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Curcumin regulates cell fate and metabolism by
inhibiting hedgehog signaling in hepatic stellate cells

Naqji Lian', Yuanyuan Jiang', Feng Zhang'??, Huanhuan Jin', Chunfeng Lu', Xiafei Wu', Yin Lu'** and
Shizhong Zheng'**

Accumulating evidence indicates that Hedgehog (Hh) signaling becomes activated in chronic liver injury and plays a role
in the pathogenesis of hepatic fibrosis. Hepatic stellate cells (HSCs) are Hh-responsive cells and activation of the Hh
pathway promotes transdifferentiation of HSCs into myofibroblasts. Targeting Hh signaling may be a novel therapeutic
strategy for treatment of liver fibrosis. We previously reported that curcumin has potent antifibrotic effects in vivo and
in vitro, but the underlying mechanisms are not fully elucidated. This study shows that curcumin downregulated Patched
and Smoothened, two key elements in Hh signaling, but restored Hhip expression in rat liver with carbon tetrachloride-
induced fibrosis and in cultured HSCs. Curcumin also halted the nuclear translocation, DNA binding, and transcription
activity of Gli1. Moreover, the Hh signaling inhibitor cyclopamine, like curcumin, arrested the cell cycle, induced
mitochondrial apoptosis, reduced fibrotic gene expression, restored lipid accumulation, and inhibited invasion and
migration in HSCs. However, curcumin'’s effects on cell fate and fibrogenic properties of HSCs were abolished by the Hh
pathway agonist SAG. Furthermore, curcumin and cyclopamine decreased intracellular levels of adenosine triphosphate
and lactate, and inhibited the expression and/or function of several key molecules controlling glycolysis. However, SAG
abrogated the curcumin effects on these parameters of glycolysis. Animal data also showed that curcumin downregulated
glycolysis-regulatory proteins in rat fibrotic liver. These aggregated data therefore indicate that curcumin modulated cell
fate and metabolism by disrupting the Hh pathway in HSCs, providing novel molecular insights into curcumin reduction of

HSC activation.
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Liver fibrosis associated with significant morbidity and mor-
tality worldwide represents a wound repair process secondary to
liver pathological responses to all forms of chronic injuries.
Chronic liver injury transforms quiescent hepatic stellate cells
(HSCs) that are activated and develop a myofibroblast-like
phenotype acquiring many fibrogenic properties including
overgrowth, loss of lipid droplets, and enhanced motility during
fibrogenesis.! Recent evidence reveals that HSCs undergo rapid
energy reprogramming during activation and their survival
largely depends on aerobic glycolysis. This metabolic switch
optimizes glucose consumption in HSCs and redirects them to
support fibrogenic transdifferentiation.” As activated HSCs
dynamically regulate the pathophysiology of chronic liver
disease, modulation of cell fate and metabolism of HSCs has
potential therapeutic implications for liver fibrosis.

Many signaling pathways control the growth and transdif-
ferentiation of HSCs. These pathways become activated
during various types of liver injury, and are presumed to
modulate adult liver repair.> Consistent with this notion,
activation of hedgehog (Hh) signaling, a highly conserved
pathway orchestrating multiple aspects of development and
tissue remodeling, has been documented in liver fibrosis.* Hh
signaling is propagated by a family of ligands, namely Sonic
hedgehog (Shh), Indian hedgehog, and Desert hedgehog, that
bind to the membrane receptor Patched expressed on Hh-
responsive cells. This interaction derepresses the activity of
Patched on Smoothened (Smo), and permits the nuclear
translocation of Glioblastoma (Gli) family transcription
factors (Glil, Gli2, and Gli3) that regulate the expression of
Hh target genes.” However, engagement of Hh ligands to
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Patched can be prevented by hedgehog-interacting protein
(Hhip), an endogenous antagonist of Hh ligands.” Several
studies demonstrate that Hh pathway activation promotes
HSC activation and hepatic fibrogenesis, for example,
accumulation of activated HSCs and extracellular matrix
increases in parallel with progressive upregulation of Hh
signaling in hepatotoxic diets-induced or cholestatic liver
injury.%” Clinical evidence reveals that the severity of liver
fibrosis parallels the level of Hh pathway activity in patients
with different types of liver disease, including chronic viral
hepatitis and nonalcoholic fatty liver disease.®

Natural products are an abundant source of antifibrogenic
agents. Mounting studies demonstrate that curcumin is a
promising therapeutic remedy for liver fibrosis. Curcumin
protects hepatocytes against cellular damages induced by
radiation® and oxidative stress,'®!? and induces apoptosis of
damaged hepatocytes.”> We demonstrate that curcumin
reduces liver fibrosis by attenuating oxidative stress, suppress-
ing inflammation,'* and inhibiting pathological angiogen-
esis.!> Curcumin also inhibits HSC activation associated with
interruption of transforming growth factor-4'¢ and platelet-
derived growth factor pathways.!” However, we hold that
the underlying mechanisms are not sufficiently elucidated.
Interestingly, latest investigations show that curcumin blocks
Hh signaling leading to reversal of epithelial-mesenchymal
transition in pancreatic cancer cells'® and induction of apoptosis
in medulloblastoma cells.” In this study, we hypothesize that
modulation of Hh signaling could contribute to curcumin’s
antifibrotic activities including regulating cell fate, fibrogenic
properties, and metabolism of HSCs. We therefore performed
in vivo and in vitro experiments to test the hypothesis.

MATERIALS AND METHODS

Reagents and Antibodies

The following compounds were used in this study: curcumin
and mitomycin (Sigma, St Louis, MO, USA), cyclopamine
and SAG (Cayman, Ann Arbor, MI, USA), and H18 (Beyotime
Biotechnology, Haimen, China). They were dissolved in
dimethylsulfoxide (DMSO) for experiments. The following
primary antibodies were used in this study: Patched, Glil,
Cyclin D1, CDK4, Cyclin El, CDK2, Bax, Pro-caspase-9,
Cleaved-caspase-9, Pro-caspase-3, Cleaved-caspase-3, Pro-cas-
pase-8, Cleaved-caspase-8, Full-length PARP-1, Cleaved-
PARP-1, PPARy, and p-Actin (Cell Signaling Technology,
Danvers, MA, USA); Smo, Hhip, Bcl-2 and CTGF (Santa Cruz
Technology, Santa Cruz, CA, USA); a-SMA, al(I)Procollagen,
and Fibronectin (Epitomics, San Francisco, CA, USA); p-PKA,
PKA, Lamin A/C, C/EBPa, HK, PFK2, Glut 4, and MCT4
(Bioworld Technology, St Louis Park, MN, USA).

Experimental Animal Procedures

All experimental procedures were approved by the institu-
tional and local committee on the care and use of animals of
Nanjing University of Chinese Medicine (Nanjing, China),
and all animals received humane care according to the
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National Institutes of Health (USA) guidelines. Male Sprague-
Dawley rats (200-250 g body weight) were obtained from
Shanghai Slac Laboratory Animal (Shanghai, China). A
mixture of carbon tetrachloride (CCly; 0.1 ml per 100 g body
weight) and olive oil (1:1 (v/v)) was used to induce liver
fibrosis in rats. A total of 36 rats were randomly divided into
six groups (n=6). Group 1 was the vehicle control in which
rats were not administrated CCly or curcumin but intraper-
itoneally (i.p.) injected with olive oil. Group 2 was the CCly
group in which rats were i.p. injected with CCl, without
curcumin treatment. Group 3 was the positive control in
which rats were injected with CCly and treated with colchicine
(Yifeng Pharmacy, Nanjing, China) at 0.1 mg/kg. Groups 4, 5,
and 6 were treatment groups in which rats were 1.p. injected
with CCly; and orally given curcumin at 100, 200, and
300 mg/kg, respectively. Rats in groups 2—6 were i.p. injected
with CCly every other day for 8 weeks. Curcumin and col-
chicine were suspended in sterile phosphate-buffered saline
(PBS) and given once daily by gavage during weeks 5-8. The
control animals in groups 1 and 2 were similarly handled,
including i.p. injection with the same volume of olive oil and
oral administration of the same volume of PBS. At the end of
experiments, rats were killed after being anesthetized by i.p.
injection with pentobarbital (50 mg/kg). A small portion of
the liver was removed for histopathological and immunobhis-
tochemical studies.

Cell Culture

Primary HSCs were isolated from male Sprague-Dawley rats
as we previously described in detail.?® HSCs were cultured
in Dulbecco’s modified eagle medium (DMEM; Invitrogen,
Grand Island, NY, USA) with 10% fetal bovine serum (FBS;
Sijiging Biological Engineering Materials, Hangzhou, China)
and 1% antibiotics, and grown in a 5% CO, humidified
atmosphere at 37 °C. HSCs at passages 2—4 were used in
experiments.

Immunofluorescence Staining

Immunofluorescence staining with liver tissues or treated cells
were performed as we previously reported.!> 4',6-Diamidino-
2-phenylindole (DAPI) was used to stain the nucleus in liver
tissues. Hoechst reagent was used to stain the nucleus of HSCs
mn vitro.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of Shh in liver tissues and HSC culture supernatant
were determined using an ELISA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the
protocol. Six duplicate wells were set up for each group.
Results were from triplicate experiments.

Cell Proliferation Assay

Cell proliferation was evaluated using colorimetric BrdU
cell proliferation enzyme-linked immunoassay kit (Nanjing
Jiancheng Bioengineering Institute). HSCs were treated with
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various reagents at indicated concentrations with BrdU for
24h. BrdU incorporation in the proliferating cells was
detected following manufacturer’s instructions. Six duplicate
wells were set up for each group. Results were from triplicate
experiments.

Analyses of Cell Cycle by Flow Cytometry

HSCs treated with various reagents at indicated concentrations
for 24 h were harvested and fixed. Cell cycle was detected
using cellular DNA flow cytometric kits (Nanjing KeyGen
Biotech, Nanjing, China) according to the protocol. Percen-
tages of cells within cell cycle compartments (G0/G1, S, and
G2/M) were determined by flow cytometry (FACSCalibur;
Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
The data were analyzed using the software CellQuest. Results
were from triplicate experiments.

Analyses of Apoptosis

HSCs were treated with various reagents at indicated
concentrations for 24 h. Morphology of apoptotic HSCs was
evaluated using Hoechst staining kits and TUNEL staining
kits (Nanjing Keygen Biotechnology) according to the
protocols. Photographs were taken under a fluorescence
microscope (Nikon, Tokyo, Japan). In addition, apoptotic
rates were determined by flow cytometry using Annexin
V-FITC apoptosis assay kits (Nanjing KeyGen Biotech)
according to the protocol. Apoptotic cells were defined as
the cells situated in the right two quadrants of each plot and
the percentages were determined by flow cytometry (FACS-
Calibur; Becton, Dickinson and Company). The data were
analyzed using the software CELLQuest. All these experiments
were performed in triplicate.

Oil Red O Staining

HSCs were treated with various reagents at indicated con-
centrations for 24 h, and then were stained with oil red O to
visualize the lipid droplets using the kits (Nanjing Jiancheng
Bioengineering Institute) according to the protocol. Photo-
graphs were taken under a light microscope. Results were
from triplicate experiments.

Boyden Chamber Assay

Polycarbonate membrane transwell inserts (8 yum pore size;
Corning, USA) were coated with growth factor reduced
Matrigel (BD Biosciences, Bedford, MA, USA) diluted with
DMEM (1:5, v/v). HSCs were seeded to the upper wells and
treated with various reagents at indicated concentrations. The
lower chambers were filled with complete medium. After 24 h
of incubation, the polycarbonated filter was removed and the
migrated cells on the lower surface were stained with crystal
violet. The number of migrated cells at five random fields for
each well was counted and normalized to control. Results
were from triplicate experiments.
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Wound Healing Assay

Migration of HSCs was assessed by wounding healing assays
and visualized using a real-time cell imaging system (IncuCyte
live-cell ESSEN BioScience, Ann Arbor, MI, USA). HSCs were
seeded in 96-well plates and grown to confluence, and then
pretreated with mitomycin (4 ug/ml) for 3h. HSCs were
resuspended in DMEM supplemented with 10% FBS, and a
scratch was made using a 96-pin Wound Maker. HSCs were
treated with various reagents at indicated concentrations for
24 h. During the experiment, typical kinetic updates were
recorded at 2 h intervals, and the wound photographs were
automatically obtained and registered by the IncuCyte software
system. The data were expressed as percentage of wound
confluence. Results were from triplicate experiments.

Assessment of Mitochondria

Mitochondria were visualized by staining with the fluorescent
mitochondrion-selective probe MitoTracker (Invitrogen,
Paisley, UK) in HSCs. Briefly, HSCs were seeded in 6-well
plates, in which glass coverslips were placed onto each well,
and cultured in DMEM supplemented with 10% FBS for 24 h.
Cells were treated with various reagents at indicated con-
centrations for 24 h. Cells were then washed with PBS and
fixed with 4% paraformaldehyde for 40 min followed by
incubation with the red probe added to DMEM for 40 min.
Subsequently, the nucleus was stained with Hoechst reagent.
Photographs were taken under a fluorescence microscope. In
addition, flow cytometry was used to quantify the mitochon-
drial fluorescence intensity. Briefly, treated HSCs were
harvested and washed with PBS, and then fixed with 4%
paraformaldehyde for 40 min. Cells were resuspended in PBS
at a density of 1x 10°/ml and incubated with the red probe
for 40 min. Cells were then subjected to flow cytometry
analyses. Results were from triplicate experiments.

Measurement of Energy Metabolic Parameters
Intracellular levels of adenosine triphosphate (ATP)
(Beyotime Institute of Biotechnology, Haimen, China) and
lactate (Nanjing KeyGen Biotech), and activities of HK
(Nanjing Jiancheng Bioengineering Institute) and PFK2
(Nanjing Jiancheng Bioengineering Institute) in lysates of
treated HSCs were determined using their corresponding kits
according to the manufacturers’ instructions, respectively.
Results were from triplicate experiments.

Measurement of Glut 4 Membrane Translocation by Flow
Cytometry

Membrane translocation of Glut 4 was determined by flow
cytometry according to reported methods.?! Briefly, HSCs
were treated with various reagents at indicated concentrations
for 24 h. Cells were trypsinized and suspended in DMEM, and
then incubated with the primary antibody against Glut 4
(1:100 dilution) at 4 °C for 24 h followed by incubation with
FITC-labeled Goat Anti-Rabbit IgG (1:50 dilution; Wuhan
Boster Biological Technology, Wuhan, China) for 2 h at room
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temperature. The intensity of cellular fluorescence was deter-
mined by flow cytometry (FACSCalibur; BD). Results were
from triplicate experiments.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts from treated HSCs were prepared using the
NE-PER Nuclear Protein Extraction Kit (Pierce, Rockford, IL,
USA) according to the protocol. Biotin-labeled Glil probe
was prepared using an EMSA kit in accordance with the
manufacturer’s instructions (Pierce). The extracted nuclear
protein (10 mg) were incubated in a binding reaction mixture
containing 1.5ml 10X binding buffer, 1.5ml poly(dI-dC)
(1.0 mg/ml), and ddH,0O to a final volume of 14.4ml for
20 min at room temperature. Then, the probe of 0.6 ml
(300 fmol) was added and incubated for 20 min at room
temperature. Where indicated, 2 ml of specific, cold-com-
petitor oligonucleotides in 100 X competing buffer was added
before the labeled probe, and the reaction was incubated for
20 min. Protein—-DNA complexes were subject to electro-
phoresis in a 6.5% acrylamide gel at 4 °C for 1 h. The gels
were transferred to the bonding membrane at room tempera-
ture for 40 min. After crosslinking for 10 min with an ultra-
violet crosslinking apparatus, the membrane was blocked,
streptavidin-HRP labeled, washed again, and equilibrated.
Images were captured using the Gel Doc2000 system
(Bio-Rad, USA).

Real-time PCR

Total RNA was prepared from treated HSCs using Trizol
reagent (Sigma) following the protocol provided by the
manufacturer. Real-time PCR was performed as we described
previously.??  Glyceraldehyde phosphate dehydrogenase
(GAPDH) was used as the invariant control. Fold changes
in the mRNA levels of target genes related to the invariant
control GAPDH were calculated according to the suggested
method.??> The following primers of genes (GenScript,
Nanjing, China) were used: cyclin D1: (forward) 5-TGGAGC
CCCTGAAGAG-3’, (reverse) 5-AAGTGCGTTGTGCGGTA
GC-3’; cyclin D2: (forward) 5-GAGAAGCTGTCCCTGAT
CCGCAAGC-3', (reverse) 5-AGACTTGGAGCCGTTGTG
CTGCTC-3’; Bcl-2: (forward) 5-CTGGTGGCAACATCGCT

CTG-3’, (reverse) 5'-GGTCTGCTGACCTCACTTGTG-3';
GAPDH: (forward) 5'-GGCCCCTCTGGAAAGCTGTG-3/,
(reverse) 5’-CCGCCTGCTTCACCACCTTCT-3’. Results

were from triplicate experiments.

Western Blot Analyses

Whole cell protein extracts were prepared from treated HSCs
with radioimmunoprecipitation assay buffer to which phe-
nylmethylsulfonyl fluoride and/or phosphatase inhibitor was
added immediately after addition of the lysis buffer. In certain
experiments, nuclear proteins and cytoplasmic proteins were
separated using a Bioepitope Nuclear and Cytoplasmic
Extraction Kit (Bioworld Technology, St Louis Park, MN,
USA) according to the protocol. Protein detection and band
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visualization and densitometry were performed as we pre-
viously described.!> -Actin was used as an invariant control
for equal loading of total proteins, and Lamin A/C was for
nuclear proteins. Representative blots were from three
independent experiments.

Statistical Analysis

Data were presented as mean=+s.d. and analyzed using
GraphPad Prism 5 software (San Diego, CA, USA). The signi-
ficance of difference was determined by one-way ANOVA
with the post hoc Dunnett’s test. Values of P<0.05 were
considered to be statistically significant.

RESULTS

Curcumin Inhibits Hh Signaling in Rat Fibrotic Liver
Our prior data have sufficiently demonstrated that curcumin
protected the liver from histological injury, pathological
angiogenesis and fibrogenesis induced by chronic CCly injec-
tion in rats.!1>20 In this study, we initially examined the key
molecules of Hh signaling in rat fibrotic liver. Results from
immunofluorescence staining showed that Patched, Smo, and
Hhip were expressed in HSCs indicated by double staining,
respectively, with a-smooth muscle actin (@-SMA), the marker
of HSC activation. Specifically, the expression of Patched and
Smo was elevated in rat fibrotic liver, but was reduced by
treatment with colchicine and curcumin at various doses;
however, the expression of Hhip was decreased in the fibrotic
liver, but was restored by colchicine and curcumin (Figure 1).
Moreover, chronic CCl, intoxication increased the produc-
tion of Shh in rat fibrotic liver, but curcumin at 200 and
300 mg/kg significantly reduced the levels of Shh in liver
tissues (Supplementary Figure 1). Taken together, these data
indicated that curcumin inhibited Hh signaling in CCly-
induced fibrotic liver in vivo that was associated with
reduction of HSC activation and alleviation of liver fibrosis.

Curcumin Blocks Hh Signaling in HSCs

We next investigated the effects of curcumin on Hh signaling
in cultured HSCs. Measurement of Shh levels in supernatant
of HSCs showed that curcumin dose-dependently reduced
Shh secretion and at 30 uM produced a significant inhibitory
effect compared with the control (Figure 2a). Western
blot analyses demonstrated that curcumin downregulated
Patched and Smo but upregulated Hhip at the protein level
(Figure 2b). It is known that Hh signal transduction primarily
depends on the transcriptional activity of Glil, whose nuclear
translocation, in turn, is negatively regulated by phosphoryla-
tion of protein kinase A (PKA).> We found that PKA phos-
phorylation was increased by curcumin in HSCs (Figure 2c¢),
suggesting that Glil nuclear translocation could be halted.
Expectedly, immunofluorescence double staining showed that
Glil accumulated in cytoplasm upon curcumin treatment
(Figure 2d). Determination of Glil distribution by western
blot analyses revealed that curcumin dose-dependently
increased Gli abundance in cytoplasm and decreased its
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Figure 1 Curcumin inhibits Hh signaling in rat fibrotic liver. Rats were grouped as follows: group 1, vehicle control (no CCly, no treatment); group 2,
model group (with CCly, no treatment); group 3, colchicine-treated group (0.1 mg/kg+CCly); group 4, curcumin-treated group (100 mg/kg+CCly); group 5,
curcumin-treated group (200 mg/kg+CCly); and group 6, curcumin-treated group (300 mg/kg+CCly). Liver sections were stained with immunofluo-
rescence using antibodies against Patched, Smo, and Hhip. Antibody against a-SMA was used to specifically stain HSCs, and DAPI to stain the nucleus.

abundance in nucleus (Figure 2e). The interaction of Glil
with DNA sequence was also significantly reduced by
curcumin as demonstrated by the EMSA data (Figure 2f).
Furthermore, curcumin dose-dependently downregulated the
mRNA levels of cyclin D1, cyclin D2, and Bcl-2, three well-
established target genes of Hh signaling in mammal cells?*
(Figure 2g). In addition, PKA inhibitor H89 diminished
curcumin prevention of Glil translocation (Supplementary
Figure 2). Hh signaling agonist SAG rescued curcumin
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inhibition of Hh pathway (Supplementary Figure 3). Taken
together, these findings consistently revealed that curcumin
blocked Hh signaling in HSCs in vitro.

Disruption of Hh Signaling Is Required for Curcumin
Inhibition of Cell Growth and Induction of Apoptosis in
HSCs

We subsequently explored whether blockade of Hh signaling
contributed to curcumin reduction of HSC activation.

Laboratory Investigation | Volume 95 July 2015 |
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Figure 1 Continued.

We previously reported that curcumin inhibited cell pro-
liferation and arrested cell cycle in HSCs.>> Herein, we
demonstrated that Hh signaling specific inhibitor cyclopamine
at 10 uM and curcumin at 20 uM significantly suppressed
HSC proliferation, but SAG rescued curcumin inhibition of
HSC proliferation (Figure 3a). Cyclopamine also significantly
induced GO/G1 cell cycle arrest mimicking the curcumin
effects in HSCs, but SAG weakened the curcumin effects
(Figure 3b). Cell cycle is regulated by multiple cyclins and
cyclin-dependent kinases (CDKs). Cyclin D1/CDK4 complex
and cyclin E1/CDK2 complex jointly promote the GO- to
S-phase transition.”® We observed that cyclopamine and
curcumin downregulated the four molecules, but SAG abolished
the curcumin effects on these molecules (Figure 3c). These
data indicated that curcumin arrested GO/G1 cell cycle arrest
by inhibiting Hh signaling in HSCs. Furthermore, induction
of apoptosis was another important aspect for curcumin
reduction of HSC activation.?” We assessed the morphology
of apoptosis using TUNEL staining (Figure 3d) and Hoechst
staining (Supplementary Figure 4) and observed that cyclo-
pamine, similar to curcumin, induced HSC apoptosis, but
SAG weakened the pro-apoptotic effects of curcumin.
Consistent results were provided by quantitative evaluation
of apoptotic rate by flow cytometry (Figure 3e). Further
examinations of apoptosis-regulatory proteins showed that
cyclopamine dose-dependently upregulated the pro-apoptotic
Bax, downregulate the anti-apoptotic Bcl-2, and activated the
caspase cascade and poly ADP-ribose polymerase-1 (PARP-1),
mimicking the curcumin effects on these molecules (Figure 3f).
These findings collectively suggested that disruption of Hh
signaling was required for curcumin induction of HSC
apoptosis.
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Disruption of Hh Signaling Is Required for Curcumin
Inhibition of Fibrogenic Properties in HSCs

Activated HSCs exhibit a series of fibrogenic behaviors
including secretion of several pro-fibrogenic proteins, loss of
lipid droplets, and enhanced capacity of invasion and
migration in the pathogenesis of liver fibrosis.! We
previously demonstrated that curcumin significantly down-
regulated fibrotic marker genes leading to inhibited HSC
activation.?® In this study, cyclopamine was found to
dose-dependently reduce the expression of a-SMA, al(I)
procollagen, fibronectin, and connective tissue growth factor
(CTGF) and strengthen the inhibitory effects of curcumin
on these genes (Figure 4a). Both cyclopamine and curcumin
increased the expression of CCAAT/enhancer-binding
protein @ (C/EBPa) and peroxisome proliferator-activated
receptor y (PPARy), two key molecules for maintaining the
lipocyte phenotype and quiescence of HSCs,>” but SAG
abolished the curcumin upregulation of these two molecules
(Figure 4b). These results were confirmed by oil red O
staining that visually examined the lipid content in HSCs
(Figure 4c). Furthermore, we performed transwell invasion
assay and wound healing assay to evaluate the motility of
HSCs treated with curcumin and/or Hh signaling modula-
tors. Results showed that cyclopamine and curcumin
significantly suppressed the invasion and migration of
HSCs, but curcumin effects were significantly rescued by
SAG (Figure 4d and e). Taken together, these discoveries
indicated that interruption of Hh signaling was associated
with inhibition of fibrogenic gene expression, restoration of
intracellular lipid, and reduction of motility by curcumin
in HSCs.
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Curcumin Inhibits Glycolysis by Blocking Hh Signaling in  during HSC activation.? To test the curcumin effects on
HSCs energy metabolism, we first examined the status of mito-
Increasing studies demonstrate that glucose catabolism for  chondria, the undertaker for oxidative phosphorylation, using
energy supply is primarily dependent on anaerobic glycolysis  fluorescence staining and quantitative analyses. Interestingly,
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Figure 3 Disruption of Hh signaling is required for curcumin inhibition of cell growth and induction of apoptosis in HSCs. HSCs were treated with
DMSO (0.02%, w/v), cyclopamine (10 uM), curcumin (20 uM), and/or SAG (0.6 uM) for 24 h. (a) BrdU incorporation assay for evaluating cell proliferation.

Significance: *P<0.05 vs DMSO, #P<0.05 vs curcumin. (b) Cell cycle analysis

by flow cytometry. Percentages of cell cycle distributions were determined.

Significance: *P<0.05 vs DMSO, *P<0.05 vs curcumin. (c) Western blot analyses of cell cycle-regulatory proteins cyclin D1, CDK4, cyclin E1, and CDK2.
(d) TUNEL staining for evaluating apoptosis. Green fluorescence indicates apoptotic cells. (e) Flow cytometry analyses of apoptosis using FITC-labeled

Annexin-V/PI staining. Cells situated in the right two quadrants of each plot

were regarded as apoptotic cells. Significance: *P<0.05 vs DMSO, *P<0.05

vs curcumin. (f) Western blot analyses of apoptosis-regulatory proteins including Bcl-2 family proteins, caspase cascade, and PARP-1.

curcumin and cyclopamine did not affect the number of
mitochondria in HSCs (Figure 5a and b), indicating that Hh
signaling might not control oxidative phosphorylation in
HSCs. In turn, we investigated the effects of curcumin on
glycolysis and the role of Hh signaling in curcumin effects.
We detected the intracellular levels of ATP and lactate, two
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products of glycolysis, and the activities of hexokinase (HK)
and phosphofructokinase-2 (PFK2), two rate-limiting enzymes
in glycolysis,> demonstrating that curcumin decreased these
parameters dose-dependently and cyclopamine produced
similar inhibitory effects (Figure 5c). Western blot analyses
consistently showed that curcumin and cyclopamine inhibited
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Figure 4 Disruption of Hh signaling is required for curcumin inhibition of fibrogenic properties in HSCs. HSCs were treated with DMSO (0.02%, w/v),
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healing assay for evaluating cell migration with quantification. Significance: *P<0.05 vs DMSO, *P<0.05 vs curcumin.
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Figure 5 Curcumin inhibits glycolysis by blocking Hh signaling in HSCs. HSCs were treated with DMSO (0.02%, w/v), cyclopamine, curcumin, and/or SAG
at indicated concentrations for 24 h. (a) Assessment of mitochondria using fluorescent mitochondrion-selective probe indicated by red fluorescence.
Hoechst reagent was used to stain the nucleus. (b) Quantification of mitochondrial fluorescence intensity using flow cytometry. (c) Measurement of
energy metabolic parameters including intracellular levels of ATP and lactate, and activities of HK and PFK2 by ELISA. Significance: *P<0.05 vs DMSO.
(d) Western blot analyses of key molecules HK, PFK2, Glut4, and MCT4 in glycolysis. (e) Measurement of energy metabolic parameters including
intracellular levels of ATP and lactate, and activities of HK and PFK2 by ELISA. Significance: *P<0.05 vs DMSO, #P<0.05 vs curcumin. (f) Western blot
analyses of key molecules HK, PFK2, Glut4, and MCT4 in glycolysis. (g) Flow cytometry analyses of Glut4 membrane translocation. The mean
fluorescence intensity is indicated in the top right corner of each plot.

a-SMA DAPI

PFK2

Glut4 a-SMA DAPI

Merge

Merge

SRR 3

Figure 6 Curcumin reduces PFK2 and Glut4 expression in rat fibrotic liver. Rats were grouped as follows: group 1, vehicle control (no CClg, no
treatment); group 2, model group (with CCly, no treatment); group 3, colchicine-treated group (0.1 mg/kg+CCl,); group 4, curcumin-treated group
(100 mg/kg+CCl,); group 5, curcumin-treated group (200 mg/kg+CCly); and group 6, curcumin-treated group (300 mg/kg+CCly). Liver sections were
stained with immunofluorescence using antibodies against PFK2 and Glut4. Antibody against a-SMA was used to specifically stain HSCs, and DAPI to
stain nucleus.
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HK and PFK2 at the protein level (Figure 5d). Moreover,
glucose transporter 4 (Glut4) and lactate transporter MCT4
(monocarboxylate transporter 4) were also concomitantly
downreguated by curcumin and cyclopamine (Figure 5d).
These data collectively indicated that curcumin suppressed
glycolysis in HSCs. Finally, SAG was used to test whether
these effects of curcumin were associated with blockade of Hh
signaling. We found that curcumin inhibition of ATP, lactate,
HK, and PFK2 was rescued by SAG (Figure 5e), and that
curcumin reduction of protein abundance of HK, PFK2,
Glut4, and MCT4 was also weakened by SAG (Figure 5f). In
addition, flow cytometry analyses showed that Glut4
membrane translocation was suppressed by cyclopamine
and curcumin, but enhanced by SAG; however, curcumin
effect was abolished by SAG (Figure 5g). Results from animal
experiments provided in vivo evidence that PFK2 and Glut4
were highly expressed in activated HSCs during liver fibrosis,
but their expression was decreased by treatment with
curcumin (Figure 6), indicating that curcumin inhibited
glycolysis in HSCs in vivo. Collectively, these data revealed
that curcumin inhibited glycolysis by blocking Hh signaling
in HSCs.

DISCUSSION

Emerging evidence reveals that Hh pathway critically regulates
growth and repair responses in adult liver. Understanding of
the mechanisms underlying Hh ligand production indicates
that Hh signaling would likely be activated when major
hepatic reconstruction is required in adulthood. Hepatic
production of Hh ligands and accumulation of Hh-target cells
generally increase with the severity of hepatic injury and
fibrosis.’**! Accumulation of Hh-responsive cells is not
merely an epiphenomenon concomitant with liver fibrogen-
esis. Rather, such cells participate actively in adult liver
remodeling. Our present animal experiments demonstrated
that several key molecules in Hh pathway colocalized with the
marker of activated HSCs in rat fibrotic liver and that
numbers of activated HSCs closely paralleled the level of Shh.
This confirms the observation that HSCs are Hh-responsive
target cells and their transdifferentiation is coupled with
dramatic downregulation of Hhip expression.’? These find-
ings also provide rationale for targeting Hh pathway for
hepatic fibrosis treatment. Studies showed that Hh-neutraliz-
ing antibodies drastically reduced the viability of activated
HSCs and virtually eliminated the proliferative effects of
mitogens for HSC activation.?® In addition, pharmacological
inhibition of Hh pathway reverted activated HSCs to be a
less myofibroblastic phenotype.>> These discoveries strongly
support the possibility of treating liver fibrosis by blocking Hh
pathway. Herein, we showed that curcumin reduced the
expression of Patched and Smo, but rescued Hhip expression
in rat fibrotic liver and in cultured HSCs. Most of the
biological effects of Hh pathway result from transcriptional
activity of Glil that generally activates transcription of Hh-
target genes.34 In current experiments, nuclear translocation,
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binding to DNA sequence, and target gene transcription of
Glil were all significantly halted in curcumin-treated HSCs.
These data consistently revealed that curcumin disrupted Hh
signaling in activated HSCs. Given the potent hepatoprotec-
tive and antifibrotic effects, we postulated that inhibition of
Hh pathway could be required for curcumin to reduce HSC
activation and liver fibrosis.

Suppression of HSC proliferation and induction of apop-
tosis in activated HSCs have been proposed as therapeutic
strategies for management of hepatic fibrosis. Xu and co-
workers previously reported that curcumin inhibited
HSC proliferation associated with cell cycle arrest and
downregulation of cyclin D1.2> The results in the present
study demonstrated that these actions of curcumin were
dependent on inhibition of Hh pathway, because cyclopamine
mimicked the curcumin effects, but SAG abolished them.
Similar results were obtained in examination of apoptotic
machinery, an essential element of cell cycle checkpoints
allowing for selective removal of damaged cells. Blockade of
Hh signaling was found to be required for curcumin
modulation of Bcl-2 family proteins and activation of caspase
cascade leading to cellular fragmentation in HSCs. Our
findings were consistent with the concept that Hh pathway is
a key part of a complex signaling network that engages other
fundamental cell-fate regulators to orchestrate global changes
in Hh-target cells.>* Several studies showed that Hh signaling
promoted the expression of cyclin D1 and cyclin E, serving as
a principal regulator of cell cycle.?>* There was also evidence
that Glil transcriptionally regulated the Bcl-2 promoter,
identifying Bcl-2 as a direct target gene of Hh pathway.?’
Moreover, a recent investigation showed that cell cycle arrest
at GO/G1 checkpoint and Bcl-2-mediated apoptosis were
induced by pharmacological blockade of Hh signaling by
resveratrol in pancreatic cancer cells.*® Similarly, our current
data indicated that curcumin inhibition of Hh pathway
modulated cyclins/CDKs and apoptosis-regulatory molecules
concurrently leading to cell cycle arrest and mitochondrial
apoptosis in HSCs. These results strengthen the notion that
inhibition of Hh pathway could be a strategy for cell-fate
regulation in HSCs.

The myofibroblastic phenotype of activated HSCs is
characterized by overexpression of many pro-fibrogenic
molecules. In this study, cyclopamine similar to curcumin
downregulated the marker proteins of HSC activation, sug-
gesting that Hh signaling was involved in curcumin elimina-
tion of fibrotic gene expression in HSCs. The process of HSC
activation is similar to that of adipocyte dedifferentiation,
accompanied by loss of lipid storage capacity and suppression
of expression of transcription factors, including PPARy and
C/EBPa, two master regulators in lipogenesis.>® These two
transcription factors synergistically stimulate lipogenesis by
cross-talking and mutual regulation. PPARy activates C/EBPa
that, in turn, exerts a positive feedback on the elevation and
maintenance of PPARy expression.*’ Curcumin was reported
to induce the expression of genes relevant to lipid
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accumulation and elevate the level of intracellular lipids in
HSCs.?? Herein, we found that cyclopamine stimulated the
expression of PPARy and C/EBPa and accumulated intracel-
lular lipids in HSCs. Similar results were observed in
curcumin-treated HSCs. However, SAG abolished the curcu-
min effects, indicating that blockade of Hh pathway was
required for curcumin upregulation of lipogenesis. Although
a recent study linked Hh signaling to E2F1-dependent
regulation of lipogenic enzymes in progenitor cells and
medulloblastoma,*! modulation of lipid synthesis by Hh
pathway has not been studied systematically. We postulated
that Hh pathway might be critically involved in controlling
HSC lipocyte phenotype during liver fibrogenesis, and this
needs to be explored. Furthermore, enhanced motility is
another fibrogenic behavior of activated HSCs. Migration and
recruitment of HSCs into liver scar are important steps in the
process of sinusoidal remodeling. Our current data showed
that curcumin suppression of HSC capacity to invade and
migrate was associated with interruption of Hh pathway.
Consistent with this, Hh regulation of cell motility and
inhibition of cell migration by blocking Hh signaling have
been documented under various pathophysiological circum-
stances.*>*> Overall, Hh signaling could be a therapeutic
target for reduction of HSC activation and inhibition of pro-
fibrogenic behaviors of activated HSCs.

Growing evidence suggests that HSCs undergo metabolic
reprogramming during activation, redirecting them to
glycolysis as a major means of energy supply, similar to the
Warburg effect described in tumor cells. Reciprocal changes
in glycolytic and gluconeogenic enzymes occur in activated
HSCs to meet the metabolic requirements of rapid cell
proliferation. Recent studies demonstrated that this metabolic
switch was regulated by Hh pathway via inducing glycolysis
and suppressing gluconeogenesis and lipogenesis.> These
metabolic perturbations resulted in lactate accumulation
and strengthened the global reprogramming of gene expres-
sion to activate the high proliferative and fibrogenic pro-
perties of HSCs. This metabolism-centric mechanism has
therapeutic implications for hepatic fibrosis and opens a
new perspective to identify antifibrotic agents targeting HSC
activation. In this study, we observed that the abundance of
mitochondria was not apparently affected by curcumin
and cyclopamine in HSCs, indicating that the capacity for
oxidative phosphorylation was retained and might not be
controlled by Hh pathway. However, curcumin and cyclopa-
mine significantly decreased the accumulation of ATP and
lactate, and downregulated the activities and expression of HK
and PFK2 within HSCs. The glucose transporter Glut4 and
lactate export pump MCT4 were also affected concurrently.
These data indicated that curcumin had inhibitory effects on
multiple aspects of glycolysis and regulated the metabolic
reprogramming in activated HSCs, and they were also
consistent with the recognition that Hh signaling regulated
metabolism in activated HSCs. Our further observation that
SAG abrogated the curcumin inhibition of glycolysis
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convincingly demonstrated that disruption of Hh pathway
was required for curcumin modulation of metabolism in
HSCs. Interestingly, curcumin inhibition of aerobic glycolysis
and regulation of cell fate have also recently been documented
in human colorectal cancer cells.*® It has been proposed that
metabolic reprogramming of HSCs is a conserved response to
liver injury and controls the fate of HSCs. Therefore, we
postulated that regulation of cell cycle and apoptosis in HSCs
by curcumin could be linked to its inhibition of glycolysis by
blocking Hh pathway, and this needs further explorations.

In summary, the aggregate data in this study demonstrated
that disruption of Hh signaling was required for curcumin to
arrest cell cycle, induce apoptosis, and inhibit firbrogenic
properties in HSCs. We also newly discovered that curcumin
inhibited glycolysis and regulated metabolism by suppressing
Hh pathway in HSCs. These findings provided novel mole-
cular basis for the development of curcumin as an antifibrotic
agent for liver fibrosis.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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