,10. Although clinical trials of
the EV-A71 vaccine are currently ongoing11, novel
vaccine-resistant strains might appear as a result of
recombination. Therefore, characterization of the
mechanisms of viral recombination remains essential.
In Taiwan, EV-A71 has become a long-term pathogen

and can be traced back to as early as 19803; however, the
first severe outbreak occurred in 1998, and Taiwan
experienced the most severe EV-A71 outbreak on record.
In a subsequent outbreak in 2000–2002, 846 severe cases
and 129 deaths were reported2,3. Thus, enterovirus
infection has been evaluated as an important infectious
disease in Taiwan. From 1989 to 2009, physicians and
hospitals used sentinel surveillance systems to monitor
highly infectious diseases; now, computerized systems
carry this responsibility. Additionally, a laboratory-based
virological surveillance system was established in 2000
to focus on influenza virus and enterovirus infections3,
and reporting of severe cases is now mandatory in
Taiwan.
Here, we evaluated the evolution and recombination

of different genotypes of EV-A71 and several cocircu-
lating EV-A viruses in Taiwan based on full-genome
sequence analyses. Our results provide insights into the
crucial role of the similar nonstructural regions via a
series of recombination events associated with various
serotypes, which may be triggered by the emergence of
the temporal EV-A71 B3 strain. These results may
facilitate the development of wide-spectrum antivirals
against cocirculating EV-A strains.

Results
Molecular epidemiological analysis of EV-A71 from 2005 to
2016 in Taiwan
We summarized epidemiological reports of enterovirus

infections from the Taiwan Centre for Disease Control in
Fig. 1. More than 1000 enterovirus infection cases have
been reported annually since 2005 in Taiwan, and both
EV-A and EV-B viruses were common (Fig. 1a). No
dominant serotype has been observed since 2005, and EV-
A71 infections (Fig. 1a, marked in red) had a lower pre-
valence than those of the other cocirculating types, except
in 2012. However, most severe cases were associated with
EV-A71 infections (Fig. 1b), and much higher numbers of
severe cases were reported in 2005, 2008, 2011, and 2012,
correlated with EV-A71 outbreaks12,13.
Sixty-four clinical isolates collected from 2005 to 2016

were sequenced to investigate EV-A71 recombination.
Yearly counts are presented in Table 1. For the purpose of
recombination analysis, all of the 91 full-length genomes
isolated from Taiwan were downloaded from the Virus
Pathogen Resource (ViPR) and subjected to the following
examinations. A maximum likelihood (ML) tree was
inferred using all Taiwanese genomes and published
reference sequences with known subgenotypes (EV-A71
A, B0–B5, and C1–C5; Fig. 1c). The genotype distribution
of the Taiwanese strains is summarized in Table 1. Except
for one C5 strain collected in 2007, all our clinical isolates
belonged to the B5 and C4 subgenotypes. The B5 and
C4 subtrees are shown in Fig. 1d, e, respectively. The
B5 strain showed a ladder-like distribution in the phylo-
genetic tree (Fig. 1d). The strains collected in each year
formed a distinct clade, and the consecutive replacement
of the older clades with the more recent clades indicated
the continuous evolution of the B5 strain after its diver-
gence from the B4 strain. However, the most recent
B5 strains seemed to represent a new branch (Fig. 1d,
upper), which is further discussed in Fig. 2b. The EV-A71
C4 strains collected in different years also belonged to
different clades (Fig. 1e). In contrast, these clades showed
a scattered distribution, meaning that multiple lineages of
the C4 strain may coexist and be transmitted over time.
Interestingly, a periodic switching between the EV-A71

C4 and B5 strains occurred in Taiwan during the years from
2005 to 2016 (Table 1). To elucidate whether this genotype
switching may be caused by the transmission of different
EV-A71 strains from other countries, the VP1 genes of
genomes collected worldwide were obtained from ViPR and
phylogenetically analyzed (Fig. 2a). The details of each
analyzed sequence can be found in Supplementary Table 1.
Since B5 and C4 were the dominant circulating EV-A71
strains in Taiwan, we examined their relationships with the
same strains circulating in nearby countries, including
China, Cambodia, Thailand, and Vietnam (Fig. 2b, c). In the
B5 tree, most sequences came from Taiwan; indeed, Taiwan
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Fig. 1 (See legend on next page.)
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has been the only country to suffer from EV-A71 outbreaks
caused by the B5 strain. Sequences from other countries
collected at similar times formed clusters with Taiwanese
sequences (Fig. 2b, marked in red). For example, Taiwanese
strains in 2003 (TW/2003) were closely related to strains
from Malaysia in the same year. TW/2011-13 were clus-
tered together, but they also clustered with two Vietnam/
2012-13 strains and one China/2009 strain. In contrast, the
new B5 branch may be derived from recent sequences
found in Thailand. Two TW/2015 strains were closely
related to the Thailand/2012–14 strains (Fig. 2b, upper),
and the older Thailand strains (before 2012) were within the
other cluster containing the TW/2003 strains rather than

that containing the TW/2007-11 strain (Fig. 2b, lower).
Thus, the B5 strain may have first been transmitted from
Taiwan to Thailand, where the virus independently evolved.
Later, the locally evolved Thailand B5 strain was transferred
back to Taiwan. Regarding the C4 strain, Taiwanese strains
isolated after 2005 showed higher similarity to those iso-
lated from China (Fig. 2c). Unlike that of the B5 strains, a
scattered distribution of the C4 strains was observed
(Fig. 2c). This result indicated that their genetic clades were
not correlated with isolation year, despite the close rela-
tionships between strains from Taiwan and China in
similar isolation years. Considering the different anti-
genicities of the B5 and C4 strains, which could alter herd
immunity13, genotype switching in Taiwan may be related
to the frequent transmission of different strains outside the
Taiwan region.

Interconnection of circulating EV-A71 by intratypic
recombination
Recent EV-A71 outbreaks have been characterized by an

association with newly emerging subgenotypes8. Both the
C2 and C4 strains are recombinogenic and carry partial
genomes derived through intertypic recombination with
coxsackievirus (CV)-A8 and CV-A16, respectively13,14.
Furthermore, the B4 strain is an example of intratypic
recombination within EV-A71 genotype B13. The emer-
gence of various EV-A71 strains within a decade may be
attributable to regionally enriched, large-scale outbreaks
that can increase the risk of coinfection, a key requirement
for recombination15. To examine this possibility, we eval-
uated Taiwanese full-genome sequences that consisted of a
variety of genotypes/subgenotypes (Table 1) and explored
the relationships among these newly emerging strains. EV-
A71 and prototype CV (including types A2–A8, A10, A12,
A14, and A16) sequences of EV-A were compared to reveal
their recombinogenic properties. Breakpoints in EV-A71
recombination are usually located in the P2 and P3
regions16. Therefore, we first reconstructed ML phyloge-
netic trees of the P1, P2, and P3 regions (Fig. 3a–c,
respectively). Possible recombination events were revealed
by changes in the tree positions of analyzed sequences in
the subgenomic phylogenies17.
In the phylogenetic tree constructed via the P1 region

and rooted with the oldest strain (CVA2-Fleetwood),
distinct clades representative of each genotype/sub-
genotype were observed, and all sequences of prototype

Table 1 Taiwanese genomes of EV-A71 analyzed in this
study

Year Counts (genotype) of

sequences acquired in this

study

Counts (genotype) of

sequences downloaded from

ViPR

1986 6 (B1)

1998 6 (C2)

1999 1 (B4)

2000 1 (B4)

2001 1 (B4)

2002 1 (C4)

2003 1 (B5)

2004 11 (C4)

2005 9 (C4) 5 (C4)

2007 1 (C5) 1 (B5), 1 (C5)

2008 9 (B5) 19 (B5), 3 (C2-like), 1 (C4)

2009 2 (B5)

2010 5 (C4) 1 (C4)

2011 2 (B5), 2 (C4) 8 (B5), 6 (B4), 4 (C4)

2012 28 (B5), 2 (C4) 10 (B5), 1 (C2)

2013 1 (B5) 1 (C2)

2014

2015 2 (B5), 1 (C4)

2016 2 (C4)

Total 64 91

(see figure on previous page)
Fig. 1 Enterovirus surveillance reports in Taiwan since 2005 and phylogenetic tree of Taiwanese EV-A71 full-genome sequences.
a Percentages of enterovirus infections since 2005, including EV-A71 (marked in red), six CV types (A2, A4, A5, A6 A10, and A16 in different colors), EV-
B (purple), and other species (gray) in Taiwan. EV-B included CV types (B1–6 and A9) and echovirus types 3, 6, 11, 18, and 30. Counts of total cases
reported in each year are also shown in parentheses. b Counts of severe complications are further summarized. c Compressed ML tree of Taiwanese
strains in various subgenotypes (A, B0–5, and C1–5). Significant bootstrap support values greater than 70% are indicated at major nodes. d B5 and e
C4 subtrees are shown. The tip labels of the 63 strains in B5 and C4 sequenced in this study are colored in red
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Fig. 2 ML tree of the VP1 gene in Taiwanese and worldwide EV-A71 strains. a Compressed tree, including Taiwanese and worldwide strains.
Significant bootstrap support values greater than 70% are indicated by asterisks at the major nodes. Strains isolated from Taiwan, China, Cambodia/
Thailand/Vietnam, and other countries are marked in different colors. b B5 and c C4 subtrees are shown
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Fig. 3 Intratypic recombination revealed by cross-genotypic patterns in ML trees of subgenomic EVA-71 sequences. Cross-genotypic
patterns are found in the compressed trees of the (a P1, b P2, and c P3) regions, rooted by the oldest prototype strain (CVA2-Fleetwood), which was
isolated in 1947. Comparing to the P1 region, two reclusterings containing EV-A71 C2-like/C4 with B3 and CV-A8 with EV-A71 C in the P2 and P3
region are highlighted in blue. Through intratypic recombination, the B3 subgenotype is a potential origin of recombinants. d EV-A71 C4 and e C2-
like strains were detected by SimPlot (upper panel) and Bootscan (lower panel) analyses. Reference strains, as noted, are marked in different colors.
Numbers indicate nucleotide positions in the CDS corresponding to the viral genome
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CV appeared as an outgroup (Fig. 3a). In contrast, cross-
genotypic patterns in the CV-A and EV-A71 sequences
were identified in the P2 and P3 phylogenetic trees
(Fig. 3b, c). The inconsistency of these phylogenies
reflected recombination events. For example, CV-A8 was
reported as the recombination parent of EV-A71 C213,
and this result is reflected by their coclustering in the P3
region (Fig. 3c, highlighted in blue), indicating that the
high sequence similarity between CV-A8 and EV-A71
genotype C may have facilitated the recombination and
emergence of the EV-A71 C2 strain. Similar reclustering
also occurred in the C2-like and C4 strains. In the P2
phylogenetic tree, the C2-like strain was an outlier of
genotype C of EV-A71, and the C4 cluster was closely
related to genotype B and several prototype CVs (Fig. 3b).
The clustering pattern changed again in the P3 phyloge-
netic tree, and a new cluster containing EV-A71 B3, C2-
like, and C4 was formed. Additionally, prototypes CV-A4,
CV-A14, and CV-A16 were redistributed into the same
cluster (Fig. 3c). Given that the EV-A71 C4 strain was
regarded as a double-recombinant virus containing EV-
A71 genotype B-like P2 and CV-A16-like P3 regions and
that the B3 strain was a recombinant with a CV-A16-like
3D region14,18,19, our results suggested that the EV-A71
B3 strain may be the possible recombination parent of the
C4 strain. Similarly, the C2-like strain may be an
uncharacterized recombinant EV-A71 that also originated
from the B3 strain. These predictions were confirmed by
SimPlot analysis (Fig. 3d, e). When comparing the
C4 strain to reference strains including the EV-A71
genotypes A, B3, and C1, its 5′ region showed a higher
similarity (approximately 88%) to that of EV-A71 geno-
type C1; however, the similarity decreased at the bound-
ary of the 2A/2B coding region, and this effect was
accompanied by an increased similarity (approximately
80%) to B3 toward the 3′ half of the viral genome. The
recombinant breakpoint was mapped to approximately
nucleotide position 2881 of the coding sequence (CDS)
(Fig. 3d). The shift of predominant similarity from one
reference strain to another in different genomic regions
was also observed when we queried C2-like strain
sequences. The C2-like genome contained genotype C-
and B3-similar sequences at the 5′ and 3′ regions,
respectively. However, the breakpoint of the C2-like strain
was mapped to the downstream 2C coding region
(approximately nucleotide 3481 of the CDS), near the
structural cis-acting replication element (Fig. 3e). Since
the EV-A71 B3 strain was also the recombination parent
of the B4 strain13, our data suggested that a temporally
circulating EV-A71 strain B3 may serve as an important
intermediate leading to the emergence of diverse EV-A71
strains. Although we attempted to remove sample size
limitations in the interpretation of the phylogenetic trees
(by downloading all of the full-length genomes isolated in

Taiwan for the current study), some differences may still
exist between the published full-length genomes and the
actual viral population.

Extensive genomic recombinations among the
cocirculating enteroviruses
Various viruses belonging to EV-A continuously cocir-

culate with EV-A71 in Taiwan (Fig. 1a), and many of these
non-EV-A71 viruses are recombinant with unknown
parents16. Thus, we next examined whether EV-A71 may
be involved in the recombination of non-EV-A71 viruses
of EV-A. To prevent sampling bias, we collected all of the
historical EV-A full-genome sequences worldwide for the
following analyses. Since most recombinations in other
EV-A viruses also occur outside the P1 region16, we
evaluated EV-A71 and CV sequences in the P2/P3 coding
region. We utilized Bayesian evolutionary analysis to
specify the spatial-temporal relationships among these
sequences. When sequences spanning from P2 to the 3′
end of the viral genome were analyzed, several clusters
were observed, most of which contained clades corre-
sponding to different serotypes of EV-A and subgenotypes
of EV-A71 (Fig. 4a). One cluster of particular interest
contained the EV-A71 B3, C2-like, and C4 strains as well
as several currently circulating viruses (Fig. 4a, red rec-
tangle). The details of this cluster are shown in Fig. 4b.
Notably, this cluster was proximal to a second cluster
containing the prototype sequences of CV-A4, CV-A14,
and CV-A16, indicating a potential role of these viruses as
recombination parents. Because the evolutionary paths of
the circulating strains in phylogenies might be biased by a
series of recombination events, we emphasized the
detection of incongruous genetic clusters20. Considering
the times at which the viruses distributed in this cluster
arose, EV-A71 B3 represented the oldest strain among all
the branches and may represent the possible origin of the
other viruses (Fig. 4b). However, more genomes (parti-
cularly of historical EV-A strains) are required to
strengthen this conclusion.
We next compared the locations of these recombinant

viruses within the phylogenies constructed using either
the P2 or P3 sequence. In the P2 phylogeny, the prototype
strains of CV-A4, CV-A14, and CV-A16 were redis-
tributed to another cluster consisting of most strains of
genotype B (Fig. 4c, lower), indicating the high sequence
similarity among these viruses, which may have promoted
the emergence of the EV-A71 B3 strain through intertypic
recombination. In the EV-A71 B3-containing cluster,
currently circulating rather than prototype strains of CV-
A2, CV-A6, CV-A8, and CV-A12 were found. The
majority of currently circulating CV-A4 was distributed to
another EV-A71 C4-containing cluster, suggesting that
additional recombination events involving EV-A71 C4
may occur (Fig. 4c, upper). In contrast, all viruses mixed
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Fig. 4 Bayesian phylogenetic tree of currently circulating EV-A viruses. Bayesian phylogenetic trees based on (a) and b. P2/P3, c P2 and d P3
regions. Genotypes/subgenotypes of EV-A71 and CVs are marked in different colors. The subtrees in (b–d) contain mixed clusters, showing intra- and
intertypic recombination events among EV-A71 B3/C4 and CVs. Highlights in c represent the reclustering of the prototype CVs with EV-A71 B and of
EV-A71 C4 with the currently circulating CV-A4
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together without clear assortment in the P3 phylogeny
(Fig. 4d). This sporadic distribution indicated that most
viruses may have similar P3 regions. Thus, recombination
may occur among the cocirculating viruses in the P2
region, which could result in a common P3 region shared
by these viruses. To verify this hypothesis, SimPlot ana-
lyses were carried out to examine the recombination of
currently circulating CVs (Fig. 5). When EV-A71 B3 was
incorporated as the reference strain, a single crossover
was found in the P1/P2 boundary when CV-A2, CV-A6,
CV-A8, and CV-A12 were analyzed (Fig. 5a–d). The role
of EV-A71 C4 in the recombinant CV-A4 and an addi-
tional intertypic recombination between CV-A4 and CV-
A2 were also confirmed (Fig. 5e, f). To eliminate sampling
bias, consensus sequences of these recombinant strains
from EV-A71 B3, B5, C2-like, and C4, and CV-A2, CV-
A4, CV-A6, CV-A8, CV-A12, and CV-A16 were further
generated for comparison to the prototype strains of EV-
A71 and CVs. Eleven EV-A71-like signatures were iden-
tified in the circulating strains of EV-A71 C2-like and C4
and CV-A2, CV-A4, CV-A6, and CV-A12, but not their
prototype strains, except for CV-A4 and CV-A16
(Table 2). Thus, in addition to CV-A1614,18,19,21, CV-A4
might be another potential recombination parent of these
currently circulating viruses. Consistent with the results of
the Bayesian phylogenetic tree (Fig. 4d) and SimPlot pre-
dictions (Fig. 5), all signatures were located in the P3
region (Table 2), which might be caused by the intensive
recombinations in the P2 region. Such signatures cannot
be found in the circulating CV-A16 strain, which has been
reported to be recombinant with EV-A71 genotype A16, or
in the EV-A71 B5 strain, which evolves independently of
other viruses. Both strains carry sequences similar to those
of the EV-A71 prototype strain.

Discussion
In this study, we found that many currently circulating

EV-A strains have undergone recombination and that EV-
A71 B3 may have played a central role in this process,
based on the latest published database of EV-A full-length
genomes (Fig. 6). It is expected that more genomes will be
published and will be added to this simplified flowchart.
Through a series of intra- and intertypic recombinations,
EV-A71-like signatures were found to be widely present
in many currently circulating EV-A viruses (Table 2).
Although the impact of these signatures on viral replica-
tion remains unclear, their prevalence in various EV-A
viruses may have applications in the development of
broad-spectrum antivirals.

Role of recombination in the evolution of EV-A71
The classification of various EV-A71 strains was based

on the nucleotide sequence diversity of the VP1 gene
(genetic variation less than 12 and 19% for subgenotype

and genotype, respectively). The overall identity of amino
acid sequences among these viruses still reached 94%5. The
effects of mutations and recombinations on EV-A71 evo-
lution have been extensively discussed, and although sev-
eral VP1 amino acids are under positive selection, EV-A71
may be subjected to strong negative selection, which the-
oretically should result in a stabilized and purified virus7,10.
Thus, recombination may have played an important role in
the appearance of diverse EV-A71 strains such as B3, B4,
C2, and C4 since 199713,14,18,19. Intratypic recombinations
have also occurred in different EV species, with a higher
frequency in EV-B species than in EV-A and EV-C22. Here,
by analysis of full-genome sequences collected in Taiwan
from 1998 to 2016, we determined when and where
recombination occurred and how these events could have
led to the emergence of the different strains associated
with EV-A71 outbreaks. Although published genomes have
limited value as a proxy for the actual viral population,
several recombination events can be revealed by analyzing
the phylogenetic relationships among EV-A71 sub-
genotypes. We did not rule out the importance of
mutation during EV-A71 evolution23. Instead, a combi-
nation of both recombination and mutation may
result in the rapid switching between different EV-A71
strains within a short time period. In the future, more
genomes will be needed to decipher the evolutionary
history of EV-A71.

Extensive recombination in cocirculating viruses
Sequences with high similarity to those of the prototype

strains CV-A8 and CV-A16 were found in the EV-A71 C2
and B3/C4 strains, respectively13,14,18,19. However, con-
sidering the requirement of coinfection for recombina-
tion, it is possible to obtain the “non-self” genome from
cocirculating viruses15. In addition, as one of the countries
having cocirculation of multiple EV-A71 subgenotypes
and several EV-A viruses, Taiwan represents a good niche
for clarifying the relationships among cocirculating viru-
ses8. In this study, we proposed that the emergence of the
EV-A71 C2-like and C4 strains may be explained by
intratypic recombination with the B3 strain. Although the
presence of the B3 strain in Taiwan has not been pre-
viously documented, it was involved in the recombination
of the B4 strain, which caused severe outbreaks in the
early 2000s12,13. The intensive recombinations were not
EV-A71-specific and could also be found in several cur-
rently circulating EV-A viruses through intertypic
recombinations. Among these viruses, only CV-A2, CV-
A4, and CV-A6 have been documented in Taiwan. How-
ever, all these viruses have been reported to be common
causes of HFMD in China and are recombinogenic with
EV-A7124. Interestingly, a novel EV-A71 genotype C strain
with a mosaic genome structure has been identified in
Germany and Denmark25,26. This new strain had a
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Fig. 5 SimPlot analyses of currently circulating EV-71 and CVs. Recombination among the currently circulating CVs was examined. Using EV-A71
B3 as the reference strain, a single crossover at the P1/P2 boundary was detected by SimPlot (left panel) and Bootscan (right panel) analyses by
querying (a) CV-A2, (b) CV-A6, (c) CV-A8, and d CV-A12. The roles of (e) EV-A71 C4 recombined with CV-A2 and f intertypic recombination of CV-A2
and CV-A4 are further examined. The references used in each analysis are marked in different colors, and coding nucleotide positions corresponding
to the viral genome are indicated
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C1-like VP1 region; however, the 5′ untranslated region
and the P2/P3 region showed higher similarity to EV-A71
B3/C2-like and C4, respectively. This new EV-A71 strain
may have been generated by recombination of the locally
circulating C1 strain with the imported C4 strain that
became dominant recently27. Although intensive recom-
bination of cocirculating EV-A viruses with EV-A71 has
been observed, there are some exceptions. Both CV-A5
and CV-A10 are commonly detected by the Taiwan
enterovirus surveillance system; however, no recombina-
tion with EV-A71 has been observed. Instead, a close
relationship in the nonstructural region, possibly caused
by intertypic recombination between circulating CV-A5
and CV-A10, has been reported28. Therefore, recombi-
nation between cocirculating viruses may be more com-
mon than expected, and full-genome sequencing rather
than sequencing of VP1 only should be considered when
encountering a new epidemic.

Hot spots for recombination: functional impact of genome
reassembly
In all recombination events identified in this study,

breakpoints were mapped to the region extending from

the P1/P2 boundary to the 2C region (Fig. 6a), suggesting
the existence of recombination hot spots. Thus, recom-
bination can result in genome reassembly of the struc-
tural and nonstructural regions. The restricted location
of the breakpoints may have resulted from natural
selection. Delicate cooperation among picornavirus viral
proteins and genomes is required for productive viral
replication29. Because the genome of EV-A can be
directly translated into a polyprotein and then undergo
proteolytic cleavage, changes in the functional entities by
recombination could be deleterious to the virus. For
example, viral 3Dpol is required for viral replication and
recognizes several cis-elements throughout the gen-
ome29. In the case of EV-A71 B3, due to the presence of
the CV-A16-like 3Dpol, the virulence was decreased when
compared with those of EV-A71 B4 and CV-A16 in
mouse model infections21. Therefore, the EV-A71-like
signatures that consist of EV-A71 genotype B-like P2 and
CV-A16-like P3 regions may have been less favored and
discarded in the evolution of EV-A71 genotype B (Fig. 6a,
black rectangle). However, as we have shown here, EV-
A71-like signatures are tolerated by EV-A71 genotype C
and several CVs of EV-A, and the numbers of appropriate

Table 2 Amino acid positions of 11 signatures carried by circulating strains of recombinant EV-A viruses

Gene 3A 3C 3D

Position 39 36 95 44 76 94 134 138 368 428 451

Consensus sequence of circulating strains

EV-A71 B3 D V S H E Q T V N Q Y

EV-A71 C2-like . . . . . . . . . . .

EV-A71 C4 . . . . . . . . . . .

CVA2 . . . . . . . . . . .

CVA4 . . . . . . . . . . .

CVA6 . . . . . . . . . . .

CVA8 . . . . . . . . . . .

CVA12 . . . . . . . . . . .

CVA16 E I T T Q K V T T E F

EV-A71 B5 E . . T Q K V . T D F

Prototype strains (Strain, Country, Year)

EV-A71 A (BrCr, USA, 1970) E I T T Q K V T T E L

CVA2 (Fleetwood, USA, 1947) E I T T Q K V T T E F

CVA4 (HighPoint, USA, 1948) . . . . . . . . . . .

CVA6 (Gdula, USA, 1949) E I T T Q K A T T E F

CVA8 (Donovan, USA, 1949) . . . T . K . . T E F

CVA12 (Texas-12, USA, 1948) E I T T Q K V T T E F

CVA16 (G-10, SOA, 1951) . . . . . . . . . . .

Signatures identified from the EV-A71 B3 strain were found in consensus sequences of circulating strains in EV-A71 genotypes C2-like and C4, and CV serotypes A2, A4,
A6, and A12
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recombination acceptors could keep increasing25,26.
Because a high sequence similarity is preferred for copy-
choice recombination, as detailed in the widely accepted
model of RNA virus recombination15, the sequence
identity between the EV-A71 C4 and B5 strains should
definitely be higher than that between the EV-A71 and
EV-A viruses. Restricted recombination under natural
selection may explain why EV-A71 C4 and B5 cocircu-
lated but did not recombine, exhibiting independent
evolution. We currently have no evidence to conclude
whether recombination may be beneficial for the virus;
however, the ratio of recombinant CV-A6-associated
HFMD has increased worldwide24,30. Here, we provide
only evidence demonstrating the shared nonstructural
proteins of cocirculating EV-A viruses. Through the
establishment of sequence databases that integrate
complete sets of full-genome sequences, we might able to

predict what kinds of genome assembly and possible
recombinants might appear in the future.

Materials and methods
Specimen collection and sequencing of EV-A71
All of the 64 EV-A71 clinical specimens isolated from

2005 to 2016 were provided by the Linkou Chang Gung
Memorial Hospital, Taiwan. Regardless of the illness
diagnosed, we randomly picked clinical samples from
epidemics in this time span. To prevent contamination,
amplified viral stocks from human rhabdomyosarcoma
cells were used for full-genome sequencing. Viral gen-
omes were recovered using TRIzol LS reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The 59 samples collected
before 2014 were sequenced by Sanger sequencing. Oligo-
(dT)20 was used to prepare poly(A)-containing viral

Fig. 6 EV-A71 exhibited intensive inter- and intratypic recombination. A simplified flowchart to illustrate several recombination events identified
in this study. The currently circulating EV-A71 B5 strain was derived from the B4 strain, which was an intratypic recombinant virus of EV-A71 genotype
B (black rectangle). The previously active EV-A71 B3 strain that carried the CV-A16-like 3D genome also exhibited intratypic recombination (blue
rectangle), resulting in the emergence of C4 (#1) and C2-like strains (#2). In addition, intertypic recombination (upper red rectangle) between EV-A71
B3 and several CVs is also shown (#3–6). EV-A71 C4-related intertypic recombination occurred in ~2009 to generate a particular CV-A2 strain (CVA2/
SD/CHN/09), which further recombined with CV-A4 to generate the currently circulating CV-A4 (#7 and #8, lower red rectangle). Breakpoints
corresponding to the coding nucleotide positions of each recombination event are indicated
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cDNA using a ReverTra Ace -α- kit (Toyobo, Osaka,
Japan). Overlapping amplicons covering the entire viral
genome were amplified by different sets of primers18,31,
and genome assembly was carried out using SeqMan
software (DNASTAR, Inc., Madison, WI, USA). The
five samples collected after 2014 were sequenced using
the Illumina HiSeq platform for next-generation sequen-
cing (NGS). NGS data preprocessing included the
removal of low-quality and host reads. Using the Taiwa-
nese B5 and C4 strains as an initial template, the
viral genomes were assembled by an iterative mapping
approach32. A total of 64 genomes obtained in this study
were deposited in GenBank with accession numbers
MG756691–MG756754.

Data collection for EV-A genomes from ViPR and
recombination analysis
Eight hundred thirty-one EV-A71 genomes worldwide

were initially retrieved from ViPR in September 2017.
Sequences with ambiguous nucleotides or without known
sampling dates and countries were removed. To reduce
redundancy, we randomly selected 10 sequences with the
same genotype and isolation year from each country. We
then collected 427 EV-A71 sequences including all Tai-
wanese strains for analysis (Supplementary Table 1).
Moreover, 780 complete CV genomes (belonging to EV-
A) were downloaded from ViPR. After data preprocessing,
351 CV genomes were collected. Details of the analyzed
sequences are shown in Supplementary Table 2. Recom-
bination between the EV-A71 and CV genomes in this
study was detected using SimPlot (version 3.5.1) with a
sliding window size of 600 nt and a step size of 20 nt33. To
identify genomic signatures associated with detected
recombination in this study, a consensus sequence for
each of the serotypes/genotypes was generated by using
the Cons tool with the default setting from EMBOSS31.

Phylogenetic tree analysis
The ML method based on the Hasegawa–Kishino–Yano

(HKY) model was performed to infer the evolutionary
history34. The percentage of replicate trees in which the
associated taxa clustered together in a bootstrap test with
1000 replicates was calculated. All positions with less than
95% site coverage were eliminated. Evolutionary analyses
were conducted in MEGA735. Furthermore, the Bayesian
phylogenetic tree was inferred by BEAST36 with BEA-
GLE37 to estimate the maximum clade credibility (MCC)
tree under the HKY model. Based on our collected
sequences, we generated 50 million Markov chain Monte
Carlo (MCMC) chains with 10% burn-in. One MCC tree
was constructed for every 25,000 chains, and a single
consensus tree was summarized from these MCC trees.
MCMC was also used in BEAST to estimate the time of
divergence for each alignment.
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Topical application of anthranilate derivatives
ameliorates psoriatic inflammation in a mouse model
by inhibiting keratinocyte-derived chemokine
expression and neutrophil infiltration
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ABSTRACT: Psoriasis is an inflammatory autoimmune skindisorder possessing a complex etiology related to genetic and
environmental triggers. Keratinocytes show a potential role for the origin of psoriasis. In this study, we estimated the
efficiencyof2anthranilatederivatives—(E)-4-(N-{2-[1-(hydroxyimino)ethyl]phenyl}sulfamoyl)phenylpivalate (HFP031)
and butyl 2-[2-(2-fluorophenyl)acetamido]benzoate (HFP034)—onpsoriasis amelioration in amousemodel. The results
showed that topical treatmentwith both compounds could attenuate epidermal thickness and scaling in an imiquimod
(IMQ)-inducedpsoriasismousemodelviadecreasedexpressionof cytokinesandchemokines [C-X-Cchemokine ligand
(CXCL)1 and CXCL2], leading to the reduction of neutrophilic abscess in the skin. The in vivo cutaneous absorption of
HFP034was7.6-foldgreater than thatofHFP031.Bothcompoundscausednegligible irritationonhealthymouse skin. In
addition, we examined the effect of the anthranilate derivatives on chemokine expression in IMQ-treated HaCaT
keratinocytes. Our results elucidated amechanism for anti-inflammatory activity ofHFP034 that involved the elevation
of intracellular cAMP concentration, suppression of NF-kB activity, and attenuation of neutrophil chemoattractant
expression. These results suggest that HFP034 could increase the cutaneous concentration of cAMP to suppress neu-
trophil infiltrationinto theskin.TopicallyappliedHFP034maydemonstrateapotential for futureclinicalapplicationasa
novel therapy forpsoriasis treatment.—Lin,Z.-C.,Hsieh,P.-W.,Hwang,T.-L.,Chen,C.-Y., Sung,C.T., Fang, J.-Y.Topical
application of anthranilate derivatives ameliorates psoriatic inflammation in amousemodel by inhibitingkeratinocyte-
derived chemokine expression and neutrophil infiltration. FASEB J. 32, 000–000 (2018). www.fasebj.org

KEY WORDS: psoriasis • imiquimod • anthranlic acid • skin disease • phosphodiesterase-4 inhibitor

Psoriasis is a chronic, multifactorial, inflammatory skin
disorder displaying a complex etiology involving in both
genetic and environmental causes (1). It affects people of

all ages, making psoriasis a serious global problem with
125 million individuals affected worldwide (2). The pso-
riasis pathogenesis involves the crosstalk between multi-
ple cell types and numerous cytokines and chemokines in
response to internal and external triggers (3). The immu-
nologic capacity of keratinocytes in epidermis for both
acute and chronic stages of skin inflammation is main-
tained by permanent crosstalk among particular epider-
mal keratinocytes and immune cells recruited in the skin
(4, 5). For the treatment of mild-to-moderate psoriasis,
topical therapy is generally the most appropriate option
(6). Frustration with medication efficacy, inconvenience,
time constraints, and fear of adverse effects are among the
most common reasons behind patients not using topical
medication as directed (7). There is a great need for the
continuous development of novel, safe, and effective
treatment modalities for psoriasis.

ABBREVIATIONS: CXCL, C-X-C chemokine ligand; CXCR, C-X-C chemokine
receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H&E, he-
matoxylin and eosin; HFP031, (E)-4-(N-{2-[1-(hydroxyimino)ethyl]phenyl}
sulfamoyl)phenyl pivalate; HFP034, butyl 2-[2-(2-fluorophenyl)acetamido]
benzoate; IHC, immunohistochemical/immunohistochemistry; IMQ, imi-
quimod; Ly6G, lymphocyte antigen 6 complex locus G6D; m, mouse; MPO,
myeloperoxidase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; PASI, Psoriasis Area Severity Index; PDE, phosphodiesterase; PEG,
polyethylene glycol; SC, stratum corneum; TEWL, transepidermal water loss
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Mahil et al. (8) highlighted the significance of
neutrophil-keratinocyte interaction in the early patho-
genesis of psoriasis, showing the importance of neu-
trophils in the early phase of psoriasis, because they
are involved in T-cell recruitment and keratinocyte
proliferation/differentiation. A previous clinical study
had shown that depletion of activated neutrophils by
adsorptive apheresis, as a nonpharmacological inter-
vention, was associated with a significant improvement
of psoriasis lesion (9). Neutrophils are mainly observed
in the viable skin affected by psoriasis and are migrated
by the chemokines (10, 11). The chemokines C-X-C che-
mokine ligand (CXCL)1/growth-related protein-a and
CXCL2 (growth-related protein-b/macrophage inflam-
matory protein 2a) are produced by macrophages, mast
cells, and keratinocytes (12, 13). They mediate the func-
tion by signaling viaC-X-C chemokine receptor (CXCR)2
on the neutrophils. CXCL8 (IL-8) is a member of the che-
mokine family that acts onCXCR1 andCXCR2. CXCL8 is
constitutively produced by macrophages, hepatocytes,
keratinocytes, and endothelial cells (14). CXCL1, CXCL2,
and CXCL8 are considered to show an essential position
in the psoriasis evolution. The previous report had indi-
cated that the expressionofCXCL1,CXCL2, andCXCL8 is
elevated in psoriatic skin but not in healthy skin (15).

Anthranilate-related compounds have been recog-
nized as having biologic activities, in particular, anti-
cancer, -platelet, -bacterial, and -inflammatory activities
(16–18). The 2 anthranilate derivatives—(E)-4-(N-{2-[1-
(hydroxyimino)ethyl]phenyl}sulfamoyl)phenyl pivalate
(HFP031) and butyl 2-[2-(2-fluorophenyl)acetamido]
benzoate (HFP034)—have been reported to have anti-
inflammatory potency. HFP031 (in our previous study)
showed dual inhibitory effects on human neutrophil elas-
tase and proteinase 3 (19). HFP034 (in our previous study)
exhibited a potent inhibitory effect on the N-formyl-L-
methionyl-L-leucyl-phenylalanine-induced release of O2

•2

and phosphodiesterase (PDE)4 activity by using human
neutrophils as the inflammation cellmodels (20). PDE4 is
a cAMP-metabolizing enzyme, exhibiting amajor role in
inflammatory regulation. PDE4 inhibitors have been
investigated as anti-inflammatory agents as a result of
the repressed activity on immune cells (21). Apremilast is
a PDE4 inhibitor approved by the U.S. Food and Drug
Administration for oral administration to treat psoriasis.
However, oral PDE4 inhibitors can cause a low thera-
peutic index and adverse effects, such as nausea and
headache. We aimed to examine the anti-psoriatic ac-
tivity of HFP031 and HFP034 using the imiquimod
(IMQ)-induced mouse, as well as human keratinocytes
and neutrophils, as the models. The topical route was
used in this work to avoid the side effects caused by oral
PDE4 inhibitors. The possible mechanisms of the anti-
psoriatic potency of both compoundswere also explored.

MATERIALS AND METHODS

IMQ-induced psoriasis mouse model

All animal experiments were conducted in strict accordance
with the recommendation set forth in the Guidelines for the

Institutional Animal Care and Use Committee of Chang Gung
University. BALB/cmice, at 8 wk of age, received a daily topical
dose of 62.5mgAldara cream (3MPharmaceuticals, St Paul,MN,
USA) containing 5% IMQon their shaved backs for 5 consecutive
days. The control mice were also shaved and left untreated. The
treatment group ofmice was additionally pretreatedwith 100ml
of 10 mg/ml compounds in a polyethylene glycol (PEG)400-
ethanol mixture (4:6). HFP031 and HFP034 were synthesized
basedon themethods reportedpreviously (19, 20).Themicewere
euthanized on d 4 and 7. The samples from the dorsal skin were
taken for mRNA or protein extraction and histologic visualiza-
tion. According to the objective scoring system—Psoriasis Area
and Severity Index (PASI)—erythema, scaling, and thickness
were recorded independently, with a score from 0 to 4 (0 no
infection, 1mild, 2 intermediate, 3 severe, 4very severe). The total
scoring (erythema, scaling, and thickness) presented as the esti-
mation of the psoriatic severity degree (score 0–12).

Immunohistochemical staining of skin sections

Thedorsal skin samplewas fixed in 10% formalin, buffered in the
phosphate saline, and processed for hematoxylin and eosin
(H&E) staining. The unstained slices of formalin-fixed, paraffin-
embeddedskinsampleswereprepared for immunohistochemistry
(IHC). After dewaxing and rehydration, the paraffin-embedded
sections were subjected to heat-induced epitope retrieval using
Bond Epitope Retrieval Solution 2 (Leica Biosystems, Wetzlar,
Germany), according to the manufacturer’s instructions, followed
by blocking with diluted normal serum. Sections were incubated
with rabbit polyclonal anti-mouse (m)CXCL1 antibody, anti-
mCXCL2 antibody, anti-mLy6G antibody, or anti-mouse myelo-
peroxidase (anti-mMPO) antibody for 1 h at room temperature;
washed with saline containing 0.5% Tween 20, and sub-
sequently incubated at ambient temperature with biotinylated
donkey anti-goat IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for 20 min. Color reaction was visual-
ized using a Vectastatin Elite avidin-biotin complex kit (Vector
Laboratories, Burlingame, CA, USA). Photomicrographs were
obtained using an Olympus DP72 digital color camera for mi-
croscopy (Tokyo, Japan).

Real-time quantitative RT-PCR

After the mice were euthanized, 5 mm punch biopsies were ac-
quired from the dorsal region. The total RNAwas isolated by the
Direct-zolRNAMiniPrepKit (ZymoResearch, Irvine, CA,USA).
The mRNA concentration was rated, using a Nanodrop spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
before conversion to cDNA using iScript Reverse Transcription
Supermix (Bio-Rad, Hercules, CA, USA). The real-time PCR
primers for relativeexpressionanalysesofmCXCL1,CXCL2,and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are de-
scribed elsewhere. The assay of real-time PCR was set up in
microcapillary tubes (10 ml), consisting of cDNA solution (3 ml),
iQ SYBR Green Supermix (5 ml; Bio-Rad), and 0.5 mM each with
sense and antisense primers.We carried out the PCR program as
follows: denaturation at 95°C for 3 min and 40 amplification
cycles consisting of denaturation at 95°C for 15 s, annealing, and
extension at 60°C for 30 s. GAPDH levels were used for nor-
malization of themRNA level. The sequences of the PCRprimers
were as follows: 59-CAAACCGAAGTCATAGCCACAC-39 (for-
ward) and 59-TGGGGACACCTTTTAGCATCTTT-39 (reverse)
for mCXCL1; 59-ACTCTCAAGGGCGGTCAAAAA-39 (for-
ward) and 59-AGGCACATCAGGTACGATCCA-39 (reverse)
for mCXCL2; and 59-AAGGTCATCCCAGAGCTGAA-39 (for-
ward) and 59-CTGCTTCACCACCTTCTTGA-39 (reverse) for
mGAPDH (22).
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Measurement of cytokines and chemokines

The amounts of cytokines and chemokines in the skin or cell
supernatant were determined by the ELISA method. The 5 mm
punch biopsies were acquired from the dorsal area of themouse,
incubating in a 1 ml PBS with complete protease inhibitors
(Roche, Basel, Switzerland). The fragments of biopsy were ho-
mogenized at 6500 rpm for 30 s and cooled down for 1min. After
a centrifugation at 13,000 rpm and 4°C for 10 min, the superna-
tantwaspipetted. TheproteinwasquantifiedwithProteinAssay
Dye (Bio-Rad). For in vitro samples, HaCaT cells (1 3 105/well)
were seeded at least in triplicate into 12-well plates in a 1 ml
mediumwith 10% fetal bovine serum.After reaching confluence,
the cells were treated with different experimental conditions for
24 h. The culture supernatants were harvested for analysis. The
concentrations of cytokines IL-1b, IL-6, and TNF-a and chemo-
kines CXCL1, CXCL2, and CXCL8 were measured using the
commercial kits (BioLegend, San Diego, CA, USA), based on the
manufacturer’s instructions.

In vitro absorption of HFP031 and HFP034

The skin absorption experiment was conducted with the Franz
diffusion cell. Nudemice, BALB/cmice, andpig skinswereused
as the model permeation barriers in this study. The available
diffusion areawas 0.785 cm2. Themedium loaded in the receptor
compartment was 30% ethanol in pH 7.4 buffer to facilitate ex-
amining the absorption of HFP031 and HFP034. The donor
compartment (0.5 ml) was loaded with 1 mg/ml HFP031 or
HFP034 in a PEG400-ethanol mixture (4:6). At determined in-
tervals, a 300 ml mediumwas withdrawn from the receptor. The
skin was removed from the Franz cell after a 24 h treatment. The
cutaneous reservoir was extracted by methanol. The receptor
mediumand skin extractwere analyzedbyHPLC.A25 cm-long,
4 mm inner-diameter, stainless-steel C18 column (Merck, Kenil-
worth, NJ, USA) was used for the stationary phase. The mobile
phase consistedofmethanol-water (80:20) forHFP031;methanol-
water (90:10) for HFP034 was used at a flow rate of 0.7 ml/min.
Thewavelength of theUVdetectorwas set at 264 and 248 nm for
HFP031 and HFP034, respectively.

In vivo absorption of HFP031 and HFP034

A glass, hollow cylinder, with an available region of 0.785
cm2, was attached to the BALB/c mouse back, with or with-
out 5% Aldara cream treatment. A 0.2 ml PEG400-ethanol
mixture (4:6), containing HFP031 or HFP034, was pipetted
into the cylinder. The administration duration was 6 h. The
extraction method to detect the cutaneous reservoir of the
anthranilate compoundswas the same as the in vitro absorption
study.

In vivo skin tolerance of HFP031 and HFP034

The PEG400-ethanol vehicle containing HFP031 or HFP034, at
the concentration of 10mg/ml, was applied daily (0.6 ml) on the
dorsal skin of the mouse for 6 consecutive days. The compound
vehiclewas replacedbyanewoneeach24h.The treated skinwas
examined each day for physiologic parameters. These included
transepidermal water loss (TEWL), erythema, and skin surface
pH every day after the vehicle removal. A Tewameter (TM300;
Courage and Khazaka, Köln, Germany) was used to measure
TEWL (g/ m²/h). A spectrocolorimeter (CD100; Yokogawa,
Tokyo, Japan) was used to estimate skin erythema. The skin
surface pH was detected by Cutometer MPA580 (Courage and
Khazaka).

Cell culture

HaCaT cells were routinely cultured in DMEM (Thermo Fisher
Scientific), supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin in 5% CO2 at 37°C. Cells from passages
5–12 were used for the experiments. In some experiments, the
HaCaT was serum starved for the determined periods. For the
activation of inflammatory condition, the cells were stimulated
with IMQ (5 mg/ml) for the determined times.

Cytotoxicity

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used for the evaluation of HaCaT viabil-
ity. HaCaT (105 cells/ml) was added to 96-well plates overnight.
After incubationwith the compounds at different concentrations
for 24 h, MTT solution (5 mg/ml in PBS) was added into the
wells. After the incubation at 37°C for 4 h, the cellular MTT was
resolved with DMSO. The plates were read by a spectropho-
tometer at 550 nm. All experiments were performed in 4 repeats.

Measurement of cAMP concentration

HaCaTwasadded in6-wellplates (33106 cells/well), pretreated
with 10 mM forskolin or compounds at 37°C for 1 h and sub-
sequently treated with 5 mg/ml IMQ for another 30 min. The
cAMP level was measured by using a commercial Enzyme Im-
munoassay Kit (Amersham Biosciences, Little Chalfont, United
Kingdom), based on the manufacturer’s instruction.

Immunoblotting analysis

TheHaCaTwas seeded onto 12-well plateswith serum for a 12-h
starvation. After the incubation with IMQ (5 mg/ml), in the
presence or absence of inhibitors or compounds for different
periods, HaCaT was collected and pipetted into the lysis buffer.
Thenuclearpelletwasobtainedafter a centrifugationat 400gand
4°C for 5 min. After probe sonication, the nuclear protein frac-
tions were obtained by centrifugation at 8000 g and 4°C for
10min.TheProteinAssayDye (Bio-Rad)wasused toquantify the
protein concentration. The proteinswere separated and analyzed
by SDS-PAGE. The proteinswere treatedwith various antibodies
overnight at 4°C after the transfer onto the nitrocellulose mem-
branes. These antibodies included phospho-P65 secondary anti-
rabbit or anti-mouse horseradish peroxidase antibodies (1:2000
dilution), which were subsequently incorporated for 1 h. Bound
antibodies were observed by the ECL reagent (PerkinElmer,
Waltham, MA, USA).

Chemotaxis assay

A chemotaxis assay was conducted in 24-chamber Transwell
plates with a pore size of 3 mm (Corning, Corning, NY, USA).
The neutrophils were separated from the blood of healthy
volunteers, aged between 20 and 30 yr old, based on the
protocol approved by the Institutional Review Board of
Chang Gung Memorial Hospital. The procedures for neu-
trophil purification were the same as for the previous study
(23). The isolated human neutrophils were incorporated in
DMEM, supplemented with 0.25% bovine serum albumin.
The cellswere added into the upperwells (53 104 cells/well),
and conditioned medium harvested from HaCaT cells was
added to the lower wells. The plates were stored at 37°C for
1.5 h before being placed on ice, and 0.5M EDTA (100ml) was
pipetted into each well at 4°C 10 min. The well insert was
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removed, and then the cell suspension was collected for
washing. Absolute counts were obtained using a Moxi Z
Mini-Automated Cell Counter Kit (Orflo, Ketchum, ID,
USA).

Statistical analysis

The statistical analysis was carried out using GraphPad Prism 5
software. Dual comparisons were made with an unpaired Stu-
dent’s t test.Groupsof 3 ormorewereanalyzedbyANOVAwith
Tukey or Dunnett posttests.

RESULTS

Topical application of anthranilate derivatives
prevents the development and severity of
IMQ-induced psoriasis-like skin inflammation

Figure 1A shows the MW and partition coefficient (log P)
of the compounds tested in this study. The physicochem-
ical characteristics revealed that the molecular size of
HFP031 was greater than HFP034. A lower log P of
HFP031 than HFP034 demonstrated a more hydrophilic
nature of HFP031. This could be a result of the greater
number of oxide double bonds in the HFP031 structure.
To assess whether anthranilate derivatives were able to
improve psoriatic pathogenesis, mice were topically
pretreatedwithHFP031 orHFP034 for 7 d, and the IMQ
cream was applied daily, 2 d post-treatment of the an-
thranilate compounds (Fig. 1B). The mice were eutha-
nized on d 7. The application of IMQ cream on the back
skin displayed the symptoms of erythema, scaling, and
thickening of the skin, following a significant in-
flammation, according to the gross and microscopic
appearances of the skin surface (Fig. 1C, D). The signs
and symptoms of the psoriatic erythema, scaling, and
thickening in the HFP031- and HFP034-treated groups
were significantly reduced compared with those of the
IMQ-treated group. The H&E staining of the IMQ-
induced skin showed a dramatic increase of epidermal
thickness in the back skin (Fig. 1E). IHC staining
of lymphocyte antigen 6 complex locus G6D (Ly6G)
revealed the infiltration of neutrophils into the dermis
and epidermis, known as Munro’s microabscesses, in
IMQ-treated skin (Fig. 1F). During the process of neu-
trophil recruitment, MPO was rapidly created upon
IMQ stimulation (Fig. 1G). IHC staining of the epider-
mal proliferation maker Ki67+ showed the increased
epidermal thickness (acanthosis) and elongated finger-
like epidermal projections into the dermis (rete ridges;
Fig. 1H). The anthranilate derivative-treated groups
showed a significant decrease in epidermal thickness,
neutrophil infiltration, and keratinocyte proliferation.
Notably, the PASI score and epidermal thickness esti-
mated by histopathology were significantly reduced in
the compound-treated groups compared with the IMQ
group (Fig. 1I, J). HFP034-treated mice showed a sig-
nificantly stronger inhibition of microabscesses com-
pared with HFP031-treated mice (Fig. 1K). TEWL is
associatedwith the level of barrier-function impairment.

The psoriasiform skin of the IMQ-treated group revealed
a significantly greater degree of TEWL (Fig. 1L). Both of
the anthranilate derivative-treated groups could reduce
TEWL to ameliorate the barrier disruption, although the
level could not be recovered to the control baseline.

Skin absorption and safety of
anthranilate derivatives

After the determination of the efficacy of the anthrani-
late derivatives in the IMQ-induced psoriatic mouse
model, we next examined the deposition of these 2
compounds in mouse and pig skins to speculate on the
ability of the topically applied compounds to penetrate
into the skin. As there is an ester moiety in the HFP031
and HFP034 structures, the esterases in the skin may
hydrolyze the compounds to produce an inactive form.
Figure 2A, left, is the HPLC chromatogram of HFP031
andHFP034 in standard solution.We found only 1 peak
in the graph, indicating a high purity. The anthranilate
compounds in the skin after extraction were monitored
byHPLC, as illustrated in Fig. 2A, right. Therewas still 1
peak of the compounds after penetration into the skin,
suggesting that no hydrolysis occurred after absorp-
tion. The cutaneous permeation of HFP031 andHFP034
was first compared using the in vitro Franz cell. The skin
deposition and the flux across the skin were estimated.
The permeant deposition within the skin indicates the
uptake by the skin tissue. The flux predicts the possible
delivery into systemic circulation. When anthranilate
derivatives were applied to the different animal skins
for 24 h, the diffusion amount into the receptor was
below the detection limit of the analytical method. This
demonstrated good targeting ofHFP031 andHFP034 in
the skin reservoir without further penetration into the
circulation. We investigated the in vitro skin absorption
of the anthranilate derivatives in nude mice, BALB/c
mice, and pig skins (Fig. 2B). Topical application of
HFP034 resulted in much greater mouse skin accumu-
lation than HFP031. In the case of pig skin, HFP031 and
HFP034 exerted a comparable cutaneous uptake. We
also compared the in vivo skin delivery of both com-
pounds in intact and psoriasis-like skins after a 6 h
administration (Fig. 2C, D). IMQ sensitization signifi-
cantly increased HFP034 accumulation, from 0.27 to
1.29 nmol/mg. A similarly increased trend by IMQwas
observed in HFP031 absorption. This indicated a weak
barrier property of psoriasis-like skin, as proven by
TEWL.

Safety is a vital issue for the new agent development
for skin-disease therapy. It was our attempt to know
the possible skin irritation by anthranilate derivatives.
Topically applied HFP031 and HFP034 treatments
generally showed no change in appearance, visualized
by a digital camera and a handheld microscope (Fig.
2E, F). The skin histology also revealed no epidermal or
dermal damage after compound treatment for a con-
secutive 5 d challenge (Fig. 2G). The skin physiology,
such as TEWL, erythema, and skin-surface pH, was
evaluated each day by a 5 d administration of the
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compounds (Fig. 2H–J). TEWL was slightly increased
after a 4 d treatment of the control vehicle, HFP031, and
HFP034. This could be a result of the ethanol in the
vehicle disrupting the skin barrier. The treatment of

anthranilate derivatives did not further elicit the bar-
rier defect. The profiles of erythema and the skin sur-
face pH detection indicated no skin rash and irritation
in any of the groups.

Figure 1. The anthranilate
derivatives attenuate IMQ-
induced mouse psoriatic skin
inflammation. A) The chemical
structures, MWs, and log P of
compounds HFP031 and
HFP034. B) Timeline for IMQ-
induced psoriasis-like skin in-
flammation model. The mice
were topically treated with or
without compounds from d 0 to
6, and then the psoriasis-like
skin was induced by IMQ cream
from d 2 to 6. Mouse back skin
was collected on d 7. C) The
gross images of mouse back
skin were represented on d 7
by digital camera. D) The close-
up imaging by hand-held digital
microscopy. E–H) Skin sections
were represented by H&E stain-
ing (E) and IHC analysis for
Ly6G (F), MPO (G), and Ki67+

(H). I) Quantification of mouse
skin histology examined using
the PASI score. J ) Epidermal
thickness quantified by H&E
staining. K ) Total counts of
abscesses by H&E staining. L)
TEWL measurement. CTL, con-
trol. *P , 0.05, **P , 0.01,
***P , 0.001.
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Anthranilate derivatives inhibit chemokines
in psoriasis-like skin

It is apparent that neutrophils are involved in regulatory
networks underlying the psoriasis pathophysiology. IMQ
induces the CXCR2 ligand expression in HaCaT cell lines
and primary human keratinocytes in vitro (22, 24), sug-
gesting that IMQ-stimulated keratinocytes may initiate
neutrophil recruitment. This result prompted us to hy-
pothesize that anthranilate derivatives inhibit the pro-
duction of these ligands, contributing to decreased early
neutrophil infiltration in the initial stage of psoriasis. The
location of CXCL1 and CXCL2 expression in the skin was
determined by IHC, 3 d after IMQ treatment (Fig. 3A, B).

The histology showed clouds of chemokine expression in
the epidermis by IMQ application. We also observed the
neutrophil recruitment in the dermis in the early stage of
the psoriasis-like mouse skin by Ly6G and MPO staining
(Fig. 3C, D). HFP031 and HFP034 inhibited chemokine
expression in the epidermis and neutrophil infiltration in
the dermis. We also analyzed the mRNA expression and
protein levels of CXCL1 and CXCL2, 3 d post-IMQ stim-
ulation (Fig. 3E, F). These chemokines were highly
expressed in the IMQ-irritated mouse skin. Treatment
with HFP034 downregulated the chemokine expression
more significantly thanHFP031. ThemRNA and protein
expression demonstrated a consistent result. IMQ is
known to reduce anti-inflammatory cAMP and then to

Figure 2. In vitro and in vivo cutaneous absorption of the anthranilate derivatives. A) HPLC chromatogram of HFP031 and
HFP034 in standard solution and psoriasis-like skin extract. B) In vitro skin absorption of HFP031 and HFP034 in 40% PEG400-
ethanol solution, measured by the Franz diffusion cell in nude mouse, BALB/c mouse, and pig skins. C, D) In vivo skin absorption
of HFP031 and HFP034 in 40% PEG400-ethanol solution (1 mg/ml) using BALB/c mouse skin induced without (C) and with
(D) IMQ cream. In vivo skin tolerance examination after a 6 d application of topically applied 0.6 ml anthranilate derivatives
(10 mg/ml in 40% PEG400-ethanol solution). E) The gross images of mouse back skin were represented on d 6 by digital camera. F)
The close-up imaging by hand-held digital microscopy. G) Skin sections represented by H&E staining. H–J) TEWL (H); erythema
(I); and skin surface pH value (J). *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 3. A–D) The anthranilate derivatives suppress IMQ-induced, neutrophil-related chemokine expression and neutrophil
infiltration in mouse skin at the early stage of psoriasis-like skin. IHC analysis represents neutrophil-related chemokines CXCL1
(A) and CXCL2 (B) and neutrophil markers Ly6G (C) and MPO (D) on d 4. E, F) The mRNA (E) and protein (F) levels of
neutrophil-related chemokines CXCL1 and CXCL2 in psoriasis-like skin. G, H) The effect of HFP031 and HFP034 on IMQ-
induced cAMP level (G) and NF-kB phosphorylation (H) in psoriasis-like skin. *P , 0.05, **P , 0.01.
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elicit the stimulation of NF-kB and the downstream pro-
duction of proinflammatory cytokines through the aden-
osine receptor-dependent mechanism. The mRNA and
protein levels of cytokines, such as IL-1b, IL-6, andTNF-a,
were also examined (Supplemental Fig. S1). There was a
significant inhibition of cutaneous cytokines in the
psoriasis-like skin treated by both compounds. Beside
these cytokines, it is well known, at the present time, that
the T-helper 17-derived IL-17 and IL-22 cytokines are
strongly enhanced in psoriasis and mainly involved in its
physiopathology (25).Wealsodetermined IL-17A, IL-17E,
and IL-22 protein expression in IMQ mice skin (Supple-
mental Fig. S2). The results showed that HFP034 could
significantly reduce the IL-17A and IL-17E expression.
However, there was no significant inhibition of IL-22
protein expression in thepsoriasis-like skin treatedbyboth
compounds. We then evaluated the effect of anthranilate
derivatives on the cAMP level in the psoriasis-like skin
(Fig. 3G). The experimental data exhibited that the cAMP
level was higher in the tissue of theHFP034-treated group
compared with the IMQ and HFP031 groups. This sug-
gested that HFP034, but not HFP031, elevated the cAMP
concentration arrested by IMQ. The phosphorylation of
NF-kB was increased after IMQ treatment (Fig. 3H). The

HFP034-treated group significantly downregulated the
phosphorylation level of NF-kB compared with HFP031.

HFP034 but not HFP031 enhances the cAMP
level in HaCaT cells

The cAMP level is the result of the balance between syn-
thesis by adenylyl cyclases anddegradationbyPDEs. PDE
inhibition displays an efficient mechanism for enhancing
intracellular cAMP, resulting in the targeted immune
suppression. The immunosuppressive and anti-
inflammatory impacts of cAMP are also attributed to its
inhibitory downstream activity on the NF-kB function.
Next,weexamined themechanismsunderlying theeffects
of anthranilate derivatives on the intracellular concentra-
tion of cAMP and activation of NF-kB in the IMQ-
stimulatedHaCaTmodel. Before the determination of the
cAMP level and NF-kB phosphorylation, the cytotoxicity
of anthranilate derivatives should be known. The data
showed that there was no significant cell death under the
concentrationof20mM(Fig. 4A). ThecAMPconcentration
in HaCaT was assessed by different treatments (Fig. 4B).
Rolipram is a selective PDE4 inhibitor used as a positive
control. Forskolin is demonstrated to raise the cAMP level

Figure 4. The anthranilate derivatives mediate cAMP concentration and NF-kB phosphorylation in IMQ-induced HaCaT
keratinocytes. A) HaCaT keratinocytes were treated with various concentrations of anthranilate derivatives for 24 h. The cell
viability of the cells was determined by MTT assay. B, C) HaCaT keratinocytes were pretreated with HFP031 (10 mM), HFP034 (10
mM), forskolin (10 mM), and rolipram (1 mM) or forskolin combined with anthranilate derivatives and then stimulated with IMQ
(5 mg/ml) for 30 min. The cAMP levels were measured using enzyme immune assay kits. The phosphorylation status of P65 was
determined by Western blotting. All data are expressed as the means 6 SEM (n = 4). *P , 0.05, **P , 0.01, ***P , 0.001.
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via the activation of adenylyl cyclase. HFP031, HFP034,
and rolipram induced no increase in the cAMP concen-
tration in the absence of IMQ activation. IMQ treatment
slightly, but insignificantly, decreased cAMP expression.
Forskolin promoted the cAMP level in the conditions,
with orwithout IMQ treatment.With the presence of IMQ,
forskolin promoted a higher cAMP level when HFP034
was added rather than HFP031. Additionally, forskolin
and IMQpromoted a similar level of cAMP in the presence
and absence of HFP031. Forskolin produced the highest
cAMP level in the presence of IMQ and rolipram.

HFP034 and rolipram induced a significant increase in
the cAMP level in the forskolin-induced cAMP formation.
This phenomenon was not detectable for HFP031. On the
other hand, HFP034 combined with rolipram did not
demonstrate an additive effect on cAMP formation,which
confirmed the role of HFP034 as a PDE4 inhibitor. P65 is a
subunit of NF-kB. HFP034 and rolipram markedly attenu-
ated the phosphorylation of NF-kB in IMQ-stimulated
HaCaT keratinocytes (Fig. 4C). These results suggested that
cAMP/NF-kBwas involved inHFP034-mediated inhibition
on IMQ-induced, neutrophil-related chemokine expression
in HaCaT cells. The inhibitory capability of HFP031 on pso-
riasis and chemokineswas not based on the PDE4 pathway.

Involvement of anthranilate derivatives in
forskolin-induced inhibition of chemokine
production in HaCaT cells

We subsequently examined whether anthranilate deriva-
tives enhanced forskolin-induced inhibition of chemokine
production in HaCaT cells activated with IMQ. As shown
in Fig. 5A, B, HFP034 greatly enhanced forskolin-induced
inhibition of IMQ-induced secretion of CXCL1, CXCL2,
and CXCL8 in the mRNA and protein levels. The re-
sults indicated that adenylyl cyclase is required for the
forskolin-induced inhibition of these chemokines. How-
ever, HFP031 did not significantly alter forskolin-induced
inhibition of these chemokines. Bay 11-7082 is a positive
control for suppressing the production of chemokines. The
key proinflammatory cytokines in psoriasis, such as IL-1b,
IL-6, and TNF-a, also showed a reduction in the activated
HaCaT treated with anthranilate derivatives and rolipram
(Supplemental Fig. S3). The expression of CXCL1, CXCL2,
and CXCL8 prompted us to hypothesize that these factors
regulated neutrophil infiltration in psoriasis. To test this
hypothesis, we performed an in vitro chemotaxis assay of
neutrophils.Migration toward the conditionedmediumof
the IMQ-induced group was significantly reduced after
forskolin treatment (Fig. 5C). Moreover, the migration of
neutrophils induced by the conditioned medium of for-
skolin plus HFP034was significantly decreased compared
with forskolin alone and forskolin plus the HFP031 group.
Figure 5D illustrates the proposed pathway of HFP034 for
inhibiting the inflammatory response induced by IMQ.

DISCUSSION

IMQ is shown to stimulate the cells through a number
of separate mechanisms, including: 1) TLR7-dependent

stimulation of the myeloid differentiation primary re-
sponse 88 pathway in immune cells, 2) neuronal apoptosis
inhibitor protein, class 2 transcription activator, hetero-
karyon incompatibility, telomerase-associated protein 1;
leucine-rich repeat; and PYRIN domain-containing pro-
tein 3 activation of the inflammasomes, 3) direct cytotoxic
effect of high-concentration IMQ leading to the preformed
IL-1a release, and 4) antagonism of adenosine receptor
signaling, resulting indecreased levelsofanti-inflammatory
cAMP on keratinocytes, leading to the induction of
proinflammatory cytokines (26). As HaCaT cells lack the
TLR7/8, the HaCaT activation by IMQ, observed in our
study, could be mainly a result of the cAMP-related
pathways.

Development of novelmedication for psoriasis therapy
is urgently needed.Anthranilic acid analogs are a groupof
nonsteroidal anti-inflammatory drugs, including tolfe-
namic acid, flufenamic acid, andmefenamic acid. They are
derived from fenamic acid or anthranilic acid and are
called anthranilate derivatives or fenamates (27). The anti-
inflammatory effects of our anthranilate derivatives have
been recently shown tobemediated through the inhibition
of elastase and reactive oxygen species production in
N-formyl-L-methionyl-L-leucyl-phenylalanine-induced
human neutrophils. Moreover, HFP034 inhibited O2

•2

production in human neutrophils associated with an
elevation in cellular cAMP levels through the selective
inhibition of PDE. PDE4 is an enzyme todegrade cAMP.
It is centrally related to the cytokine production of in-
flammatory cells, angiogenesis, and the functional
properties of keratinocytes. Inhibitors of PDE4 have
been shown to ameliorate symptoms in patients with
atopic dermatitis and psoriasis (28). The anthranilate
compounds exhibited a mild inhibition of Ki67+, based
on IHC profiles. This result could reflect the insufficient
effect of HFP031 and HFP034 in ameliorating hyper-
plasia. The epidermal thickness of psoriasis-like skin
was not restored to its normal status after compound
treatment. This may demonstrate that keratinocyte
apoptosis was not the predominant mechanism for the
anti-psoriatic action of HFP031 and HFP034.

In human skin, keratinocytes act as a physical barrier
to the external environment. In addition, the keratinocytes
are major producers of inflammatory cytokines and che-
mokines. This phenomenon has also been hypothesized
to play a role in vitiligo, atopic dermatitis, and psori-
asis (29–31). In this study, we evaluated whether the
anthranilate derivatives may suppress the inflammatory
response in human keratinocytes exposed to IMQ. Neu-
trophils are proven to connect important pathogenic ac-
tions of both innate and adaptive immune systems. This
immune cell shows the intricate relationship with the
regulatory networks underlying the psoriasis pathology
(32, 33). Chemokines are signaling peptides that regulate
cell trafficking and provide control of the tissue-specific
cell homing. In the skin, chemokines are secreted both by
the resident cells, such as keratinocytes, melanocytes, fi-
broblasts, dendritic cells, and mast cells, as well as by
infiltrated cells, such as lymphocytes, eosinophils, and
monocytes, which allows increased downstream effects
and cytokine release, leading to the proliferation and
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Figure 5. The effect of the anthranilate derivatives on neutrophil-related chemokine expression in IMQ-induced HaCaT
keratinocytes. A) HaCaT keratinocytes were pretreated with forskolin (10 mM) and Bay 11-7082 (0.1 mM) or forskolin (10 mM),
combined with anthranilate, for 1 h before the addition of IMQ (5 mg/ml). The mRNA level was examined using quantitative
PCR after 4 h. B) HaCaT keratinocytes were incubated with IMQ for 24 h, after which, chemokine expression was examined using
ELISA. C) Chemotaxis assay of neutrophils from IMQ-induced HaCaT keratinocyte condition medium pretreated with forskolin,
forskolin-combined anthranilate derivatives, or Bay 11-7082 before stimulation with IMQ (n = 4). D) The proposed mechanisms
of the anti-psoriatic activity of HFP034. *P , 0.05, **P , 0.01, ***P , 0.001.
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differentiation of keratinocytes. Chemokines, together
with cytokines, contribute to local and systemic in-
flammation in patients with psoriasis (34). The chemo-
kines target cells of the immune system that have all been
implicated in the immunopathology of psoriasis, in-
cluding T cells, dendritic cells, macrophages, neutrophils,
NK cells, and mast cells. (35, 36) Therefore, chemokines
and chemokine receptors can be novel therapeutic targets
in psoriasis.

The neutrophil chemoattractants, including CXCL1,
CXCL2, and CXCL8, are upregulated in psoriatic skin
and the IMQ-induced psoriasis mouse model (34, 37).
The results of this study showed that anthranilate
derivatives inhibited the chemokine subsets in the IMQ-
induced psoriasis mouse model. The neutrophil mi-
gration into the skin would be blocked after chemokine
subset suppression, resulting in the inflammation at-
tenuation by anthranilate compounds. The reduction of
biomarkers Ly6G and MPO in psoriasis-like skin proved
the ability of anthranilate compounds to impede the
neutrophil recruitment.

The preclinical and clinical studies have demonstrated
that the adenylyl cyclase-cAMP network has anti-
inflammatory characters, both in vitro and in vivo (38).
For example, an elevated cAMP can decrease TNF-a plus
IFN-g-induced CCL17 and CCL22 expression at the tran-
scriptional and post-transcriptional level in HaCaT cells
(39). The activator of adenylyl cyclase that synthesizes
intracellular cAMP can reduce CXCL1, CXCL2, and
CXCL8 release from keratinocytes (24). The PDE4 inhibi-
tors manifest in vivo and clinical anti-inflammatory activ-
ities in atopic dermatitis and psoriasis (28, 40). Forskolin is
a ligand for adenylyl cyclase to increase cAMP in kerati-
nocytes (41). We found that HFP034 markedly enhanced
the inhibitory effect of forskolin on CXCL1, CXCL2, and
CXCL8 expression in HaCaT cells induced by IMQ. This
synergistic effect was not observed in the absence of IMQ.
This suggested a cAMP/PDE4-dependent inhibition of
chemokines and cytokines for HFP034. HFP034, but not
HFP031, enhanced the inhibition by forskolin. Although
HFP031 did not modulate the cAMP pathway, this com-
poundwas effective in improving the psoriasis pathology
in mice and in reducing chemokine and cytokine expres-
sion in cultured keratinocytes. The previous study (19)
suggested that HFP031 could inhibit neutrophil elastase
and proteinase 3, which are 2 major neutrophil serine
proteases. Activated neutrophils liberate elastase and
proteinase 3 that can cleavage IL-36 family cytokines
to an active form, leading to the emphasis of psoriatic
inflammation (42). Accordingly, we hypothesize that
HFP031 may demonstrate the different mechanisms
from HFP034 in the IMQ-induced models. HFP031 may
play a role with activated keratinocytes in inflammatory
inhibition.

We next explored the potential mechanisms of HFP034
by which the adenylyl cyclase-cAMP system suppresses
immune responses in HaCaT cells. Chemokine promoters
contain NF-kB-binding sequences (43). IMQ stimulated
activation of NF-kB, an important transcription factor and
upstream regulator of many cytokines. Therefore, the
transcription factormaymediate the transcription of these

chemokine genes (44). The use of the NF-kB-specific in-
hibitor (Bay 11-7082) in our study demonstrated that NF-
kB inhibition is responsible for the suppression of CXCL1,
CXCL2, and CXCL8 by HFP034.

The T-helper 17–derived IL-17 and IL-22 cytokines are
alsokey factors in the IMQmurinemodel forpsoriasis (25).
In the skin, IL-17A and IL-22 are produced mainly by
T cells and innate lymphoid cells, a part of IL-17A pro-
duced by neutrophils, whereas IL-17E is highly produced
inpsoriasis bykeratinocytes. IL-6 is knownasanupstream
cytokine of IL-17A to exacerbate neutrophil microabscess
development in psoriasiform lesions (45). From our re-
sults, the inhibitory effect of IL-6 and the keratinocyte-
derived chemokine ofHFP034was stronger thanHFP031.
A same manner was observed in IL-17A expression in
psoriatic skin. Both of the compounds only showed a
slightly inhibitory effect on IL-22 expression, but the pro-
tein expression of IL-22was totally lower than IL-17A and
-E. We hypothesized that the tested compounds could
attenuate the neutrophil recruitment in the early phase of
psoriasis, decreasing the adaptive T-cell activation in the
late phase.Moreover, HFP034 showed an inhibitory effect
on IL-17E in IMQ-treated skin. This result broadened the
current views on psoriatic pathogenesis by revealing a
new mechanism of the PDE4 inhibitor in keratinocyte-
derived IL-17E.

An ideal topical application represents a much greater
accumulation of the drugs in the skin compared with that
in the systemic circulation and is a more efficient method
for targeting to bypass systemic toxicity (46). Our skin
absorption data showed that both HFP031 and HFP034
wereabsent in theFranz cell receptor, implying a targeting
capability to the skin with minimal systemic absorption.
The stratum corneum (SC) represents amajor lipid barrier
for topical delivery. The cutaneous transport can be facil-
itated by makingmore lipophilic analogs of the permeant
(47). HFP034 showed a greater lipophilicity than HFP031
according to log P. This contributed to the higher cutane-
ous reservoir of HFP034 comparedwithHFP031. Another
possibility elucidating the higher absorption of HFP034
was the lower MW of this compound for facilely pene-
trating into the SC. Although HFP031 revealed less skin
penetration thanHFP034, the in vivo studydemonstrateda
similar level of inflammatory inhibition in psoriasis-like
skin between both compounds. This suggests a potent
activity of HFP031 to prevent inflammation. The accu-
mulation of anthranilate compounds in psoriasis-like skin
was higher than that in healthy skin. This confirms aweak
barrier characteristic of SC in inflamed skin.

The limitationof this study is thatHaCaT is aTLR7-and
TLR8-negative cell. The effect of the compounds on the
TLR-related pathways could not be detected in our
model. It has been reported that IMQ, independent of
TLR7, stimulates cytokine production in HaCaT pos-
sibly through inhibition of adenylyl cyclase, adenosine
receptor signaling, and cAMP on the transcription of
proinflammatory mediators (48). We could only reveal
the partial keratinocyte-intrinsic mechanism linking
cAMP, NF-kB, and chemokine signaling to disease ini-
tiation. Further study is warranted to elucidate the de-
tailed pathways. Another limitation of this study is that
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we believe there were some discrepancies between skin
physiology and histopathology of the experimental
psoriasis-like skin and the psoriasis skin in humans (49,
50). Although a successful result was achieved in this
report, it should be cautious to reflect the clinical con-
dition by these data using the mouse as the animal
model. Whether the results frommice can be correlated
with humans needs further examination.

CONCLUSIONS

The findings of this study indicated that anthranilate de-
rivatives exert potential anti-psoriatic effects on skin ker-
atinocytes exposed to IMQ by inhibiting CXCL1, CXCL2,
and CXCL8 in the skin. HFP034 showed PDE4 inhibitory
activity by enhancing forskolin-induced intracellular
cAMP generation and inhibiting NF-kB phosphorylation
in keratinocytes exposed to IMQ. The anti-inflammatory
action of HFP034 but not HFP031 may be mediated by
reversing the decreased cAMP concentration and down-
regulation of NF-kB signaling. Although HFP031 and
HFP034 possessed similar structures containing anthra-
nilate moiety, the anti-psoriatic mechanisms were quite
different for both compounds. The topical treatment with
anthranilate derivatives attenuated chemokine expression
in the epidermal keratinocytes of IMQ-induced psoriasis-
like skin for prohibiting neutrophil recruitment. The novel
PDE4 inhibitor may be potentially applicable in the future
treatment or prevention of psoriasis.
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Abstract
Background/Aims: Inflammation is one of the main contributors to chronic diseases such 
as cancer. It is of great value to identify the potential activity of various medicinal plants 
for regulating or blocking uncontrolled chronic inflammation. We investigated whether the 
root extract of Morus australis possesses antiinflammatory and antioxidative stress potential 
and hepatic protective activity. Methods: The microwave-assisted extractionwere was used to 
prepare the ethanol extract from the dried root of Morus australis (MRE), including polyphenolic 
and flavonoid contents. Lipopolysaccharide (LPS)-stimulated RAW264.7 cells was examined the 
anti-inflammatory and anti-oxidative potential of MRE. CCl4-induced mouse hepatic damage 
were performed to detect the hepatic protective potential in vivo. Immunohistochemistry 
(IHC) and western blot assays were used to detect target proteins. Results: MRE contained 
approximately 23% phenolic compounds and 3% flavonoids. The major flavonoid component 
of MRE was morusin. MRE and morusin inhibited lipopolysaccharide-induced production of 
nitrite and prostaglandin E2 in RAW264.7 cells. MRE and morusin also suppressed the formation 
of intracellular reactive oxygen species and the expression of iNOS and COX-2. In an in vivo 
study, a thiobarbituric acid reactive substances assay showed that MRE inhibited CCl4-induced 
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oxidative stress and expression of nitrotyrosine. MRE also decreased CCl4-induced hepatic 
iNOS and COX-2 expression, as well as CCl4-induced hepatic inflammation and necrosis in 
mice. Conclusion: MRE exhibited antiinflammatory and hepatic protective activity.

Introduction

Inflammation is a complex biological immune response of the body to harmful stimuli, 
such as pathogens, damaged cells, and other irritants. Acute inflammation is a short-term 
process that usually lasts for a few hours up to several days and ceases upon the removal 
of the injurious stimuli. If the progressive destruction persists for months and years, 
chronic inflammation can be triggered. This degenerative process creates cellular stress and 
metabolic disorder, thus causing chronic diseases, such as cancer, ageing, and atherosclerosis. 
Because many inflammatory mediators lead to a wide range of pathological changes, 
it is difficult to treat inflammation [1]. Therefore, medicinal plants have received great 
attention and are expected to provide efficacious disease-prevention agents. In pathogenic 
conditions, abnormally activated macrophages produce excessive amounts of various pro-
inflammatory mediators and cytokines that eventually aggravate inflammatory conditions. 
Lipopolysaccharides (LPSs), a component of the outer membrane of Gram-negative bacteria, 
are the most common cause of macrophage activation [2-3]. LPS-induced activation of 
macrophages causes a wide range of pro-inflammatory responses, such as production of 
pro-inflammatory mediators. Therefore, suppressing aberrant macrophage activation might 
be a valuable therapeutic target for treating inflammatory disorders.

Liver inflammation is usually attributed to the intensive exposure to endogenous and 
exogenous reactive oxygen species (ROS) [4]. Trichloromethyl radicals, derived from CCl4, 
can initiate oxidative stress, resulting in hepatoxicity [5, 6]. In addition, trichloromethyl 
radicals can be biotransformed into peroxynitrite, a strong oxidant capable of disrupting the 
physiological cellular structure and function through peroxidation of cellular lipids, proteins, 
and DNA. Therefore, CCl4–induced liver injury has been widely used as a rodent model for 
the development of hepatic protective agents.

The root bark of the mulberry tree (Morus spp., Moraceae) is used in traditional Chinese 
medicine as an antiinflammatory, antipyretic, antiheadache, and diuretic. From these species, a 
series of prenylated flavonoids, stilbenes, 2-arylbenzofurans, and other phenolic compounds 
have been extracted with various biological activities, including antioxidant, anticancer, and 
antiinflammatory properties [7–12]. Among them, Morus australis, one of the major species, 
is commonly distributed in Taiwan. Its leaves are used to feed silkworms, and its fruit is 
used as a raw food or to make juice, wine, vinegar, and jam. Moreover, it has been suggested 
that the extracts from the leaves and fruits have great biological potential for preventing 
hepatic lipogenesis and obesity [13–14]. The M. australis root extract, which contains some 
flavonoids and stilbenes, has been proposed for use in foods as an antibrowning agent and 
in cosmetics as a skin-whitening agent [15]. However, the other biological activities of the M. 
australis root have not yet been clarified. In the present study, the antiinflammatory effect of 
the ethanol extract of the dried root of M. australis (MRE) was evaluated in vitro and in vivo. 
It was demonstrated that MRE exhibits a hepatic protective effect through antiinflammatory 
and antioxidative stress potential.

© 2018 The Author(s)
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Materials and Methods

Chemicals
RPMI medium, phosphate-buffered saline (PBS), fetal bovine serum, penicillin/streptomycin/neomycin 

(PSN), and trypsin-EDTA were purchased from Gibco Ltd. (Grand Island, NY, USA). Antibodies against COX-
2, iNOS, and actin were obtained from Santa Cruz Biotechnology, Inc., CA, USA. Morusin was synthesized in 
our laboratory [16]. The dried root of M. australis was purchased from a reputable folk medicine store in 
Taiwan. A prostaglandin E2 and IL-6 immunoassay kit was obtained from R&D Systems (Minneapolis, MN, 
USA) and a protein assay kit was obtained from Bio-Rad Laboratories (Watford, Herts, UK). LPS (endotoxin 
from Escherichia coli, serotype 0127: B8) and other chemicals were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA).

Preparation of MRE
MRE was prepared from the dried root of M. australis, which was shredded and ground. Then it was 

extracted with 10 volumes of 95% ethanol using a microwave extractor (Milestone) equipped with a reflux 
unit and with a nominal maximum power of 300W for 20 min. The mixture was filtered through filter paper 
(5 mm pore size), and the filtrate was dried using rotary evaporation under vacuum at 40ºC. The percentage 
yield was 9.5% (w/w).

Assay of total phenolic content
The total phenolic compound content of MRE was spectrophotometrically determined in accordance 

with the Folin-Ciocalteu procedure by reading the absorbance at 725 nm against a methanol blank. Briefly, 
samples (20 μL, water added to 1.6 mL) were placed in the test tubes, to which 100 μL Folin-Ciocalteu 
reagent and 300 μL of sodium carbonate (20%) were then added. The contents were mixed and incubated 
at 40°C for 40 min. The absorbance at 725 nm was measured. The total phenolic content was expressed as 
milligrams per gram of MRE for gallic acid.

Assay of total flavonoid content
The total flavonoid content was analyzed by using AlCl3. Briefly, 0.5 mL of MRE was mixed with 0.1 

mL of AlCl3 (10%, w/v), 1.5 mL of ethanol, and 0.1 mL of 1M CH3COOK. The total volume of the mixture 
was adjusted to 5 mL with distilled water and then mixed well. After 40 min, absorbance at 415 nm was 
measured and the flavonoid content was estimated by calibration curves using quercetin. The percentage of 
flavonoid was expressed as quercetin equivalents in milligrams per 100g of fresh weight.

HPLC Analysis
MRE was analyzed using a Hitachi L7100 HPLC system with a 5-mm ODS-Hypersil column (250 x 

4.6 mm). The mobile phase was generated from solvent A (acetonitrile) and solvent B (water) using the 
following gradient program: 5% solvent A and 95% solvent B at 0 min, 90% solvent A and 10% solvent B at 
20 min, 95% solvent A and 5% solvent B at 45 min. The detection wavelength was 270 nm.

Cell Culture
Rat macrophage RAW 264.7 cells were cultured in a humidified atmosphere of 95% air-5% carbon 

dioxide at 37°C and using RPMI 1640 containing 10% heat-inactivated fetal bovine serum, 1% glutamine, 
and 1% penicillin-streptomycin. To investigate investigated whether the root extract of Morus australis 
possessed anti-inflammatory and anti-oxidative stress potential and hepatic protective activity, we 
pretreated RAW264.7 cells to MRE and morusin for 30 min and then co-treated them with the LPS for 24 h.

Cell Viability Assay
RAW 264.7 cells were plated in 24-well plates at 5 × 104 cells per well and allowed to adhere to 

the plate overnight, after which the medium was refreshed. Cells underwent a 24-h treatment with MRE 
(0–80 μg/mL), and then treatment medium was replaced with fresh medium containing 5 mg/mL 3-(4, 
5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazolium bromide (MTT) and incubated for 4 h. Medium was then 
removed, and 1 mL of 2-propanol was added to the wells to solubilize the crystals. The optical density of 
each sample was read at 563 nm against the blank prepared from cell-free wells.
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Intracellular reactive oxygen species measurement
Relative changes in intracellular ROS were monitored using the fluorescent probe H2DCF-DA, which 

diffused through the cell membrane readily and was hydrolyzed by intracellular esterase to nonfluorescent 
DCFH2, which was then rapidly oxidized to fluorescent 2’,7’-dichlorofluorescein (DCF) in the presence 
of ROS. DCF fluorescence intensity was proportional to the amount of intracellular ROS. After treatment 
with MRE and LPS, the RAW 264.7cells was achieved by incubation with H2DCF-DA for 30 min at a final 
concentration of 10 μM at 37°C in the dark. Fluorescence was monitored by fluorophotometer (excitation, 
485 nm; emission, 528 nm).

Nitrite measurement
Total nitrite in the culture medium was measured using the Griess reagent as described [17]. After 

incubation of RAW 264.7 cells with or without LPS and/or MRE at 37°C for 24 h, 100 μL of each culture 
medium was mixed with an equal volume of Griess reagent and incubated at room temperature for 10 min. 
Absorbance at 550 nm was then read and compared with known standard solutions of NaNO2.

Determination of PGE2
RAW 264.7 cells were plated in 24-well plates at 1×106 cells per well, after the cells had been allowed 

to adhere to the plate and the medium had been refreshed without phenol red. After incubation with or 
without LPS and/or MRE (0-40 μg/mL) at 37°C for 24 h, the production of prostaglandin E2 (PGE2) of each 
culture medium was determined with a commercial ELISA kit.

Preparation of total cell extracts and immunoblots analysis
The cells were collected using trypsin-EDTA and lysed in RIPA buffer (50 mM Tris-HCl, 1 mM EDTA, 

150 mM NaCl, 1% NP-40) containing protease inhibitors. After mixing for 30 min at 4°C, the mixtures were 
centrifuged (10, 000×g) for 10 min at 4°C and the supernatants were collected as whole-cell extracts. The 
protein content was determined using the Bio-Rad protein assay reagent and bovine serum albumin as a 
standard. An equal amount of protein from the total cell extracts was boiled for 8 min. The extracts were 
separated by SDS-polyacrylamide gels and transferred to an NC membrane (Whatman). The blots were 
blocked in 5% nonfat dry milk/PBS for 1 h at room temperature. The blots then were incubated overnight 
with primary antibodies, followed by horseradish peroxidase-conjugated goat anti-mouse (or anti-rabbit) 
IgG for 1h. The immunoreactive bands were revealed by enhanced chemiluminescence with a commercially 
available ECL kit.

Animal treatment
Male ICR mice (body weight 19–21g) were purchased from GlycoNex Inc. (Taiwan) and maintained 

in cage housing in a specifically designed pathogen-free isolation facility with a 12/12 h light/dark cycle. 
Animal care and the general protocols for animal use were approved by the Institutional Animal Care and 
Use Committee of Chung Shan Medical University Animal Ethics Research Board. The mice were intragastric 
with 150 and 300 mg/kg of MRE thrice weekly for 7 weeks. After MRE treatment for 1 week, the mice of the 
CCl4-treated-alone group or the co-treatment with MRE group were given 0.1 mL/mice of CCl4 (20% CCl4 

in olive oil) via intragastric procedure twice a week for 6 weeks. Those in the control and the MRE-treated-
alone groups were given an equal volume of olive oil. The mice were divided randomly into five groups of six 
mice each. Then, the mice were sacrificed 24 h after the last treatment of CCl4. The livers were divided into 
two portions: (1) preserved in 10% formalin for histological and immunohistochemistry examination; (2) 
frozen for immunoblotting analysis at -80oC.

Liver lipid peroxidation and inflammatory mediator analysis
For the preparation of liver cytosol, 50mg of liver tissues were homogenized at 4oC in 1 mL RIPA lysis 

buffer containing 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 2 μg/ml of each 
leupeptin and pepstatin. A modified thiobarbituric acid reactive species (TBARS) assay was performed 
to determine the lipid peroxides. Briefly, 100 μL of liver cytosol was added to 200 μL of 10% TCA and 
then centrifuged at 14, 000 rpm for 10 min. 100 μL of supernatant was reacted with 200 μL 0.67% TBA 
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at 100°C for 30min and detected at 532 nm, then compared with known standard solutions of 1, 1, 3, 
3-tetramethoxypropane. In addition, a volume equivalent to 80 μg proteins of liver cytosol was analyzed by 
Western immunoblotting assay against anti- COX-2 and anti-iNOS as previously described.

Histopathological and immunohistochemistry analysis
Liver tissues from each mouse were rapidly removed, fixed in 10% neutral-buffered formalin, and 

processed routinely. Paraffin-embedded sections were cut into sections 4 μm thick. The sections were stained 
with hematoxylin and eosin (H&E), then examined under a light microscope. Immunohistochemistry (IHC) 
staining was performed using the primary antibody F4/80 (a global marker for murine macrophages) and 
nitrotyrosine (oxidative stress marker) and a biotinylated secondary antibody (Vectastain Universal Elite 
ABC Kit, Burlingame, CA, USA) according to the manufacturer’s instruction. Digital images were captured 
using a digital camera (100× magnification) for each slide.

Statistical Analysis
Statistical significance was determined using one-way analysis of variance (ANOVA) followed by 

Dunnett’s or Tukey’s post hoc test. P values less than 0.05 were considered statistically significant.

Results

Analysis of total phenolic and flavonoid content in MRE and HPLC
Microwave-assisted extraction has received increasing attention as an alternative to 

traditional solid-liquid extraction methods, mainly due to considerable savings in processing 
time and solvent consumption. Our preliminary extraction study showed that the yield of 
microwave-assisted extraction was higher than that of Soxhlet extraction. Thereafter, we 
used the microwave-assisted extraction to prepare MRE. The polyphenolic compounds, 
including flavonoids, in the roots of Morus spp. exhibit biological activity [7–14]. Thus, we 
assessed the total polyphenolic and flavonoid content. MRE contained approximately 23% 
phenolic components (gallic acid as the standard) and 3% flavonoids (quercetin as the 
standard). Morusin had a retention time of 27.16 min (Fig. 1).

MRE reduces LPS–
induced intracellular 
ROS
To evaluate the 

antioxidative and 
antiinflammatory effect of 
MRE, we used an in vitro 
model with the murine 
RAW264.7 macrophage cell 
line. Because MRE showed 
no cytotoxicity toward 
RAW264.7 macrophages 
at concentrations up to 
40 μg/mL (Fig. 2A), we 
used 10, 20, and 40 μg/
mL MRE for the rest of the 
in vitro experiments. First, 
we determined the effect 
MRE on the production of 
intracellular ROS induced 
by LPS. LPS-induced 
intracellular ROS were 
reduced significantly by 20 

Fig. 1. HPLC analysis of Morus australis extract. For the conditions, 
see the section of Methods. Retention time peak at 20.82 min is 
oxyresveratrol and at 27.16 min is morusin.

 
  

Fig 1 
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Fig. 2. Effects of MRE on cell viability 
and LPS-promoted intracellular ROS in 
RAW-264.7 cells.  (A) RAW264.7 cells 
were treated with 0- 80 μg/mL of MRE 
for 24 h, after which the cell viability was 
determined by MTT assay as described in 
Methods section. The results are reported 
as the mean±SD of three independent 
experiments. Data presented as mean ± 
S.D of three independent experiments. 
*p<0.05, compared with control (lane 
1). RAW-264.7 cells were treated with 
indicated concentrations of  (B) MRE or 
(C) morusin for 30 min and stimulated 
with or without LPS for 24 h. Intracellular 
ROS were determined by the DCF 
fluorescence intensity as described in the 
text. Data presented as mean ± S.D of three 
independent experiments. ##p<0.01, 
compared with control (lane 1). *p<0.05, 
**p<0.01, compared with LPS treated 
alone.
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and 40 μg/mL MRE (Fig. 2B). In addition, because the antioxidant and antiinflammatory 
properties of oxyresveratrol, one of the major components of MRE, have been assessed [10], 
we determined the antioxidant and antiinflammatory activity of morusin. We found that 10 
and 20 μM morusin was noncytotoxic (data not shown) and exhibited a significant inhibitory 
effect on the LPS-induced intracellular ROS (Fig. 2C).

MRE inhibits LPS–stimulated production of inflammatory mediators
Chronic inflammation is associated with many diseases, such as cardiovascular and 

hepatic disease. We determined the effect of MRE on the LPS-stimulated production of 
nitrite and prostaglandin E2 (PGE2) by RAW264.7 cells. MRE inhibited LPS-induced nitrite 
and PGE2 production in a dose-dependent manner (Fig. 3A and 3B). In addition, morusin 
(10 and 20 μM) significantly inhibited LPS-induced nitrite and PGE2 production (Fig. 3C and 
3D). Consistent with the findings for PGE2 and nitrite production, immunoblotting analysis 
showed that LPS-stimulated COX-2 and iNOS expression in RAW264.7 cells was also reduced 
by MRE treatment (Fig. 4A). In addition, morusin significantly inhibited LPS-stimulated COX-
2 and iNOS expression (Fig. 4B).

Body weight examination
Fig. 5 shows the variation of relative changes in body weight during the 7-week 

experiment. The body weights of the group that received MRE treatment alone were similar 
to those of the control group (Fig. 5). In addition, the weights of the livers and kidneys 
from the group treated with MRE alone were similar to those in the control group (data 

Fig. 3. Effects of MRE and morusin on LPS-stimulated production of nitrite and PGE2 in RAW-264.7 cells. 
(A) RAW-264.7 cells (5 x 105 cells/mL) were treated with indicated concentrations of MRE for 30 min 
and stimulated with or without LPS for 24 h. Supernatants were collected for nitrite analysis by Griess 
reagent and determined at 550 nm. (B) PGE2 analysis was performed by ELISA assay determined at 450 
nm respectively. (C) RAW-264.7 cells were treated with indicated concentrations of morusin for 30 min 
and stimulated with or without LPS for 24 h. Supernatants were collected for nitrite analysis and (D) PGE2 
analysis. Data presented as mean ± S.D of three independent experiments. ##p<0.01, compared with control 
(lane 1). *p<0.05, **p<0.01, compared with LPS stimulation alone.
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Fig. 4. Effect of MRE and morusin 
on LPS-stimulated COX-2 and iNOS 
proteins expression in RAW-264.7 
cells by western blotting analysis. 
Cells were treated with various 
concentration of MRE or morsuin 
for 30 min and then incubated with 
LPS (1μg/mL) for 24 h, and the cells 
were collected for protein extraction. 
Protein extract from (A) MRE or (B) 
morusin pretreatment was subjected 
to SDS-PAGE, and immunoblotting 
was performed against anti-
COX-2 and anti-iNOS antibodies, 
and actin as internal control. The 
average densitometric values of 
three independent experiments 
is shown below as means ± SD. 
#p<0.05, compared with control 
(lane 1). *p<0.05, compared with LPS 
stimulation.
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Fig. 5. Effect of 
MRE on the relative 
changes in body 
weight of mice with 
liver injury induced 
by CCl4. #p<0.05, 
##p<0.01, compared 
with control. *p<0.05, 
**p<0.01, compared 
with CCl4 treated 
alone.
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Fig. 6. Effect of MRE on CCl4 induced hepatic lipid 
peroxidation and expression of COX-2 and iNOS in 
the mice. The hepatic homogenates of mice were 
analyzed as described in the Methods section. (A) 
The absorbance of TBARS was determined at 532 
nm. Data presented as mean ± S.D (n=6). #p<0.05, 
compared with the control group (lane 1). *p<0.05, 
compared with the CCl4 stimulation alone. (B) The 
representative immunoblotting was performed 
against anti-COX-2 and anti-iNOS antibodies, and 
actin as internal control. The average densitometric 
values was shown below as means ± SD. #p<0.05, 
compared with control (lane 1). *p<0.05, compared 
with CCl4 treated alone.

 

CCl4

MRE (mg/kg)
-
-

+
-

+
150

+
300

-
300

#

*

*

0.0

0.1

0.2

0.3

0.4

0.5

0.6

TB
A

R
S 

(n
m

ol
/m

g 
liv

er
)

#

*

*

A 

Fig 6 

0

2

4

6

8

10
COX-2
iNOS

#

#

*

*

N
or

m
al

iz
ed

 D
en

si
ty

- - + + +
- 300 - 150 300

CCl4MRE (mg/kg)

484

http://dx.doi.org/10.1159%2F000495555


Cell Physiol Biochem 2018;51:1376-1388
DOI: 10.1159/000495555
Published online: 27 November 2018 1385

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Tseng et al.: Morus Australis Root Extract (MRE) Exhibited Anti-Inflammatory and Hepatic 
Protective Activity

not shown). This suggests that the treatment with MRE resulted in no toxicity. During the 
6- and 7-week experiments, CCl4 treatment significanly suppressed the increase in body 
weight compared with the control group, indicating that the growth of CCl4-treated mice was 
strongly suppressed. In addition, the CCl4-induced body weight loss was alleviated in the 
MRE-treated groups.

MRE ameliorates CCl4-induced hepatic lipid peroxidation and inflammatory mediator 
expression
MRE prevented the increase of thiobarbituric acid reactive substances in the liver 

homogenates of the mice treated with CCl4 in a dose-dependent manner (Fig. 6A). In 
addition, Western blot analyses of the iNOS and COX-2 protein levels in the liver showed 
that treatment with CCl4 induced expression of both proteins that were undetectable in the 
control group and the group dosed with MRE alone. The expression of the iNOS and COX-2 
protein in the liver was decreased by co-treatment with a low dose of MRE (150 mg/kg), and 
it was almost abolished by a high dose of MRE (300 mg/kg) (Fig. 6B).

Effect of MRE on CCl4-induced histopathology and oxidative stress
The morphological changes in liver injury caused by CCl4 were visualized in H&E stained 

liver sections. The changes included necrosis and inflammation with neutrophil infiltration 
(Fig. 7). The degree of necrosis and inflammation were decreased in animals treated with 
both MRE and CCl4 compared with those treated with CCl4 alone. MRE treatment alone did 
not cause visible changes in the liver. To evaluate the impact of MRE on inflammation and 
oxidative stress, hepatic macrophages and nitrotyrosine were assessed in the mouse liver 
using an immunohistochemistry assay. The intensities of F4/80 and nitrotyrosine were 
higher in the CCl4-treated group than in the control group. However, co-treatment with MRE 
decreased the staining of F4/80 and nitrotyrosine, and the high-dose co-treatment of MRE 
(300 mg/kg) almost abolished both stainings (Fig. 7). These data suggest that MRE protects 
the liver against CCl4-induced injury by attenuating inflammation and oxidative stress.

Fig. 7. Effect of MRE on histologic changes and liver Inflammation and oxidative stress induced by CCl4 
in mice. The sections of mouse liver were stained with hematoxylin-eosin (original magnification 100x). 
Marcrophage and oxidative stress were revealed as indicated by imunohistochemical staining of anti-F40/80 
and anti-nitrotyrosine.
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Discussion

Much attention has been devoted to identifying phytochemicals in medicinal plants 
and the diet that have preventive or therapeutic effects against various chronic diseases. M. 
australis exhibits beneficial effects, such as antileukemia, antiinflammatory, and antiobesity 
activities, as well as tyrosinase inhibition. Twenty-two compounds were isolated from the root 
extract of M. australis by Zheng et al. [15]. Nineteen of the compounds were flavonoids, one 
was a stilbene (oxyresveratrol), and two were arylbenzofuran derivatives. These compounds 
have a polyphenolic structure that contributes to many of their bioactivities [18]. Our results 
showed that the total phenolic content was 23% and the total flavonoid content was 3%. 
The major components were oxyresveratrol and morusin. Oxyresveratrol has possesses a 
wide variety of biological activities, such as skin-whitening, antiviral, and neuroprotective 
effects [15, 19–20]. Soonthornsit et al. reported that oxyresveratrol at concentrations of 
5 and 10 μg/mL inhibited LPS-induced nitrite production and the expression of iNOS and 
COX-2 [12]. Morusin, a prenylated flavonoid, potentially has neuroprotective, anticancer, 
antioxidative, and ant-colitis activities [21–24]. In this study, the anti-inflammatory effect of 
ethanol extract from the dried root of M. australis (MRE) was evaluated in vitro and in vivo. 
In the present study, it showed about one fourth active phenolic components in MRE was 
morusin, 2% by HPLC analysis while in the following studies we investigate that 40 μg/mL of 
MRE exhibits a hepatic protection effect through anti-inflammatory and anti-oxidative stress 
potential as noncytotoxic concentrations. Morusin is one of the major components of MRE, 
we determined the used concentrations of morusin correlate with its content one tenth. The 
4.2 μg/mL (10 μM) of morusin was noncytotoxic concentrations and exhibited a significantly 
inhibitory effect on the LPS-induced inflammatory effect in RAW264.7 cells. Our data show 
that morusin also inhibited LPS-induced nitrite production and the expression of iNOS and 
COX-2. Because pure phytochemicals are expensive, bioactive mixtures may be a realistic 
alternative for consumers. Our data demonstrated that MRE potently inhibited an LPS–
activated inflammatory effect in RAW264.7 cells and CCl4-induced liver injury in mice. The 
phenolic constituents, such as oxyresveratrol and morusin, exerted these effects. Therefore, 
MRE may be valuable as a preventive agent for inflammation-associated chronic disease.

Increased gene expression of iNOS and COX-2 is associated with inflammatory responses 
[25–26]. NO is synthesized from the amino acid arginine by nitric oxide synthase and 
induces tissue injury at the inflammatory site. COX-2 catalyses the conversion of arachidonic 
acid to prostaglandins, which contribute to chronic inflammatory conditions and oxidative 
stress [27]. Therefore, reduction of iNOS and COX-2 protein expression may be associated 
with the prevention and treatment of chronic inflammatory disease. In the present study, 
MRE inhibited iNOS and COX-2 expression induced by LPS stimulation in RAW264.7 cells 
or by CCl4 treatment in mouse liver. In addition, a preliminary experiment showed that MRE 
scavenged free radicals (data not shown). Thus, MRE exerted its antioxidative stress potential 
by scavenging free radicals and decreasing the expression of iNOS and COX-2. Furthermore, 
increased nitrotyrosine and lipid peroxidation are indicators of oxidative stress-induced 
tissue injury. Our animal study demonstrated that MRE decreased CCl4-induced oxidative 
stress, resulting in the mitigation of CCl4-induced liver injury.

Many studies suggest a regular diet of fruit and vegetables as an antioxidative defence 
as part of a preventive strategy to inhibit, delay, or reverse human carcinogenesis using 
naturally extracted or synthetic chemical agents, including various phytochemicals [28]. 
Chemoprevention is an active hepatocellular carcinoma preventive strategy that aims to 
inhibit, delay, or reverse metabolic function disorders and hepatic injury using naturally 
extracted or synthetic chemical agents. Our study indicates that M. australis root extract may 
prevent liver damage. We have shown that t-BHP-induced apoptosis, the unfolded protein 
response, and oxidative stress correspond to the effects of mitochondrial respiratory-chain 
electron transport [29]. However, further studies of daily consumption of natural MRE 
products and studies of Chinese herbs, considered as blocking or suppressing agents, are 
still required to validate these mechanisms of unfolded protein response and oxidative stress 
corresponding to the effects of mitochondrial respiratory-chain electron transport [30].

486

http://dx.doi.org/10.1159%2F000495555


Cell Physiol Biochem 2018;51:1376-1388
DOI: 10.1159/000495555
Published online: 27 November 2018 1387

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Tseng et al.: Morus Australis Root Extract (MRE) Exhibited Anti-Inflammatory and Hepatic 
Protective Activity

Conclusion

We showed that iNOS/COX-2/PGE2 
inflammation level and oxidative stress were 
moderated by morusin. An in vivo study demonstrated 
that MRE decreased the mouse hepatocyte cell 
loss and macrophages. MRE inhibited liver cell 
damage based on the oxidative stress levels and 
the expression of iNOS/COX-2/PGE2 (Fig. 8). These 
results imply that MRE possesses antiinflammatory 
and hepatic protective activity. However, the use of 
MRE in humans needs further clinical investigation.
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Abstract
Lysophosphatidylcholine (LysoPC) has been shown to induce the expression of inflammatory proteins, including cyclooxy-
genase-2 (COX-2) and interleukin-6 (IL-6), associated with cardiac fibrosis. Here, we demonstrated that LysoPC-induced 
COX-2 and IL-6 expression was inhibited by silencing NADPH oxidase 1, 2, 4, 5; p65; and FoxO1 in human cardiac fibro-
blasts (HCFs). LysoPC-induced IL-6 expression was attenuated by a COX-2 inhibitor. LysoPC-induced responses were 
mediated via the NADPH oxidase-derived reactive oxygen species-dependent JNK1/2 phosphorylation pathway, leading to 
NF-κB and FoxO1 activation. In addition, we demonstrated that both FoxO1 and p65 regulated COX-2 promoter activity 
stimulated by LysoPC. Overexpression of wild-type FoxO1 and S256D FoxO1 enhanced COX-2 promoter activity and protein 
expression in HCFs. These results were confirmed by ex vivo studies, where LysoPC-induced COX-2 and IL-6 expression was 
attenuated by the inhibitors of NADPH oxidase, NF-κB, and FoxO1. Our findings demonstrate that LysoPC-induced COX-2 
expression is mediated via NADPH oxidase-derived reactive oxygen species generation linked to the JNK1/2-dependent 
pathway leading to FoxO1 and NF-κB activation in HCFs. LysoPC-induced COX-2-dependent IL-6 expression provided 
novel insights into the therapeutic targets of the cardiac fibrotic responses.

Keywords  COX-2 · Lysophosphatidylcholine · IL-6 · NOX · ROS · NF-κB · FoxO1

Abbreviations
COX-2	� Cyclooxygenase-2
DPI	� Diphenyleneiodonium chloride
DUOX	� Dual oxidase
EP	� Prostaglandin E2 receptor
FoxO	� FoxO Forkhead box protein O
HCFs	� Human cardiac fibroblasts
IL	� Interleukin
LysoPC	� Lysophosphatidylcholine
NOX	� NADPH oxidase
PC	� Phosphatidylcholine
PGE2	� Prostaglandin E2
PLA2	� Phospholipase A2
ROS	� Reactive oxygen species
TGF-β	� Transforming growth factor-β
TNF	� Tumor necrosis factor

Introduction

Heart diseases involve the pathological development of 
several functional and structural defects in the heart [1]. 
Cardiac fibroblasts (CFs) play a major role in the repair 

Cellular and Molecular Life Sciences

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0001​8-018-2916-7) contains 
supplementary material, which is available to authorized users.

 *	 Chuen‑Mao Yang 
	 chuenmao@mail.cgu.edu.tw

1	 Graduate Institute of Biomedical Sciences, College 
of Medicine, Chang Gung University, 259 Wen‑Hwa 1st 
Road, Kwei‑San, Tao‑Yuan, Taiwan

2	 Department of Physiology and Pharmacology and Health 
Ageing Research Center, Chang Gung University, Kwei‑San, 
Tao‑Yuan, Taiwan

3	 Department of Anesthetics, Chang Gung Memorial Hospital 
at Linkuo and Chang Gung University, Kwei‑San, Tao‑Yuan, 
Taiwan

4	 Department of Traditional Chinese Medicine, Chang Gung 
Memorial Hospital at Tao-Yuan, Kwei‑San, Tao‑Yuan, 
Taiwan

5	 School of Traditional Chinese Medicine, Chang Gung 
University, Kwei‑San, Tao‑Yuan, Taiwan

6	 Research Center for Chinese Herbal Medicine and Research 
Center for Food and Cosmetic Safety, College of Human 
Ecology, Chang Gung University of Science and Technology, 
Tao‑Yuan, Taiwan

489

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-018-2916-7&domain=pdf
https://doi.org/10.1007/s00018-018-2916-7


	 H.-C. Tseng et al.

1 3

and remodeling of the heart during myocardial injury [2]. 
However, over-secretion of cytokines from CFs, such as 
interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, 
and transforming growth factor-β (TGF-β) [3], amplifies 
inflammatory cascades, contributing to cardiac fibrosis and 
hypertrophy [4]. Lysophosphatidylcholine (LysoPC) is pro-
duced by phospholipase A2 (PLA2) via the hydrolysis of cell 
membrane-derived phosphatidylcholine (PC). It regulates 
several cellular events including oxidative stress, differen-
tiation, and inflammation [5–7]. The levels of LysoPC are 
also increased in ischemic and insulin-resistant hearts [8, 
9], suggesting its association with cardiomyocyte apopto-
sis in fibrosis [8, 10], providing important evidence for an 
association between LysoPC and pathogenesis of various 
cardiovascular diseases [11]. Previous reports have indi-
cated that IL-6 is a key mediator in tissue remodeling that 
promotes acute inflammation to chronic fibrotic state and 
induces recurrent inflammatory cascades [4]. Induction of 
IL-6 in rat CFs is associated with fibroblast proliferation 
and differentiation via a TGF-β-mediated pathway [12–14]. 
LysoPC is a potential inducer to stimulating the release of 
pro-inflammatory cytokines including IL-6 [6]. Neverthe-
less, the pathological relationship between LysoPC-induced 
inflammatory cytokines and cardiac fibrosis remains unclear.

LysoPC has been shown to induce intracellular generation 
of reactive oxygen species (ROS) in various cell types [15, 
16]. ROS is a group of highly reactive molecules, includ-
ing hydrogen peroxide (H2O2), hydroxyl radical (OH·), 
and superoxide anion (O2

·−). NAPDH oxidase (NOX) is a 
major source of ROS generation such as H2O2 and O2

·− via 
an NADPH-dependent one- or two-electron reduction of 
oxygen [17]. Activation of NOX is hypothesized to increase 
oxidative stress, contributing to pathogenesis of cardiac 
remodeling and heart failure [18, 19]. NOX-derived ROS 
are recognized as major second messengers involved in acti-
vation of various signaling components leading to COX-2 
expression via NF-κB [20]. Upregulation of COX-2 is linked 
to the development of heart failure involving macrophage 
infiltration and fibroblast proliferation [21, 22]. Brkic 
et al. indicated that LysoPC induced COX-2 expression in 
endothelial cells [23]. However, whether COX-2 further 
induced IL-6 secretion in human cardiac fibroblasts (HCFs) 
is still unknown.

Forkhead transcription factors of the O class 1 (FoxO1) 
have been shown to be involved in COX-2 expression 
induced by IL-1β [24], whereas FoxO1 negatively regulates 
COX-2 expression by sphingosine-1-phosphate [25]. FoxO1 
is a critical player in the development of physiological heart 
and cardiac remodeling during heart failure [26, 27]. FoxO1 
also regulates cellular energy metabolism, cell survival, and 
autophagy in the heart [28–30]. Moreover, accumulation of 
nuclear FoxO1 increases the expression of pro-inflammatory 
cytokines, including IL-6 [31, 32]. Based on these findings, 

the functional roles of FoxO1 in physiological and patholog-
ical processes are still controversial. Therefore, we aimed to 
investigate the mechanisms by which LysoPC primed NOX/
ROS-JNK1/2-dependent NF-κB and FoxO1 activation, lead-
ing to COX-2-induced IL-6 expression in HCFs.

Methods

Antibodies and reagents

CM-H2DCFDA and M-MLV Reverse Transcriptase kit were 
obtained from Invitrogen (Carlsbad, CA, USA). Human 
cytokine antibody array C3 was obtained from Ray Bio-
tech (Norcross, GA, USA). Anti-phospho-FoxO1 (Ser256) 
(#9461) was obtained from Cell signaling (Danvers, MA, 
USA). Anti-COX-2 (ab62331), anti-FoxO1 (ab52857), and 
anti-phospho-p65 (ab86299) were obtained from Abcam 
(Cambridge, UK). Anti-FoxO1 (sc-11350), anti-p65 (sc-
398442), anti-lamin A (sc-20680), and β-actin (sc-47778) 
antibodies were obtained from Santa Cruz (Santa Cruz, 
CA, USA). Anti-GAPDH (#MCA-1D4) was obtained from 
EnCor Biotechnology (Gainesville, FL, USA). LysoPC 
(L-0906) and TRIzol were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). LysoPC was dissolved in 50% ethanol 
and filtered through a 0.22 μm syringe filter. A final con-
centration of 0.25% ethanol was used for cell culture treat-
ment. Celecoxib and diphenyleneiodonium chloride (DPI) 
were obtained from Biomol (Plymouth Meeting, PA, USA). 
AS1842856 was obtained from EMD Millipore (Billerica, 
MA, USA). Helenalin was obtained from Cayman Chemi-
cals (Ann Arbor, MI, USA). Kapa Probe Fast qPCR Kit was 
obtained from KAPA Biosystems (Wilmington, MA, USA). 
GenMute™ siRNA Transfection Reagent was obtained from 
SignaGen Lab (Gaithersburg, MD, USA). X-tremeGENE™ 
HP DNA Transfection Reagent and β-gal reporter assay kit 
were obtained from Roche Applied Sciences (Indianapo-
lis, IN, USA). SDS-PAGE supplies and BSA were obtained 
from MDBio Inc (Taipei, Taiwan). DMEM/F-12 medium 
was obtained from Corning (Manassas, VA, USA). FBS was 
obtained from Gibco (Grand Island, NY, USA).

Ethics of animal experimentation

Male ICR mice (25–30 g, 8 weeks old) were purchased from 
the National Laboratory Animal Centre (Taipei, Taiwan). 
All animal experiments were conducted in accordance with 
the Institutional Animal Care and Use Committee (IACUC) 
guidelines and approved by the IACUC committee of Chang 
Gung University (CGU 16-046), and were carried out in 
accordance with the guidelines of the National Institute of 
Heath for the Care and Use of Laboratory Animal.
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Collection and incubation of ex vivo tissues

ICR mice were anesthetized with one injection of Zoletil 
(40 mg/kg i.p.) and xylazine (10 mg/kg i.p.). After anesthe-
sia, mice were withdrawn with lined forceps on the paws, 
and then the chests were opened and the hearts were quickly 
removed for experiments. The slices of cardiac apexes 
were pretreated with the respective inhibitors for 1 h and 
then exposed to LysoPC for 6 h while in Krebs solution 
(119 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 11 mM 
glucose, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 
pH 7.4) bubbled with 95% O2 and 5% CO2 at 37 °C. The 
homogenates of cardiac apexes were prepared and lysed in 
a lysis buffer (25 mM Tris–HCl (pH 7.4), 25 mM NaCl, 
25 mM NaF, 25 mM sodium pyrophosphate, 1 mM sodium 
vanadate, 2.5 mM EDTA, 2.5 mM EGTA, 0.05% (w/v) Tri-
ton X-100, 0.5% (w/v) SDS, 0.5% (w/v) deoxycholate, 0.5% 
(w/v) NP-40, 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 
1 mM PMSF) and subjected to western blot analysis and 
RT/qPCR.

Cell culture

Human cardiac fibroblasts were purchased from ScienCell 
Research Laboratories (San Diego, CA, USA) and main-
tained in DMEM/F-12 medium supplemented with 10% 
FBS, as previously described [33].

Preparation of samples and western blot analysis

Growth-arrested HCFs were incubated without or with 
different concentrations of LysoPC at 37 °C for the indi-
cated time intervals. When pharmacological inhibitors 
were used, they were added 1 h prior to the exposure of 
LysoPC. After incubation, the cells were rapidly washed 
with ice-cold PBS and lysed with a sample buffer contain-
ing 125 mM Tris–HCl, 1.25% SDS, 6.25% glycerol, 3.2% 
β-metacaptoethanol, and 7.5 nM bromophenol blue with pH 
6.8. Samples were denatured, subjected to SDS-PAGE using 
a 10% (w/v) running gel, and transferred to nitrocellulose 
membrane (BioTrace™ NT membrane, Pall Life Sciences, 
Ann Arbor, MI, USA). The membranes were immunoblotted 
with one of the primary antibodies (1:1000 dilution) over-
night at 4 °C, followed by incubation with a peroxidase-con-
jugated secondary antibody at room temperature for 2 h. The 
immunoreactive bands were visualized by enhanced chemi-
luminescence reagent (Western Lighting Plus; Perkin Elmer, 
Waltham, MA, USA). The images of the immunoblots were 
acquired by using a UVP BioSpectrum 500 imaging system 
(Upland, CA, USA) and densitometry analysis was con-
ducted using UN-SCAN-IT gel software (Orem, UT, USA).

cDNA microarray analysis

Growth-arrested HCFs were incubated with LysoPC for 
either 6 h or 12 h. Total RNA was extracted with TRIzol 
(Sigma-Aldrich, St. Louis, MO, USA) which was used to 
prepare aRNA amplification (Amino Allyl MessageAmp II 
aRNA Amplification Kit; Ambion) and labeled with Cy5. 
The labeled aRNAs were hybridized to the Human Whole 
Genome OneArray™ (HOA 6.2; Phalanx Biotech Group, 
Hsinchu, Taiwan) according to Phalanx OneArray™ Plus 
protocol and examined using Agilent 0.1 XDR protocol 
(Phalanx Biotech Group, Hsinchu, Taiwan). The raw fluo-
rescence intensities of each spot were analyzed by GenePix 
software and subsequently loaded into Rosetta Resolver Sys-
tem (version 7.2, Rosetta Biosoftware, Seattle, WA, USA) 
to process analyzed data. Normalized data are expressed as 
log2 of LysoPC-treatment relative to the control group.

Reverse‑transcription PCR and qPCR analyses

Total RNA was extracted with TRIzol reagent according to 
the protocol of the manufacturer.

First-strand cDNA synthesis was performed with 5 μg 
of total RNA using Oligo(dT)15 as primers in a final vol-
ume of 20 μl [25 ng/μl Oligo(dT)15, 0.5 mM dNTPs, 10 mM 
DTT, 2 units/μl RNase inhibitor, and 10 unit/μl of super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA, 
USA)]. The synthesized cDNAs were used as templates for 
PCR reaction using Q-Amp™ 2× screeningFire Taq mas-
ter mix (Bio-Genesis Technologies, Taipei, Taiwan) and 
primers for the target genes. qPCR was performed by using 
Kapa Probe Fast qPCR Kit Master Mix Universal (KAPA 
Biosystems, Wilmington, MA, USA) on a StepOnePlus™ 
real-time PCR system (ThermoScientific-Applied Biosys-
tems). The relative amount of the target gene was calculated 
using 2(Ct test gene−Ct GAPDH) (Ct = threshold cycle). The primer 
sequences are given in Supplementary Tables 1 and 2.

Determination of NADPH oxidase activity 
by chemiluminescence assay

Human cardiac fibroblasts were seeded in six-well plates, 
reaching about 90% confluence, and then transferred to fresh 
DMEM/F-12 medium for 24 h. Cells were then exposed to 
LysoPC for the indicated time intervals, gently scraped, and 
then centrifuged at 8000×g for 12 min at 4 °C. The cell pellet 
was resuspended in 100 μl ice-cold PBS containing 150 mM 
sucrose and 1 mM EGTA. To a final 200 μl volume of pre-
warmed (37 °C) PBS containing either NAD(P)H (0.1 mM) 
or lucigenin (0.2 mM), 10 μl of cell suspension was added 
to initiate the reaction followed by immediate measurement 
of chemiluminescence using a luminometer (Synergy H1 
Hybird Reader, BioTek) in an out-of-coincidence mode. 
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Appropriate blanks and controls were established, and 
chemiluminescence was recorded. Neither NAD(P)H nor 
NADH enhanced the background chemiluminescence of 
lucigenin alone (30–40 counts/min). Chemiluminescence 
was continuously measured for 12 min, and the activity of 
NADPH oxidase was expressed as counts per million cells.

Evaluation of ROS generation

Human cardiac fibroblasts were stimulated with LysoPC and 
then incubated in DMEM/F-12 medium containing 5 μM 
CM-H2DCFDA. The fluorescent intensity was detected by 
using a fluorescence microplate reader (Synergy H1 Hybird 
Reader, BioTek) with EX495 nm and EM529 nm.

Transient transfection with siRNAs

Human cardiac fibroblasts were plated in 12-well, 6-well 
plates  or 10-cm dish, reaching about 90% confluence, 
and transferred to fresh DMEM/F-12 medium before 
transfection. p65 siRNA (HSS109161) was obtained 
from Invitrogen Life Technologies (Carlsbad, CA, USA), 
and siRNAs of NOX1 (SASI_Hs02_00342845), NOX2 
(SASI_Hs01_00086110, NOX4 (SASI_Hs02_00349918), 
FoxO1 (SASI_Hs01_00076732), and scramble siRNA were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). NOX5 
siRNA (1070614_8103) was obtained from MDBio Inc (Tai-
pei, Taiwan) [34]. The siRNA sequences are shown in Sup-
plementary Table 3. Transient transfection of siRNA was 
carried out using GenMute™ siRNA Transfection Reagent 
according to the instructions of the manufacturer (SignaGen 
Lab. Gaithersburg, MD, USA). The siRNA (100 nM) was 
added to each well and then incubated at 37 °C for 6 h. The 
cells were transferred to DMEM/F-12 medium containing 
10% FBS for an additional 6 h, washed twice with PBS, 
and then maintained in serum-free DMEM/F-12 medium 
for 24 h before treatment with LysoPC.

Construction of FoxO1 plasmid DNA

For the construction of pCMV-Tag2B, the FoxO1 pro-
tein-encoding sequence was amplified by PCR using 
the following primer sequences: sense 5′-GGGGA TAT​
CAT​GGC​CGA​GGC​GCC​TCA​GGT​GGT​GGA​GA-3′ and 
antisense 5′-GGG​AAG​CTT​TCA​GCC​TGA​CAC​CCA​
GCT​ATG​TG-3′. Ser256-to-Ala256 FoxO1 mutant (S256A 
FoxO1), Ser256-to-Asp256 FoxO1 mutant (S256D FoxO1), 
Ser319-to-Ala319 FoxO1 mutant (S319A FoxO1), and 
Ser319-to-Asp319 FoxO1 mutant (S319D FoxO1) were 
cloned. The Ser256 and Ser319 residues of FoxO1 were 
replaced with an alanine and aspartic acid residue, respec-
tively, by priming with oligonucleotide 5′-CTC​CTA​GGAG 
AAG​AGC​TGCAT​GCA​ATG​GAC​AAC​AAC​AGT​AAA​TTT​

GCT​-3′ (S256A), 5′-CTCCT AGG​AGA​AGA​GCT​GCAT​
GAC​ATG​GAC​AAC​AAC​AGT​AAA​TTT​GCT​-3′ (S256D), 
5′-TAC​TAT​TAG​TGG​GAG​ACT​CGCA​CCC​ATT​ATG​ACC​
GAA​CAG​-3′ (S319A), and 5′-TAC​TAT​TAG​TGG​GAG​ACT​
CGAC​CCC​ATT​ATG​ACC​GAA​CAG​-3′ (S319D). The PCR 
products were cloned into the EcoRV-HindIII site of the 
pCMV-Tag2B vector.

Transient transfection of plasmid DNA

Human cardiac fibroblasts were seeded in six-well plates 
or 10-cm dishes, reaching 90% confluence, transferred to 
serum-free DMEM/F-12 medium, and transiently trans-
fected with plasmid DNA using an X-tremeGENE™ HP 
DNA Transfection Reagent (Roche Applied Science, Indi-
anapolis, IN, USA). Briefly, 3 μg of plasmid DNA (pCMV-
Tag2B-FoxO1, -FoxO1 mutants, or pCMV-Tag2B) into six-
well or 15 μg of plasmid DNA into 10-cm dish was diluted 
with Opti-MEM (200µl/well or 500µl/dish) (Gibco, Life 
Technologies, Gaithersburg, MD, USA) and incubated at 
25 °C for 15 min. The X-tremeGENE™ HP DNA Transfec-
tion Reagent was added to the DNA diluents [3:1 ratio of 
reagent (μl) to DNA (μg)] and incubated at 25 °C for 20 min. 
Subsequently, the transfection complex was added into each 
well and incubated at 37 °C in a humidified 5% CO2 atmos-
phere. After 48 h of transfection, the cells were incubated 
with LysoPC and harvested.

Measurement of COX‑2 promoter activity

For construction of the COX-2-luc plasmid, human COX-2 
promoter, a region spanning from − 484 to + 37 was cloned 
into pGL3-basic vector, as previously described [35]. HCFs 
were co-transfected with pGL3b-cox-2, pCMV-Tag2B-
FoxO1, pCMV-Tag2B (as a control group), or pCMV-β-
gal plasmid (as an internal control). Promoter activities of 
COX-2 were determined using a luciferase-e assay HIT kit 
(BioThema, Handen, Sweden) and normalized with β-Gal 
reporter gene.

Assessment of cytokine secretion

Human cardiac fibroblasts were starved and exposed to 
LysoPC in the presence or absence of pharmacological 
inhibitors for the indicated time durations. The media were 
collected and the levels of cytokines and chemokines were 
determined using a human cytokine antibody array (Ray 
Biotech Inc., Norcross, GA, USA). The dot intensities of dif-
ferent cytokines were semi-quantified using UN-SCAN-IT 
and normalized to the intensity of internal positive control.
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Immunofluorescence staining

Human cardiac fibroblasts were seeded on coverslips in six-
well culture plates, reaching 90% confluence, transferred 
to serum-free DMEM/F-12 medium overnight, and then 
stimulated with 40 μM LysoPC for the indicated time dura-
tions. After washing twice with ice-cold PBS, the cells were 
fixed with 4% (w/v) paraformaldehyde in PBS for 30 min, 
and then permeabilized with 0.1 % Triton X-100 in PBS for 
15 min. The staining was performed by incubating with 5% 
BSA for 2 h at 37 °C, followed by incubation with a primary 
anti-phospho-FoxO1S256 polyclonal antibody (1:100 dilu-
tion) overnight in PBS with 1% BSA. The cells were washed 
thrice with PBS and incubated for 2 h with a fluorescein 
isothiocyanate (FITC)-conjugated goat anti-rabbit antibody 
(1:100 dilution; Jackson Immunoresearch) in PBS with 1% 
BSA. Finally, cells were washed thrice with PBS and then 
mounted with aqueous mounting medium containing DAPI 
(H1200; Vector Lab, Burlingame, CA, USA). Images were 
captured with a fluorescence microscope (Axiovert 200 M; 
Carl Zeiss, Thornwood, NY, USA).

Chromatin immunoprecipitation assay

Human cardiac fibroblasts were transfected with FoxO1 
plasmid or incubated with LysoPC. Samples were prepared 
and chromatin immunoprecipitation (ChIP) assay was per-
formed. Protein–DNA complexes were fixed by 1% for-
maldehyde in DMEM/F-12 medium and the reaction was 
stopped by 0.125 M glycine. The fixed cells were washed 
and lysed in a lysis buffer (1% SDS, 10 mM EDTA, 1 mM 
PMSF, 50 mM Tris–HCl, pH 8.1). The cell lysates were 
sonicated using a Misonix Sonicator S-4000 (pulse on for 
20 s and off for 15 s at amplitude 20 for 90 cycles; Farm-
ingdale, NY, USA) at 4 °C until the chromosome DNA was 
broken to approximately 200–500 base pairs. The samples 
were centrifuged, and the soluble chromatin was pre-cleared 
by incubation with salmon sperm DNA–protein agarose A 
slurry (Upstate, Billerica, MA, USA) for 30 min at 4 °C with 
rotation. The samples were then centrifuged at 4000×g for 
2 min and the supernatant was transferred to a new tube. The 
samples were quantified and adjusted to the same protein 
concentrations. One portion of the sample was used as DNA 
input control. Soluble chromatin was immunoprecipitated 
either without (control) or with an anti-FoxO1, anti-p65, or 
anti-Flag M2 antibody for 3 h at 4 °C, and then incubated 
with salmon sperm DNA–protein agarose A slurry overnight 
at 4 °C with rotation. The samples were successively washed 
with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 
EDTA, 150 mM NaCl, 20 mM Tris–HCl, pH 8.1), high-salt 
buffer (same as low-salt buffer but with 500 mM NaCl), LiCl 
buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM 
EDTA, 10 mM Tris–HCl, pH 8.1), and Tris–EDTA (10 mM 

Tris–HCl and 1 mM EDTA, pH 8.0), prior to elution (1% 
SDS, 100 mM NaHCO3). The cross-linked protein–DNA 
complexes were reversed by incubation at 65 °C overnight. 
DNA fragments were purified by using an EasyPure PCR/
Gel Extraction kit (Bioman, Taiwan). The purified DNA was 
subjected to PCR amplification. The primer sequences were 
as follows—FoxO1: forward primer 5′-AAG​ACA​TCT​GGC​
GGA​AAC​C-3′, reverse primer 5′-ACA​ATT​GGT​CGC​TAA​
CCG​AG-3′ (− 299 to + 7); proximal NF-κB: forward primer 
5′-GGC​AAA​GAC​TGC​GAA​GAA​GA-3′, reverse primer 
5′-AAA​ATC​GGA​AAC​CCA​GGA​AG-3′; and distal NF-κB: 
forward primer 5′-CCT​CGA​CCC​TCT​AAA​GAC​GTA-3′, 
reverse primer 5′-AGC​CAG​TTC​TGG​ACT​GAT​CG-3′, 
which were specifically designed from the COX-2 promoter 
region (− 320 to − 171) and (− 499 to − 335), respectively. 
PCR fragments were analyzed on 3% agarose in 1× TAE 
gel containing ethidium bromide. In addition, qPCR was 
performed with KAPA SYBR FAST qPCR Kit Master Mix 
Universal (KAPA Biosystems, Wilmington, MA, USA) on 
a StepOnePlus™ real-time PCR system.

Isolation of subcellular fractions

Human cardiac fibroblasts were seeded in 10-cm dishes, 
reaching 90% confluence, transferred to serum-free 
DMEM/F-12 medium for 24 h, and then incubated with 
LysoPC for the indicated time durations. The subcellular 
fractions were prepared by using a NE-PER nuclear and 
cytoplasmic extraction kit according to the instructions of 
the manufacturer (Thermo Scientific, Rockford, IL, USA). 
Cells were gently scraped and then centrifuged at 2000×g 
for 12 min at 4 °C. The pellet was suspended in 300 μl CRE 
I, and then vortexed for 15 s. After incubation for 10 min, 
25 μl CRE II was added to the sample, sonicated for 10 s 
at level of amplitude 10 (Misonix Sonicator S-4000), and 
then incubated for 30 min. The samples were centrifuged at 
16,000×g for 5 min. The supernatants (cytoplasmic extracts) 
were transferred to new tubes. The pellets (nuclear extracts) 
were lysed with 150 μl NER and sonicated for 10 s at level 
of amplitude 10. All the reagents contained protease inhibi-
tor cocktails (1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/
ml leupeptin) and the procedures were carried out at 4 °C. 
Protein concentration was determined by a BCA assay, and 
20 μg of protein from each sample was analyzed by western 
blot analysis.

Co‐immunoprecipitation assay

Human cardiac fibroblasts were seeded in 10-cm dishes, 
reaching 90% confluence, transferred to serum-free 
DMEM/F-12 medium for 24 h, and then incubated with 
LysoPC for the indicated time durations. The nuclear 
extracts were isolated and lysed in a RIPA buffer (20 mM 
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Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
1% NP40, 10 μg/ml leupeptin, 10 μg/ml aprotinin, and 1 mM 
PMSF, pH 8.0). The supernatants containing 1 mg of pro-
tein were incubated without (input) or with anti-FoxO1 or 
anti-p65 antibody under gentle rocking at 4 °C for 2 h, and 
after addition of 50 μl of 50% protein A‐agarose beads tum-
bled overnight at 4 °C. The agarose beads were extensively 
washed with a lysis buffer without Triton X‐100 and NP40. 
The samples were added to 2× western blot loading buffer 
and the western blot analysis was performed.

Data and statistical analysis

All the data were estimated using a GraphPad Prizm Pro-
gram (GraphPad, San Diego, CA, USA). Quantitative data 
were expressed as the mean ± SEM of at least three indi-
vidual experiments (n ≥ 3), and analyzed with a one-way 
ANOVA followed by Tukey’s post hoc test at a *p < 0.01 or 
#p < 0.05 level of significance. Error bars were omitted when 
they fell within the dimensions of the symbols.

Results

LysoPC enhances COX‑2 expression and promoter 
activity

To determine the effect of LysoPC on COX-2 expression, as 
shown in Fig. 1a, LysoPC-induced COX-2 protein expres-
sion in a time- and concentration-dependent manner was 
studied and a maximal response was observed within 16 h. 
Next, the results of RT/qPCR analysis showed that LysoPC 
induced an approximate 13.6-fold increase in cox-2 mRNA 
expression within 6 h (Fig. 1b). To explore the LysoPC-reg-
ulated COX-2 transcription, LysoPC induction was studied 
and an approximate 2.3-fold increase in COX-2 promoter 
activity was observed within 4 h (Fig. 1b). These data sug-
gested that LysoPC regulates COX-2 expression at the tran-
scriptional level in HCFs.

LysoPC induces COX‑2‑mediated IL‑6 expression

The expression of potential fibrotic genes in HCFs induced 
by LysoPC was determined by cDNA microarray analysis. 
The data showed that the pro-fibrotic cytokine genes (il1a, 
il1b, il6, il33, and TNF-α) and PTGS2 (encoding COX-2 
protein) were upregulated in HCFs treated with LysoPC 
(Supplementary Table 4). To confirm the effects of LysoPC 
on the profile of cytokines, the conditioned media were sub-
jected to a human inflammatory cytokine array. The levels 
of IL-1α, IL-β, and IL-6 were predominately increased in 
the LysoPC-treated HCFs (Fig. 1c). Our previous study 
demonstrated that sphingosine-1-phosphate induces COX-2 

expression, contributing to IL-6 production via a PGE2/
EP autocrine pathway [35]. Thus, we determined whether 
LysoPC-induced IL-6 secretion shared a similar mecha-
nism in HCFs. We found that pretreatment with celecoxib 
(a selective COX-2 inhibitor) attenuated LysoPC-induced 
IL-6 secretion (Fig. 1c) and mRNA expression (Fig. 1d). 
These results suggested that LysoPC-induced IL-6 secretion 
is mediated via a COX-2-dependent mechanism in HCFs.

NADPH oxidase/ROS is involved in LysoPC‑induced 
COX‑2 expression

Previous studies have demonstrated that LysoPC increased 
intracellular ROS production in various cell types [5, 10, 
15]. Thus, we explored whether LysoPC induced intracel-
lular ROS generation in HCFs. Our results showed that 
the levels of ROS generation in cells induced by LysoPC 
were elevated in a time-dependent manner ranging from 
30 to 60 min (Fig. 2a). We further determined whether the 
ROS generation was due to promotion of NOX activity by 
LysoPC. As shown in Fig. 2a, LysoPC induced NOX activ-
ity in a time-dependent manner with a maximal response 
within 5–60  min. Moreover, pretreatment with either 
edaravone (a scavenger of ROS) or DPI (a NOX inhibitor) 
inhibited the LysoPC-induced ROS generation as well as 
NOX activation (Fig. 2b), suggesting that LysoPC primes 
NOX activation leading to ROS generation. The family of 
NOX comprises seven members: NOX1–5 and DUOX1–2, 
although, DUOX1/2 is not expressed in the cardiovascular 
system [36]. Previous studies have demonstrated that ROS 
are involved in COX-2 expression via NOX2 activation [20]. 
Our results also demonstrated that pretreatment with DPI 
attenuated LysoPC-induced COX-2 protein expression in a 
concentration-dependent manner (Fig. 2c). Moreover, we 
identified the expression of NOX isoforms in HCFs using 
RT/PCR. The isoforms of NOX that expressed in HCFs were 
NOX1, 2, 4, and 5 (Supplementary Fig. 1A). To ensure the 
roles of NOX isoforms in COX-2 expression, specific NOX 
siRNAs were used to knock down their respective mRNA 
targets (Supplementary Fig.  1B–E). Transfection with 
NOX1, NOX2, NOX4, or NOX5 reduced LysoPC-induced 
COX-2 expression in HCFs (Fig. 2d). Although NOX/ROS-
dependent IL-6 expression has been confirmed in human 
vascular smooth muscle cells [25], the role of NOX/ROS in 
COX-2-mediated IL-6 expression was not well defined for 
HCFs. RT/qPCR analysis showed that IL-6 mRNA expres-
sion was downregulated after transfection with NOX1, 
NOX2, NOX4, or NOX5 siRNA (Fig. 2e). These results sug-
gested that LysoPC-induced IL-6 expression is mediated via 
a NOX/ROS-dependent cascade in HCFs.

LysoPC has been shown to stimulate phosphorylation of 
MAPKs, including JNK1/2 [10, 37]. Therefore, we tested 
the role of JNK1/2 in COX-2 expression using the inhibitor 
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of JNK1/2 (SP600125) which attenuated LysoPC-induced 
COX-2 expression in a concentration-dependent manner 
(Supplementary Fig. 2A). We further examined whether 
NOX/ROS played a role in LysoPC-mediated JNK1/2 acti-
vation. The results showed that pretreatment with either 

DPI or SP600125 attenuated JNK1/2 phosphorylation 
stimulated by LysoPC (Fig. 2f; Supplementary Fig. 2B and 
C), suggesting that LysoPC-induced COX-2 expression is 
mediated via activation of NOX/ROS-dependent JNK1/2 
pathway in HCFs.

Fig. 1   LysoPC induces COX-2-mediated IL-6 expression. a HCFs 
were treated with various concentrations of LysoPC for the indicated 
time intervals. The levels of COX-2 and GAPDH proteins were deter-
mined by western blot (n = 6). b HCFs were incubated with LysoPC 
(40  μM) for the indicated time points. The levels of COX-2 and 
GAPDH mRNA were determined by RT/qPCR (open bars; n = 7). 
Cells were co-transfected with a pGL3b-COX-2-luc and pCMV-β-
gal plasmids with LysoPC (40  μM) for the indicated time intervals 
(black bars; n = 5). c HCFs were pretreated with celecoxib (10 μM) 

for 1 h and then incubated with or without LysoPC (40 μM) for 48 h. 
The conditioned media were analyzed by cytokine antibody arrays. 
(1) IL-1α, (2) IL-1β, (3) IL-6, (4) TGF-β, (5) TNF-α, (6) TNF-β. d 
HCFs were incubated with LysoPC for the indicated time intervals in 
the absence or presence of celecoxib (10 μM). The levels of IL-6 and 
GAPDH mRNA expression were determined by RT/qPCR (n = 6). 
Data are presented with mean ± SEM, and analyzed by one-way 
ANOVA with Tukey’s post hoc tests. *p < 0.05; #p < 0.01
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Fig. 2   NADPH oxidase/ROS are involved in LysoPC-induced COX-2 
and IL-6 expression. a HCFs were treated with LysoPC (40  μM) 
for the indicated time intervals. The generation of ROS and activ-
ity of NADPH oxidase were determined using a CM-H2DCFDA 
probe (open bars; n = 10) and lucigenin chemiluminescence analy-
sis (black bars; n = 10), respectively. b HCFs were pretreated with 
either DPI (100  nM) or edaravone (Eda; 100  nM) for 1  h and then 
incubated with LysoPC for 30  min. The cell lysates were subjected 
to determine the ROS generation (open bars; n = 5) and NADPH oxi-
dase activity (black bars; n = 7). c HCFs were pretreated with DPI for 
1  h and then incubated with LysoPC for 6  h. The levels of COX-2 

and GAPDH protein were determined by western blot (n = 6). d, 
e HCFs were transfected with siRNA of scramble, NOX1, NOX2, 
NOX4, or NOX5 and then incubated with LysoPC for 6 h. The levels 
of COX-2, IL-6, and GAPDH mRNA were determined by RT/qPCR 
(d, n = 5; e, n = 5). f HCFs were pretreated with either DPI (100 nM) 
or SP600125 (1  μM) for 1  h and then treated with LysoPC for the 
indicated time intervals. The levels of JNK1/2, phospho-JNK1/2, and 
GAPDH protein were determined by western blot (n = 5). The densi-
tometry measurements are presented in Supplementary Fig.  2B and 
C. Data are presented with mean ± SEM and analyzed by one-way 
ANOVA with Tukey’s post hoc tests. *p < 0.05; #p < 0.01
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NF‑κB is involved in LysoPC‑mediated COX‑2 
and IL‑6 expression

Previous studies have demonstrated that activation of NF-κB 
leads to expression of pro-inflammatory cytokines and 
COX-2 induced by LysoPC [23, 38]. To investigate the role 
of NF-κB in LysoPC-mediated COX-2 expression, the HCFs 
were transfected with p65 siRNA, which knocked down p65 
protein and attenuated LysoPC-induced COX-2 protein and 
mRNA expression (Fig. 3a, b). In addition, LysoPC-stim-
ulated p65 phosphorylation, with a maximal response at 
60 min, was reduced after p65 siRNA transfection (Fig. 3c; 
Supplementary Fig. 3A). While investigating NOX/ROS-
mediated p65 activation, our data indicated that LysoPC-
stimulated p65 phosphorylation was attenuated by DPI, 
SP600125, or helenalin (an inhibitor of NF-κB) (Fig. 3d; 
Supplementary Fig. 3B–D), suggesting that LysoPC-induced 
COX-2 expression is mediated via NOX/ROS-JNK1/2-
dependent NF-κB p65 activation in HCFs.

COX-2 contains two NF-κB binding elements in its pro-
moter regions, specifically at − 449 to − 437 and − 225 to 
− 214 [39]. Thus, we determined which NF-κB binding ele-
ments of the COX-2 promoter was manipulated by LysoPC, 
which led to COX-2 expression. The results of ChIP revealed 
that the binding activity of p65 was increased after flanking 
of proximal NF-κB elements using an anti-p65 or anti-phos-
pho-p65 antibody (Supplementary Fig. 4B and C). Moreo-
ver, we investigated the interaction between activated NF-κB 
and COX-2 promoter stimulated by LysoPC via NOX/ROS 
pathways. Our results showed that LysoPC-stimulated 
binding of p65 to the proximal NF-κB-binding element on 
COX-2 promoters was attenuated by either DPI or helenalin 
(Fig. 3e). These results suggested that NOX/ROS-stimulated 
phosphorylated p65 binds to a proximal NF-κB-binding 
element, leading to COX-2 expression in HCFs. While 
determining whether LysoPC-activated p65 affected IL-6 
expression in HCFs, we found that transfection with p65 
siRNA knocked down p65 protein expression and markedly 
suppressed LysoPC-induced IL-6 gene expression (Fig. 3f). 
Together, these results suggested that LysoPC-primed NOX/
ROS signaling regulates NF-κB activation, leading to COX-
2-dependent IL-6 expression in HCFs.

FoxO1 is involved in LysoPC‑mediated COX‑2 
and IL‑6 expression

While determining the role of FoxO1 in the LysoPC-induced 
COX-2 expression, we found that knockdown of FoxO1 pro-
tein after transfection with FoxO1 siRNA reduced LysoPC-
induced COX-2 protein and mRNA expression in HCFs 
(Fig. 4a, b). Next, we determined whether FoxO1 bound to 
COX-2 promoter in HCFs treated with LysoPC. ChIP analysis 
showed that LysoPC stimulated the binding of FoxO1 to the 

COX-2 promoter in a time-dependent manner, with a maximal 
response within 30–60 min (Fig. 4c). Furthermore, transfec-
tion with FoxO1 siRNA attenuated the LysoPC-induced IL-6 
mRNA expression (Fig. 4d). These results suggested that 
LysoPC-mediated FoxO1-dependent COX-2 induction leads 
to IL-6 expression in HCFs.

LysoPC‑mediated phosphorylation of FoxO1 
at Ser256 enhances nuclear localization and binding 
activity with COX‑2 promoter

Phosphorylation at Ser256 of human FoxO1 results in differ-
ential transcriptional activities [40], including, increase in 
transcriptional activity of nuclear FoxO1, leading to expres-
sion of pro-inflammatory genes [31, 32, 41]. While investigat-
ing whether LysoPC stimulated phosphorylation at Ser256 of 
FoxO1, the immunofluorescence images showed that LysoPC 
induced FoxO1 phosphorylation at Ser256 residue and its 
nuclear accumulation (Fig. 5a). The nuclear accumulation of 
phosphorylated FoxO1S256 was also confirmed by western blot 
(Fig. 5b), and was attenuated after transfection with FoxO1 
siRNA (Fig. 5c; Supplementary Fig. 5A). Indeed, nuclear 
accumulation of FoxO1 increases transcriptional activity in 
response to oxidative stresses [42]. Thus, we investigated 
whether LysoPC-stimulated phosphorylation of FoxO1S256 
was mediated through NOX/ROS signaling. LysoPC-stimu-
lated phosphorylation of FoxO1S256 was attenuated by DPI, 
SP600125, or AS1842856 (an inhibitor of FoxO1) (Fig. 5d; 
Supplementary Fig. 5B–D). To further validate the binding 
between JNK1/2 and FoxO1, the cell lysates were immunopre-
cipitated with an anti-FoxO1 antibody after LysoPC stimula-
tion and then analyzed by western blot using an antibody as 
indicated. The results showed that the levels of JNK1/2 and 
phosphorylation of FoxO1S256 were increased after treatment 
with LysoPC within 30–60 min (Fig. 5e), suggesting that phos-
phorylation of FoxO1 is regulated by a NOX/ROS-JNK1/2 
pathway. Moreover, we investigated whether phosphorylation 
of FoxO1S256 was associated with LysoPC-induced COX-2 
gene expression. The interaction between FoxO1 and COX-2 
promoter was determined by a ChIP analysis. As shown in 
Fig.  5f, LysoPC-induced phosphorylation of FoxO1S256 
enhanced the binding activity of FoxO1 with COX-2 pro-
moter, which was attenuated by either DPI or AS1842856. 
These results suggested that LysoPC-stimulated phosphoryl-
ated FoxO1S256 interacts with COX-2 promoter, contributing to 
increase in the transcriptional activity via NOX/ROS-JNK1/2 
pathways in HCFs.

FoxO1 coordinates with NF‑κB in regulating COX‑2 
promoter activity

While investigating the association of FoxO1 with 
p65 in response to LysoPC in HCFs, the results of 
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Fig. 3   NF-κB is involved in LysoPC-induced COX-2 and IL-6 
expression. a, b HCFs were transfected with siRNA of scramble or 
p65 and then treated with LysoPC for 6 h. a The levels of p65, COX-
2, and GAPDH protein were determined by western blot (n = 6). b 
The levels of COX-2 and GAPDH mRNA were determined by RT/
qPCR (n = 6). c HCFs were transfected with siRNA of scramble or 
p65, and then treated with LysoPC for the indicated time intervals. 
The levels of p65, phospho-p65, and GAPDH protein were deter-
mined by western blot (n = 6). The densitometry measurements of 
phospho-p65 are presented in Supplementary Fig. 3A. d HCFs were 
pretreated with DPI (100  nM; n = 7), SP600125 (1  μM; n = 5), or 
helenalin (HLN, 1 μM; n = 7) for 1 h, and then treated with LysoPC 
for the indicated time interval. The levels of p65, phospho-p65, and 

GAPDH protein were determined by western blot. The densitom-
etry measurements of phospho-p65 are presented in Supplementary 
Fig. 3B–D. e HCFs were pretreated with DPI (100 nM) or helenalin 
(1 μM) for 1 h, and then incubated with LysoPC for 1 h. The DNA 
binding activity of NF-κB was determined by a ChIP assay. Quantifi-
cation of p65 immunoprecipitated DNA was performed by an SYBR 
system for qPCR, and the results are shown as the fold change nor-
malized to input control (n = 4). f HCFs were transfected with siRNA 
of scramble or p65, and then treated with LysoPC for 6 h. The lev-
els of IL-6 and GAPDH mRNA were determined by RT/qPCR 
(n = 6). Data are presented as mean ± SEM, and analyzed by one-way 
ANOVA with Tukey’s post hoc tests. *p < 0.05; #p < 0.01
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co-immunoprecipitation showed that LysoPC enhanced 
p65 translocation and its interaction with FoxO1 (Fig. 6a). 
Similarly, the nuclear FoxO1 enhanced p65 activity upon 
LysoPC stimulation in a time-dependent manner (Fig. 6b). 
Next, we examined whether activation of FoxO1 enhanced 
p65 binding to COX-2 promoters. The ChIP results 
showed that knockdown of either FoxO1 or p65 expression 
by FoxO1 or p65 siRNA, respectively (Fig. 6c), attenu-
ated immunoprecipitated DNA with an anti-p65 or anti-
phospho-FoxO1S256 antibody (Fig. 6d). These findings 
suggested that LysoPC-induced FoxO1 interacts with p65 
and coordinately enhances its binding to COX-2 promot-
ers, leading to COX-2 gene expression in HCFs.

Overexpression of wild‑type or S256D FoxO1 
enhances COX‑2 promoter activity

To corroborate our findings above, we explored the effects 
of overexpression of FoxO1 on COX-2 expression. Exposure 
of HCFs to LysoPC induced approximately 2.3-fold increase 
in the COX-2 promoter activity (Fig. 7a). Co-transfection 
of pCMV Tag-2B FoxO1 (wild-type) further increased 
the COX-2 promoter activity by approximately 2.7-fold as 
compared to that of empty vector alone (Fig. 7a). The ChIP 
results showed that overexpression of FoxO1 or treatment 
with LysoPC significantly increased the binding activity 
of FoxO1 on COX-2 promoters (Fig. 7b). FoxO1 is also 

Fig. 4   FoxO1 is involved in LysoPC-mediated COX-2 expression and 
IL-6 expression. a, b HCFs were transfected with siRNA of scram-
ble or FoxO1 and then treated with LysoPC for 6 h. a The levels of 
COX-2, FoxO1 and GAPDH protein were determined by western blot 
(n = 6). b The levels of COX-2 and GAPDH mRNA expression were 
determined by RT/qPCR (n = 7). c HCFs were treated with LysoPC 
for the indicated time intervals. DNA binding activity of FoxO1 was 

determined by a ChIP assay. Quantification of data was performed 
by an SYBR system for qPCR, and the results are shown as the fold 
change normalized to input control (n = 5). d HCFs were transfected 
with siRNA of scramble or FoxO1 and then treated with LysoPC for 
6 h. The levels of IL-6 and GAPDH mRNA were determined by RT/
qPCR (n = 6). Data are presented as mean ± SEM, and analyzed by 
one-way ANOVA with Tukey’s post hoc tests. *p < 0.05; #p < 0.01
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phosphorylated by Akt at Tyr24, Ser256, or Ser319, while post-
transcriptional modification independently regulates FoxO1 
transcriptional activity [27, 40, 43]. To directly assess the 
impact of FoxO1 phosphorylation on COX-2 expression, 
we modified the Flag-tagged FoxO1 to encode phospho-
silencing mutants (S256A and S319A FoxO1) and phospho-
mimic mutants (S256D and S319D FoxO1). Overexpression 
of wild-type FoxO1 and S256D FoxO1 was associated with 
a 1.6- and 1.7-fold increase in COX-2 expression, respec-
tively (Fig. 7c). The levels of chimeric Flag-FoxO1 were 
expressed as the levels of mRNA, determined by RT/PCR 
analysis. However, overexpression of S256D FoxO1 signifi-
cantly enhanced COX-2 expression as compared with that of 
S256A FoxO1. In contrast, neither S319A nor S319D FoxO1 
mutant affected COX-2 expression. Immunoprecipitation of 
Flag was used to determine the DNA binding activity of 
FoxO1 mutants on COX-2 promoter. Consistently, ChIP 
analysis demonstrated that the interaction of FoxO1 with 
the COX-2 promoter was enhanced in HCFs overexpressing 
either wild-type FoxO1 or S256D FoxO1 (Fig. 7d). These 
results suggested that phosphorylation at Ser256 residue of 
FoxO1 is sufficient to upregulate COX-2 gene expression 
in HCFs.

LysoPC induces COX‑2 and IL‑6 expression in ex vivo 
mouse heart tissue

We investigated whether LysoPC induced COX-2 expression 
in ex vivo mouse heart tissues. LysoPC-induced COX-2 pro-
tein and mRNA expressions were reduced by DPI, helenalin, 
or AS1842856 (Fig. 8a, b). Moreover, our results demon-
strated that LysoPC-induced IL-6 expression was inhibited 
by DPI, helenalin, AS1842856, or celecoxib, as determined 
by RT/qPCR analysis (Fig. 8c). These results suggested 
that induction of COX-2 by LysoPC is associated with IL-6 
expression in ex vivo mouse heart tissues and is mediated 
through NOX/ROS, FoxO1, and NF-κB in the heart.

Discussion

LysoPC induced COX-2-dependent IL-6 expression in 
HCFs, which may be associated with pro-fibrotic responses. 
Our findings showed that LysoPC-induced COX-2-depend-
ent IL-6 expression is mediated through NOX/ROS/JNK1/2 
leading to FoxO1S256 and NF-κB activation (Fig. 8d). These 
results were confirmed by ex vivo studies, indicating the 
involvement of NOX, NF-κB, or FoxO1 in LysoPC-mediated 
responses. We found that nuclear accumulation of phospho-
FoxO1S256 was significantly increased and it was bound to 
the COX-2 promoter. In contrast with previous reports, the 
phosphorylation of FoxO1 at Ser256 strongly promoted 
nuclear exclusion [43]. Moreover, overexpression of S256D 
FoxO1, but not of S256A FoxO1, promoted DNA binding 
activity and turned on COX-2 expression in HCFs. These 
data suggested that interaction between FoxO1 and p65 may 
coordinately regulate COX-2 gene expression in HCFs. Our 
findings provided new insights into the mechanisms under-
lying LysoPC-induced COX-2-dependent IL-6 expression 
through phosphorylated p65 and FoxO1S256-mediated tran-
scriptional activation in HCFs.

Induction of COX-2 could enhance macrophage infiltra-
tion and fibroblast activation during myocardial infarction in 
patients and experimental animals [21, 22]. COX-2 catalyzes 
the conversion of arachidonic acid into PGs, which activate 
their specific receptors. For example, PGE2 enhances IL-6 
production through EP1, EP2, or EP4 in various cell types 
[44, 45]. Our previous study also demonstrated that S1P 
induces COX-2 expression associated with PGE2/IL-6 pro-
duction in human tracheal smooth muscle cells [25, 35]. 
In this study, we found that inhibition of COX-2 activity 
attenuated LysoPC-induced IL-6 expression in HCFs and 
ex vivo mouse heart tissues. IL-6 has been shown to either 
enhance collagen synthesis leading to cardiac fibrosis via 
activation of CFs [13] or induce TGF-β expression lead-
ing to tissue remodeling via TGF-β/smad3 activation [12, 
14]. Therefore, we speculated that activation of the COX-2/

Fig. 5   LysoPC-mediated phosphorylation at Ser256 of FoxO1 
increases nuclear localization and DNA binding activity on COX-2 
promoter. a, b HCFs were incubated with LysoPC (40  μM) for the 
indicated time points. a Immunofluorescence staining was performed 
with an anti-phospho-FoxO1S256 antibody, labeled with FITC (green) 
and DAPI (blue), and observed by using a fluorescence microscope 
(scale bar, 100 μm). b The cytosolic and nuclear fractions were pre-
pared and subjected to western blot analysis. Lamin A and GAPDH 
were used as a marker protein for the nuclear and cytosolic fractions, 
respectively. Quantification data of nuclear phospho-FoxO1S256 data 
is presented in the bottom panel (n = 6). c HCFs were transfected with 
siRNA of scramble or FoxO1 and then treated with LysoPC for the 
indicated time intervals. The levels of FoxO1, phospho-FoxO1S256, 
and GAPDH protein were determined by western blot (n = 7). The 
densitometry measurements of phospho-FoxO1S256 are presented in 
Supplementary Fig. 5A. d HCFs were pretreated with DPI (100 nM; 
n = 7), SP600125 (1 μM; n = 5), or AS1842856 (AS, 100 nM; n = 7) 
for 1  h, and then treated with LysoPC for the indicated time inter-
vals. The levels of phospho-FoxO1S256, FoxO1, and GAPDH protein 
were determined by western blot. The densitometry measurements 
of phospho-FoxO1S256 are presented in Supplementary Fig. 5B–D. e 
HCFs were treated with LysoPC for the indicated time intervals and 
subjected to immunoprecipitation assay using an anti-FoxO1 anti-
body. The immunoprecipitates were analyzed by western blot using 
an anti-JNK1/2, anti-phospho-FoxO1S256, or anti-FoxO1 (as an inter-
nal control) antibody. Data are representative of three independent 
experiments (n = 3). f HCFs were pretreated with DPI (100  nM) or 
AS1842856 (100  nM) for 1  h and then incubated with LysoPC for 
1  h. The DNA binding activity of phospho-FoxO1S256 was deter-
mined by a ChIP assay. Quantification of data was performed by 
an SYBR system for qPCR, and the results are shown as the fold 
change normalized to input control (n = 5). Data are presented as 
mean ± SEM, and analyzed by one-way ANOVA with Tukey’s post 
hoc tests. *p < 0.05; #p < 0.01. NE nuclear extract, CE cytosolic 
extract

◂
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PG axis promotes IL-6 production and further triggers pro-
fibrotic responses in CFs, which is an important issue to be 
considered for future studies.

LysoPC stimulates NOX-derived ROS generation in vari-
ous types of cells [15, 16]. Consistent with these findings, 
LysoPC stimulated NOX activation and increased ROS gen-
eration in HCFs. ROS are believed to activate various signal-
ing molecules, leading to COX-2 expression [20, 25]. Our 
findings confirmed that LysoPC-induced COX-2 expression 
was dependent on NOX/ROS generation. NOX1, 2, 4, and 5 
were involved in LysoPC-mediated responses as confirmed 
after transfection of cells with their respective siRNAs. In 
mouse heart, knockout of either NOX2 or NOX4 reduces 
ROS production, hypertrophy, interstitial fibrosis, and apop-
tosis [18, 19]. Moreover, JNK1/2 can be activated by ROS 
signaling [46]. Our results supported the NOX-derived ROS 
generation mediated JNK1/2 activation, contributing to 
LysoPC-induced COX-2 expression in HCFs.

NF-κB is a key player in the regulation of COX-2 tran-
scription [39]. LysoPC has been shown to mediate phos-
phorylation and degradation of IκB, resulting in the nuclear 
translocation of NF-κB p65 in endothelial cells [38]. 
LysoPC-activated NF-κB is also involved in the expression 
of endothelial adhesion molecules and COX-2 expression 

[5, 23]. Consistent with these findings, our results sup-
ported that LysoPC-induced COX-2 and IL-6 expressions 
were mediated through NF-κB activation. κB sites are 
highly conserved among species [39]. The human COX-2 
promoter contains two NF-κB binding elements, which are 
different from those of rodents [39]. The rodent COX-2 pro-
moter lacks the proximal NF-κB binding element, whereas 
the proximal NF-κB-binding element of the human COX-2 
promoter is a major regulatory element, contributing to 
COX-2 promoter activation upon treatment with LysoPC 
in HCFs. Nguyen et al. mentioned that the COX-2 pro-
moter is differentially regulated between mice and humans 
[39]. We found that LysoPC regulated COX-2-dependent 
IL-6 expression via the proximal NF-κB-binding element 
in the COX-2 promoter. Redox signaling has been shown 
to activate NF-κB through various signaling pathways and 
thereby enhance the expression of its targeted proteins [5]. 
Our previous results demonstrated that ATPγS-induced 
COX-2 expression is mediated via NOX/ROS generation-
dependent NF-κB activation in human pulmonary alveolar 
epithelial cells [20]. Here, we demonstrated that activated 
p65 interacted with the COX-2 promoter and initiated its 
gene transcription, which was inhibited by DPI, or helenalin 
in HCFs. In addition, increase in NF-κB activity is mediated 

Fig. 6   FoxO1 coordinates with NF-κB in regulating COX-2 promoter 
activity. a, b HCFs were treated with LysoPC for the indicated time 
intervals, and then the nuclear fraction was prepared. Nuclear frac-
tions were subjected to immunoprecipitation assay using the indi-
cated antibodies. Immunoprecipitates were analyzed by western blot 
using an anti-p65, anti-FoxO1, or anti-laminA (as an internal control) 
antibody. IP immunoprecipitation, IB immunoblotting, WNE whole 
nuclear extract. Data are representative of three independent experi-

ments. c, d HCFs were transfected with siRNA of scramble, FoxO1, 
or p65 and then treated with LysoPC for 1 h. The cells lysates were 
subjected to western blot analysis (c) and a ChIP analysis (d). The 
DNA binding activity of FoxO1 and NF-κB was determined by a 
ChIP assay, using an anti-phospho-FoxO1S256 or anti-p65 antibody. 
Quantification of data is shown as fold change after normalizing to 
input control (n = 5). Data are presented as mean ± SEM and analyzed 
by one-way ANOVA with Tukey’s post hoc tests. *p < 0.05; #p < 0.01
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via JNK1/2-dependent phosphorylation at Ser176 of IKKα, 
contributing to IκB degradation and subsequent NF-κB acti-
vation [47]. Consistent with previous reports, inhibition of 
JNK1/2 by SP600125 attenuated LysoPC-stimulated p65 
phosphorylation. Thus, we concluded that NOX-derived 
ROS resulted in an increase of NF-κB activity and upregu-
lation of COX-2 and IL-6 gene expression via a NOX/ROS-
JNK1/2-dependent pathway in HCFs.

FoxO1 is a multifunctional transcription factor [24, 25, 
31, 32]. Knockdown of FoxO1 attenuates the IL-1β-induced 
COX-2 expression in primary human myometrial cells [24]. 
In contrast, IL-1β-induced COX-2 expression is not altered 

by knockdown of either FoxO1 or FoxO3 in human chondro-
cytes [48]. However, regulation of FoxOs’ downstream tar-
gets is highly cell lineage dependent in response to oxidative 
stress [49]. In this study, we found the involvement of FoxO1 
in COX-2 expression by transfection of cells with FoxO1 
siRNA. The interaction between FoxO1 and COX-2 pro-
moter was confirmed using a ChIP assay, demonstrating that 
induction of COX-2 by LysoPC was mediated via an increase 
in the binding activity of FoxO1 on the COX-2 promoters. In 
particular, overexpression of FoxO1 enhanced either COX-2 
promoter activity or FoxO1 DNA association. We found that 
the FoxO1 binding element of the COX-2 promoter was 

Fig. 7   Overexpression of wild-type FoxO1 and S256D FoxO1 
enhances DNA binding activity on COX-2 promoter. a HCFs were 
co-transfected with pGL3b, pGL3b-cox-2-luc, pCMV-β-gal, pCMV-
Tag2B, or pCMV-Tag2B-FoxO1 (WT) plasmid for 48 h and treated 
with LysoPC (40 μM) for 6 h. The luciferase activity was determined 
and normalized to the respective β-gal activity (n = 4). b HCFs were 
transfected with pCMV-Tag2B or pCMV-Tag2B-FoxO1 (WT) for 
48 h and then treated with LysoPC (40 μM) for 1 h. Quantification of 
data were determined by an SYBR system for qPCR, and the results 
are shown as the fold change normalized to input control (n = 5). 
c, d HCFs were transfected with pCMV-Tag2B-FoxO1, S256A 

FoxO1, S256D FoxO1, S319A FoxO1 or S319D FoxO1 for 48 h and 
then treated with LysoPC (40  μM) for 6  h. c The levels of COX-2, 
FoxO1 and GAPDH protein were analyzed by western blot. Expres-
sions of chimeric Flag-FoxO1 and β-actin were determined by RT/
PCR. Quantification of data is shown in the bottom panel (n = 7). d 
DNA binding activity of FoxO1 constructs on COX-2 promoter was 
determined by a ChIP assay using an anti-Flag M2 antibody and 
analyzed by an SYBR system for qPCR (n = 7). Data are presented 
as mean ± SEM and analyzed by one-way ANOVA with Tukey’s post 
hoc tests. *p < 0.05; #p < 0.01
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located between positions − 299 and + 7. FoxO1 has been 
shown to be involved in IL-6 expression induced by IL-1β, 
LPS, and TNF-α [24, 31, 32]. In this study, knockdown of 
FoxO1 attenuated LysoPC-induced COX-2-dependent IL-6 
expression in HCFs. These results suggested that FoxO1 is 
involved in LysoPC-induced COX-2-dependent IL-6 expres-
sion associated with cardiac inflammation.

On the basis of previous studies, cooperative regulation 
of inflammatory genes by NF-κB and FoxO1 is controver-
sial. Several genes such as the IL-1β promoter contain both 
FoxO1 and NF-κB response elements [31, 50]. Fan et al. 
mentioned that NF-κB potentially interacted with FoxO1 
because response motifs of NF-κB were significantly 
enriched across the FoxO1 cistrome [31]. For the chemo-
tactic ligand CCL20, overexpression of FoxO1 increased 
the binding of the active NF-κB dimer, whereas FoxO1 

silencing decreased NF-κB binding to its response element. 
Since FoxO1 does not directly bind to the CCL20 promoter, 
FoxO1 may serve as a coactivator of NF-κB in the nucleus 
to amplify NF-κB signaling [51]. Thus, in some cases such 
as IL-1β, FoxO1 binds to a response element nearby the 
NF-κB binding element to enhance transcription, whereas, 
in CCL20, FoxO1 is speculated to physically interact with 
NF-κB and enhance NF-κB-mediated CCL20 transcription. 
Our data revealed that FoxO1 can associate with nuclear 
p65, a component of NF-κB, and knockdown of FoxO1 
attenuated p65 binding to the proximal NF-κB binding ele-
ment of the COX-2 promoter in HCFs. We speculated that 
the spatial conformation of proximal NF-κB binding element 
is close to the FoxO1 binding element, inferring that p65 
and FoxO1 coordinately regulated COX-2 gene expression 
in HCFs.

Fig. 8   LysoPC induces COX-2 and IL-6 expression in ex vivo mouse 
heart tissue. a–c Mouse heart segments were pretreated with DPI 
(100  nM), AS1842856 (100  nM), helenalin (1  μM), or celecoxib 
(10 μM) for 1 h and then exposed to LysoPC (40 μM) for 6 h while in 
Krebs solution bubbled with 95% O2 and 5% CO2 at 37 °C. The heart 
tissues were homogenized and subjected to western blot analysis or 
RT/qPCR to determine the levels of COX-2 protein (a; n = 6) and 

mRNA (b; n = 7) or the levels of IL-6 mRNA (c; n = 7). d Schematic 
diagram illustrates that LysoPC activated FoxO1 and NF-κB medi-
ated a COX-2-dependent IL-6 expression via NOX/ROS-JNK1/2-
dependent pathway in HCFs. Data are presented as mean ± SEM and 
analyzed by one-way ANOVA with Tukey’s post hoc tests. *p < 0.05; 
#p < 0.01
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The transcriptional activity of FoxO1 is dependent on 
its phosphorylation status and subcellular localization. 
Akt-mediated FoxO1 activation has been shown to pro-
mote nuclear exclusion of FoxO1 and negatively regulate 
IRS-dependent gene expression in response to IGF sign-
aling [43]. Therefore, nuclear accumulation of FoxO1 
increases DNA binding activity and results in CCL20 
induction in keratinocytes and mouse models [41]. Kinase-
dead mutation of Akt blocks FoxO1 phosphorylation at 
Tyr24, Ser256, and Ser319, which restricts FoxO1 expression 
in the cytoplasm [27] and enhances the expression of pro-
inflammatory genes including TNF-α, IL-1β, and IL-6 [31, 
32]. Our novel findings indicated that LysoPC-stimulated 
FoxO1S256 phosphorylation increased the nuclear accumu-
lation of FoxO1 and its binding activity on COX-2 pro-
moter. Previous reports have indicated that under oxidative 
stress, phosphorylated JNK1/2 accelerates FoxO1 nuclear 
localization, leading to its target gene expression [42]. 
Here, we demonstrated that blocking of NOXs and JNK1/2 
activity attenuated LysoPC-stimulated phosphorylation of 
FoxO1S256. In addition, our data also demonstrated that 
overexpression of S256D FoxO1 enhanced COX-2 induc-
tion, whereas S256A, S319D, and S319A FoxO failed to 
alter COX-2 gene expression. These results suggested that 
phosphorylation of FoxO1 at Ser256 is required for COX-2 
expression in HCFs, leading to cardiac inflammation.

With respect to the limitations of the present study, we 
recognized the inhibition of COX-2 activity as a target 
may also incur side effects on the cardiovascular system. 
Increase in COX-2 activation leads to metabolism and pro-
duction of various prostanoids by cell-dependent isomer-
ases of different tissues, which may also be involved in 
pathological and physiological regulation. It is crucial to 
further investigate the modulation of these prostanoids and 
their receptors in response to LysoPC. Nevertheless, our 
results provide new insights into COX-2 gene expression, 
involving a synergistic regulation of FoxO1 and p65 in 
HCFs. In fact, our previous data demonstrated FoxO1 as 
a transcription repressor for COX-2 gene expression in 
human tracheal smooth muscle cells [25]. We suggest that 
FoxO1-mediated COX-2 regulation is a key mechanism 
and represents different patterns in various tissues exposed 
to different stimuli.
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