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Abstract

NADPH is a reducing equivalent that maintains redox homeostasis and supports reductive biosynthesis. Lack of major NADPH-
producing enzymes predisposes cells to growth retardation and demise. It was hypothesized that double deficiency of the NADPH-
generating enzymes, GSPD-1 (Glucose-6-phosphate 1-dehydrogenase), a functional homolog of human glucose-6-phosphate dehydro-
genase (GOPD), the rate-limiting enzyme of the pentose phosphate pathway, and IDH-1 (isocitrate dehydrogenase-1) affect growth and
development in the nematode, Caenorhabditis elegans (C. elegans). The idh-1;gspd-1(RNAi) double-deficient C. elegans model
displayed shrinkage of body size, growth retardation, slowed locomotion, and impaired molting. Global metabolomic analysis was
employed to address whether or not metabolic pathways were altered by severe NADPH insufficiency by the idh-1;gspd-1(RNAi)
double-deficiency. The principal component analysis (PCA) points to a distinct metabolomic profile of idh-1;gspd-1(RNAi) double-
deficiency. Further metabolomic analysis revealed that NADPH-dependent and glutamate-dependent amino acid biosynthesis were
significantly affected. The reduced pool of amino acids may affect protein synthesis, as indicated by the absence of NAS-37 expression
during the molting process. In short, double deficiency of GSPD-1 and IDH-1 causes growth retardation and molting defects, which are,
in part, attributed to defective protein synthesis, possibly mediated by altered amino acid biosynthesis and metabolism in C. elegans.

Keywords C. elegans - GSPD-1 - IDH-1 - Development - Molting - Metabolomic - Amino acid

Introduction (HMS), also known as the pentose phosphate pathway (PPP).
The classical biochemical role of G6PD is to catalyze the oxi-
dation of glucose-6-phosphate to 6-phosphogluconolactone

and concomitantly produce the reduced form of nicotinamide

Glucose-6-phosphate dehydrogenase (G6PD) is the first and
rate-limiting enzyme in the hexose monophosphate shunt
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adenine dinucleotide phosphate (NADPH) for antioxidant de-
fense and reductive biosynthesis [1, 2]. G6PD deficiency is the
most common enzymopathy affecting 400 million people in the
world. Most G6PD mutations are point mutations causing ami-
no acid substitution and reduced enzyme activity. Classically,
GO6PD deficiency has been linked to red blood cell disorders as
the clinical manifestations. Novel functions of G6PD in cellular
physiology have been discovered over recent years [3]. GOPD
is required for life as severe deficiency of G6PD in mammals
and nematodes is lethal for survival and reproduction [4, 5] and
plays an important role in embryogenesis [6, 7].

The biological importance of G6PD is largely attributed to
the production of NADPH. The reducing equivalent NADPH
serves pivotal roles in cellular biology. It maintains cellular
redox homeostasis by regenerating reduced glutathione,
which is needed for detoxifying elevated oxidants. NADPH
is also required for reductive biosynthesis of building blocks.
Intracellular NADPH is supported by parallel pathways that
are localized in different cellular compartments [8]. In the
cytoplasm, the main source of NADPH is the oxidative branch
of the PPP. Alternative NADPH-producing pathways include
cytosolic malic enzyme (ME1), cytosolic and mitochondrial
isocitrate dehydrogenase (IDH1 and IDH2), transhydrogenase
(NNT), and cytosolic and mitochondrial methylene tetrahy-
drofolate dehydrogenase (MTHFD1 and MTHFD?2) [9].
Understanding how compartmentalization of NADPH ho-
meostasis affecting cell development in health and diseases
presents a major investigative challenge.

The biochemical role of IDHs is the oxidation of
isocitrate to oxalosuccinate followed by the decarboxyl-
ation and ultimately the production of alpha-ketoglutarate,
which is coupled with the reduction of NADP* to NADPH.
In humans, IDH1 and IDH2 are NADP*-dependent en-
zymes, while IDH3 is a NAD"-dependent multi-subunit mi-
tochondrial enzyme. Human IDH1 localizes in the cyto-
plasm and peroxisome and is highly expressed in the liver.
Human IDH2, which has the mitochondrial signal peptide at
the amino terminus, localizes in mitochondria and is highly
expressed in mammalian muscle, heart, and lymphocyte
[10]. IDH1 is associated with lipid metabolism and glucose
sensing [11, 12], whereas IDH2 regulates oxidative respira-
tion [13]. In Caenorhabditis elegans (C. elegans), IDH-1 is
predicted as a cytosolic enzyme, whereas IDH-2 is predict-
ed as a mitochondrial enzyme [14]. Although the enzymatic
activity of IDH1 has been discovered decades ago, the bio-
logical function of wild type (WT) IDHI1 is still controver-
sial. Compared to WT IDH1, oncogenic IDH1/2 mutants are
well studied and received considerable attention. IDH1/2
mutations have been found in glioma, glioblastoma, acute
myelogenous leukemia, chondrosarcoma, and
enchondroma [15, 16]. Animal study shows that IDH null
mice are healthy and fertile at steady state, while the liver
displays altered amino acid utilization [17, 18].

@ Springer

How severe NADPH insufficiency, as a consequence of
impairment of different NADPH-producing systems, affects
metabolic networks and links to pathophysiology of an organ-
ism has not been defined. The notion that NADPH is indis-
pensable for life is supported by the fact that knockdown of
NADPH-producing enzymes leads to growth arrest and cell
demise. G6PD-deficient human foreskin fibroblasts display
slow growth and early onset of senescence [19]. A yeast model
with co-disruption of major NADPH sources (G6PD and cy-
tosolic IDH) undergoes growth inhibition and loses viability
[20]. Whereas loss of G6PD or IDH alone fails to induce a
growth defect, a NADPH compensatory mechanism at the
cellular level may maintain NADPH homeostasis and warrant
normal development. However, the contribution from each
NADPH-producing system at the organismal level remains
unclear.

Further study of NADPH-producing systems by applying
metabolomic technology to gspd-1 (G6PD homolog) and idh-
1 double-deficient C. elegans model will help in clarifying the
role of redox homeostasis and regulation in growth and devel-
opment. Metabolomics is a novel platform of systems biology
that aims to characterize all small molecule metabolites
(metabolome) in various forms of biological samples. It is a
powerful tool to most closely reflect phenotypic expression
and it acutely pinpoints the perturbations within metabolic
networks. Such metabolic disturbances can be attributed to
downstream alterations of genomic and proteomic outcomes.
Current advances place metabolomics in the armamentarium
of cutting-edge strategies to dissect the metabolic networks of
human and animal models in health and diseases. The inter-
mediary metabolic network is conserved among eukaryotic
organisms. The nematode C. elegans has orthologs for most
human metabolic enzymes, including G6PD and IDH1 [21].
C. elegans is a simple and ideal biological system to model
human metabolic disturbances. A number of C. elegans stud-
ies have taken advantage of different metabolomic ap-
proaches, including nuclear magnetic resonance (NMR) spec-
troscopy, gas/liquid chromatography-coupled mass spectrom-
etry (GC/LC-MS) for analyzing the metabolic pathways in a
whole worm [22-28]. Lipidomics has been employed in char-
acterizing the molecular pathway in gspd-1(RNAi) C. elegans.
Embryonic lethality occurs through the induction of lipid ox-
idative damage and activation of lipid-modifying enzymes as
identified by lipidomics [6].

In the current study, a global metabolomic platform has been
employed for analyzing the metabolome of idh-1;gspd-
1(RNAi) double-deficient C. elegans. Phenotypic characteriza-
tion has shown that several developmental impairments are
found in this double mutant, including defective molting and
reduced growth (small body size, delayed growth, and slowed
locomotion). The global metabolomic study has also shown
that several amino acid metabolic pathways are altered, most
notably in those amino acids requiring NADPH for their
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synthesis and metabolism, such as the biosynthesis of valine,
leucine, isoleucine; phenylalanine, tyrosine, and tryptophan
biosynthesis as well as the metabolism of glutamine and gluta-
mate. These findings enhance our understanding of the causal
relationship between insufficient NADPH supply, altered ami-
no acid metabolism, and the resulting developmental defects.

Results

Growth retardation and molting defect
of idh-1;gspd-1(RNAi) double-deficient C. elegans

Mutants of isocitrate dehydrogenases were used to investigate
the complementary roles of cytoplasmic NADPH-producing
pathways during growth and development. In brief, gspd-1
RNAIi was used in idh-1 and idh-2 deletion mutants to generate
idh-1;gspd-1(RNAiQ) and idh-2;gspd-1(RNAi) double-deficient
C. elegans, respectively (Supplementary Fig. S1). After 72 h,
idh-1;gspd-1(RNAi) double-deficient C. elegans, compare to
controls including Mock, gspd-1(RNAi), idh-1 and idh-2 mu-
tant as well as idh-1(RNAi); idh-2 and idh-1; idh-2(RNAi)
double-deficient C. elegans, displayed shrinkage of body size
(Fig. 1a). The idh-1;gspd-1(RNAi) double-deficient C. elegans
also showed growth retardation (Supplementary Fig. S2) and
slowed locomotion (Supplementary Fig. S3). The body size of
idh-1;gspd-1(RNAi) double-deficient C. elegans was signifi-
cantly decreased (P <0.05) as determined by the perimeter
and area measurements (Fig. 1b, ¢). Growth defect was not
observed in gspd-1(RNAi) C. elegans. Neither the idh-1 nor
the idh-2 mutation affected C. elegans growth. Likewise, idh-
2;gspd-1(RNAi) double-deficient C. elegans had no reduction
in body size.

The idh-1;gspd-1(RNAi) double-deficient C. elegans
displayed an abnormal molting process, which was not ob-
served in Mock, gspd-1(RNAi), and idh-1 mutant C. elegans.
Such an abnormal molting process is demonstrated in Fig. 2a
showing the molting defects at the head and Fig. 2b showing
the molting defects at the tail. Gspd-1 and idh-1 suppression
results in a disruption of normal molting indicating that gspd- 1
and idh-1 are complementary to each other.

Reduced NAS-37 protease expression
in idh-1;gspd-1(RNAI) double-deficient C. elegans

Molting is critical for transition between larval stages in nem-
atodes. In C. elegans, three key steps, including apolysis
(breaking the connection between old cuticle to the
hypoderm), cuticle synthesis, and ecdysis (shedding the old
cuticle when new cuticle is formed), must be precisely exe-
cuted in order to grow and survive. Isolation of the mutations
responsible for defective ecdysis identifies that nas-37 is re-
sponsible for such a phenotype [29]. The idh-1;gspd-1(RNAi)

double-deficient C. elegans (Fig. 2a) phenocopied the ecdysis
mutants in which the cuticle cannot be shed. The nas-37::gfp
fusion reporter strain of NAS-37 protease was used to deter-
mine whether or not the protein expression was affected dur-
ing the molting process [29]. The expression level of NAS-
37::GFP in all tested C. elegans was unaffected at late L3
(Fig. 3a). At late L4, the NAS-37::GFP signal of idh-1;gspd-
I(RNAi) double-deficient C. elegans was reduced, compared
with Mock, gspd-1(RNAi), and idh-1 mutant C. elegans (70%
lower than that of Mock C. elegans, P<0.05) (Fig. 3b).
Consistently, reduced NAS-37::GFP expression level of idh-
1;gspd-1(RNAiQ) double-deficient C. elegans at late L4 was
found both at 25 °C (Fig. 3) and 20 °C (Supplementary Fig.
S5). This indicates that sufficient NADPH derived from either
GSPD-1 or IDH-1 or both is essential for NAS-37 protein
expression to maintain normal molting at late L4 in
C. elegans.

Metabolomic amino acid analysis
in idh-1;gspd-1(RNAi) double-deficient C. elegans

Since decreased protein expression could be, in part, attributed
to impaired amino acid metabolism, the metabolomics tech-
nique was employed to profile metabolomes of idh-1;gspd-
1(RNAi) double-deficient C. elegans compared to controls.
1dh-1;gspd-1(RNAi) double-deficient C. elegans exhibited
distinct metabolic abnormalities as indicated by metabolomics
analyses. The principal component analysis (PCA) model
showed that while Mock control, gspd-1(RNAi), and idh-1-
deficient C. elegans were clustered together, idh-1;gspd-
1(RNAi) double-deficient C. elegans was separated from the
rest of the groups regardless of ESI positive or negative modes
(Fig. 4a). The altered metabolites found in idh-1;gspd-
1(RNAi) double-deficient C. elegans were selected in the
ESI positive mode (90 metabolites out of 621 candidates)
and in the ESI negative mode (34 metabolites out of 223
candidates). Fourteen metabolites of the ESI positive mode
and ten metabolites of the ESI negative mode were identified
by searching these selected metabolites against our metabolite
database [30, 31]. Based on the pathway analysis, the meta-
bolic pathways of several amino acids were found to be great-
ly affected. These amino acids included valine, leucine, iso-
leucine, phenylalanine, tyrosine and tryptophan biosynthesis,
glutamine, glutamate, phenylalanine, arginine, and proline
metabolism (Fig. 4b).

Quantitative analysis indicated that several amino acids
from idh-1;gspd-1(RNAi) double-deficient C. elegans were sig-
nificantly reduced compared with Mock (Fig. Sa—c). The glu-
tamate level of idh-1;gspd-1(RNAi) double-deficient C. elegans
decreased significantly to 22% of mock (P <0.001) (Fig. Sa).
The level of tryptophan was reduced to 63% in the idh-1;gspd-
1(RNAi) double-deficient C. elegans compared with that of
Mock (P <0.05) (Fig. 5b), whereas the level of tryptophan of
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< Fig. 1 Decreased body size of idh-1;gspd-1(RNAiQ) double-deficient
C. elegans compared to mock and other controls. (a) The size of idh-
1;gspd-1(RNAi) double-deficient C. elegans was decreased compared to
other C. elegans strains at 72 h. Adult C. elegans were examined by
image analysis software under dissecting microscope. Idh-1;gspd-
1(RNAi) double-deficient C. elegans showed decreased perimeter (b)
and area (c¢) compared to other C. elegans strains at 72 h. Each dot
represented one adult worm. Horizontal line represented the mean of each
C. elegans strain. The black scale bar represented 0.5 mm (n>40,
*P<0.05)

gspd-1(RNAi) or idh-1 mutant C. elegans showed no difference
compared with Mock. Phenylalanine and tyrosine levels were
reduced in idh-1;gspd-1(RNAi) double-deficient C. elegans
compared with Mock (41% and 34% of mock, respectively,
P <0.001), while they were unchanged in idh-/ mutant
C. elegans, and gspd-1(RNAi) C. elegans (Fig. 5b). The bio-
synthesis of valine, leucine, and isoleucine was reduced in idh-
1;gspd-1(RNAi) double-deficient C. elegans compared with
Mock (34% of mock, P<0.005; 22% of mock, P<0.001;
26% of mock, P <0.001, respectively) (Fig. 5c). The level of
arginine and proline metabolism was decreased in idh-1;gspd-
1(RNAi) double-deficient mutant compared with Mock (39%
of mock, P <0.005 and 37% of mock, P < 0.001, respectively)
(Fig. 5d).

Discussion

Embryos derived from C. elegans fed with Escherichia coli
expressing RNA-mediated interference (RNAi)-targeting
gspd-1 gene display developmental defects in their embryos,
including hatching, membrane function, and eggshell structure
[5, 6]. No defect in larval development is observed in the first
generation of gspd-1(RNAi) C. elegans compared to control
C. elegans. Perhaps, residual GSPD-1 activity and another
NADPH-producing system can generate sufficient NADPH,
in gspd-1(RNAi) C. elegans, to meet the basic requirement for
larval growth until the reproduction period. It is not clear how
IDH-1, another NADPH-producing system, can affect growth
and development in GSPD-1 deficiency.

Fig. 2 Molting defect of idh- a
1;gspd-1(RNAi) double-deficient

C. elegans compared to mock and

other controls. Idh-1;gspd-

1(RNAi) double-deficient

C. elegans showed a molting de-

fect at the L4/Adult stage. Head

(a) and tail (b) cuticle of

C. elegans cultured at 20 °C for idh-1
54 h was photographed using a
DIC microscope

Mock '

gspd-1(RNA) |

idh-1;gspd-1(RNAI) . -

In the current study, the small body size of idh-1;gspd-
1(RNAi) double-deficient C. elegans is consistent with a pre-
vious report [32]. Similar findings are seen in yeast and nem-
atode models lacking both G6PD and IDH [20, 32]. The dis-
tinct metabolomic profile of idh-1;gspd-1(RNAi) double-
deficient C. elegans suggests that severe NADPH insufficien-
cy causes a major disturbance in metabolism and is linked to
its defective phenotypes, including reduced body size and
impaired molting in C. elegans. It is speculated that the com-
pensation of the complementary NADPH-producing systems
supports reductive biosynthesis and provides sufficient reduc-
ing power to meet the need of cells (Fig. 6a).

Essential amino acids, including arginine, histidine, isoleu-
cine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine, are required to support the growth of
C. elegans [21, 33]. The global metabolomic analysis re-
vealed that amino acid biosynthesis and metabolism were
significantly affected by the diminution of both GSPD-1
and IDH-1 in C. elegans. Since glutamate dehydrogenase
requires NADPH to synthesize glutamate from «-
ketoglutarate and NH,*, the level of glutamate was decreased
in idh-1;gspd-1(RNAi) double-deficient C. elegans.
Glutamate is a precursor of the non-essential amino acids,
namely proline and arginine [21], which were reduced in
idh-1;gspd-1(RNAi) deficient C. elegans. The essential
branched chain amino acids, such as valine, leucine, and iso-
leucine, were decreased in idh-1;gspd-1(RNAi) double-
deficient C. elegans due to the requirement of NADPH for
the biosynthesis of these amino acids. In addition, the levels
of tryptophan and phenylalanine were decreased in idh-1-
:gspd-1(RNAi) double-deficient C. elegans. The fact that de-
creased amino acid pool found in idh-1;gspd-1(RNAi) double-
deficient C. elegans raises a question whether supplementa-
tion with amino acids rescues the growth defect. Preliminary
study to address this issue is already being undertaken by our
group; however, more detailed works are needed
(Supplementary text). Taken together, decreased amino acids
found in idh-1;gspd-1(RNAi) double-deficient C. elegans re-
iterate the importance of the NADPH supply in reductive
biosynthesis during organismal development (Fig. 6a).

idh-1

idh-1;gspd-1(RNAI)
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Fig. 3 Decreased molting protein a
expression of idh-1;gspd-1(RNAi)
double-deficient C. elegans com-
pared to controls. Idh-1;gspd-
1(RNAi) double-deficient

C. elegans showed decreased
molting protein NAS-37::GFP
expression 3 h before the L4/adult
molting. a NAS-37::GFP expres-
sion of C. elegans cultured at

25 °C for 28 h (3 h before L3/L4
molting) and 34 h (3 h before L4/
adult molting) was photographed
using a fluorescence microscope.
The arrow points to the position

late L4

idh-1,;gspd-1(RNAI)

of the rectal epithelial (REP) cells. b
b The ratio of NAS-37::GFP ex- 150- Il Mock
pression of L3 and L4 C. elegans EE gspd-1(RNAI)
was analyzed. .
(n>60, *P<0.05) B= idh-1 .
[ idh-1;9spd-1(RNAI) [ N ]
9 100 T L '
~
ey
5 :
c O
=S
ﬁ —~
g8 507 —
’ -
-
—
0- T

The decrease in amino acids which requires NADPH in
their biosynthetic pathways suggests that severe insufficiency
of NADPH may affect protein synthesis as illustrated by the
impaired molting process in idh-1;gspd-1(RNAi) double-
deficient C. elegans model. C. elegans molting is a tissue
remodeling process, which requires the activity of proteases
to degrade old cuticle proteins. The status of proteases can
lead to molting defects. A decrease in the level of NAS-37
expression in idh-1;gspd-1(RNAi) double-deficient C. elegans
during the larval stage suggests that the protease is affected by
NADPH insufficiency. Nas-37 is expressed in the hypodermis
prior to ecdysis at each larval stage in C. elegans [29]. The
gene product of nas-37, an Astacin-class metalloprotease, ac-
cumulates in the anterior cuticle and is secreted to degrade the
old cuticle after ecdysis. A scheme is outlined that describe the
effects of idh-1;gspd-1(RNAi)l double deficiency in
C. elegans (Fig. 6b). NADPH is an important fuel to drive
the development machinery. Decreased amino acid synthesis
is a main metabolic alteration leading to growth retardation in
idh-1;gspd-1(RNAi) double-deficient C. elegans. In addition,
decreased NAS-37 expression and the molting defect are
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likely to cause growth retardation through the unshed cuticle
restricting the growth of idh-1;gspd-1(RNAi7) double-deficient
C. elegans. Solid evidence to prove a causal relationship be-
tween NAS-37 expression and impaired amino acid synthesis
awaits further investigation.

Currently, there is little information of the relationship be-
tween NADPH and NAS-37 or molting in C. elegans. A few
studies indicate that a collagen-modifying enzyme, known as
NADPH dual oxidase or Bli-3, catalyzes the crosslinking of
cuticular collagens [34, 35]. In the current study, however, the
blister phenotype of bli-3 mutant has not been observed in idh-

Fig. 4 Distinct metabolic alterations of idh-1;gspd-1(RNAi) double- P>
deficient C. elegans. a Data were subject to principal component analysis,
and the score plots (left panel: ESI positive, right panel: ESI negative;
Mock: cyan, gspd-1 deficiency: red, idh-1: blue, idh-1;gspd-1(RNAi) dou-
ble deficiency: green) were shown. Colored areas represented 95% con-
fidence regions. b Pathway analysis of datasets indicated potential path-
ways that were significantly changed in idh-1;gspd-1(RNAi) double-
deficient C. elegans. The global metabolomic view displays all anabolic
and catabolic pathways that are ranked based on scores from pathway
topology analysis (X-axis: pathway impact) and from pathway enrich-
ment analysis (Y-axis: log(p))
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Fig. 5 Altered amino acid
metabolism in idh-1;gspd-
1(RNAi) double-deficient

C. elegans. a Glutamine and
glutamate metabolism. b
Phenylalanine metabolism. ¢
Valine, leucine, and isoleucine
biosynthesis. d Arginine and
proline metabolism. All data were
presented as the mean = S.D.. and
the statistical difference was
analyzed by the two-tailed ¢ test.
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L;gspd-1(RNAi) double-deficient C. elegans. Hence, another
yet to be identified target(s) may be modulated by NADPH
depletion leading to growth defects in C. elegans. Abnormal
molting in idh-1;gspd-1(RNAi) double-deficient C. elegans
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could be, in part, attributed to abnormal fatty acid synthesis
because genes of fatty acid synthesis participate in the molting
process in C. elegans [36]. Knockdown of fasn-1 and pod-2
by RNAIi downregulates the protein expression of NAS-37.
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Fig. 6 Proposed schemes for amino acid metabolism as well as for
growth and development in idh-1;gspd-1(RNAi) double-deficient
C. elegans. a Upper panel depicts three NADPH producing systems in
C. elegans. Both GSPD-1 and IDH-1 are cytosolic enzymes that produce
NADPH, whereas IDH-2 is the source of NADPH in mitochondria.
Lower panel shows altered amino acid pathways in idh-1;gspd-1(RNAi)
double-deficient C. elegans. These pathways are classified into three
categories based on the requirement of NADPH or glutamate in amino

Since NADPH is required for de novo fatty acid synthesis, it is
possible that GSPD-1 and IDH-1 double-deficiency-derived
NADPH insufficiency disrupts fatty acid biosynthesis leading
to NAS-37 inactivation and the molting defect.

GO6PD status is associated with many human diseases, in-
cluding hemolytic disorders, cardiovascular diseases, and di-
abetes [2]. Although the relationship between G6PD and can-
cer is unclear, G6PD is involved in transformation and angio-
genesis [37]. Overexpression and modification of G6PD pro-
motes tumor growth and leads to a poor clinical outcome
[38—43], while suppression of G6PD inhibits cancer develop-
ment [42, 44-46]. The notion that G6PD favors rapid cell
proliferation is consistent with the finding that inactivation
of G6PD causes embryonic lethality [5, 6]. In short, the cur-
rent study provides evidence for the involvement of G6PD
and IDH1 in cellular as well as organismal growth and

acid synthesis. The decreased levels of amino acids are highlighted in red
(>70%), orange (> 50%), and beige (>30%). b Hypothetical scheme of
the physiological response in idh-1;gspd-1(RNAi) double-deficient
C. elegans. The impaired amino acid synthesis may be due to the lack
of NADPH for reductive biosynthesis. As a result, defective protein
expression fails to support the growth of C. elegans. In addition,
decreased expression of NAS-37 is linked to the molting defect,
ultimately leading to retarded growth

development. Similar to G6PD, IDHs play a diverse role in
pathophysiology [47-49].

G6PD-derived NADPH is implicated in maintaining redox
homeostasis and reductive biosynthesis [3]. Metabolomic stud-
ies have demonstrated that G6PD participates in the rapid re-
sponse of metabolic rerouting to counteract oxidative stress [30,
50]. Lipidomic analysis of embryos derived from GSPD-1-
deficient C. elegans exhibit higher levels of lipid peroxidation
[6]. Increased expression of GOPD in the transgenic mice model
shows the enhanced NADPH production and reduces oxidative
damage [51]. GOPD transgenic mice exhibit improved protec-
tion against an age-related functional decline and an extended
health span in females. The metabolomic approach employed in
the current study provides additional information concerning
the complementary role of GSPD-1 and IDH-1 in maintaining
cellular redox homeostasis and “redox-regulated biosynthesis.”
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Materials and methods
Nematode culture and RNAi silencing

N2 (wild type), idh-1(0k2832), and idh-2(ok3184) mutants
were acquired from Caenorhabditis Genetics Center
(University of Minnesota, Minneapolis, USA). The NAS-37
reporter strain EG3198 was a gift from Prof. Erik Jorgensen
(University of Utah, Salt Lake City, USA). The strains were
maintained at 20 °C on Nematode Growth Medium (NGM)
agar plate seeded with live E. coli OP50 bacterial lawn based
on standard protocols [52]. The gspd-1-RNAi silencing exper-
iment was performed as described previously [5, 6]. The idh-1
and gspd-1 double-deficient strain was created by using gspd-
1 RNAI in idh-1(0k2832) background. The idh-2 and gspd-1
double-deficient strain was created by using gspd-1 RNAI in
idh-2(0k3184) background. The RNAI strains, using live
E. coli HT115(DE3) as a food source, were maintained at
20 °C on NGM agar plate supplemented with 1 mM IPTG.

Phenotype assays

For the molting assay, synchronized L1 grown at 20 °C for
48 h was picked and mounted on a 2% agarose pad on a glass
slide followed by anesthetizing with 0.2% levamisole, and a
cover slide was placed on the agarose pad. DIC and fluores-
cent images were taken by using an epifluorescence micro-
scope (Leica, Wetzlar, Germany). For the body size and loco-
motion assays, synchronized L1 was cultivated on NGM
plates at 20 °C for 72 h. Images and video clips were taken
by using a dissecting microscope (Nikon, Japan) with a
MoticCam X CMOS camera (Motic, Xiamen, China) follow-
ed by image analysis (Metamorph 6.1r0; Molecular Device,
CA, USA).

Metabolomic analysis

The synchronized L1 worms were cultured at 20 °C until
adulthood. Four biological replicates of adult worms were
washed off NGM plates by ultra-water. The samples were
washed twice by M9 buffer and were centrifuged at
2500 rpm for 1 min. The samples were suspended with 80%
methanol and transferred to a homogenization tube pre-filled
with 1.0-mm diameter Zirconia beads (Biospec, Bartlesville,
OK, USA) and were homogenized in a Precellys24 homoge-
nizer coupled with a Cryolys Cooling System (Bertin
Instrument, Rockville, MD, USA). The homogenization was
set at two cycles of 6500 rpm for 30 s with an interval of 5 s.
Subsequently, the samples were centrifuged at 12000 rpm for
15 min at 4 °C. The supernatant of each sample was trans-
ferred to a separate glass tube. The homogenization tube was
refilled with 1 ml of 80% methanol followed by additional
homogenization and centrifugation to recover residual
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samples. The supernatant was transferred to the previous glass
tube and air dried under nitrogen flow in a nitrogen evaporator
(Taitec, Koshigaya-shi, Saitama-ken, Japan) and stored at —
80 °C. The pellet was dissolved in 1 ml of 0.1 N NaOH at
65 °C for 30 min to determine the protein concentration
(Bradford assay).

Prior to metabolomic analysis, the sample was dissolved in
300 ul LC-MS Chromasolv water (Fluka) containing 0.1%
formic acid. The tube was vortexed for 30 s and repeated four
times. The mixture was transferred to an eppendorf tube and
centrifuged at 12000 rpm for 30 min at 4 °C. The supernatant
was then transferred to an HPLC vial for liquid chromatogra-
phy and mass spectrometry analysis. For LC-MS analysis,
mass spectrometry analysis was carried out using an Agilent
1200 rapid resolution liquid chromatography system coupled
with an Agilent 6510 Q-TOF MS system (Agilent
Technologies, CA, USA), which is equipped with an
electrospray ionization source. Chromatographic separation
was performed on an Acquity UPLC HSST3 reversed phase
C18 column (particle size of 1.8 um, 2.1 mm x 150 mm)
(Waters, Milford, USA). Column temperature was maintained
at 40 °C and the flow rate was 0.25 ml/min. For metabolite
profiling, the mobile phase consisted of 0.1% formic acid
(solvent A) and 0.1% formic acid/acetonitrile (solvent B).
The mobile phase condition was listed below: solvent A,
2 min; gradient from 0 to 40% solvent B, 4 min; 40% solvent
B, 2 min; gradient from 40 to 98% solvent B, 2 min; 98%
solvent B, 6 min; gradient from 98 to 0% solvent B, 2 min.

The samples were subjected to RRLC-ESI-TOF-MS. Mass
spectrometric analysis was performed in the ESI positive and
ESI negative modes. The pressure of the nitrogen nebulizer
was set at 30 psi and the nitrogen drying gas was set at 350 °C
with a flow rate of 10 I/min. The skimmer and capillary volt-
ages were set at 65 V and 4000 V, respectively. Data were
obtained over the range from m/z 50 to m/z 1000 at a rate of
1 scan per second. Data were collected in the profile mode
using Agilent MassHunter Workstation Data acquisition soft-
ware. For processing data, individual components, or called
molecular features, in the sample were identified using the
Molecular Feature Extraction (MFE) algorithm of
MassHunter software. Upon processing, the raw data generat-
ed time-aligned ion features (isotopes, adducts, and dimers),
the monoisotopic neutral mass, retention time, and ion abun-
dance for each molecular feature. An Agilent GeneSpring-MS
(Agilent Technologies, CA, USA) was used to visualize
datasets in numerical data matrices (metabolite concentra-
tions). MetaboAnalyst 3.0 was used for analysis and visuali-
zation of MS data sets in data matrices and principal compo-
nents analysis (PCA) diagrams as well as multivariate data
analysis and data representation, such as a volcano plot.
PCA was employed for clustering and correlation analyses.
Relative concentrations of metabolites were compared by
ANOVA with a Tukey HSD correction. Accurate masses of
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features showing significant differences between control and
test groups were searched against our in-house and public
metabolite databases, including HMDB (http://www.hmdb.
ca), METLIN (http://metlin.scripps.edu/index.php), and
KEGG (http://www.genome.jp/kegg/).

Statistical analysis

Where applicable, all data were shown as the mean £+ S.D. The
statistical difference was analyzed by the two-tailed ¢ test. All
statistical tests were conducted using the GraphPad Prism 6.0
(San Diego, CA, USA). Values of P<0.05 were considered
statistically significant.

Acknowledgements The reporter strain EG3198 was kindly provided by
Prof. Erik Jorgensen (University of Utah, Salt Lake City, USA).

Funding information This article is made possible by grants from the
Ministry of Science and Technology of Taiwan (MOST105-2320-B-182-
031-MY2, MOST107-2320-B-182-013 to DTYC, and MOST107-2320-
B-264-001-MY2 to HCY) and from Chang Gung Memorial Hospital
(BMRP098, CMRPD1F0462, CMRPD1F0622 to DTYC)

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

Publisher’'s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

1. Beutler E (1994) G6PD deficiency. Blood 84:3613-3636

2. Ho HY, Cheng ML, Chiu DT (2014) Glucose-6-phosphate dehy-
drogenase-beyond the realm of red cell biology. Free Radic Res 48:
1028-1048

3. Yang HC, Wu YH, Liu HY, Stern A, Chiu DT (2016) What has
passed is prolog: new cellular and physiological roles of G6PD.
Free Radic Res 50:1047-1064

4. Longo L, Vanegas OC, Patel M, Rosti V, Li H, Waka J, Merghoub
T, Pandolfi PP, Notaro R, Manova K, Luzzatto L (2002) Maternally
transmitted severe glucose 6-phosphate dehydrogenase deficiency
is an embryonic lethal. EMBO J 21:4229-4239

5. Yang HC, Chen TL, Wu YH, Cheng KP, Lin YH, Cheng ML, Ho
HY, Lo SJ, Chiu DT (2013) Glucose 6-phosphate dehydrogenase
deficiency enhances germ cell apoptosis and causes defective em-
bryogenesis in Caenorhabditis elegans. Cell Death Dis 4:¢616

6. Chen TL, Yang HC, Hung CY, Ou MH, Pan Y'Y, Cheng ML, Stern
A, Lo SJ, Chiu DT (2017) Impaired embryonic development in
glucose-6-phosphate dehydrogenase-deficient Caenorhabditis
elegans due to abnormal redox homeostasis induced activation of
calcium-independent phospholipase and alteration of
glycerophospholipid metabolism. Cell Death Dis 8:¢2545

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Patrinostro X, Carter ML, Kramer AC, Lund TC (2013) A model of
glucose-6-phosphate dehydrogenase deficiency in the zebrafish.
Exp Hematol 41:697-710.692

Lewis CA, Parker SJ, Fiske BP, McCloskey D, Gui DY, Green CR,
Vokes NI, Feist AM, Vander Heiden MG, Metallo CM (2014)
Tracing compartmentalized NADPH metabolism in the cytosol
and mitochondria of mammalian cells. Mol Cell 55:253-263

Fan J, Ye J, Kamphorst JJ, Shlomi T, Thompson CB, Rabinowitz
JD (2014) Quantitative flux analysis reveals folate-dependent
NADPH production. Nature 510:298-302

Reitman ZJ, Yan H (2010) Isocitrate dehydrogenase 1 and 2 muta-
tions in cancer: alterations at a crossroads of cellular metabolism. J
Natl Cancer Inst 102:932-941

Ronnebaum SM, Ilkayeva O, Burgess SC, Joseph JW, Lu D,
Stevens RD, Becker TC, Sherry AD, Newgard CB, Jensen MV
(2006) A pyruvate cycling pathway involving cytosolic NADP-
dependent isocitrate dehydrogenase regulates glucose-stimulated
insulin secretion. J Biol Chem 281:30593-30602

Koh HJ, Lee SM, Son BG, Lee SH, Ryoo ZY, Chang KT, Park JW,
Park DC, Song BJ, Veech RL, Song H, Huh TL (2004) Cytosolic
NADP+—dependent isocitrate dehydrogenase plays a key role in
lipid metabolism. J Biol Chem 279:39968-39974

Comte B, Vincent G, Bouchard B, Benderdour M, Des Rosiers C
(2002) Reverse flux through cardiac NADP(+)-isocitrate dehydro-
genase under normoxia and ischemia. Am J Physiol Heart Circ
Physiol 283:H1505-H1514

Nekrutenko A, Hillis DM, Patton JC, Bradley RD, Baker RJ (1998)
Cytosolic isocitrate dehydrogenase in humans, mice, and voles and
phylogenetic analysis of the enzyme family. Mol Biol Evol 15:
1674-1684

Cairns RA, Mak TW (2013) Oncogenic isocitrate dehydrogenase
mutations: mechanisms, models, and clinical opportunities. Cell
Biosci 3:730-741

Ward PS, Patel J, Wise DR, Abdel-Wahab O, Bennett BD, Coller
HA, Cross JR, Fantin VR, Hedvat CV, Perl AE, Rabinowitz JD,
Carroll M, Su SM, Sharp KA, Levine RL, Thompson CB (2010)
The common feature of leukemia-associated IDH1 and IDH2 mu-
tations is a neomorphic enzyme activity converting alpha-
ketoglutarate to 2-hydroxyglutarate. Cancer Cell 17:225-234
Itsumi M, Inoue S, Elia AJ, Murakami K, Sasaki M, Lind EF,
Brenner D, Harris IS, Chio 11, Afzal S et al (2015) Idhl protects
murine hepatocytes from endotoxin-induced oxidative stress by
regulating the intracellular NADP(+)/NADPH ratio. Cell Death
Differ 22:1837-1845

Ye J, Gu Y, Zhang F, Zhao Y, Yuan Y, Hao Z, Sheng Y, Li WY,
Wakeham A, Caimns RA, Mak TW (2017) IDHI deficiency atten-
uates gluconeogenesis in mouse liver by impairing amino acid uti-
lization. Proc Natl Acad Sci U S A 114:292-297

Ho HY, Cheng ML, Lu FJ, Chou YH, Stern A, Liang CM, Chiu DT
(2000) Enhanced oxidative stress and accelerated cellular senes-
cence in glucose-6-phosphate dehydrogenase (G6PD)-deficient hu-
man fibroblasts. Free Radic Biol Med 29:156-169

Minard K1, Carroll CA, Weintraub ST, Mc-Alister-Henn L (2007)
Changes in disulfide bond content of proteins in a yeast strain lack-
ing major sources of NADPH. Free Radic Biol Med 42:106-117
Braeckman BP, Houthoofd K, Vanfleteren JR (2009) Intermediary
metabolism. WormBook: 1-24. DOI https://doi.org/10.1895/
wormbook.1.146.1

Atherton HJ, Jones OA, Malik S, Miska EA, Griffin JL (2008) A
comparative metabolomic study of NHR-49 in Caenorhabditis
elegans and PPAR-alpha in the mouse. FEBS Lett 582:1661-1666
Hughes SL, Bundy JG, Want EJ, Kille P, Sturzenbaum SR (2009)
The metabolomic responses of Caenorhabditis elegans to cadmium
are largely independent of metallothionein status, but dominated by
changes in cystathionine and phytochelatins. J Proteome Res 8:
3512-3519

@ Springer

987


http://www.hmdb.ca
http://www.hmdb.ca
http://metlin.scripps.edu/index.php
http://www.genome.jp/kegg
https://doi.org/10.1895/wormbook.1.146.1
https://doi.org/10.1895/wormbook.1.146.1

J Mol Med

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Castro C, Sar F, Shaw WR, Mishima M, Miska EA, Griffin JL
(2012) A metabolomic strategy defines the regulation of lipid con-
tent and global metabolism by Delta9 desaturases in Caenorhabditis
elegans. BMC Genomics 13:36

Patti GJ, Tautenhahn R, Johannsen D, Kalisiak E, Ravussin E,
Bruning JC, Dillin A, Siuzdak G (2014) Meta-analysis of global
metabolomic data identifies metabolites associated with life-span
extension. Metabolomics 10:737-743

Morgan PG, Higdon R, Kolker N, Bauman AT, Ilkayeva O,
Newgard CB, Kolker E, Steele LM, Sedensky MM (2015)
Comparison of proteomic and metabolomic profiles of mutants of
the mitochondrial respiratory chain in Caenorhabditis elegans.
Mitochondrion 20:95-102

Wang W, McReynolds MR, Goncalves JF, Shu M, Dhondt I,
Braeckman BP, Lange SE, Kho K, Detwiler AC, Pacella MJ et al
(2015) Comparative metabolomic profiling reveals that dysregulat-
ed glycolysis stemming from lack of salvage NAD+ biosynthesis
impairs reproductive development in Caenorhabditis elegans. J
Biol Chem 290:26163-26179

Wan QL, Shi X, Liu J, Ding AJ, Pu YZ, Li Z, Wu GS, Luo HR
(2017) Metabolomic signature associated with reproduction-
regulated aging in Caenorhabditis elegans. Aging (Albany NY)
9:447-474

Davis MW, Birnie AJ, Chan AC, Page AP, Jorgensen EM (2004) A
conserved metalloprotease mediates ecdysis in Caenorhabditis
elegans. Development 131:6001-6008

Tang HY, Ho HY, Wu PR, Chen SH, Kuypers FA, Cheng ML, Chiu
DT (2015) Inability to maintain GSH pool in G6PD-deficient red
cells causes futile AMPK activation and irreversible metabolic dis-
turbance. Antioxid Redox Signal 22:744-759

Cheng ML, Shiao MS, Chiu DT, Weng SF, Tang HY, Ho HY
(2011) Biochemical disorders associated with antiproliferative ef-
fect of dehydroepiandrosterone in hepatoma cells as revealed by
LC-based metabolomics. Biochem Pharmacol 82:1549-1561
Penkov S, Kaptan D, Erkut C, Sarov M, Mende F, Kurzchalia TV
(2015) Integration of carbohydrate metabolism and redox state con-
trols dauer larva formation in Caenorhabditis elegans. Nat Commun
6:8060

Szewczyk NJ, Kozak E, Conley CA (2003) Chemically defined
medium and Caenorhabditis elegans. Bmc Biotechnol 3. DOI
Artn 19. Doi https://doi.org/10.1186/1472-6750-3-19

Thein MC, Winter AD, Stepek G, McCormack G, Stapleton G,
Johnstone IL, Page AP (2009) Combined extracellular matrix
cross-linking activity of the peroxidase MLT-7 and the dual oxidase
BLI-3 is critical for post-embryonic viability in Caenorhabditis
elegans. J Biol Chem 284:17549-17563

Moribe H, Konakawa R, Koga D, Ushiki T, Nakamura K, Mekada
E (2012) Tetraspanin is required for generation of reactive oxygen
species by the dual oxidase system in Caenorhabditis elegans. PLoS
Genet 8:¢1002957

LiY, Paik YK (2011) A potential role for fatty acid biosynthesis
genes during molting and cuticle formation in Caenorhabditis
elegans. BMB Rep 44:285-290

Leopold JA, Walker J, Scribner AW, Voetsch B, Zhang YY,
Loscalzo AJ, Stanton RC, Loscalzo J (2003) Glucose-6-
phosphate dehydrogenase modulates vascular endothelial growth
factor-mediated angiogenesis. J Biol Chem 278:32100-32106

@ Springer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Pu H, Zhang Q, Zhao C, Shi L, Wang Y, Wang J, Zhang M (2015)
Overexpression of G6PD is associated with high risks of recurrent
metastasis and poor progression-free survival in primary breast car-
cinoma. World J Surg Oncol 13:323

Wang J, Yuan W, Chen Z, Wu S, Chen J, Ge J, Hou F, Chen Z
(2012) Overexpression of G6PD is associated with poor clinical
outcome in gastric cancer. Tumour Biol 33:95-101

Rao X, Duan X, Mao W, Li X, Li Z, Li Q, Zheng Z, Xu H, Chen M,
Wang PG, Wang Y, Shen B, Yi W (2015) O-GlcNAcylation of
G6PD promotes the pentose phosphate pathway and tumor growth.
Nat Commun 6:8468

Kowalik MA, Guzzo G, Morandi A, Perra A, Menegon S, Masgras
I, Trevisan E, Angioni MM, Fornari F, Quagliata L, Ledda-
Columbano GM, Gramantieri L, Terracciano L, Giordano S,
Chiarugi P, Rasola A, Columbano A (2016) Metabolic
reprogramming identifies the most aggressive lesions at early
phases of hepatic carcinogenesis. Oncotarget 7:32375-32393

Xu SN, Wang TS, Li X, Wang YP (2016) SIRT?2 activates G6PD to
enhance NADPH production and promote leukaemia cell prolifer-
ation. Sci Rep 6:32734

Dore MP, Davoli A, Longo N, Marras G, Pes GM (2016) Glucose-
6-phosphate dehydrogenase deficiency and risk of colorectal cancer
in Northern Sardinia: a retrospective observational study. Medicine
(Baltimore) 95:¢5254

Chen Y, XuQ, JiD, Wei Y, Chen H, Li T, Wan B, Yuan L, Huang R,
Chen G (2016) Inhibition of pentose phosphate pathway suppresses
acute myelogenous leukemia. Tumour Biol 37:6027-6034
Gregory MA, D'Alessandro A, Alvarez-Calderon F, Kim J,
Nemkov T, Adane B, Rozhok Al, Kumar A, Kumar V, Pollyea
DA et al (2016) ATM/G6PD-driven redox metabolism promotes
FLT3 inhibitor resistance in acute myeloid leukemia. Proc Natl
Acad Sci U S A 113:E6669-E6678

JuHQ, Lu YX, Wu QN, Liu J, Zeng ZL, Mo HY, Chen Y, Tian T,
Wang Y, Kang TB, Xie D, Zeng MS, Huang P, Xu RH (2017)
Disrupting G6PD-mediated redox homeostasis enhances
chemosensitivity in colorectal cancer. Oncogene 36:6282—6292
Waitkus MS, Diplas BH, Yan H (2016) Isocitrate dehydrogenase
mutations in gliomas. Neuro-Oncology 18:16-26

Medeiros BC, Fathi AT, DiNardo CD, Pollyea DA, Chan SM,
Swords R (2017) Isocitrate dehydrogenase mutations in myeloid
malignancies. Leukemia 31:272-281

Al-Khallaf H (2017) Isocitrate dehydrogenases in physiology and
cancer: biochemical and molecular insight. Cancer Discov 7:37
Kuehne A, Emmert H, Soehle J, Winnefeld M, Fischer F, Wenck H,
Gallinat S, Terstegen L, Lucius R, Hildebrand J, Zamboni N (2015)
Acute activation of oxidative pentose phosphate pathway as first-
line response to oxidative stress in human skin cells. Mol Cell 59:
359-371

Nobrega-Pereira S, Fernandez-Marcos PJ, Brioche T, Gomez-
Cabrera MC, Salvador-Pascual A, Flores JM, Vina J, Serrano M
(2016) G6PD protects from oxidative damage and improves
healthspan in mice. Nat Commun 7:10894

Girard LR, Fiedler TJ, Harris TW, Carvalho F, Antoshechkin I, Han
M, Sternberg PW, Stein LD, Chalfie M (2007) WormBook: the
online review of Caenorhabditis elegans biology. Nucleic Acids
Res 35:D472-D475

988


https://doi.org/10.1186/1472-6750-3-19

Chi et al. Journal of Biomedical Science
https://doi.org/10.1186/512929-019-0517-x

7 MOST 743 5p

Ministry of Science and Technology

(2019) 26:24
Journal of Biomedical Science

The cost of publication In Journal of Biomedical Science is borne by the
Ministry of Sclence and Technology, Taiwan.

REVIEW Open Access

Check for
updates

Molecular functions and clinical impact of
thyroid hormone-triggered autophagy in
liver-related diseases

Hsiang-Cheng Chi'", Chung-Ying Tsai?", Ming-Ming Tsai**’/, Chau-Ting Yeh® and Kwang-Huei Lin®®”"
g g g-ring g g g g

Abstract

The liver is controlled by several metabolic hormones, including thyroid hormone, and characteristically displays high
lysosomal activity as well as metabolic stress-triggered autophagy, which is stringently regulated by the levels of
hormones and metabolites. Hepatic autophagy provides energy through catabolism of glucose, amino acids and
free fatty acids for starved cells, facilitating the generation of new macromolecules and maintenance of the quantity
and quality of cellular organelles, such as mitochondria. Dysregulation of autophagy and defective mitochondrial
homeostasis contribute to hepatocyte injury and liver-related diseases, such as non-alcoholic fatty liver disease
(NAFLD) and liver cancer.

Thyroid hormones (TH) mediate several critical physiological processes including organ development, cell differentiation,
metabolism and cell growth and maintenance. Accumulating evidence has revealed dysregulation of cellular TH activity
as the underlying cause of several liver-related diseases, including alcoholic or non-alcoholic fatty liver disease and liver
cancer. Data from epidemiologic, animal and clinical studies collectively support preventive functions of THs in
liver-related diseases, highlighting the therapeutic potential of TH analogs. Elucidation of the molecular mechanisms
and downstream targets of TH should thus facilitate the development of therapeutic strategies for a number of major
public health issues.

Here, we have reviewed recent studies focusing on the involvement of THs in hepatic homeostasis through induction
of autophagy and their implications in liver-related diseases. Additionally, the potential underlying molecular pathways
and therapeutic applications of THs in NAFLD and HCC are discussed.

Keywords: Thyroid hormone, Thyroid hormone receptor, Autophagy, non-alcoholic fatty liver disease, hepatocellular
carcinoma

Background

Thyroid hormones (TH) serve as potent regulators of cel-
lular development, growth and metabolism in mammals
[1] and control several metabolic activities related to ana-
bolism or catabolism of macromolecules, including carbo-
hydrates, proteins, lipids and damaged organelles within
cells to maintain homeostasis under different physiological
conditions [2]. In addition to their critical regulatory roles
in cellular homeostasis, imbalance of TH levels in the
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body is associated with multiple chronic diseases, inclu-
ding diabetes mellitus [3, 4], cardiovascular disease [5, 6]
and liver-related disorders [7]. Liver is one of the most
important target organs whereby THs regulate compo-
nents involved in cellular metabolism, such as fatty acids,
supporting the possibility that disruption of TH action in
liver contributes to development of non-alcoholic fatty
liver disease (NAFLD). Indeed, recent studies have re-
ported associations between alterations in cellular TH sig-
naling and several liver-related diseases, including
NAFLD and hepatocellular carcinoma (HCC). Earl-
ier epidemiological findings suggest that long-term
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hypothyroidism is positively associated with high
risk of NAFLD and HCC incidence, independent of
other risk factors [8, 9]. Moreover, treatment with T; or its
analogs has been shown to prevent a spectrum of liver-
related diseases ranging from hepatic steatosis to
HCC in rodents subjected to high-fat diet (HFD) or
carcinogens [10—17]. These collective findings support
the potential utility of TH analogs as therapeutic
drugs to prevent liver disease progression. Analysis of
the downstream signals of TH in liver may further
shed light on the underlying TH pathways that induce
therapeutic effects against liver-related diseases.
Autophagy is a self-digestion process primarily involving
recycling of cellular fuel stores in lysosomes to generate
amino acids, glucose and fatty acids [18]. Catabolism of
lipids through autophagy is termed lipophagy [19]. In
addition to metabolic functions, autophagy presents a
cellular surveillance mechanism to suppress accumulation
of toxic protein aggregates and impairment of organelles,
thus facilitating maintenance of organelle integrity and
cellular homeostasis [20]. The specific regulatory func-
tions of autophagy in hepatic homeostasis have been
increasingly explored in recent years. Dysregulation of
the autophagic process is reported to cause an imbalance
in energy metabolism in the liver and consequently affect
hepatic physiology and trigger disease [21-24]. Several
research groups, including ours, have shown that hepatic
lipid turnover is stimulated by THs through lipophagy,
preventing hepatosteatosis, both in vitro and in vivo
[25, 26]. Additionally, TH stimulates the metabolic
rate accompanied by increased mitochondrial turnover
through mitophagy, leading to elimination of mitochon-
drial dysfunction induced by hepatic carcinogens or hepa-
titis B virus HBx protein [16, 17, 27]. The finding that
THs and Thyroid hormone receptors (THRs) prevent
hepatic damage, hepatosteatosis and hepatocarcinogenesis
via autophagy stimulation supports their therapeutic
potential in clinical applications. In the current report,
we have reviewed studies published by our research
group and other investigators on the involvement of
TH-induced autophagy in liver-related diseases, parti-
cularly NAFLD and HCC. Elucidation of the network of
molecular mechanisms underlying the effects of TH/THR
on hepatic metabolism may aid in the design of effective
therapeutic strategies for a range of liver-related diseases.

Molecular actions of thyroid hormones and receptors
Genomic actions of TH

T3 (triiodothyronine) and T, (L-thyroxine) are the two
major thyroid hormones affecting almost every organ
system. Under physiological conditions, T, is the main
hormone secreted into the bloodstream by the thyroid
gland. However, the thyroid hormone receptor (THR)
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binding affinity of T, is considerably lower (10-fold less)
than that for T3. The conversion of T, to T; is regulated
via iodothyronine deiodinases (DIO1, DIO2, and DIO3)
in extrathyroidal tissue. Type I and type II iodothyronine
deiodinases (DIO1, DIO2) deiodinate circulating T, to
produce biologically active T3. Conversely, type III deio-
dinase (DIO3) suppresses intracellular thyroid activity by
converting T, and T3 to the comparatively inactive
forms, reverse T3 (rT3) and T,. Recently, T, was shown
to possess thyromimetic activity and mimic some of the
effects of T3 on liver metabolism [28, 29], implying that
T, or r'T3 may not just be inert metabolites as originally
suggested. Expression levels and activities of DIOI,
DIO2 and DIO3 vary among different tissues, causing a
tissue-specific increase or decrease in circulating TH
levels or availability of active hormones for THR binding
[7, 30]. To exert genomic effects, cytoplasmic T3 enters
the nucleus, most likely through passive diffusion, and
binds THRs associated with thyroid hormone response
elements (TRE) within the promoter regions of down-
stream genes of TH/THR [31-33]. Typical TREs within
promoter regions of downstream genes contain two
half-site sequences (A/G)GGT(C/A/G)A in a palindromic,
direct repeat or inverted repeat arrangement that are
recognized by THR [1].

THRs are Tj-inducible transcription factors belonging
to the nuclear receptor superfamily that are encoded by
two tissue-specific genes, THRA (TRa) and THRB
(TRP). The THRA gene encodes one active T3-binding
receptor, TRal, and two dominant-negative spliced
variants, TRAal and TRAa2 [34]. that lack T3 binding
ability [35]. TRal is the predominant subtype highly
expressed in brain, cardiac and skeletal muscle [36].
THRB encodes two functional T3-binding TRp isoforms
(TRP1 and TRP2) and another dominant-negative iso-
form, TRP4 [34]. TRP1 is predominately expressed in
brain, liver and kidney whereas TRP2 is limited to the
hypothalamus, retina and pituitary. THRs exert transcrip-
tional effects via formation of homodimers or hetero-
dimers with other nuclear receptors, such as retinoid X
receptor (RXR), Vitamin D receptors (VDR) and other
retinoic acid receptor subtypes. RXR generally functions
as a partner of several nuclear receptors to regulate target
genes [47]. THRs form heterodimers with RXR on TREs
within the promoter regions of target genes. In
addition, recent ChIP-Seq studies have shown that
THRs bind to specific response element motifs with
non-conserved sequences and in non-promoter regions
[37-39], implying that interactions with other tran-
scription factors are required to regulate chromatin
remodeling and gene expression.

In the absence of TH, THRs still bind to TREs but are
associated with co-repressors displaying histone deacety-
lase (HDAC) activity, leading to modifications in
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chromatin structure and repression of transcription. For
instance, nuclear receptor corepressor 1 (NCoR1) and
silencing mediator for retinoid or thyroid-hormone
receptors (SMRT), well-characterized co-repressors
with histone deacetylase activity, serve as platforms for
repressor complex-mediated chromatin remodeling
[40]. Binding of T3 induces conformational changes of
THR and recruitment of transcriptional coactivators
with histone acetyl transferase (HAT) activity to in-
crease histone acetylation at specific promoter regions,
facilitating generation of a permissive chromatin state
and further recruitment of general transcriptional
machinery (Fig. 1). For instance, steroid hormone
receptor coactivator (SRC), PCAF (p300/CBP-asso-
ciated factor) and pl160 family members facilitate lig-
and-bound THRs to activate T3 target genes through
histone acetyltransferase activity [41]. Moreover, transcrip-
tional activities of THRs are stimulated by TR-associated
protein (TRAP) family independently of HAT activity [42].
Alterations in THR-associated co-regulator complexes
may induce differential responses for appropriate target
gene expression (Table 1).

In addition to positively regulating downstream targets,
TH binding to THR can lead to negative regulatory
effects. Notably, these negatively regulated target genes
are upregulated in the absence but downregulated in the
presence of THs [30, 43] although the precise details
remain to be established. In a typical case, high levels of
THs exert a negative feedback effect on thyrotropin-re-
leasing hormone (TRH) and thyroid stimulating hormone
(TSH), and low levels of THs stimulate secretion of TSH
from the anterior pituitary. This critical negative feedback
loop regulates the hypothalamic-pituitary-thyroid axis
[44-46]. TREs of genes negatively regulated by TH are
frequently located near proximal promoter regions. How-
ever, binding of THRs to these putative regions is gener-
ally weak, suggesting that interactions between THRs and
other co-factors may contribute significantly to negative
regulatory effects of THs. Alterations in chromatin re-
modeling through histone modification via recruitment of
HDACs and HATs may be involved in negative transcrip-
tional regulation by THs. Recently, a novel THR
co-repressor, LCOR, was identified as an inhibitor of
TRB-dependent lipogenic gene activity. LCOR serves as a
competitor for binding of coactivators SRC-1/3 to TRp
leading to reduced recruitment of SRCs to TREs within
the promoter regions of downstream target genes of TR,
potentially representing a novel mechanism by which
LCOR regulates gene transcription [47].

THRs are additionally reported to interact with tran-
scription factors to negatively regulate expression of sev-
eral genes, including Spl [48], p53 [49], Oct-1 [50],
GHEF-1 [51, 52] and CTCEF [53, 54], although the under-
lying mechanisms remain largely unknown at present.
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Nongenomic actions of TH

In addition to transmission of signals through inter-
actions with nuclear THRs, activities of THs in the
plasma membrane or cytoplasm are termed nongenomic
effects (Fig. 1, Table 1). THs bind to integrin avp3 mem-
brane receptor protein independently of nuclear THRs
[55-57], which has been further characterized as a
membrane-bound THR. Integrin avp3 was originally
shown to contain the Arg-Gly-Asp (RGD) recognition
region that interacts with extracellular matrix ligands
[55]. Unexpectedly, TH could bind integrin avp3 near its
RGD recognition site [58]. Integrin avp3 contains two
TH-binding domains with no homology to nuclear
THRs. The S1 domain mainly recognizes T3 conse-
quently activating the phosphatidylinositol 3-kinase
(PI3K)/Akt/protein kinase B (PKB) pathway through Src
kinase [59]. Both T, and T3 bind to the S2 domain and
activate the mitogen-activated protein kinase/extracellu-
lar signal-regulated kinase (MAPK/ ERK1/2) pathway.
Moreover, S1 and S2 domains mediate the specific ef-
fects of TH. For instance, S1 directs Src and
PI3K-mediated TRa translocation from the cytoplasm to
the nucleus and promotes expression of target genes,
such as hypoxia-inducible factor-la (HIF-1a) while S2
activates MAPK1 and MAPK2, leading to nuclear
trafficking of TRP1 from the cytoplasm and tumor
cell proliferation [58, 60].

THs also cause serial phosphorylation and nuclear
localization of other critical genes responsible for several
cellular functions (Table 1). For instance, TH-activated
ERK1/2 has been shown to promote estrogen receptor-a
(ERa), signal transducer and activator of transcription-3
(STAT3), and several THR-associated proteins [61-67].
TRal interacts with the p85a subunit of PI3K in a
T3-dependent manner, leading to activation of Akt and
endothelial nitric oxide synthase (eNOS) [7, 68]. In
addition, liganded TRP1 associates with p85a in the
cytoplasm to activate Akt via phosphorylation. Activated
Akt subsequently triggers the nuclear mammalian target
of rapamycin (mTOR)-p70S6K cascade and sequential
induction of several HIF-la target genes, including
glucose transporter 1 (GLUT1), platelet-type phospho-
fructokinase (PFKP) and monocarboxylate transporter 4
(MCT 4) [69-71]. TRB1 is additionally reported to
modulate Na*/K*-ATPase activity by PI3K or ERK1/2.
For instance, PI3K signaling slows potassium voltage-
gated channel, subfamily H, member 2 (KCNH2) chan-
nel deactivation in the plasma membrane of pituicytes
[72-74]. Moreover, THRB-PV, a THRB mutant that
shows loss of T3 binding ability but interacts more sig-
nificantly with the PI3K regulatory subunit, p85, triggers
a greater increase in PI3K kinase activity and activation of
the PIBK-AKT- mTOR-p70S6K pathway in cytoplasmic
and nuclear compartments, with predisposition to tumor
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Fig. 1 Nongenomic and Genomic actions of Thyroid hormone and thyroid hormone receptor. The diagram of nongenomic and
transcriptional actions of thyroid hormone (TH) and thyroid hormone receptor (THR). a Nongenomic effects of THs are initiated from
Integrin avR3 localized on the plasma membrane or occurs at cytoplasm. T3 interacts with ST domain of Integrin av3 to activate the
PI3K signal pathway via Src kinase, leading to trafficking of THRA from the cytoplasm to nucleus and increases HIF-1a expression. THs,
mainly T4, also interact with S2 domain of Integrin av33 to activate ERK 1/2 signal, causing phosphorylation and nuclear localization
of THRB, estrogen receptor a (ERa) and STAT3. Activated ERK1/2 and cytosolic THRB increase the activity of the sodium pump (Na, K-ATPase). T3-liganded
THRs in the cytoplasm interact with the PI3K regulatory subunit, p85a, to activate Akt, subsequently triggering mTOR/p70S6K and eNOS
signals. b In the nucleus, THRs form heterodimers with the retinoid X receptor (RXR) at thyroid hormone response elements (TREs), within
the regulatory regions of downstream genes. In the absence of Ts, the co-repressor complex involving histone deacetylase (HDACs),
NCoR1 and SMRT deacetylate histones in the regulatory regions. Consequently, trimethylation of histone H3 at lysine 9 and 27 along with
DNA methylation causes a more closed conformation in chromatin and blocks the transcriptional machinery access to the DNA, causing
suppression of downstream targets transcription. Binding of T3 induces conformational changes of THRs and recruitment of transcriptional
coactivators (such as PCAF/P300 and SRC-1/p160) with histone acetyltransferase (HAT) activity to increase histone acetylation at specific
promoter regions, facilitating generation of a permissive chromatin state and further recruitment of general transcriptional machinery.
Typical TREs within promoter regions of downstream genes contain two half-site sequences (A/G)GGT(C/A/G)A in a palindromic, direct
repeat or inverted repeat arrangement that are recognized by THR
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Table 1 Summary of the genes/signals regulated by genomic
or nongenomic action of TH/THR signal axis

Molecular function Gene/signal name  Reference

Nongenomic regulation by TH/THR

Membrane receptor of TH Integrin avp3 [55, 56]

Signal transductor Src kinase [59]
PI3K/Akt [7, 59, 68]
p-ERK1/2 [58, 61-66, 60, 67]
mTOR/p70S6K (69]
eNOS [7, 68]

Transcriptional factor Estrogen receptor [62, 67]

STAT3 [64]
HIF1-a [58, 60, 70, 69, 71]
B-catenin (771
Metabolic regulator GLUT1 71
PFKP (71]
MCT 4 [(71]
Na-K-ATPase KCNH2 [72]
Apoptosis regulator FOXO1 [136, 137, 176]
BCL2L11 [176]
Genomic regulation by TH/THR
Transcriptional coregulator of THR  SP1 [48]
p53 [49]
Oct-1 (50]
GHF-1 [51,52]
CTCF [53, 54]
LCOR [47]
Autophagy regulator DAPK2 [16]
Betatrophin [26]
Cell cycle regulator UHRF1 [171]
STMN1 [172]
Mir-214 [173]
BC200 [174]
Apoptosis regulator TRAIL [175]
Metastatic regulator BSSP4 [178]
LCN2 [180]
mir-130b [177]
mir-21 [179]

development in several cancer types, including thyroid and
mammary tumors [75, 76]. The THRB-PV mutant
additionally associates with [B-catenin to regulate cell
proliferation in thyroid tumors of THRB PV PV mice [77).
This interaction favors the unliganded state of TR,
and Tj-independent interactions between [-catenin
and TRP promote activation of [-catenin-related
downstream targets.
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The TH/THR axis in regulation of hepatic autophagy

The autophagic process

Autophagy was originally characterized as a catabolic
process targeting cellular constituents, including un-
folded proteins, damaged organelles and intracellular
pathogens, to lysosomes for degradation [19, 78].
Autophagy is categorized into three main types:
macroautophagy, chaperone-mediated autophagy and
microautophagy [79]. Macroautophagy, hereafter
known as autophagy, is generally considered the
major route for directing cytoplasmic components
into lysosomes for degradation. The autophagic
process involves membrane biogenesis and formation
of a double-membrane phagophore (termed autopha-
gosome), which sequesters partial cytoplasmic com-
ponents or entire organelles and subsequently fuses
with lysosomes for degradation. Amino acids and
other metabolic compounds generated by this
process are consequently released for energy produc-
tion or recycling. Chaperone-mediated autophagy in-
volves sequestration of proteins or polypeptides
harboring the KFERQ-like motif by chaperone pro-
teins. This process promotes translocation of target pro-
teins into lysosomes for degradation through interactions
with lysosome-associated membrane protein type 2A
(LAMP2A). Microautophagy is implicated in invagination
of cellular constituents within endosomes or lysosomes
but small fractions of cytoplasmic constituents in the close
vicinity of lysosomes are sequestered.

Under basal conditions, autophagy is implicated in the
degradation of long-lived proteins while another catabolic
system, the ubiquitin-proteasome process, is responsible
for the turnover of short-lived proteins [80, 81]. However,
under specific conditions, such as nutrient deprivation,
the autophagy pathway leads to selective degradation of
cytosolic materials (termed selective autophagy). Selective
autophagy directs degraded products into highly spatio-
temporally controlled metabolic pathways. When specific
autophagic cargo, such as misfolded proteins or damaged
cellular organelles, appear within the cytoplasm, they are
tagged with molecular markers, such as ubiquitin [82, 83],
resulting in assembly of autophagic adapter proteins,
such as SQSTM1I, that bind to both molecular marker-
harboring cargo and LC3-II. A number of core autophagy
proteins, such as the ULK-FIP200 complex, also recognize
these tagged targets [84, 85], initiating autophagosome
formation. Selective autophagy is predominantly regulated
by cargo labeling as well as recruitment of adaptor
proteins to cargo.

Significant links between the regulation of selective au-
tophagy and liver complications associated with NAFLD
and HCC have been reported, supporting the manipu-
lation of this process as a potential therapeutic stra-
tegy for liver-related diseases.
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Autophagy in liver-related diseases

In addition to the fundamental function of starvation-in-
duced autophagy, basal and selective autophagy
contribute to maintaining the quality and quantity of
cellular organelles and cytosolic proteins efficiently in
the liver. Consequently, dysregulation or malfunction of
the autophagic process is associated with the pathogenesis
of multiple disorders and liver-related diseases, such as
age-related hepatic disorders, NAFLD and HCC [86].

Aging in liver Aging is positively associated with seve-
rity and poor prognosis of several liver-related diseases,
including alcoholic liver disease, NAFLD and HCC [87].
Furthermore, the age-dependent frequent decrease in
autophagic activity underlies the pathogenesis of hepatic
diseases. The initial finding of age-dependent decrease
in hepatic autophagy was based on a marked increase in
oxidative damage-triggered protein carbonyl derivatives
in liver of 27-month-old rats, compared to 2-month-old
rats [88]. Further studies indicated that the efficiency of
autophagic degradation and capacity of autophagic pro-
teolysis of exogenous amino acids of primary hepato-
cytes from older rats is dramatically decreased relative
to that in young rats [89, 90]. Moreover, decreased
expression of LC3-II and number of autophagosomes in
mice were age-dependent [91]. These results suggest
that the age-dependent decrease in efficiency of auto-
phagy leads to substantially diminished clearance of
inactive organelles, including mitochondria, generating
increased oxidative stress and consequent accumulation
of oxidized protein aggregates.

NAFLD Fatty liver is attributed to continuous intake of
excess dietary fat without consumption of excessive
alcohol [92]. Nonalcoholic fatty liver disease (NAFLD)
incorporates a spectrum of liver-related diseases ranging
from steatosis to steatohepatitis, fibrosis and cirrhosis.
Non-alcoholic steatohepatitis (NASH) presents as a hep-
atic disease histologically similar to alcoholic hepatitis
but occurs without consumption of excessive alcohol,
representing a stage within NAFLD [93, 94]. Recent
metabolic studies on animals and humans demonstrated
that NAFLD represents one feature of metabolic syn-
drome closely associated with several metabolic diseases,
such as diabetes and insulin resistance. Moreover,
diabetes or insulin resistance conditions accelerate the
entire pathological spectrum of NAFLD [94]. Chronic
hepatic steatosis can trigger inflammatory responses
[95]. In some cases, NAFLD progresses to NASH,
which frequently advances into fibrosis and cirrhosis,
and 4-27% NASH cases develop HCC [96].

In response to accelerated lipid availability or nutrient
starvation, hepatic autophagy degrades lipid droplets to
produce free fatty acids (FFA) for ATP generation. This
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autophagy-induced degradation of hepatic lipid droplets
is termed lipophagy [97]. Since lipophagy involves the
selective degradation of hepatic lipid droplets, autophagy
in liver could serve as a preventive mechanism against
NAFLD. In contrast, several studies indicate that
lipotoxic effects, including oxidative stress or insulin re-
sistance, elicited by excess triglycerides and free fatty acids
in NAFLD, inhibit activation of autophagy [19, 98, 99].
Hepatic autophagy regulates lipid metabolism through
elimination of triglyceride accumulation in liver and
prevents the development of steatosis [97]. Enhancement
of autophagic activity using pharmaceutical agents, such
as rapamycin or carbamazepine, has been shown to retard
liver steatosis [99-102]. Moreover, pharmacological
inhibition of autophagy via 3-methyladenine or knock-
down of the essential autophagy gene, atg5, in hepatocytes
challenged with a lipid load induced a dramatic increase
in the cellular triglyceride level. Excessive triglyceride and
cholesterol ester accumulation in hepatic lipid droplets
was observed owing to decreased lipolysis and fatty acid
#_oxidation in cells with low autophagy activity.

Compared to hepatocytes, autophagy in stellate cells
exerts opposite effects on NAFLD progression. In
NAFLD, quiescent hepatic stellate cells are activated and
transdifferentiate into myofibroblasts, which express a
large number of inflammatory cytokines and collagen,
thereby promoting hepatic fibrosis [103]. In stellate cells
from livers of autophagy-deficient mice, CCly-induced
hepatic fibrosis was dramatically inhibited [104].

Abnormal structural and functional alterations of
hepatic mitochondria in NAFLD are frequently ob-
served [105]. Mitochondria are the powerhouse of
cells and decreased mitochondrial function concomi-
tant with alterations in structural and molecular
pathways may elicit a metabolic imbalance, contrib-
uting to NAFLD progression. Mitochondrial biogen-
esis and mitophagy, a highly selective form of
autophagy that functions in removal of damaged mito-
chondria, are the major pathways that regulate mito-
chondrial mass [86, 105]. The balance of mitochondrial
biogenesis and mitophagy is a precisely regulated
process that influences cellular homeostasis. Activation
of hepatic mitophagy is reported to eliminate the lipid
content and oxidative stress, and dysregulation of
mitophagy implicated in the progression of NAFLD
[19, 86, 97].

Under oxidative stress conditions, SQSTMI1 is phos-
phorylated and subsequently binds to KEAP1 with high
affinity. KEAP1 is an adaptor of the ubiquitin ligase
complex for nuclear factor-erythroid 2-related factor-2
(NRF2). Downstream target proteins of NRF2, such as
NAD(P)H, dehydrogenase quinone 1 (NQO1) and
glutathione S-transferase (GST), ameliorate ROS pro-
duction by damaged mitochondria [106, 107]. Selective
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autophagic degradation of the SQSTM1-KEAP1 com-
plex inhibits KEAP1-driven ubiquitylation and degrad-
ation of NRF2. In NAFLD, the turnover of hepatic
cytoplasm fractions is substantially impaired due to dys-
functional autophagy/mitophagy, leading to accumula-
tion of damaged mitochondria and elevated oxidative
stress, which activates the SQSTMI1-KEAP1-NRF2
pathway to protect hepatocytes against oxidative stress.
However, under conditions where ROS levels exceed the
antioxidant capacity of NRF2-related signals, various
harmful effects, including lipid peroxidation, protein oxi-
dation, and DNA damage, trigger liver injury [106, 107].

HCC As autophagy plays important roles in mainte-
nance of the quality of organelles and supply of energy
to cancer cells, autophagy-related pathways are considered
important for cancer cell survival [108]. Previous studies
indicate that loss of autophagy inhibits KRAS—triggered
tumorigenesis of non small-cell lung cancer [109, 110].
Indeed, several clinical trials using a combination of exist-
ing anticancer drugs and autophagy inhibitors, such as
chloroquine and hydroxychloroquine, are currently under-
way for several cancer types [111, 112]. However, the
specific functions of autophagy in different tumors are
complex and context-dependent. Pancreas-specific
activated KRAS in mice leads to the development of
pancreatic ductal adenocarcinoma (PDAC), which is
suppressed by inhibition of autophagy [113]. In con-
trast, in mice lacking Tp53, loss of autophagy facilitates
tumor progression [113].

In the liver, autophagy appears to function as a tumor
suppressor. For instance, mosaic depletion of AzgS,
liver-specific Atg7, or Beclin-1 in mice causes accumu-
lation of degenerated protein aggregates, lipid droplets
and damaged cellular organelles, including mitochondria
and peroxisomes, as well as persistent activation of
NRF2 owing to sequestration of KEAP1 by SQSTM1I-
positive cytoplasmic aggregates, leading to spontaneous
hepatic carcinogenesis [114-116]. Simultaneous loss of
nrf-2 or sqstm1 in mice with Atg5 or Afg7-deficient liver
suppresses tumor development [117]. Additionally, the
cargo receptor degraded by autophagy, SQSTM1, accu-
mulates in the hepatic tumor region [118], implying that
the SQSTM1-KEAP1-NRF2 axis contributes to tumor
growth. Further studies have revealed that heterozygous
deletion of a major regulator of autophagy, Beclinl,
increases the frequency of development of spontaneous
tumors and HBV-induced hepatic premalignant lesions
in mice [116, 119]. Additionally, ATG5 and BECLIN-1
levels are downregulated in hepatic tumor, compared to
adjacent non-tumor regions [120]. HCC patients with
low BECLIN-1 accompanied by high Bcl-xL (a crucial
anti-apoptotic protein) expression display poorer dis-
ease-free and overall survival rates [120], indicating that
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normal autophagic flux is important for HCC prevention
in this apoptosis compromised background.

In view of the protective function of autophagy against
hepatocarcinogenesis, researchers have focused on the
mechanisms underlying autophagy-dependent tumor cell
death identified in several cancer types [121-123]. The
PI3K/Akt/mTOR axis is a known crucial signaling path-
way for cell growth, survival and metabolism in tumor
cells [124]. The mTOR pathway is activated in HCCs
and manipulation of mTOR inhibitors shown to
effectively exert anti-tumor effects in HCC [125, 126].
Rapamycin and its derivatives are mTOR inhibitors
reported to serve as autophagy inducers with anti-tumor
activity in a phase II study on 25 advanced HCC patients
[127]. Liver transplantation is an important therapeutic
option for the selected patients with unresectable HCC. In
another study, rapamycin-directed immunosuppression
was associated with improved survival after liver trans-
plantation in HCC patients, but showed a trend toward
lower survival in non-HCC patients, further showing the
clinical evidence of its anti-cancer impact [128]. However,
the utility of rapamycin and its derivatives in HCC therapy
is controversial due to insufficient and conflicting clinical
results. For example, everolimus (RADO01) exerted an
anti-tumor effect in xenografts of human HCC models
[129] whereas a recent clinical phase III trial disclosed no
benefits on advanced HCC prognosis [130]. Co-targeting
of mTOR via everolimus along with a PI3K/mTOR dual
inhibitor, BEZ235, displayed greater efficacy through acti-
vating autophagy, specifically mitophagy, in tumors and
led to decreased tumor sizes in a mouse model of HCC
[131]. Interestingly, recent findings suggest that combi-
nation of mTOR inhibitors with SBI-0206965, a highly
selective ULK1 inhibitor acting as a specific blocker of
autophagy, has a promising effect on HCC [132]. Further
investigations are required to validate the clinical utility of
rapamycin. Sorafenib, a multi-kinase inhibitor used as
first-line systemic therapy for advanced HCC, promotes
autophagy-dependent cell death through Mcl-1 signaling
[127]. A combination of sorafenib and autophagy
inhibitors was also shown to induce an enhanced thera-
peutic effect. Sorafenib-induced autophagy-dependent cell
death is reported to cause drug resistance in HCC [133].
Further research is therefore warranted to determine
the utility of autophagy inducers in improving the
current limits of HCC therapy and treatment outcomes.
The involvement of autophagy as a function of tumor
type, pathological stage and genetic context remains to
be established.

TH/THR regulation of hepatic autophagy
The effects of TH on hepatic lysosomal activity and pro-
teolysis were first described in 1978 [134], although the
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underlying mechanisms were yet to be elucidated.
Recently, T3 was shown to enhance hepatic lysosomal
activity accompanied by formation of autophagosomes
in hepatic cells or livers of mice [25, 26]. The effects of
T3 on autophagy were THR-dependent and binding of
NCoR-HDAC3, the corepressor of THR, abolished
T3-induced hepatic autophagy [25].

The T3/THR axis is known to promote fatty acid
#)_B-oxidation in liver via activation of autophagy (Fig. 2A).
Additionally, THs upregulate several critical genes in-
volved in the autophagic process, including ULK1, PINK1,
Beclin-1, DAPK2, betatrophin and LC3 (Fig. 2B-D) [16,
17, 25-27, 135]. These autophagy-related genes could be
regulated directly by T3/THR at the transcriptional level
or indirectly through FOXO1 activation by dephosphory-
lation and deacetylation via TH-activated SIRT1 [136,
137]. SIRT1 is a NAD"-dependent deacetylase activated
by increases in cellular NAD" levels that serves as an en-
ergy sensor of cells to control transcriptional activity by
T; and FOXO1. Furthermore, SIRT1 mediates T3-induced
autophagy through stimulation of expression as well as
deacetylation of autophagy-related genes [136]. The
master transcription factor, transcription factor EB
(TFEB), regulates autophagy and lysosome-related
genes may additionally be modulated by TH [44].

Other than transcriptional regulation, TH/THR
complexes also regulate autophagy through post-
transcriptional mechanisms. For instance, TH/THR is
reported to activate the autophagy process through
AMPK signaling. T3 induces mitochondrial activity
and biogenesis through inducing transcriptional regu-
lators, such as PPARs, PPARy coactivator-1 (PGC-1)
and nuclear respiratory factors [138], which causes
the generation of reactive oxygen species (ROS) and
subsequently release of intracellular calcium, and ul-
timately, CAMKK2 activation. Activated CAMKK2
phosphorylates AMPK, in turn, inhibiting mTOR sig-
naling and stimulating autophagy via ULK1 phosphor-
ylation [27]. SQSTM1 is a key adapter protein of
autophagy, and accumulating evidence has demon-
strated that phosphorylation of this protein facilitates
clearance of ubiquitinated protein aggregates through
the autophagic process [139, 140]. We previously
showed that T3/THR interactions induce transcription
of DAPK2, which, in turn, phosphorylates SQSTM1
to promote clearance of protein aggregates through
autophagy. Our results collectively indicate that the
TH/THR signaling axis coordinates both transcrip-
tional and post-translational regulation of hepatic au-
tophagy [16].
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TH regulation of selective autophagy Lipophagy is
implicated in the digestion of neutral lipid droplets to
release free fatty acids for mitochondrial lipid oxidation
[97] and considered a major lipolytic pathway in hepatic
cells [141]. Recently, we and other groups showed that
T3 induces lipophagy in both human and mouse hepatic
cells that is essential for T3-mediated lipid catabolism
[25, 26]. Although the specific receptors for recognition
of lipid droplets by autophagosomes have not been iden-
tified, our results indicate that T3 upregulates hepatic
betatrophin transcription, which localizes to lipid droplets
and possibly targets lipids for autophagic degradation [26].

TH is considered an inducer of mitochondrial activity
and oxidative stress in the liver [142]. However, TH also
induces mitophagy to prevent accumulation of damaged
mitochondria and prevents hepatic injury by excessive
ROS production [27]. TH is reported to stimulate the
AMPK-ULKI1 axis to initiate mitophagy. This process is
dependent on translocation of ULK1 to mitochondria and
subsequent recruitment of autophagic proteins, such as
SQSTM1 and LC3-II, to damaged mitochondria for even-
tual degradation in autolysosomes. PINK1/PARKIN-me-
diated mitophagy is another pathway that contributes to
protecting mitochondria against cellular ROS [143, 144].
PINK1 accumulates at the outer mitochondrial membrane
upon membrane depolarization and subsequently recruits
PARKIN to ubiquitinate damaged mitochondria, facili-
tating autophagic degradation. Experiments by our
group showed that T3 activates PINK1/PARKIN-depen-
dent mitophagy to ameliorate HBX-induced mitochon-
drial depolarization [17]. Selective removal of damaged
mitochondria by TH is crucial for preventing oxidative
damage in the liver.

Recently, we demonstrated that transcriptional regulation
of DAPK2 by TH promotes phosphorylation of SQSTM1
to facilitate clearance of diethylnitrosamine (DEN)-induced
protein aggregates through autophagy, which may protect
hepatocytes from DEN-induced hepatocarcinogenesis [16].

Potential application of TH and analogs in NAFLD and HCC
Thyroid hormones affect energy metabolism, glucose
homeostasis and lipid utilization. Hypothyroidism is
positively associated with high risk of NAFLD and HCC
incidence, independent of other risk factors [8, 9]. THs
may thus be useful in a therapeutic capacity in hyper-
lipidemia and NAFLD. However, excessive production or
administration of exogenous THs triggers several side-
effects, such as muscle wasting, increased heart rate with
possible atrial arrhythmia, and heart failure [145]. Over
the past few decades, biologists have focused on the
possibility that TH derivatives have the beneficial actions
of the thyroid hormone but without associated delete-
rious effects [145—-149]. Recently, several analogs of TH
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specific for THRB have been generated, which have
therapeutic activity in liver-related diseases with limited
side-effects in organs, such as heart or bone, with abun-
dant THRA expression.

GC-1 was the first synthetic THRB agonist that could
be used as a scaffold compound for developing other
TH derivatives, which are easily modified and synthe-
sized more efficiently than native TH [168]. GC-1 binds
all major isoforms of THRB with similar affinity to Tj,
The binding affinity of GC-1 to THRB is 10-fold
higher than that to THRA. GC-1 accumulates pre-
dominantly in the liver but its uptake is low in other
organs, including skeletal muscle and heart. Due to
the specific binding of GC-1 to THRB in liver, it may
exhibit gene-specific actions relative to the native
form of the thyroid hormone [145].

In the CMD diet-triggered NAFLD rat model, admi-
nistration of either T3 or GC-1 could prevent steatohe-
patitis. Notably, GC-1 treatment not only caused a
more significant reduction in hepatic TG levels but also
did not elicit significant side-effects, such as increased
heart rate and muscle wasting [150, 151]. These find-
ings support the potential therapeutic application of
THs on NAFLD prevention. Furthermore, T3 and GC-1
exert therapeutic effects on HCC [16, 29, 152, 153].
Upon treatment of rats with DEN combined with a choli-
ne-deficient (CD) diet for weeks, development of pre-
neoplastic lesions was observed. Administration of T3
or GC-1 dramatically reduced the preneoplastic le-
sions caused by DEN.

Recently, a liver-selective prodrug, MB07811, was de-
veloped. Following hepatic enzymatic cleavage, the active
form, MB07344, is generated that has been characterized
as a liver-selective THRB agonist [154]. In HFD-exposed
or diabetic fatty animals, two weeks of MB07811 treat-
ment significantly reduced both hepatic and plasma
triglyceride levels with no other side-effects of TH [154].
Clearance of hepatic lipid droplets by MB07344 may be
attributable to acceleration of mitochondrial activity and
fatty acid catabolism [12].

KB2115 has been identified as another THRB-
selective agonist preferentially taken up in the liver.
In both animal and clinical studies, administration of
KB2115 significantly lowered serum total and LDL
cholesterol and prevented the development of hep-
atic steatosis [155—-157]. Furthermore, treatment with
KB2115 as well as GC-1 in rats induced hepatomito-
genic activity with no evidence of hepatic toxicity
[158], supporting its potential for regenerative ther-
apy, including liver transplantation and other surgi-
cal modalities.

Despite encouraging results from human clinical studies
showing that GC-1, MB07811 and KB2115 exert thera-
peutic effects via lowering the levels of serum LDL
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cholesterol and triglycerides, these compounds have not
reached human clinical trials or been developed into
therapeutic agents. Phase II trials on GC-1 and MB07344
are yet to be performed. Clinical studies on KB2115 were
discontinued due to cartilage damage and hepatic toxicity
observed following long-term dosing in dogs [29, 159].

More recently, two liver-directed THRB selective ago-
nists, MGL-3196 and VK2809, have been developed
[160, 161]. Results from phase II trials showed preven-
tive effects on NAFLD accompanied by a decrease in
serum levels of LDL cholesterol and triglycerides as
well as hepatic lipids with none of the side-effects of
the thyroid hormone axis. Thus, therapeutic application
of THs in liver-related diseases in the clinic is feasible.

Recent studies by our group revealed a mechanistic
link between TH and HCC prevention [16, 17]. DEN-
treated liver cells have been shown to cause ROS accu-
mulation accompanied by increased DNA damage and
hepatic injury [162]. Increased oxidative stress may
occur due to the accumulation of SQSTM1-associated
protein aggregates and damaged organelles. SQSTM1 is
the major component of inclusion bodies in hepatocytes
(termed Mallory bodies), which have been identified in
the livers of patients diagnosed with alcoholic hepatitis
and NAFLD [163, 164]. Tj. treated mice exhibit higher
DAPK2 expression, and consequently, T3-driven auto-
phagy alleviates DEN triggered hepatic injury and hepa-
tocellular carcinogenesis [16].

Chronic infection of hepatitis B virus in liver is one of
the major risk factors for HCC development, and the
HBV X protein (HBx) exerts powerful disruptive effects
on mitochondrial dysfunction and ROS production,
leading to progression of HCC [165]. Our group further
showed that mitophagy triggered by the TH-PINK1-Par-
kin axis is a putative pathway implicated in protection
of HBx-induced hepatocellular carcinogenesis. Add-
itionally, TH-triggered autophagy was shown to reduce
hepatic lipid droplets and mitochondrial fatty acid oxida-
tion [25, 27]. These results collectively support the in-
volvement of TH-triggered autophagy in regulating
mitochondrial metabolism in the development of NAFLD
and HCC and provide insights into the physiological
significance of THs in prevention of liver-related
diseases [17]. However, the role of autophagy in the
preventive and therapeutic potential of TH analogs
(GC-1, MB07344, KB2115, MGL-3196 and VK2809)
have not yet been determined.

Conclusions

Over the past decade, molecular mechanisms and
physiological effects of THs in liver have gradually been
elucidated. Disruption of TH signals is known to cause
multiple organ dysfunction that is closely associated with
several diseases [5, 6]. Liver is one of the major target
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tissues of TH, and people with low thyroid function are
closely associated with multiple liver-related diseases.
The cross-sectional and systemic view studies indicated
that subclinical hypothyroidism, and even in the upper
normal limit of TSH levels were significantly asso-
ciated with the risk of NAFLD and advanced fibrosis
[166-169]. Interestingly, high level of TSH itself may be
an important risk factor points to the pathogenesis of
NAFLD, independent of thyroid hormones [168, 169],
and the supplementation of levothyroxine shows clear
benefits on NAFLD in subclinical- and mild subcli-
nical- hypothyroidism patients with dyslipidemia
[170]. Moreover, both in vitro and in vivo experiments
demonstrated THs and THs analogs exhibit the potential
therapeutic and preventive application in NAFLD and
HCC [7, 16, 17, 142, 145-149], highlighting the urgent
need to understand the complex mechanisms underlying
the effects of thyroid hormone. The TH/THR axis is a
strong inducer of hepatic autophagy, which promotes
lipid droplet degradation as well as mitochondrial bio-
genesis and turnover. This process has been implicated
in the removal of damaged mitochondria and ROS that
cause hepatic injury [7, 16, 17, 26, 27, 28]. In the present re-
view, we have discussed the growing complexity of
TH-regulated autophagy, highlighted advantages associated
with the TH/autophagy axis-based therapeutic strategy for
liver-related diseases, and discussed recent findings that
may be exploited for improving the therapeutic outcomes
of NAFLD and HCC [11, 12, 148, 150, 151, 154].

However, several challenges in TH-based therapies
for hepatic diseases, HCC in particular, remain to be
overcome, since the actions of individual TH deriva-
tives within the same tissue may be different. Alte-
rations in TH deiodinases, transporters, co-activators
or co-repressors may influence the cellular level and
molecular actions of THs, in turn, causing metabolic
changes [44]. Moreover, the processes of cancer pro-
gression are complex. Individual THR isoforms exert
different effects in a cancer type- and stage-specific
manner. The TH/THR signals and interacting partners
may facilitate the switch from tumor suppression in the
premalignant stages to promotion in the later stages of
HCC [7]. For instance, administration of TH not only
reduces the size of preneoplastic lesions in the livers of
rats suffering with HCC, but suppresses the aberrant
cellular growth via control the expression of cell cycle
regulators, such as CDK2, Cyclin E, UHRF1, STMNI1
mir-214 and BC200 IncRNA [7, 171-174]. Our recent
studies further support the preventive effect of TH on
hepatocarcinogenesis via activating autophagy [16, 17],
whereas TH/THR is reported to promote metastasis
and chemoresistance through control the expressions
of BSSP4, TRAIL, BCL2L11, LCN2, mir-21, and
mir-130b [7, 173, 175-180]. This characteristic of THs
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supports the double-edged sword effect of autophagy in
cancer progression. Autophagy mitigates stress-caused
damage by removing damaged cellular organelles and pro-
tein aggregates and impaired autophagy causes accumula-
tion of excess oxidative stress and DNA damage, leading
to initiating hepatocarcinogenesis. Mosaic depletion of
AtgS, liver-specific Atg7 or Beclin-1 in mice causes accu-
mulation of degenerated protein aggregates, lipid droplets
and damaged cellular organelles, leading to spontaneous
hepatic carcinogenesis [114, 116]. By contrast, after the
initiation of tumorigenesis, autophagy can also facilitate
tumor cell survival under metabolic stress, becoming
dormant and regenerating with anti-stress capacity that
promotes tumor progression [181]. For instance, malfunc-
tion of autophagy inhibits KRAS—triggered tumorigenesis
of non small-cell lung cancer and DEN-induced HCC.
[109, 110, 182]. Moreover, inhibition of autophagy
increases the sensitivity of chemotherapy and triggers
cellular apoptosis and necrosis of HCC by activating
several tumor suppressor genes, including p53, PTEN
CDKN1, CDKN2 and Rbl [182-184]. Therefore, further
animal and clinical studies are warranted to establish
the specific functions of THs-induced autophagy in the
different processes that lead to HCC development.
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ABSTRACT: A braided multiscale fibrous scaffold consisting
of aligned PCL micro/collagen-bFGFnano fibers was
fabricated (mPCL-nCol-bFGF) to mimic native tendon tissue
architecture which was further coated with alginate to aid in
prevention of peritendinous adhesion. The bFGF release
kinetics showed a sustained release of growth factors for a
period of 20 days. Further, in vitro cell viability, attachment,
and proliferation were performed using rabbit tenocytes under
static and dynamic conditions. mPCL-nCol-bFGF showed a
higher cell proliferation and enhanced expression of tenogenic
markers compared to mPCL-nCol (braided scaffold without
bFGF). When subjected to dynamic stimulation in a

‘Aligned PCL micro-

nano Col
N —_
a5 GRS

Multiscale Fibrous
Scaffold

Seeding Cells on
Scaffold

=

= =
Rabbit Tendon
Fibroblast

bioreactor, mPCL-nCol-bFGF-DS (braided scaffold with bEGF after dynamic stimulation) showed enhanced cellular
proliferation and tenogenic marker expression, compared to mPCL-nCol-bFGF. The in vivo studies of the cell seeded scaffold
after dynamic stimulation in Achilles tendon defect model showed tendon tissue regeneration with aligned collagen morphology

within 12 weeks of implantation.

KEYWORDS: tendon regeneration, multiscale fibers, braided scaffold, bFGF, poly(e-caprolactone)

B BACKGROUND

Tendons are an integral part of the musculoskeletal system
which enable joint movements and maintain structural
stability."”> These fibrous connective tissues not only act as
the connectors between the muscular system and the skeletal
system but also facilitate the transmission of load between
them.! Due to its load bearing functions, these tissues are
generally prone to injuries due to repetitive high tension
exposure and atrophy.’ Severe trauma also contributes to
tendon injuries. Tendons possess a complex structure of
collagen fibrils arranged hierarchically into primary bundles,
fascicles, tertiary bundles, and finally the whole tendon.* The
complexity in their structure and their distinctive mechanical
properties lead to poor tendon healing as the scar tissue
formed may possess neither the mechanical strength nor the
structural hierarchy that native tendon has. The hypocellular
and hypovascular nature of the tendon also contributes to the
delay in tissue healing and regeneration.”® Minor injuries can
be easily rectified by proper immobilization and rest, whereas

-4 ACS Publications  © 2019 American Chemical Society

major injuries require surgical intervention. The most common
approach in any tendon damage is autograft. However, these
lead to donor site morbidity and further weakness. Many
synthetic and biological grafts like Gore-Tex, Leed-Keio,
Artelon, Graftjacket, and Restore are available commercially
for tendon applications.” However, they show many drawbacks
like unsuitable inflammatory response, high rate of rerupture,
low cellular infiltration, and irregular arrangement of newly
formed tissue.”®

An ideal scaffold for tendon regeneration should possess
mechanical properties comparable to native tendon, and it
must be biocompatible and biodegradable; its structure should
mimic the extracellular matrix of the native tendon and
facilitate cellular infiltration and formation of neotissue.
Natural polymers like collagen” and silk'>'" and degradable
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Figure 1. (A) Schematic representation is showing the simultaneous electrospinning to produce multiscale fibrous scaffolds. (B) Schematic

representation of alginate coating on the braided scaffold.

synthetic polymers like poly(glycolic acid)'* and poly(lactic
acid)'"’ have been investigated previously and showed
promising results. However, they lacked suflicient porosity to
facilitate cellular infiltration, and their morphology was
different from that of the native tendon ECM (extracellular
matrix). Fibrous scaffolds with topography comparable to
native tendon ECM, with tunable fiber diameter and with
suitable porosity, can be fabricated by the process of
electrospinning.'* The advantage of using natural polymer
based fibers is that they are comparable to native ECM,
whereas synthetic fibers have the advantage that their size can
be easily tuned to the requirements."> However, natural fibers
when employed alone showed lower mechanical strength but
when used in combination with synthetic fibers can help aid
regeneration.

Poly(e-caprolactone) (PCL), a biodegradable aliphatic
polyester, is gaining great attention for biomedical applications
due to its biodegradable and biocompatible nature; it can be
easily fabricated to meet specific structural requirements,
approved by the Food and Drug Administration (FDA) for
biomedical applications in humans.'® By the process of
electrospinning, PCL can be tailored to microfibers to mimic
the native tendon ECM. Collagen is a major component of the
tendon ECM, and the aligned structure of these collagen fibers
provides the structural and functional properties of tendon.

Here we are utilizing PCL and collagen to develop a
multiscale fibrous scaffold system suitable for tendon tissue
engineering. The aligned PCL microfiber is expected to impart
the desired mechanical and structural environment that is
similar to that of the native tendon, whereas the random
collagen in the form of nanofibers further helps mimic the
chemical composition of native tendon. Earlier reports indicate
that, compared to nanofibers and microfibers, a combination of
nano- and microfibers (multiscale) showed enhanced cellular
migration.'” Thus, here we are developing a micro—nano
multiscale fiber system to obtain a scaffold with suitable

1477

mechanical properties and good cell attachment and migration.
With tendon being a hypocellular tissue, an agent that can
initiate or aid in cellular migration and infiltration into the
scaffold will help accelerate the healing of wounded tissue.'®
Basic fibroblast growth factor (bFGF) has shown promising
results in enabling fibroblast proliferation.'” Thus, to ensure a
sustained release of the growth factor from the scaffold system,
we have incorporated bFGF within the collagen nanofiber
system. Textile technologies like braiding, knitting, and
weaving are being incorporated nowadays into biomedical
applications to obtain scaffolds with the required mechanical
properties. In this work, we have braided the multiscale fibrous
scaffolds to improve the mechanical properties of the fibers.

Peritendinous adhesion is referred to as adhesion of
surrounding tissues onto the injured area which hinders
smooth gliding of tendon during flexion.”® Several approaches
have been developed for the prevention of these adhe-
sions.”' 7** Alginate solution has previously been reported to
prevent adhesion.”* In this study we have developed a braided
multiscale fibrous scaffold loaded with bFGF, which can mimic
the native ECM and impart sufficient mechanical properties,
and further coated it with alginate so as to prevent the
peritendinous adhesion.

B MATERIALS AND METHODS

Materials. PCL (MW 45000 Da) was purchased from
Polysciences (USA); collagen (Col), acetic acid, and sodium alginate
were from Sigma-Aldrich (India). Calcium chloride (CaCl,) was
purchased from Merck (India) and chloroform from Spectrochem
(India). Dubelcco’s Modified Eagle’s Medium-high glucose (DMEM)
was from Sigma-Aldrich (USA), and penicillin streptomycin (Pen
Strep) was from Gibco (USA). Rhodamine-phalloidin, fetal bovine
serum (FBS), trypsin—EDTA, 6-diamidino-2-phenylindole dihydro-
chloride (DAPI), and the live—dead viability/cytotoxicity kit were
acquired from Life Technologies (USA). The BCA assay kit was from
ThermoFisher Scienific (USA), and the bFGF ELISA kit was from
Raybiotech (USA). Antibodies specific for collagen I were obtained
from Novus Biologicals (USA), and those for tenascin C were from
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Abcam (USA). The dual RNA isolation kit was purchased from
Genedirex (Taiwan), and SuperScript III reverse transcriptase was
from Invitrogen (USA). SYBR Green Supermix was from Bio-Rad
Laboratories Inc. (USA), and primers were from Tri-I Biotech, Inc.
(Taiwan).

Methods. Preparation of Braided Multiscale Fibrous Scaffolds.
PCL (35% w/v) was dissolved in chloroform and electrospun at a
voltage of 7 kV, at a flow rate of 1.5 mL/h, with a tip to target distance
of 15 cm to obtain aligned microfibers. Collagen nanofibers were
obtained by spinning 8% PVA solution with collagen (1.5 mg/mL)
and electrospun at 15 kV voltage, with a flow rate of 0.2 mL/h and a
tip target distance of 20 cm. Multiscale fibers were obtained by
spinning PCL microfibers and collagen nanofibers simultaneously at
room temperature as shown in Figure 1A.

For the fabrication of bFGF loaded scaffolds, bFGF at a
concentration of 7 yig/mL was loaded into the collagen-PVA solution
and electrospun as per the conditions mentioned above. The
electrospun sheets were collected from the rotating mandrel and
cut into strips of 0.5 mm width. Two strips were stacked one on top of
the other. Three of the double stacked strips were braided together,
and knots were tied on either side manually to obtain the braided
scaffold.

Coating of Alginate on the Braided Scaffold. The braided
scaffold was immersed in 0.5% alginate solution followed by
immersion in 0.5 M CaCl,.>® The process of alginate coating is
depicted in Figure 1B.

Scanning Electron Microscopy (SEM) Analysis of the Braided
Scaffold. The morphology of the braided fibrous scaffold was
analyzed using a scanning electron microscope (JEOL JSM 6490LA,
Japan). Prior to SEM, the scaffolds were coated with gold using a
JEOL auto fine coater (JFC-1600, Japan) at 10 mA for 120 min. SEM
was also performed for the alginate coated scaffold to ensure uniform
coating of the gel on the scaffold.

Fourier Transform Infrared Spectroscopy (FT-IR) Analysis. The
braided scaffold was further analyzed to confirm the presence of both
PCL and collagen by evaluating the presence of major functional
groups using FT-IR (Shimadzu IRAffinity IS, Japan).**

Evaluation of Mechanical Properties of the Braided Scaffold.
The mechanical properties of the scaffold were evaluated using a
Tinius Olsen mechanical testing system (HSKL, USA) with load cell
capacity of 250 N. Scaffolds of S cm length were strongly attached to
the grips and were elongated at an extension speed of 10 mm/min.

Protein Adsorption Study. Protein adsorption on the uncoated and
alginate coated scaffolds was evaluated by a previously reported
procedure.”® The scaffolds were incubated at 37 °C in DMEM with
10% FBS for specific time intervals. The scaffolds were later washed,
and total protein was estimated using bicinchoninic acid (BCA) assay.
The blank used in the experiment was scaffold incubated in basal
medium.

In Vitro bFGF Release Study. The in vitro growth factor release was
conducted in PBS of pH 7.4. Scaffolds were immersed in S mL of PBS
and incubated at 37 °C under gentle shaking. A known volume of
releaseate was drawn out at defined time points. The released growth
factor was quantified using bFGF ELISA kit.

Isolation and Culturing of Tenocytes. Tenocytes were isolated
from the flexor tendons excised from New Zealand White rabbit after
euthanasia following the guidelines of the Institutional Animal Care
and Use Committee of Chang Gung University, ROC, Taiwan. The
excised tendons were washed thoroughly and minced to pieces. The
minced tissues were placed in a petriplate, and DMEM with 20% FBS
was added. The cells that grow out of the explants were further
cultured in culture flasks. For all experiments, cells belonging to
passage S were taken, and cells were seeded at a density of 1 X 10°
cells on each side of the scaffold. All the scaffolds were UV sterilized
before seeding of cells. For preparation of coated scaffolds, the
scaffolds are UV sterilized, and cells were seeded on either side of the
scaffold, allowed to attach, and further coated with alginate gel under
sterile conditions.

Dynamic Stimulation of Scaffolds. ElectroForce 5100 (TA
Instruments, USA) was employed to perform a comparative analysis
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between the static condition and cyclic loading. There were 1 X 10°
cells loaded on either side of the scaffold and allowed to attach
properly onto the scaffold for a period of 24 h at 37 °C and 5% CO,.
The scaffolds are properly anchored onto the clamps within the
bioreactor system and placed in an incubator maintained at 37 °C and
5% CO,. The samples were cyclically loaded at 0.5 Hz for 3 h/day at
5% elongation. Samples were extracted after 24 h and 7 days of cyclic
loading for evaluation. From now on we will be referring to the
different experimental groups in the following manner: PCL-collagen
multiscale braided scaffold as mPCL-nCol, PCL-collagen multiscale
braided scaffold with bFGF as mPCL-nCol-bFGF, and PCL-collagen
multiscale braided scaffold subjected to dynamic stimulation as
mPCL-nCol-bFGF-DS.

Cell Viability Assay. Viability of cells seeded on the scaffold was
determined by live—dead staining. The cells were seeded on either
sides of scaffold and cultured at 37 °C in an incubator maintained at
5% CO,. The samples for dynamic stimulation were subjected to
cyclic strain as discussed earlier. At the specific time points (1 and 7
days), the scaffolds were taken out and washed well with PBS. The
scaffolds were then incubated in Calcein AM (live stain) and ethidium
bromide (EtBr, dead stain) for 15 min. The samples were washed and
imaged using a confocal microscope (Leica TCSSP2, Germany).

Cell Proliferation Study. A Hoechst 33258 DNA assay was used to
determine the amount of DNA on the cell seeded scaffolds at first and
seventh day time points. For the static condition, the cell seeded
scaffolds were placed in an incubator at 37 °C and 5% CO,, whereas
the samples for dynamic stimulation are placed in the bioreactor
system as described above. The samples were taken out at specific
time intervals, washed well, and lysed with lysis buffer. Fluorescence
was measured at 520 nm.

Cell Attachment Study. SEM and confocal microscopy were
employed to evaluate the attachment of cells on the scaffold. For SEM
analysis, the samples were taken out at the desired time points (first
and seventh day) and fixed in 10% formaldehyde. They were then
dehydrated by consequently immersing in 50%, 70%, 80%, 90%, and
95% each for 10 min and finally in 99.5% for 20 min. The samples
were then air-dried, sputter coated, and imaged using SEM (Hitachi
S3000N, Japan). Actin—DAPI staining was performed to observe the
attachment and alignment of cells on the scaffolds. The cell seeded
scaffolds were retrieved at specific time points (first and seventh day)
and fixed using 10% formaldehyde at 37 °C for 1 h. The samples were
then washed well and permeabilized using 1% Triton in PBS for 1
min. Finally, the samples were stained with tetramethyl rhodamine
(TRITC) tagged phalloidin to stain the cytoskeleton and 4,6-
diamino-2-phenylindole (DAPI) to stain the nucleus. The images
were captured using a confocal microscope (Leica TCSSPS,
Germany).

Immunofluorescence Assay. The expression of tendon specific
markers like collagen I and tenascin C was evaluated by
immunofluorescence. The samples were taken out at specific time
points (first day and seventh day) and fixed in 10% formaldehyde for
60 min at 37 °C. The samples were washed properly and treated with
blocking buffer for 1 min. The samples were treated with the primary
antibody specific to collagen I and tenascin C and incubated overnight
with gentle shaking at 4 °C. Secondary antibody that is tagged with
fluorescein isothiocyanate (FITC) was added to the scaffold and
further incubated for 2 h. The scaffolds were washed well and imaged
using confocal microscope (Leica TCSSP8).

mRNA Isolation and Reverse Transcription. The cell seeded
scaffolds were retrieved at specific time points (first and seventh day)
and homogenized in TRIzol. The total RNA was extracted and
purified using Genedirex Dual RNA isolation Kit, following the
manufacturer’s protocol. Nanodrop was employed to evaluate the
quality of mRNA. 50 ng/uL of mRNA was reverse transcribed using
SuperScript III reverse transcriptase.

Quantitative Polymerase Chain Reaction (qPCR). qPCR was
carried out with A CFD-3120 mini Option detection system (Bio-
Rad, USA) along with SYBR Green Supermix. PCR primers were
designed for evaluating the expression levels of collagen I, collagen III,
tenascin C, biglycan, and fibronectin using glyceraldehyde 3-

DOI: 10.1021/acshiomaterials.8b01328
ACS Biomater. Sci. Eng. 2019, 5, 1476—1486

1006


http://dx.doi.org/10.1021/acsbiomaterials.8b01328

ACS Biomaterials Science & Engineering

Table 1. Sequence of Primers Used for qPCR Reaction

gene sequence (5'—3") size (mer) temp (°C)

collagen type I F GCATGTCTGGTTAGGAGAAACC 22 59.4
R ATGTATGCAATGCTGTTCTTGC 21

collagen type III F AAGCCCCAGCAGAAAATTC 19 59.4
R TGGTGGAACAGCAAAAATCA 20

biglycan F AGATCTGCCAGAGACCCTGA 20 59.4
R ACCCTGGACAGCTTGTTGTT 20

fibronectin F CTCACCCGAGGCGCCACCTA 20 62.1
R TCGCTCCCACTCCTCTCCAACG 22

tenascin C F TCTCTGCACATAGTGAAAAACAATACC 27 514
R TCAAGGCAGTGGTGTCTGTGA 21

GAPDH F GACATCAAGAAGGTGGTGAAGC 22 63.9
R CTTCACAAAGTGGTCATTGAGG 22
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Figure 3. (A) Photograph of the braided multiscale fibrous scaffold. (B) SEM images showing the morphology of braided scaffold (aligned
microfibers and random nanofibers can be observed). (C) Characteristic stress—strain curve of the braided scaffold. (D) Photograph of the alginate
coated braided multiscale fibrous scaffold. (E) SEM images showing uniform coating of alginate on the braided scaffold.

phosphate dehydrogenase (GAPDH) as a control (Table 1). The
expression levels were normalized with respect to GAPDH and
calculated employing the delta—delta Ct method.

Evaluation of in Vivo Tendon Regeneration Potential of Braided
Scaffold. New Zealand white rabbits (3 months old) obtained from
National Laboratory Animal Breeding and Research Center, Taipei,
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Taiwan, ROC, were used for the surgical procedures. The in vivo
studies and procedures followed were in accordance with the
guidelines of the Institutional Animal Care and Use Committee of
Chang Gung University (IACUC Approval CGU14-139). An Achilles
tendon defect model was created and implanted with the developed
scaffold (Figure 2). Implantation was carried out only for the bFGF
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Figure 4. (A) FT-IR analysis of the braided PCL microcollagen nanofibers. (B) Protein adsorption on coated and uncoated scaffolds evaluated by
BCA assay. (C) bFGF release profile from braided scaffold evaluated by ELISA.

loaded-braided multiscale fibrous scaffold seeded with tenocytes and
subjected to dynamic stimulation in a bioreactor for 7 days in 9
animals. The animals were prepped for surgery as reported earlier.”® A
15 mm defect was created in the Achilles tendon, and the scaffolds
were carefully sutured on both ends of the cut tendon.

At 6 and 12 weeks, the rabbits were euthanized, and their Achilles
tendon was harvested and placed in 10% formaldehyde. The samples
were sectioned,”® evaluated by performing hematoxylin and eosin
(H&E) staining and immunohistological (IHC) analyses with tendon
specific markers like collagen I and tenascin C and Masson’s
trichrome (MT) staining, and examined using a light microscope
(Leica DM4000B).

Statistical Analysis. All the experiments were performed with
sample size n = 3. The data are expressed as mean =+ standard
deviation. One-way Anova was used to evaluate statistical significance
and, with p < 0.05(*), p < 0.01(**), and p < 0.001(***), was found
to be statistically significant.

B RESULTS

Preparation and Characterization of Multiscale
Fibrous Scaffold. Multiscale fibers composed of aligned
PCL microfibers of diameter 8—10 gm and collagen nanofibers
of diameter 300—400 nm were obtained by electrospinning.
The electrospun sheets were cut into strips, double stacked,
and finally braided to obtain the three-dimensional scaffold
(Figure 3A). The SEM images of the scaffold show the
multiscale fiber morphology clearly (Figure 3B). SEM clearly
depicts the aligned morphology of PCL microfibers and also
the highly random nature of the collagen nanofibers. The
tensile strength of the double stacked braided scaffold was
found to be 89.4 + 5.3 MPa, and the maximum force that it
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could endure was 46.75 + 3.2 N. Characteristic stress—strain
curve of the braided scaffold is shown in Figure 3C. Alginate
gel was coated on the scaffold by dipping the scaffold in
alginate followed by dipping in CaCl, (Figure 3D). SEM
images show that the coating was uniform throughout the
scaffold (Figure 3E).

FT-IR characterization of the braided scaffold was evaluated,
and it was observed that the peak of PCL at 1750 cm™' (C=0
vibration) and peaks of collagen at 2922 cm™" (CH, stretching
vibration) and 1750 cm™ (C=0 vibration) were observed in
the final multiscale fibrous scaffold indicating its presence
(Figure 4A).

Protein Adsorption Study. The protein adsorption on
the coated and uncoated scaffolds was evaluated using a BCA
assay. It was observed that the adsorption of proteins on the
uncoated scaffold was significantly higher than the coated
scaffolds as shown in Figure 4B.

In Vitro bFGF Release Study. The in vitro growth factor
release was determined by ELISA for a period of 20 days. It
was observed that a sustained release of bFGF was obtained
from the scaffold with almost 55% growth factor being released
by the 20th day (Figure 4C). Upon alginate coating it was
observed that initially the release pattern was similar, but
gradually, a lower release was observed. Upon alginate coating
about 51% of growth factor was released by the 20th day.

Cell Viability. Viability of the cells on the scaffold was
evaluated by live—dead staining. Dynamic stimulation was
performed by attaching the scaffolds to the clamps and
subjected to cyclic strain within the bioreactor (Figure SA). As
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Figure 5. (A) Photograph of the braided multiscale scaffold mounted in the bioreactor. (B) Cell viability of tenocytes on braided multiscale scaffold
evaluated by live (green)—dead (red) staining. (C) SEM showing the attachment of tenocytes on the braided scaffold. (D) Cell proliferation of
cells on braided scaffold by evaluating the DNA content. (E) Cell attachment and spreading of tenocytes on the braided scaffold evaluated by Actin

(red)—DAPI (blue) staining.

observed in Figure SB the cells were viable in all the three
groups indicating that the scaffolds did not show any cellular
toxicity.

Cell Attachment. SEM images showed that the tenocytes
had attached well to the fibrous scaffolds. The cells were
attached along the alignment of the microfibers. By the seventh
day the cells were well-spread and aligned along the fibers in all
three groups (Figure SC).

Further, the alignments of tenocytes on the scaffolds were
observed using cytoskeleton-nucleus staining (Figure SE). On
day 1 the cells showed minimal spreading and alignment on all
the groups. However, mPCL-nCol-bFGF showed better
alignment compared to mPCL-nCol. On day 7, it was
observed that the cells were well-spread and aligned along
the fibers. Upon dynamic stimulation the alignment of the cells
were further improved.

Cell Proliferation Study. Cell proliferation was deter-
mined by quantifying the amount of DNA on days 1 and 7
(Figure SD). The DNA content on day 7 was comparatively

1481

higher than day 1 on all scaffolds indicating cell proliferation.
The proliferation of cells seeded on mPCL-nCol-bFGF and
mPCL-nCol-bFGF-DS was significantly higher than that on
mPCL-nCol indicating that bEGF facilitates cell proliferation.
Further, it was observed that mPCL-nCol-bFGF-DS, which
underwent cyclic dynamic strain treatment, showed signifi-
cantly higher DNA content compared to mPCL-nCol-bFGF.
This led to a conclusion that dynamic stimulation may enhance
cell proliferation.

Immunofluorescence Assay. Expression of tenogenic
markers like collagen I (Figure 6A) and tenascin C (Figure 6B)
on the cell seeded scaffolds was evaluated by immunofluor-
escent staining. The expression of both collagen I and tenascin
C was found to be higher on day 7 compared to day 1 in all the
scaffolds. However, it was observed that the levels of collagen I
and tenascin C in mPCL-nCol-bFGF and mPCL-nCol-bFGF-
DS were higher in comparison to those in mPCL-nCol
Dynamic stimulation was found to enhance the expression of
tenogenic markers. The expression of both tenascin C and
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Figure 6. Expression of tendon specific markers evaluated by immunofluorescence: (A) collagen I expression of tenocytes on the braided scaffold
and (B) tenascin C expression of tenocytes on the braided scaffold.
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collagen I on mPCL-nCol-bFGF-DS was higher than mPCL- potential of cell seeded mPCL-nCol-bFGF-DS, histological
nCol-bFGF. analysis was performed. H&E, IHC analyses with tendon

Gene Expression Analysis by qPCR. The expressions of specific markers like collagen I and tenascin C, and MT
collagen I, collagen III, tenascin C, fibronectin, and biglycan staining to evaluate the collagen content were performed and
were evaluated and normalized with respect to GAPDH as shown in Figure 8A,B. In a comparison with native tendon,
housekeeping gene. The gene expression levels of cells seeded H&E staining shows that, after 6 weeks of implantation, highly
on scaffolds under static and dynamic conditions are depicted unorganized tissue morphology was observed. The empty
in Figure 7. It was observed that all the groups showed an spaces in the images indicate the region of scaffold that has not
increased expression of tenogenic markers on day 7 compared undergone degradation. However, by 12 weeks aligned tissue

morphology was clearly observed. The expression of tendon
specific markers like collagen I and tenascin C was also
evaluated. The samples stained positive for collagen I and
tenascin C. The alignment of collagen was highly unorganized

to day 1. mPCL-nCol-bFGF showed increased expressions of
tenascin C, collagen I, and fibronectin compared to mPCL-
nCol on day 7, indicating that the presence of bFGF increases

the expression of tenogenic markers. Upon dynamic ; ‘ ; : i
stimulation, mPCL-nCol-bFGF-DS scaffolds showed signifi- in comparison to native tendon which showed perfectly aligned

cantly higher expression of tenascin C, collagen I, biglycan, and fiber morp hology, whereas, by 12 weeks, the imp lants showed
fibronectin compared to mPCL-nCol-bFGE. Upon compar- more aligned nature of collagen fibers which was further
ison, it was observed that upon dynamic stimulation the confirmed by MT staining.

expression of tenogenic markers increases. mPCL-nCol-bFGEF-

DS showed a significantly higher expression of tenascin C, B DISCUSSION
collagen I, biglycan, and fibronectin in comparison to mPCL- ECM of a native tissue not only provides support to the cells
nCol, indicating that the presence of both bFGF and dynamic but also facilitates their functions, sequesters the growth factors
stimulation simultaneously can enhance tenogenic expression. secreted by the cells, and enables cell differentiation. During
Evaluation of in Vivo Tendon Regeneration Potential development of a scaffold for tissue regeneration, special
of Braided Scaffold. To evaluate the tendon regeneration importance is to be given for scaffold design, so as to ensure
1482 DOI: 10.1021/acsbiomateria