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Introduction
Hepatic fibrosis is considered a wound healing response to 
chronic liver injury[1] and is caused by a variety of impair-
ments such as HCV infection, alcohol abuse and non-alcoholic 
steatohepatitis (NASH)[2].  The hepatic stellate cell (HSC) 
has been established as the primary cell type responsible for 
liver fibrosis[3].  Moreover, activated HSCs undergo increased 
proliferation and overproduction of extracellular matrix 
(ECM) proteins[4], thereby contributing to the progression 
of fibrosis.  HSC activation is characterized by morphologi-
cal changes marked by the appearance of the cytoskeletal 
protein α-smooth muscle actin (α-SMA)[5] and is triggered by 
cytokines including mitogenic platelet-derived growth factor 
(PDGF) and transforming growth factor β1 (TGF-β1).  

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway 

controls a variety of cellular responses involving cell survival 
and proliferation[6] and is strongly activated in HSCs by the 
potent mitogen PDGF[7].  Akt indirectly activates mammalian 
target of rapamycin (mTOR) through inhibition of TSC2 and 
directly phosphorylates mTOR at S2448[8].  mTOR is a master 
regulator of protein synthesis and activates p70 ribosomal pro-
tein S6 kinase (p70S6K), which promotes protein translation[9].  
Accordingly, inhibition of the mTOR/p70S6K pathway leads 
to reduced HSC proliferation[10], which might serve as a poten-
tial anti-fibrotic strategy.

Type I collagen is a heterotrimer composed of two α1 chains 
and one α2 chain and is the prototypic constituent of the 
fibril-forming matrix in fibrotic liver.  Activated HSCs are the 
principal cell type that produce type I collagen in response to 
TGF-β, which is the most potent stimulating factor for type 
I collagen gene transcription[11].  The Smad family proteins 
are essential regulators of TGF-β stimulated collagen gene 
transcription.  Once activated by TGF-β, the receptor kinase 
TGF-β R1 phosphorylates Smad2 (Ser465/467) and Smad3 
(Ser423/425) at their carboxy-termini.  Phosphorylated Smad2 
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and Smad3 subsequently form a heteromeric complex with 
co-Smad and then translocate to the nucleus for DNA binding 
and transcriptional regulation[12].  To date, numerous studies 
have suggested the TGF-β/Smad pathway as promising anti-
fibrotic targets[13].

Physalis angulata L is an annual herb belonging to the Solan-
aceae family and is widely used in traditional Chinese medi-
cine for the treatment of various illnesses including malaria, 
asthma, rheumatism and dermatitis.  In addition, P angulata 
extract is clinically used for the treatment of human hepatic 
disorders including hepatitis[14, 15].  Withanolides are a group 
of structurally diverse steroids isolated from Physalis angulata 
and have been reported to exert varied pharmacological activi-
ties such as anticancer, immunosuppresive and antioxidant 
functions[16].  Withagulatin A is a withanolide from Physalis 
angulata and was demonstrated to inhibit proliferation of sev-
eral tumor cell lines[17].  However, little is known concerning 
this compound’s detailed pharmacological mechanism.  

In the present study, we examined the pharmacological 
activity and underlying mechanisms for Withagulatin A (Fig-
ure 1A) mediated inhibition of liver fibrosis.  We investigated 
whether Withagulatin A could inhibit HSC proliferation and 
tested its ability to induce cell apoptosis and cell cycle arrest, 
as well as its impact on the Akt/mTOR/p70S6K pathway.  In 
addition, we examined whether Withagulation A could sup-
press TGF-β induced type I collagen expression and Smad2/3 
phosphorylation.  It is anticipated that our work will contrib-
ute to a better understanding of the pharmacological actions 
of Physalis angulata, and the natural product Withagulatin A 
will hopefully provide valuable structure information for the 
discovery of novel anti-liver fibrosis reagents.

Materials and methods
Reagents and antibodies
Withagulatin A was isolated from Physalis angulata L as previ-
ously described[18] and was dissolved in dimethyl sulfoxide 
(DMSO) as a 2 mmol/L stock solution and stored at -20 °C.  
The DMSO concentration in all experiments was 0.1%.  Sul-
forhodamine B (SRB) and all other chemicals were purchased 
from Sigma-Aldrich and were of analytical grade.  Anti-
bodies for phospho-Smad2 (Ser465/467), phospho-Smad3 
(Ser423/425), Smad2, Smad3, phospho-CDK2, CDK2, Cyclin 
D1, and Cyclin B1 were purchased from Cell Signaling Tech-
nology.  Antibodies for Bcl-2, Bax, and caspase3 were from 
Santa Cruz.  The antibody for cleaved-caspase3 was purchased 
from Chemicon.  The antibody for GAPDH was purchased 
from KangChen (Shanghai, China).  The HRP-conjugated goat 
anti-rabbit and goat anti-mouse secondary antibodies were 
purchased from Jackson ImmunoResearch Laboratories (West 
Grove, USA).

Cell lines and cell cultures
Primary HSCs were isolated from normal livers of male 
Sprague-Dawley rats by a 2-step perfusion using pronase 
E and collagenase D (Sango, China), followed by nycodenz 
(Sigma-Aldrich) 2-layer discontinuous density gradient cen-

trifugation as previously described[19].  All procedures in this 
experiment were performed according to the institutional 
ethical guidelines on animal care.  The purity of rat HSC was 
assessed by autofluorescence at d 1.  HSCs were cultured on 
uncoated plastic tissue culture dishes in DMEM supplemented 
with 20% heat inactivated fetal bovine serum (FBS), 100 U/mL 
penicillin and 100 µg/mL streptomycin (Invitrogen), which 
were maintained in an incubator with a humidified atmo-
sphere of 95% air and 5% CO2 at 37 °C.  HSCs were activated 
by continuous culturing on uncoated plastic dishes for 7–10 d. 
Only fully transdifferentiated rat HSCs between d 10 and d 14 
that exhibited the appropriate morphological changes were 
used for experiments to mimic the in vivo fibrotic state.

The human hepatic stellate cell line LX-2 was kindly pro-
vided by Dr  Friedman (Mount Sinai School of Medicine, New 
York) and cultured according to previously report[20].  LO2 
and LX-2 cells were cultured in DMEM supplemented with 
10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin.  
CHO/EGFP-Smad2 cells were purchased from Thermo Scien-
tific (Denmark), and cultured in F-12 medium supplemented 
with 10% FBS, 100 U/mL penicillin and 100 µg/mL strepto-
mycin.  Cells were maintained in an incubator with a humidi-
fied atmosphere of 95% air and 5% CO2 at 37 °C.

Cell viability assay
The effect of Withagulatin A on cell viability was determined 
using a SRB assay as previously reported[21].  Briefly, 1×104 
cells/well were plated in 96-well plates for 24 h and then 
treated with varying concentrations of Withagulatin A for 24, 
48, and 72 h.  Cells were fixed, washed and stained with the 
SRB dye.  Unbound dye was removed and the optical density 
was measured at 564 nm using a microplate spectrophotom-
eter (Bio-Rad Laboratories).  Cell viability was assessed as the 
percentage of viable cells compared to DMSO treated control 
cells, which were arbitrarily assigned as having 100% viability.

Apoptotic morphology
Apoptotic morphology was studied by staining the cells with 
Hoechst 33342 stain.  Cells seeded on coverslips in a 6-well 
plate were treated with Withagulatin A (0, 1, and 2 µmol/L) 
for 24 h.  The cover glasses were then washed with phosphate-
buffered saline (PBS) and stained with 2 µmol/L of Hoechst 
33342 for 15 min.  Thereafter, the cells were washed with PBS 
and observed under a fluorescence microscope (Olympus).  
Nuclei condensation and fragmentation were considered cel-
lular markers for an apoptotic morphology.  Five fields were 
taken for each coverslip and the experiment was carried out in 
triplicate.

Flow cytometry assay
The effect of Withagulatin A on cell cycle progression was 
assessed by flow cytometry.  Briefly, LX-2 cells at 70% conflu-
ence were treated with varying concentrations of Withagulatin 
A in complete medium for 24 h, trypsinized, washed, and 
fixed overnight with 70% ethanol at 4 °C.  Cells were washed 
with PBS and incubated with 0.5 mg/mL RNaseA at 37 °C for 
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30 min and then incubated with 25 µg/mL propidium iodide 
on ice for 1 h in the dark.  Cell cycle distribution was analyzed 
using a FACSCalibur instrument (BD Biosciences, San Jose, 
CA).

Western blot
Cells were lysed with lysis buffer containing 25 mmol/L Tris-
HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L Na3VO4, 1% Tri-
ton X-100 and a protease inhibitor cocktail (Sigma-Aldrich).  
Protein concentrations were determined using a BCA protein 
assay kit (Pierce, Rockford, IL).  Equal amounts of lysates 
(30−40 μg protein) were resolved with 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).  Fol-
lowing electrophoresis, protein blots were transferred to a 
nitrocellulose membrane and probed with the corresponding 
primary antibodies.  The membrane was then incubated with 
the appropriate horseradish peroxidase-conjugated second-
ary antibody, and the protein expression was detected using 
a SuperSignal West Dura substrate (Pierce).  Each experiment 
was repeated three times and bands were quantified using 
Image-Pro Plus software.

Real-time PCR
LX-2 cells were plated in 6-well plates and cultured for 24 h.  
Cells at 70% confluence were treated with Withagulatin A (0−2 
µmol/L) and 2 ng/mL TGF-β1 in serum free DMEM supple-
mented with 0.2% BSA for 24 h.  Total RNA was extracted 
with TRIzol reagent (Generay Biotech, Shanghai, China) and 
then reverse transcribed to cDNA using a PrimeScriptTM RT 
reagent Kit (TaKaRa, Japan).  Real-time PCR was performed 
using SYBR Green Realtime PCR Master Mix (TOYOBO, 
Japan) on a DNA Engine Opticon 2 System (Bio-Rad Laborato-
ries, USA).  The primer pairs were as follows: rat α1(I) procol-
lagen: (F) 5′-CAC TCA GCC CTC TGT GCC-3′ and (R) 5′-ACC 
TTC GCT TCC ATA CTC G-3′; rat α2(I) procollagen: (F) 
5′-AGA ATT CCG TGT GGA GGT TG-3′ and (R) 5′-GAG GGA 
GGG GAC TTA TCT GG-3′.  The primer pairs for human α1(I) 
procollagen, α2(I) procollagen and rat 18s RNA were designed 
as previously described[20, 22].  The PCR cycle conditions were 
95 °C for 10 s, 58 °C for 45 s and 72 °C for 30 s.

Smad2 nuclear translocation assay
The Smad2 nuclear translocation assay was performed using 
a CHO/EGFP-Smad2 stable cell line.  Briefly, CHO/EGFP-
Smad2 cells were seeded on 96-well plates and cultured for 
24 h.  The cells were pretreated with Withagulatin A (0-2 
µmol/L) for 10 h and then treated with TGF-β (2 ng/mL) for 
2 h.  Finally, cell nuclei were stained with 2 µmol/L Hoechst 
33342 for 15 min.  Fluorescence images were taken by an 
INCell Analyzer 1000 (GE Healthcare) using the fluorescence 
microscope module and data were analyzed with the INCell 
Analyzer analysis software.  Each treatment was repeated in 
3 wells and pictures of 5 fields were taken for each well.  The 
ratio of fluorescence intensity in the nucleus and cytoplasm 
was calculated by the software and defined as Nuc/Cyto 
Smad2 to indicate nuclear localization of Smad2.  The experi-

ment was repeated at least three times.
Statistical analysis
Results are expressed as means±SD.  The statistical significant 
difference between treatment and control values was analyzed 
using one way ANOVA, which was followed by Dunnett’s 
post test.  A P value of less than 0.05 was considered statisti-
cally significant.

Results
Withagulatin A suppressed HSC activation and viability
Since activation and proliferation of hepatic stellate cells 
play pivotal roles in the progression of liver fibrosis, we ini-
tially evaluated the effects of Withagulatin A on α-SMA (a 
marker for HSC activation) expression and HSC viability.  
As expected, Withagulatin A treatment dose-dependently 
reduced α-SMA levels in activated HSCs (Figure 1B and 1C).  
In addition, we also investigated the effects of Withagulatin 
A on HSC viability using a SRB assay.  These results demon-
strated that Withagulatin A treatment for 48 h (as well as 24 
and 72 h, data not shown) dramatically reduced rat primary 
HSC viability (P<0.01) in a dose-dependent manner (Figure 
1D).  

To further determine the inhibitory role of Withagulatin A 
on hepatic stellate cells in vitro, we studied its effect on the 
human hepatic stellate cell line LX-2.  Similar to the results for 
primary HSCs, Withagulatin A treatment dose-dependently 
decreased α-SMA levels in LX-2 cells (Figure 1B and 1C).  
Additionally, Withagulatin A dramatically (P<0.05−0.001) 
reduced LX-2 viability in a concentration dependent manner 
(Figure 1D).  In contrast, normal human hepatocytes (LO2 
cells) were found to be resistant to Withagulatin A, and a 
marked effect on cell death (P<0.05) was only observed at the 
maximum concentration (20 µmol/L) after 48 h of treatment 
(Figure 1D).  Similar results were obtained for 24 and 72 h of 
treatment (data not shown).  We found that Withagulatin A 
at a concentration higher than 2 µmol/L caused a significant 
loss of cell viability.  Therefore, in subsequent experiments we 
examined the mechanism underlying the actions of Withagul-
atin A with concentrations up to 2 µmol/L.

Withagulatin A induced S phase arrest in HSC
To explore the possible mechanism underlying the anti-pro-
liferation activity of Withagulatin A, cell cycle progression in 
LX-2 cells was determined using flow cytometry.  As indicated 
in Figure 2A, Withagulatin A treatment (0-2 µmol/L, 24 h) 
caused a dose-dependent increase in the number of cells in S 
phase and a corresponding decrease in the number of cells in 
G1 phase compared with DMSO treated control cells.  Because 
the majority of cells were in the G0–G1 phase under normal 
conditions, we did not synchronize cells before flow cytom-
etry.

We next assessed the influence of Withagulatin A on cell 
cycle regulatory proteins (Figure 2B and 2C).  Cyclin D1, 
which controls G1-S transition, was initially induced by With-
agulatin A treatment and was subsequently decreased after 
12 h of treatment.  In addition, the phosphorylation of CDK2, a 
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Figure 1.  Withagulatin A suppresses HSC activation and proliferation.  
(A) Chemical structure of Withagulatin A.  (B) Withagulatin A suppresses 
α-SMA expression.  Primary rat HSCs and human hepatic stellate LX-
2cells were incubated with Withagulatin A (0, 1, and 2 µmol/L) for 
24 h and the expression of α-SMA was determined by Western blotting.  
GAPDH was used as a loading control.  The results shown are from three 
representative independent experiments.  (C) Bands were quantified and 
data are expressed as fold of control.  (D) Withagulatin A inhibited HSC 
proliferation.  Primary rat HSCs, LX-2 cells, and LO2 hepatocytes were 
treated with a series of concentrations (0–20 µmol/L) of Withagulatin 
A for 48 h and cell viability was determined using a SRB assay.  These 
experiments were carried out in triplicate.  bP<0.05, cP<0.01 vs control 
cells (0 µmol/L).

Figure 2.  Withagulatin A induces cell cycle arrest.  (A) Withagulatin A 
arrests cells at S phase.  LX-2 cells were incubated with Withagulatin A 
(0, 1, and 2 µmol/L) for 24 h.  Cells were fixed, stained with propidium 
iodide, and analyzed by flow cytometry as described in Materials and 
methods.  The experiment was repeated three times and representative 
data are shown.  (B) Withagulatin A affects cell cycle regulatory proteins.  
LX-2 cells were incubated with Withagulatin A (2  µmol/L) for the indicated 
time points (0−24 h).  Cells were harvested and cell lysates were analyzed 
by Western blotting for cyclin D1, p-CDK2, CDK2, and cyclin B1 levels.  
GAPDH was used as a loading control.  Cells treated with DMSO were 
used as controls for each time point.  Results shown are representative of 
three independent experiments.  (C) Bands were quantified and data are 
expressed as fold of control.  bP<0.05, cP<0.01 vs control cells.
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G1 phase regulatory kinase, was regulated by Withagulatin A 
in a similar manner, which occurred without changes in total 
CDK2 protein levels.  In contrast, the G2 phase cyclin, Cyclin 
B1, was decreased after Withagulatin A treatment.  Thus, these 
results suggest that Withagulatin A may induce S phase arrest 
through dynamic regulation of Cyclin D1, CDK2, and Cyclin 
B1.

Withagulatin A induced apoptosis in HSCs
To determine whether the viability loss in Withagulatin A 
treated LX-2 cells could be attributed to the induction of apop-
tosis, we examined the morphological changes in Withagulatin 
A treated LX-2 cells with Hoechst 33342 staining.  As shown in 
Figure 3A, the control cells showed round and homogeneously 
stained nuclei, whereas Withagulatin A treatment dose-
dependently induced nuclear condensation and fragmentation 
in LX-2 cells (as indicated by arrows).

The expression of apoptotic proteins was examined to inves-
tigate the possible mechanism of Withagulatin A induced cell 
apoptosis after 24 h of treatment (Figure 3B and 3C), when 
maximum apoptosis was induced, but with limited cell death.  
We determined the protein levels of Bcl-2 and Bax, which have 
been reported to mediate cell apoptosis mainly through the 
mitochondrial pathway[23].  Withagulatin A treatment dose-

dependently decreased the anti-apoptotic protein Bcl-2 while 
increasing the pro-apoptotic protein Bax.  It has been reported 
that mitochondrial release of cytochrome c activates caspase3, 
which cleaves poly (ADP-ribose) polymerase (PARP) and 
other cellular targets that eventually lead to apoptosis[24].  We 
found that cleaved caspase3 was dose-dependently increased 
with a corresponding decrease of full length caspase3 levels 
after Withagulatin A treatment.  Thus, these results suggested 
that Withagulatin A affected the mitochondrial pathway and 
subsequent targets such as the caspase cascade, which eventu-
ally induced apoptosis in LX-2 cells.

Withagulatin A suppressed Akt pathway
In order to further explore the underlying mechanism for 
the anti-fibrotic activity of Withagulatin A, we examined the 
effect of Withagulatin A on the Akt pathway, which promotes 
the cellular proliferation of HSCs[25].  As shown in Figure 4A 
and 4B, Withagulatin A treatment for 24 h dose-dependently 
decreased Akt phosphorylation at serine 473, whereas the total 
protein level was unaffected.  The proteins downstream of 
Akt were also examined.  Withagulatin A suppressed mTOR 
phosphorylation at serine 2448, which has been reported to be 
an Akt phosphorylation site[8].  Besides, Withagulatin A also 
repressed the phosphorylation of the mTOR substrate p70S6K 

Figure 3.  Withagulatin A induces cell apoptosis.  (A) Induction of an apoptotic morphology by Withagulatin A.  LX-2 cells were treated with Withagulatin A 
(0, 1, and 2 µmol/L) for 24 h.  Cells were fixed, stained with Hoechst 33342, and visualized with a fluorescence microscope (scale bar=0 µm).  Nuclear 
condensation and fragmentation are indicated by arrows.  Representative views from five fields for each slide are shown and the treatments were 
performed in triplicate.  (B) Withagulatin A affects apoptotic protein levels.  LX-2 cells were treated with Withagulatin A (0, 1, and 2 µmol/L) for 24 h.  
Cells were harvested and lysates were analyzed by Western blot analysis to determine the levels of Bcl-2, Bax, cleaved-caspase3 (c-caspase3), and 
caspase3.  GAPDH was used as a loading control.  Results shown are representative of three independent experiments.  (C) Bands were quantified and 
data are expressed as fold of control.  bP<0.05, cP<0.01 vs control cells.
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at threonine 421 and serine 424, which has been shown to acti-
vate p70S6K[26].  In addition, Withagulatin A also induced a 
time-dependent decrease in AKT/mTOR/p70S6K phosphory-
lation as indicated in Figure 4C and 4D.  As a positive control, 
the PI3K inhibitor LY294002 was used to inhibit AKT phos-
phorylation (Figure S3A).

Withagulatin A inhibited type I procollagen gene expression and 
Smad2/3 phosphorylation
The effect of Withagulatin A on ECM production was evalu-
ated by real-time PCR analysis of α1/α2 procollagen I mRNA 
levels in primary HSCs (Figure 5A).  Consistent with previous 
reports[11], α1 and α2 procollagen I levels were significantly 
(P<0.001) up-regulated by TGF-β stimulation compared with 
the control group.  Notably, Withagulatin A treatment signifi-
cantly decreased TGF-β stimulated increases in type I procol-
lagen mRNA expression (P<0.001) in comparison with the 
TGF-β treated group.  Similar to rat primary hepatic stellate 
cells, LX-2 cells expressed high levels of ECM component pro-
teins (including procollagen I) upon TGF-β stimulation.  Our 
results demonstrated that Withagulatin A exhibited a similar 
inhibitory effect on procollagen I expression in LX-2 cells com-
pared to primary HSCs (Figure 5B).

The TGF-β/Smad pathway plays a pivotal role in TGF-β 
stimulated collagen gene expression.  Therefore, to investigate 
the mechanism underlying the inhibition of TGF-β stimulated 
type I procollagen gene expression by Withagulatin A, we 
examined the phosphorylation status of Smad proteins.  We 
found that TGF-β induced a maximal effect at 2 ng/mL for 
2 h (data not shown).  Therefore, we used this condition for 
the following experiments.  As shown in Figure 5C and 5D, 
TGF-β potently induced Smad2 and Smad3 phosphorylation, 
whereas Withagulatin A treatment dramatically inhibited 
TGF-β induced Smad2 or Smad3 phosphorylation but did 
not affect either of their protein levels.  As a positive control, 
the TGF-βR1 inhibitor SB431542 also blocked TGF-β induced 
Smad3 phosphorylation (Figure S3B).

Phosphorylated Smad proteins translocate to the nucleus 
and promote collagen gene transcription.  Therefore, we 
assessed the effect of Withagulatin A on TGF-β stimulated 
Smad2 translocation.  As shown in Figure 5E, the majority 
of EGFP-Smad2 protein was localized to the cytoplasm in 
unstimulated cells and translocated to the nucleus upon TGF-β 
stimulation.  However, Withagulatin A dose-dependently 
blocked TGF-β stimulated Smad2 nuclear translocation as 
quantified in Figure 5F (P<0.001).  In addition, to test whether 
Withagulatin A could affect EGFP translocation, we used the 
U2OS-EGFP-Rev cell line (Bioimage, Thermol).  In this cell 
line, EGFP has been fused to the HIV-1 regulatory protein Rev, 
which contains a nuclear export signal and a nuclear localiza-
tion signal in its carboxy- and amino-termini, respectively.  
Treatment of U2OS-EGFP-Rev cells with Withagulatin A did 
not induce nuclear translocation of EGFP (Figure S2), thereby 
indicating that Withagulatin A did not affect EGFP transloca-
tion.

Figure 4.  Withagulatin A inhibits the Akt pathway.  (A, B) Primary rat HSCs 
were incubated with Withagulatin A (0, 1, and 2 µmol/L) for 24 h (C, D) or 
treated with 2 µmol/L Withagulatin A for 0 to 24 h.  Cells were harvested 
and analyzed by Western blotting for phosphorylated Akt (Ser 473), Akt, 
phosphorylated mTOR (Ser 2448), phosphorylated p70S6K (Thr 421/
Ser 424) and p70S6K.  GAPDH was used as a loading control.  Results 
shown are representative of three independent experiments.  Bands were 
quantified and data are expressed as fold of control.  bP<0.05, cP<0.01 vs 
control cells.
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Figure 5.  Withagulatin A inhibits TGF-β stimulated procollagen I mRNA expression and Smad2/3 phosphorylation.  (A, B) Withagulatin A inhibits TGF-β 
stimulated procollagen I mRNA expression.  (A) Primary rat HSCs and (B) LX-2 cells were treated with Withagulatin A (0, 1, and 2 µmol/L) in the presence 
of TGF-β (2 ng/mL) for 24 h in DMEM supplemented with 0.2% BSA.  mRNA levels of α1 procollagen I and α2 procollagen I were analyzed by real-time 
PCR assays.  Ribosomal 18s RNA was used as an internal control.  bP<0.05, cP<0.01 compared with DMSO treated cells.  (C) Withagulatin A suppresses 
TGF-β stimulated Smad2/3 phosphorylation.  Primary rat HSCs were treated with Withagulatin A (0, 1, and 2 µmol/L) in the presence of TGF-β (2 
ng/mL) for 24 h in DMEM supplemented with 0.2% BSA.  Cells were harvested and subjected to Western blot analysis for phosphorylated Smad2 (Ser 
465/467), Smad2, phosphorylated Smad3 (Ser 432/425), and Smad3.  GAPDH was used as a loading control.  Results shown are representative of 
three independent experiments.  (D) Bands were quantified and data are expressed as fold of control.  (E, F) Withagulatin A suppresses TGF-β induced 
Smad2 nuclear translocation.  CHO/EGFP-Smad2 cells were pretreated with Withagulatin A (0, 1 and 2 µmol/L) for 10 h and then stimulated with TGF-β 
(2 ng/mL) for 2 h in serum free F-12 medium supplemented with 0.2% BSA.  Finally, cells were stained with 2 µmol/L Hoechst 33342 for 15 min and 
fluorescent images were taken by an INCell Analyzer 1000.  Each treatment was repeated in 3 wells and 5 fields were photographed for each well.  (E) 
Representative views are presented (scale bar=50 µm) and (F) data were quantified using the INCell Analyzer analysis software.  cP<0.01 vs TGF-β 
stimulated cells.
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Discussion
Proliferation and ECM production of activated hepatic stel-
late cells constitute the major pathways contributing to 
hepatic fibrosis[3].  Therefore, inhibition of the accumulation 
of activated HSCs and the prevention of extracellular matrix 
deposition are currently considered promising anti-fibrotic 
strategies[2].  We report here that Withagulatin A, which was 
extracted from Physalis angulata L, inhibited hepatic stellate 
cell proliferation and type I procollagen expression by target-
ing the Akt/mTOR/p70S6K and TGF-β/Smad pathways (Fig-
ure 6).

Rodent primary HSCs[27] and a human hepatic stellate cell 
line[20], which retain key features of primary HSCs, have been 
adopted as useful tools for liver fibrosis research.  Hepatic stel-
late cells respond to PDGF during their activation process and 
produce PDGF through autocrine pathways.  Both primary 
HSCs and the LX-2 cell line are activated hepatic stellate cells; 
therefore, they were both stimulated by autocrine cytokines.  
Furthermore, the inhibitory effects of Withagulatin A on fully 
activated HSCs might indicate therapeutic opportunities for 
treating the late stages of liver fibrosis.  To test the possible 
cytotoxicity of Withagulatin A, we used the normal human 
hepatocyte cell line LO2.  Withagulatin A did not obviously 
decrease cell viability of LO2 cells even at high concentrations 
when compared with HSCs.  Nevertheless, further studies are 
required to evaluate the toxicity of Withagulatin A on other 
cell lines and in in vivo experiments.  Moreover, the fact that 

Withagulatin A inhibited production of the activation marker 
α-SMA implies that this natural product might also exhibit 
inhibitory activity against HSC activation.  However, further 
investigations are required to examine this effect due to the 
complicated regulatory mechanisms underlying HSC activa-
tion and α-SMA expression.  Nevertheless, down-regulation 
of α-SMA levels in activated HSCs implied the possibility of 
fibrotic reversion, which would be of great importance but dif-
ficult to achieve[28].

Our results suggested that Withagulatin A inhibited HSC 
proliferation by arresting cells in the S phase.  Dynamic fluc-
tuations of cyclin levels among the different cell cycle stages 
regulate the activity of these kinase complexes, which subse-
quently control cell cycle progression.  Cyclin D1 and CDK2 
are essential regulators for G1-S transition[29, 30], and Cyclin B1 
regulates cell entry into mitosis[31].  Withagulatin A treatment 
initially increased Cyclin D1 levels and CDK2 phosphoryla-
tion, but subsequently decreased them, which was in concor-
dance with the flow cytometry data that indicated an accumu-
lation of cells in the S phase and a decrease in the number of 
cells in the G1 phase.  In addition, Withagulatin A treatment 
time-dependently decreased Cyclin B1 levels and conse-
quently hindered cell entry into the G2/M phase.  Inhibition 
of proliferation and induction of apoptosis in HSCs are both 
effective means to clear activated HSCs[32].  Our work demon-
strated that in addition to the inhibition of HSC proliferation, 
Withagulatin A also induced LX-2 cell apoptosis, as indicated 
by the nuclear condensation and induction of apoptotic regu-
latory proteins.  However, due to the tightly adhesive nature 
of HSCs, we were unable to perform annexin V staining for 
apoptosis.

The inhibition of PI3K activity has been shown to suppress 
cell proliferation in activated HSCs[25].  Meanwhile, p70S6K 
regulates protein synthesis and proliferation, and the block-
ing of mTOR (its upstream kinase) has been shown to inhibit 
DNA synthesis and Cyclin D1 expression in HSCs[10].  Our 
results showed that Withagulatin A decreased Akt, mTOR, 
and p70S6K phosphorylation levels, thereby indicating that 
the Akt/mTOR/p70S6K signaling pathway may at least be 
partially accountable for the inhibitory effect of Withagulatin 
A on HSC proliferation.  

Type I collagen is the major ECM component in fibrotic 
liver[32] and is potently stimulated by the fibrogenic cytokine 
TGF-β.  Withagulatin A reduced TGF-β stimulated α1 and α2 
procollagen I mRNA expression in both rat primary HSCs and 
LX-2 human hepatic stellate cells.  However, poor antibody 
availability made it hard to detect collagen protein levels.  
Smad proteins have been reported to transduce TGF-β signal-
ing to the nucleus and regulate collagen gene expression[11].  
Our results demonstrated that Withagulatin A inhibited 
TGF-β stimulated Smad2 and Smad3 phosphorylation and 
further blocked TGF-β induced Smad2 nuclear translocation.  
In addition, Withagulatin A also inhibited basal procollagen I 
mRNA expression but not basal Smad2 or Smad3 phosphory-
lation (Figure S1), which may have been due to the different 
regulatory mechanisms between basal and TGF-β stimulated 

Figure 6.  Proposed model illustrating the anti-fibrotic mechanism of 
Withagulatin A (With A).  During liver fibrosis, stimulatory signals from 
the fibrogenic cytokines including PDGF and TGF-β are transduced into 
target cells through their corresponding receptors, which in turn activate 
Akt and Smad proteins by phosphorylation.  Withagulatin A inhibited 
the phosphorylation of Akt and its downstream targets such as mTOR 
and p70S6K, which finally led to reduced HSC proliferation.  Meanwhile, 
Withagulatin A suppressed Smad2/3 phosphorylation and consequently 
blocked translocation to the nucleus, thereby resulting in reduced 
transcription of ECM proteins.
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procollagen I transcription[33].
In summary, the current work indicated that Withagulatin 

A from Physalis angulata L  inhibited hepatic stellate cell prolif-
eration and type I procollagen expression.  These findings sug-
gest that this natural product may assist in the development of 
anti-fibrogenic reagents for future studies.
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