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Abstract
Liver fibrosis is a common pathological response to chronic hepatic injury. STAT3 is actively involved in the fibrogenesis
and angiogenesis seen in liver fibrosis. S3I-201 (NSC 74859) is a chemical inhibitor of STAT3 activity, which blocks the
dimerization of STAT3, STAT3-DNA binding and transcription activity. This study evaluated the effects of S3I-201 against
liver fibrosis. S3I-201 inhibited the proliferation, migration, and actin filament formation in primary human hepatic stellate
cells (HSCs), as well as the expression of α-SMA, collagen I and TIMP1 in both primary HSC and in a CCl4-induced fibrosis
mouse model. S3I-201 induced both apoptosis and cell cycle arrest in the HSC cell line (LX-2). S3I-201 inhibited the
expression of fibrogenesis factors TGFβ1 and TGFβRII, as well as the downstream phosphorylation of Smad2, Smad3, Akt
and ERK induced by TGFβ1. In addition to fibrogenesis, both in vitro and in vivo assays showed that S3I-201 inhibited
angiogenesis through expression suppression of VEGF and VEGFR2. Moreover, S3I-201 also had a synergistic effect
with sorafenib, an FDA approved liver cancer drug, in the proliferation, apoptosis, angiogenesis and fibrogenesis of HSC.
S3I-201 suppressed liver fibrosis through multiple mechanisms, and combined with sorafenib, S3I-201 could be a potentially
effective antifibrotic agent.

Introduction

Liver fibrosis is a common pathological consequence of
chronic liver disease [1], and activated HSCs play a pivotal
role in the development of liver fibrosis. HSCs are activated

after chronic liver injury, and develop a myofibroblast
(α-SMA)-like phenotype that proliferate, become fibrogenic
and produce increased amount of extracellular matrix pro-
teins [2]. Hepatic fibrosis is characterized by dysregulated
changes of extracellular matrix (ECM), including the net
increased synthesis of collagens, especially type I, and the
decreased matrix degradation. Degradation of ECM is
associated with ECM-removing matrix metalloproteinases
(MMPs), which is inhibited partially by enhanced expres-
sion of tissue inhibitors of metalloproteinases (TIMPs) in
liver fibrosis [3]. To date, no approved antifibrotic therapy is
in clinical use, largely owing to the various side effects and
uncertain positive clinical outcomes [4, 5]. Liver cirrhosis,
as the end-stage of liver fibrosis, has a high mortality with
liver transplantation as the only curative therapy. Therefore,
effective anti-fibrotic therapeutics are required urgently.

Several cytokines play critical roles in progression of HSC
activation and fibrosis, particularly transforming growth factor
β1 (TGFβ1) [6]. TGFβ1 drives the transdifferentiation of
phenotypical HSCs from quiescence to activation through
paracrine and autocrine mechanisms [7]. TGFβ1 also induces
collagen I expression and α-SMA stress fiber organization
directly [8]. Recent study shows that TGF-β1 is the pivotal
profibrogenic cytokine [9] and strategies targeting at
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disrupting TGFβ1 action markedly attenuated liver fibrosis
in experimental models [10]. Therefore, inhibiting signaling
transduction by TGFβ1 might be an effective therapy for
hepatic fibrosis. TGFβ1 is a target gene of signal transducer
and activator of transcription 3 (STAT3) [11] that promotes
hepatic fibrosis through increasing TGF-β1 expression in
liver fibrotic mouse model [12]. The rapid early activation of
STAT3 has been observed in HSCs and fibroblasts but
not in normal hepatocytes [9], indicating that STAT3 might
be a therapeutic target for liver fibrosis.

Angiogenesis, the sprout of new vessels from pre-
existing ones, increases significantly in many chronic liver
diseases including liver fibrosis [13]. Both angiogenesis and
fibrogenesis are crucial components in the evaluation of
liver disease progression, and the association between them
is important for search of therapeutic targets. HSCs promote
angiogenesis in liver fibrosis through upregulating the
expression of pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and VEGF receptors
(VEGFR) [14]. And inhibition of neovascularization by
disrupting VEGF signaling may attenuate the progression
of liver fibrosis in CCl4-induced mouse model [14]. VEGF
is well known as a STAT3 target, indicating the key
role of STAT3 in promoting angiogenesis [15]. Therefore,
inhibiting STAT3 may attenuate angiogenesis and further-
more fibrogenesis, one more support of STAT3 as a
potential therapeutic target for liver fibrosis.

S3I-201 (NSC 74859) is an inhibitor of STAT3 activity
[16], which blocks the phosphorylation and dimerization
of STAT3 and thereafter STAT3-activated transcription. As
STAT3 plays important roles in both angiogenesis and
fibrogenesis, blocking the activation of STAT3 might be an
attractive therapeutic strategy in liver fibrosis treatment.
In this study, we explored whether S3I-201 exerts any
effect on the activation of HSCs in response to TGFβ1 and
VEGF, and also the effects on anti-fibrogenesis and anti-
angiogenesis in experimental fibrosis models.

Materials and methods

Drugs

S3-201 and Sorafenib (Selleck chemicals, USA) were
dissolved in DMSO. For in vitro assays, the concentration
of DMSO was below 0.01% (v/v). For in vivo studies,
S3I-201 was further diluted with saline solution and the
concentration of DMSO was below 0.001%.

Cell culture

Primary human HSCs were obtained from Science Research
Laboratories (Carlsbad, CA, USA) and cultured in DMEM

with 10% FBS. Experimental manipulations were per-
formed with cells at passage 4–5. Immortalized human
HSC cell line (LX-2) was cultured according to previous
report [17].

Experimental fibrosis model by CCl4 administration

Male Balb/c mice, aged 6 weeks, were purchased from
Charles River Laboratories (Beijing, China). The research
protocol was approved by the Institutional Animal Care and
Use Committee at the Southern University of Science
and Technology. All fibrotic experimental groups received
2 ml/kg of CCl4 dissolved in 150 μl olive oil twice a week.
Liver fibrosis was induced by CCl4 administration for
2 weeks, whereas mice that received olive oil injection only
for 2 weeks served as sham controls. The treatment group
was administered CCl4 for 2 weeks and then administered
S3I-201 5 mg/kg every other day, together with CCl4
injection for another 2 weeks. Mice injected with CCl4 for
4 weeks were included for monitoring the development of
liver fibrosis. Liver tissues and blood were collected for
subsequent experiments.

Histological and immunohistochemical studies

Liver samples were formalin-fixed, paraffin-embedded,
sectioned at 4 μm, and processed routinely for Sirius-red
staining [17]. Immunohistochemical staining of α-SMA was
performed as previously described [18]. The area of positive
staining was quantified using a computer-aided image
analysis system NIS Elements Advanced Research (Nikon,
Tokyo, Japan). For detection of angiogenesis in vivo, liver
samples were immunostained with anti-CD31 monoclonal
antibody (MXB Biotechnologies, China) according to
previous description [18].

Serum chemisty

Total bilirubin (TBil), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and serum albumin (ALB)
were measured using standard laboratory assays.

Wound-healing assay

For measurement of cell migration during wound healing,
primary human HSCs were seeded in 6-well plates and
grown to confluence in a growth medium containing 10%
FBS. Confluent HSC were deprived of serum for 24 h, and
then disrupted to generate a linear wound, followed by
incubation in a medium with or without S3I-201 for 24 h.
HSC were subsequently fixed and observed under phase
contrast microscopy. Experiments were carried out in
duplicate, and five fields of well were recorded.
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Cell proliferation assay

Cells were seeded into 96-well plate and cultured
overnight, treated with drugs at the indicated concentrations.
Cell proliferation was measured at 48 h after treatment
using 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yohenyl)-2-(4-sulfophenyl-2H-tetrazolium) (MTS) assay
(Promega Co., Madison, WI). The result was analyzed
by Graphpad Prism 5.

The Chou-Talalay median effect analysis [19] was
used to evaluate the potential synergistic growth inhibitory
effects of S3I-201 and sorafenib. LX-2 cells were
treated for 48 h with combinations of S3I-201 and sorafenib
at indicated ratio. MTS assay was used to measure the
cell proliferation. The combination index (CI) was
calculated using the CompuSyn software (ComboSyn, Inc.).
The CI values of <1, =1, and >1 indicated synergism,
additive effects, and antagonistic effects, respectively.

Effect of S3I-201 on H-HSC actin cytoskeleton

H-HSC were treated with incremental concentrations
of S3I-201 for 24 h. Cells were then fixed with 4%
paraformaldehyde for 5 min at room temperature, and
then permeabilized with 0.1% triton X-100 for another
5 min. After washing, cells were stained with 50 μg/ml
fluorescent phalloidin conjugate (Sigma, St Louis,
MO, USA) at room temperature for 40 min, then washed
4–5 times with PBS, and covered with ProLong Gold
Antifade Reagent with DAPI (Cell Signaling Technology,
Danvers, MA, USA). Actin cytoskeleton was observed
using Leica TCS SP8 confocal microsystems (Wetzlar,
Germany).

Detection of apoptosis by flow cytometry

LX-2 cells seeded in 6-well plates were treated with dif-
ferent concentrations of S3I-201 for 24 h. Cells were then
harvested and stained with Annexin V-FITC Apoptosis
Detection Kit (BD Pharmingen, San Diego, CA) according
to the manufacture’s protocol. Cells were analyzed by
flow cytometry.

Detection of cell cycle by flow cytometry

LX-2 cells were plated out into 6-well plate and exposed to
incremental concentrations of S3I-201 for 24 h. Cells were
fixed with 70% iced ethanol, followed by PI/RNase Stain-
ing Buffer Solution (BD Pharmingen, San Diego, CA).
Cells were analyzed by flow cytometry (Beckman). The
percentage of cell phases were assessed by ModFit LT
software (Verity Software House, Topsham, ME).

Effect of S3I-201 on VEGF secretion in LX-2 cells

LX-2 cells were seeded into 6 -well plates and treated with
different concentrations of S3I-201 for 24 h. Cell culture
supernatants were collected and centrifuged, and the
protein levels of VEGF were measured by Human VEGF
Quantikine ELISA Kit (R&D System, Minneapolis, MN)
according to manufacturer’s protocol. For analysis of
VEGF induced by TGFβ1, LX-2 cells were starved
overnight and then stimulated with different concentration
of TGFβ1 for 6 h, and cell culture supernatants were
collected and analyzed by Human VEGF Quantikine
ELISA Kit.

Confocal immunofluorescence microscopy

Cells were seeded into confocal dish, then treated with
S3I-201 for 24 h. Cells were fixed with 4% paraf-
ormaldehyde for 10 min, washed three times in PBS,
permeabilized with iced-methanol for 10 min at −20 °C,
and further washed three times with PBS. Cells were then
blocked in 1% bovine serum albumin (BSA) for 30 min
and incubated with phosphor-STAT3 or/and α-SMA
antibody at 4 °C overnight. Subsequently, cells were
rinsed three times in PBS, incubated with Alexa fluor 488
rabbit and Alexa fluor 594 mouse for 1 h at room tem-
perature in the dark, then washed three times with PBS,
and covered with ProLong Gold Antifade Reagent with
DAPI (Cell Signaling Technology, Danvers, MA, USA).
Expression of α-SMA and phosphor-STAT3 was
observed using Leica TCS SP8 confocal microsystems
(Wetzlar, Germany).

Western blots

Whole cell lysates were prepared using lysis buffer
(Cell signaling Technology, Danvers, MA, USA) and
the expression levels of α-SMA, collagen I, TIMP1,
cyclin A, cyclin D1, p21, Bcl-2, Bcl-xL, cleaved cas-
pase 3, VEGF, VEGFR1, VEGFR2, TGFβRI, TGFβRII,
phosphor-STAT3, phosphor-Smad2, phosphor-Smad3,
phosphor-Akt, and phospho-ERK were examined. For
liver samples, tissues were homogenized and lysed
using lysis buffer. Equal amounts of solubilized
proteins were separated by SDS–PAGE and transferred
to membrane. After blocking, membranes were immuno-
blotted with antibodies overnight at 4 °C, followed
by detection using HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology) at room temperature for
1 h. The immunoreactive proteins were visualized by
Western ECL Blotting Substrates (Bio-Rad, Hercules,
California).
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Statistical analysis

Data shown were triplicate of experiments and expressed
as mean ± SEM. One-way ANOVA or two-tailed student’s
t-test was used where appropriate. A p-value < 0.05 was
considered statistically significant.

Results

S3I-201 reduced the level of p-STAT3 and the
translocation of p-STAT3 in LX-2 cells

We first examined the expression of phosphor-STAT3
(p-STAT3) in primary human HSC and mouse liver speci-
mens. Double staining of α-SMA and p-STAT3 showed
high expression of p-STAT3 in primary human HSC
(Fig. 1a). IHC staining of liver specimens from the fibrotic
mouse model revealed higher p-STAT3 expression in HSC
in fibrotic areas than that in hepatocytes in adjacent non-
fibrotic areas (Fig. 1b). S3I-201 blocks the phosphorylation
and dimerization of STAT3 and thereafter the translocation
from cytosol to nucleus. To confirm the inhibitory effect of
S3I-201 on STAT3, we determined the phosphorylation
level of STAT3 and translocation of p-STAT3 using human
fibrotic cell line LX-2. As shown in Fig. 1, S3I-201 treat-
ment greatly decreased the formation of p-STAT3 (Fig. 1c)
and blocked the translocation (Fig. 1d).

S3I-201 inhibited the activation of primary human
HSC in culture

To evaluate the effect of S3I-201 on human HSC (H-HSC)
activation, H-HSC were incubated with S3I-201 for 48 h and
typical activation characterization was performed and recor-
ded. As shown in Fig. 2, the proliferation of H-HSC was
inhibited by S3I-201 in a dose-dependent manner (Fig. 2a)
and the synthesis of α-SMA, collagen I and TIMP-1 were all
significantly reduced after S3I-201 treatment (Fig. 2b). S3I-
201 also altered the cell shape and disrupted the well-
organized F-actin bundles in activated HSC (Fig. 2c), as well
as inhibited the migration activity of H-HSC (Fig. 2d).

S3I-201 attenuated liver fibrosis in vivo

To further evaluate the antifibrotic efficacy of S3I-201
in vivo, the CCl4-induced fibrosis mouse model was treated
with S3I-201. Fibrosis was observed in all experimental
mice after 2 weeks of CCl4 injections and became severe
after 4 weeks (Fig. 3a). S3I-201 treatment reduced the
extent of liver fibrosis significantly (Fig. 3a), as shown by
Sirius red staining of collagen I (Fig. 3b). The antifibrotic
effect of S3I-201 in CCl4-treated mice was further

confirmed at the molecular level where the expression levels
of in situ α-SMA (Fig. 3c), collagen I and TIMP-1(Fig. 3d)
were remarkably suppressed in the S3I-201-treated group
compared to the untreated group. The levels of serum
fibrosis markers, TBil, AST, ALT, and ALB, were halted or
even reduced after S3I-201 treatment (Fig. 3e), indicating a
clear anti-inflammatory activity, a beneficial effect for the
treatment of hepatic injury and fibrosis.

S3I-201 induced S phase arrest and apoptosis
in LX-2 cells

To understand why S3I-201inhibits the proliferation of
HSCs (Fig. 2a), we examined the effect of S3I-201 on the
cell cycle by flow cytometry analysis using LX-2 cells. S3I-
201 treatment significantly increased the number of cells in
S phase (Fig. 4a, b). The molecular basis of S phase arrest
induced by S3I-201 was revealed by the increased expres-
sion of cyclin dependent kinase inhibitor p21 and decreased
expression of cyclin D1 and cyclin A, which regulates the
S phase to G2 phase transition (Fig. 4c).

In addition to inducing cell cycle arrest, S3I-201 also
significantly increased the level of apoptosis in LX-2
cells as evaluated by Annexin V-FITC and PI staining
(Fig. 4d, e). To evaluate the pro-apoptotic signaling path-
way activated following S3I-201 incubation, lysates of
LX-2 cells after treatment by S3I-201 for 24 h were ana-
lyzed by Western blot. As shown in Fig. 4f, S3I-201 pre-
treatment reduced Bcl-xL and Bcl-2 protein levels and
increased the cleavage of caspase 3.

S3I-201 downregulated the endogenous expression
of TGFβ1 and TGFβRII in LX-2 cells

TGFβ1 is a pivotal cytokine in profibrogenesis. The effects
of S3I-201 on TGFβ1 expression and TGFβ1 regulated
signaling were also assessed. As shown in Fig. 5a, the
secretion of TGFβ1 by LX-2 was downregulated by S3I-201
in a dose-dependent manner. Additionally, the expression of
TGFβRII but not TGFβRI was also downregulated upon
S3I-201 treatment (Fig. 5b). TGFβ1 significantly upregu-
lated the phosphorylation of Smad2 and Smad3, and to a less
extent, ERK and Akt in LX-2 cells, and S3I-201 treatment
reversed the upregulation stimulated by TGFβ1 (Fig. 5c).

S3I-201 inhibited angiogenesis both in vitro and
in vivo

The effect of S3I-201 on angiogenesis was evaluated in both
acell line and the CCl4-induced fibrotic mouse model. As
shown in Fig. 6a, the secretion of VEGF, the most potent
angiogenesis modulating factor, was suppressed in a dose-
dependent manner upon S3I-201 treatment on LX-2 cells. The
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protein levels of VEGFR1 and VEGFR2 were also down-
regulated by S3I-201 treatment (Fig. 6b). VEGF induced the
phosphorylation of Akt and p38 while S3I-201 treatment
inhibited this upregulation (Fig. 6c). To further evaluate the
effect of S3I-201 in neo-vascularization, the expression level
of CD31, an endothelial marker of angiogenesis, was stained

and measured in fibrotic septa (Fig. 6d). CD31 levels
increased with CCl4 treatment, whereas S3I-201 significantly
decreased the percentage of CD31-positive cells. Similar to
the LX-2 cell line, the expression levels of VEGFR1 and
VEGFR2 in fibrotic tissue of CCl4-induced mouse model
were also downregulated (Fig. 6e).

Fig. 1 S3I-201 inhibited the activation and translocation of STAT3 in
LX-2 cells. a α-SMA and p-STAT3 were stained by double immu-
nofluorescence staining in primary human HSC. b IHC was applied to
check p-STAT3 on mouse fibrotic liver specimen. c Western blot
analysis was used to examine the expression of p-STAT3 in LX-2

cells. Cells were treated with S3I-201 for 24 h and whole lysate was
analyzed for the protein expression. d Translocation of p-STAT3 upon
S3I-201 treatment. Cells were treated with the inhibitor for 24 h and
the location of p-STAT3 was stained and determined by confocal
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S3I-201 reduced VEGF expression induced
by exogenous TGFβ1

Because of the important roles of TGFβ1 in profibrogenesis
and VEGF in angiogenesis, we also tested the effect of
exogenous TGFβ1 on the expression of VEGF in LX-2
cells. We noticed that not only the total expression of VEGF
but also the secretion of VEGF increased in a dose-
dependent manner upon TGFβ1 treatment (Fig. 7a), and the
increases for both total and secreted VEGF were down-
regulated by S3I-201 treatment (Fig. 7b). Combined with
our previous finding that S3I-201 inhibited the endogenous
expression of VEGF and TGFβ1, we conclude that S3I-201
inhibits both the fibrogenesis induced by TGFβ1 and
angiogenesis by VEGF as well as the cross-talk between
TGFβ1 and VEGF.

Synergistic interaction between S3I-201
and sorafenib in LX-2 cells

Sorafenib is a multikinase inhibitor approved by United
States Food and Drug Administration for treatment of

advanced liver cancer. To examine whether sorafenib can
enhance the antifibrotic and anti-angiogenetic effects of
S3I-201 on LX-2 cells, the dose-effect curves were mea-
sured for individual compounds and also the combination of
these two compounds. To determine whether the combined
treatment had a synergistic impact on cell proliferation, cells
were exposed to the combined drug treatment in sequential
dosages with a fix ratio (sorafenib: S3I-201= 1: 5) for 48 h
and the combination index values for each dose were cal-
culated. As shown in the combination index plot, at most
combination doses, the combination index values were
considerably less than 1.0, indicating a synergistic interac-
tion (Fig. 8a). The combination treatment greatly decreased
the expression levels of collagen I, α-SMA and TIMP-1
compared with S3I-201 or sorafenib monotherapy (Fig. 8b),
indicating that cotreatment enhanced the antifibrotic effect
on LX-2 cells. Similarly, the combination treatment dra-
matically reduced the expression of angiogenic molecules
(VEGF, VEGFR1 and VEGFR2) and antiapoptotic mole-
cules (Bcl-2 and Bcl-xL). Moreover, combination treatment
also suppressed the expression of TGFβRII significantly
(Fig. 8b).

Fig. 2 S3I-201 inhibited the activation of primary human HSC.
a Proliferation inhibition of H-HSC by S3I-201. H-HSC was cultured
in the presence of different doses of S3I-201 for 48 h, and the
proliferation rate was measured by MTS assay. Data are expressed
as mean ± SEM. b S3I-201 downregulated the expression of pro-
fibrotic ECM factors. H-HSC was treated with different concentrations
of S3I-201 for 24 h. Western blot analysis revealed that the expression
of α-SMA, collagen I and TIMP1 was significantly reduced by
S3I-201. c S3I-201 inhibited cytoskeleton re-arrangement in H-HSC.

Fluorescent conjugates of phalloidin were used to label actin
filaments. Transformation of cell shape and disruption of actin fibers
were observed by fluorescence microscope after 24 h in the presence
of S3I-201. d S3I-201 inhibited the migration of H-HSC. H-HSC
was cultured to confluence, disrupted to generate a linear wound
and then incubated with/without S3I-201 for 20 h. And would healing
was photographed. Experiments were carried out in duplicate, and five
fields of well were recorded
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Discussion

Initially developed as an anti-cancer drug, S3I-201 is more
potent in liver fibrosis than in hepatocellular carcinoma
[20], with an IC50 of 100 μM in HCC while 40 μM in H-
HSC (Fig. 2a). S3I-201 selectively inhibits the phosphor-
ylation and dimerization of STAT3 [16], and thereafter the
transcription of target genes controlled by STAT3. Our
study confirmed that S3I-201 inhibited the production of
p-STAT3 and suppressed the translocation of p-STAT3

from cytosol to nucleus but had no effect on the expression
of total STAT3 (Fig. 1c).

Inhibition of HSC activation is crucial in antifibrotic
therapies because activated HSCs are the major source of
ECM proteins for liver fibrosis. STAT3 is suggested to play
a protective role in attenuating liver fibrosis due to its
hepatoprotective and proliferative functions in hepatocytes
[21–25] while a counteractive role in HSCs where inhibi-
tion of the STAT3 pathway induces apoptosis of HSC [26].
Therefore, the antifibrotic potential of S3I-201 was first

Fig. 3 S3I-201 inhibited the fibrosis in vivo. a CCl4-induced liver
fibrosis model. Liver fibrosis was apparent by 2 weeks of CCl4
induction and was more severe after 4 weeks whereas S3I-201 sig-
nificantly suppressed the progression of liver fibrosis. b S3I-201 sig-
nificantly attenuated the collagen expression. Sirius red staining was
used to reveal collagen deposition in liver. Collagen was evident after
2 weeks of CCl4 induction and was even more severe after 4 weeks.
S3I-201 treatment greatly reduced collagen deposition. c Hepatic

immunohistochemical staining with α-SMA. Lots of α-SMA-positive
HSCs can be seen in livers of CCl4-induced mice, whereas significant
reduction of α-SMA-positive cells is observed in livers of S3I-201-
treatd mice. d Expression of collagen I and TIMP-1 in liver. Liver
tissue lysate was analyzed for the expression of collagen I and TIMP1
by Western blotting. Representative results of three experiments were
shown. e Levels of serum fibrosis markers, TBil, AST, ALT, and
ALB, were examined using standard laboratory assays

1606 Z. Wang et al.



Fig. 4 S3I-201 induced cell cycle arrest and apoptosis in LX-2 cells. a,
b Flow-cytometry analysis of LX-2 cells treated by S3I-201. LX-2
cells were incubated with S3I-201 for 24 h and flow cytometry ana-
lysis revealed that 25 μM and 50 μM of S3I-201 led to accumulation of
cells in the S phase. c The effect of S3I-201 on the expression of
cyclin A, cyclin D1 and p21 in LX-2. Cells were treated with S3I-201
for 24 h, and cell lysates were analyzed for the expression of cyclin A,
cyclin D1 and P21 by Western blotting. Representative result of three
experiments were shown. d, e Flow cytometry analysis of S3I-201

treated LX-2 cells. LX-2 cells were treated with S3I-201 for 24 h, and
then harvested and double-stained with Annexin V-FITC and PI.
Apoptosis was quantified as Annexin V positive and PI negative. Data
were expressed as mean ± SEM, *p < 0.05. f Protein expression levels
of cleaved caspase 3, Bcl-2 and Bcl-xL were analyzed by Western
blotting. S3I-201 upregulated cleaved caspase 3 and downregulated
Bcl-2 and Bcl-xL. Representative result of three experiments was
shown
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evaluated in vitro on primary HSC. S3I-201 inhibited the
activation of H-HSC by suppressing its proliferation,
migration, stress fiber formation, as well as the expression
of fibrosis-promoting factors α-SMA, collagen and TIMP1
(Fig. 2). Furthermore, the antifibrotic effect of S3I-201 was
also observed in vivo in CCl4-induced fibrotic mouse

model, which is evidenced by the downregulation of col-
lagen deposition, α-SMA and TIMP-1 expression (Fig. 3).

S3I-201 treatment not only significantly suppressed the
activation but also inhibited the proliferation of HSC
(Fig. 2a). The antiproliferative effect of S3I-201 on HSC
shows to be mediated by multiple mechanisms. On one

Fig. 5 S3I-201 inhibited the secretion of TGFβ1 and expression of
TGFβRII, as well as TGFβ1-induced phosphor-Smad2, -Smad3, -Akt
and -ERK. a Secretory expression of TGFβ1 in LX-2 upon S3I-201
treatment. LX-2 were cultured in different doses of S3I-201 for 24 h.
The culture supernatants were collected and analyzed for TGFβ1 level
using ELISA kit. Data were expressed as mean ± SEM., *p < 0.05.
b S3I-201 suppressed the expression of TGFβRII but not TGFβRI.
LX-2 cells were treated with S3I-201 for 24 h, and the whole lysates

were collected and analyzed by Western blotting. c S3I-201 inhibited
TGFβ1-induced phosphorylation of Smad2, Smad3, Akt and ERK.
S3I-201 was added to LX-2 cells for 6 h prior to TGFβ1 (2 ng/ml)
stimulation for 20 min. The expression levels of p-STAT3, p-Smad2,
p-Smad3, p-ERK and p-Akt were analyzed by Western blotting. d LX-
2 cells were starved overnight and treated with TGFβ(2 ng/ml) at
different times, and the expression of p-STAT3 and p-Smad3 was
examined by Western blotting
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side, S3I-201 induced growth arrest of HSC with more cells
in the S phase. This effect was associated with an increase
in the expression of p21 and decrease in cyclin A and cyclin
D1 (Fig. 4). On the other side, S3I-201 induced apoptosis of

HSCs (Fig. 4), which is an important mechanism for liver
fibrosis resolution by reducing the number of activated
HSCs. S3I-201 treatment increased the cleavage of cas-
pase3, a central caspase in the apoptotic cascade [27], and

Fig. 6 S3I-201 inhibited the angiogenesis both in vitro and in vivo.
a S3I-201 treatment inhibited the secretory expression of VEGF in
LX-2. LX-2 cells were cultured in different doses of S3I-201 for 24 h.
The culture supernatants were collected and analyzed for VEGF level
using ELISA kit. Data were expressed as mean ± SEM., *p < 0.05. b
S3I-201 suppressed the expression of VEGFR1 and VEGFR2. LX-2
cells were treated with S3I-201 for 24 h, and the whole lysates were
collected and analyzed for the expression levels of VEGFR1 and
VEGFRII by Western blotting. c S3I-201 inhibited VEGF-induced Akt

and p38 MAPK phosphorylation. S3I-201 was added to LX-2 for 6 h
prior to VEGF (10 ng/ml) stimulation for 20 min. The expression of p-
Akt and p-p38 was analyzed by Western blotting. d Immunohisto-
chemical staining of CD31 in liver section treated with or without S3I-
201. Abundant microvessels stained positively with CD31 were
observed in fibrotic septa (brown color, original magnification ×200).
e S3I-201 treatment significantly decreased VEGFR1 and VEGFR2
expression in liver tissue as analyzed by Western blotting. Data were
representative of three experiments
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decreased the expression of Bcl-2 and Bcl-xL, the over-
expression of which contributes to the development of
fibrosis by enhancing the resistance to apoptosis in
activated HSCs [28].

In response to liver injury, activated HSC secretes TGFβ,
which triggers an autocrine positive feedback loop inducing
fibrogenesis via SMAD2/SMAD3. The function of TGFβ1
is cell-type-dependent, and might even be opposing at dif-
ferent liver disease stages [29]. TGFβ1 plays a critical role
in controlling liver mass via regulating the cytostasis and
apoptosis of hepatocytes in liver development and regen-
eration. Therefore, loss of TGFβ1 activation could lead
to hyperproliferative disorders and cancer. Whereas, high
level of TGFβ1, as a consequence of liver injury, activates
HSCs, promotes myofibroblast transdifferentiation, stimu-
lates production of extracellular matrix and thus is a pivotal
profibrogenic cytokine [9]. Furthermore, TGFβ1 is reported
to be a new target in the list of STAT3-regulated genes
involved in fibrogenesis [11]. Our study demonstrated that
STAT3 inhibitor S3I-201 could reduce the expression of

TGFβ1 (Fig. 5a), consolidating TGFβ1 as a STAT3 target
gene. Additionally, S3I-201 inhibited the expression of
TGFβRII significantly but not TGFβRI (Fig. 5b), implicat-
ing that STAT3 inhibition could attenuate TGFβ-induced
canonical pathway in HSC (Fig. 5c). In addition, Akt and
Erk involved non-canonical TGFβ1 signaling pathway that
mediated the survival, proliferation, apoptosis resistance
and collagen production of HSCs [30, 31], was also
inhibited by S3I-201 (Fig. 5c). In one word, through inhi-
bition of STAT3, S3I-201 downregulated the expression
levels of TGFβ1 and TGFβRII and thereafter both canonical
and non-canonical pathways mediated by TGFβ1, resulting
attenuation of HSC activation.

The signaling of TGFβ family is mediated by TGFβRII,
which recruits TGFβRI and then phosphorylates receptor-
activated Smad. As the best-characterized TGFβ-response
intracellular effectors, Smad signaling from cell surface to
nucleus has been well-established [32]. However, the cross-
talk between STAT3 and TGFβ1/Smad signaling in HSC
and fibrogenesis has not been elucidated clearly. To date,

Fig. 7 S3I-201 attenuated TGFβ-induced upregulation of VEGF
in vitro. (A1) and (A2) TGFβ upregulated the expression of VEGF in
LX-2 cells. LX-2 cells were starved overnight and exposed to different
doses of TGFβ1 for 6 h. The medium supernatant was collected and
analyzed by ELISA assay (A1), and the cell lysates were analyzed by

Western blotting (A2). (B1) and (B2) S3I-201 inhibited the expression
of VEGF induced by TGFβ. S3I-201 was added to LX-2 for 6 h prior
to TGFβ1 (2 ng/ml) stimulation for 6 h. The supernatant (B1) and cell
lysate (B2) were collected and analyzed by ELISA and western blot,
respectively
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there are several reports, albeit conflicting, demonstrating
crosstalk between TGFβ1 and STAT3 signaling pathways.
Tang et al. reported a cooperative role of STAT3 with
TGFβ1/Smad3 [9]. Wang et al illustrated a physical direct
interaction of STAT3 with Smad3 attenuated TGFβ1-
induced response [33]. In this study, we observed that
TGFβ1 did induce the phosphorylation of Smad2 and
Smad3 obviously while STAT3 inhibition could reduce this
effect dramatically, implicating that STAT3 might coop-
erate Smad2/3 activation in early phase (20 min) of
TGFβ1 stimulation. We also determined the levels of
p-STAT3 and p-Smad3 stimulated by TGFβ1 over the time
course of several hours. Interestingly, the data showed that
p-STAT3 increased in a time-dependent manner. Whereas,
two phases of p-Smad3 responses were observed with an
initial activation peaking at 40 min (Fig. 5d). The coop-
eration between STAT3 and Smad3 sustained 40 min upon

TGFβ1 stimulation and p-Smad3 decreased later, which
might be due to association of Smad3 with Smad4 and
nucleus translocation, and more detailed mechanism needs
to be investigated further.

Angiogenesis is believed to promote fibrosis, largely due
to the observation that the changes of hepatic sinusoidal
endothelial cells and neovascularization occur simulta-
neously during the development of liver fibrosis [34]. HSCs
exert a pro-angiogenic role in fibrosis through promoting
the expression VEGF and VEGFR [14]. Overexpressed
VEGF also accelerates intestinal inflammation [35] and
promote liver fibrosis through regulating monocyte infil-
tration [36] and HSC activation [37]. VEGF binds two
tyrosine kinase receptors VEGFR1 and VEGFR2 with
VEGFR2 as the major mediator and VEGFR1 as a decoy,
which regulates angiogenesis and microvascular perme-
ability. [38]. Our results showed that S3I-201 inhibited not

Fig. 8 Synergistic effect of S3I-201 and sorafenib in LX-2 cells.
a Dose-effect and combination index of sorafenib and S3I-201. Cells
were treated with sequential concentration of drugs for 48 h and the
IC50 values were calculated. To determine whether the combined
treatment had a synergistic effect on cell proliferation, the combination
index values of each dose were calculated by the CompuSyn software.
Cells were exposed to the combined drug treatment in sequential
dosages with a fix ratio (sorafenib: S3I-201= 1: 5) for 48 h. The

proliferation rate was assessed by MTS assay. b Combination treat-
ment significantly decreased the expression of pro-fibrotic ECM
factors collagen I, α-SMA and TIMP-1, anti-apoptotic factors Bcl-2
and Bcl-xL, angiogenetic factors VEGF, VEGFRI and VEGFRII, and
pro-fibrotic factor TGFβRI and TGFβRII compared with S3I-201 or
sorafenib treatment. LX-2 cells were treated with sorafenib, S3I-201,
and sorafenib+ S3I-201 for 24 h, the protein expression levels were
analyzed by Western blotting
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only the expression of VEGFR1 and VEGFR2 but also the
secretion of VEGF by LX-2 cells (Fig. 6a, b), indicating that
S3I-201 may disrupt VEGF autocrine signaling. VEGF
induced both the proliferation and procollagen synthesis in
activated HSC [14] possibly through p-Akt, an important
intracellular mediator which stimulates HSC proliferation,
promotes resistance to apoptosis and collagen deposition
[30, 31]. Furthermore, it is reported that VEGF-induced
VEGFR-dependent p38MAPK activation is required for
tubulogenesis in human endothelial cells [39] and that
p38MAPK activation associated with increased collagen
production in activated HSC [40]. Our data demonstrate that
S3I-201 inhibited VEGF-induced upregulation of p-Akt and
p38MAPK (Fig. 6c), and hence the angiogenesis of HSCs.
Furthermore, we evaluated the anti-angiogenesis effect of
S3I-201 in vivo using CCl4-induced liver fibrosis mouse
model. CD31, a neovascularization marker, was stained to
demonstrate the formation of microvessels. In fibrotic
livers, CD31 positive cells were observed while S3I-201
treatment significantly reduced the number of CD31-
positive cells (Fig. 6d). Moreover, similar to in vitro
assays, the expression levels of VEGFR1 and VEGFR2 also
decreased in S3I-201-treated fibrotic liver (Fig. 6e). Both
the in vitro and in vivo results show that S3I-201 treatment
could inhibit VEGF-induced angiogenesis in liver fibrosis.

Consistent with the result obtained in mouse HSCs [41],
our data confirm that TGFβ1 induced VEGF expression in
H-HSC in both total and secreted forms. STAT3 inhibition
decreases the expression levels of both TGFβ1 (Fig. 5a) and
VEGF (Fig. 6a), which was also observed in other studies
[42, 43]. In addition to the individual inhibitory effects
of S3I-201 on the expression of VEGF and TGFβ1, our
data revealed the inhibitory effect of S3I-201 on crosstalk
between TGFβ1 and VEGF, showing that S3I-201 inhibited
the elevated level of VEGF autocrine induced by TGFβ1
(Fig. 7).

Sorafenib is a multikinase inhibitor used for the treatment
of advanced HCC, which blocks the phosphorylation of
several kinases including Raf, VEGFR, and platelet-derived
growth factor receptor [44]. Recently, sorafenib is also
applied in liver fibrosis treatment [45]. However, sorafenib-
induced apoptosis was abolished in STAT3-overexpressing
HSC cells, indicating that STAT3 may be a key player
in sorafenib-induced apoptosis [46]. The level of hepatic
p-STAT3 decreased in early anti-fibrotic treatment by sor-
afenib but soon increased in response to dynamic regulation
of IL-6 signaling in Kupffer cells [22]. Therefore, combi-
national therapy by co-targeting receptor tyrosine kinases
and STAT3 pathway provides a promising strategy to
improve clinical prognosis.

To date, no effective therapy against STAT3 has been
approved despite the fact that abundant evidence support
STAT3 as a potential anti-cancer target. The lack of

efficacious therapeutics is largely due to its numerous
activators. However, S3I-201, as a direct inhibitor of
STAT3, overcomes this barrier. In this project, we explored
the effect of sorafenib and S3I-201 combination treatment
in liver fibrosis. Using the chou and Talalay method, we
evaluated the interaction between sorafenib and S3I-201
through combination treatment on LX-2 cells. Our data
clearly showed that sorafenib and S3I-201 inhibited liver
fibrosis highly synergistically in multiple mechanisms,
including downregulating the expression of pro-fibrotic
ECM factors collagen I, α-SMA and TIMP1, inducing
apoptosis, suppressing the expression of pro-angiogenetic
factors VEGF and VEGFR as well as decreasing the
expression of pro-fibrotic signal TGFβRII. The synergistic
interaction between sorafenib and S3I-201 would potentiate
the combination therapy in liver fibrosis and deserves fur-
ther characterization.

In conclusion, our in vitro and in vivo results demon-
strated that STAT3 inhibitor S3I-201 attenuated the devel-
opment of liver fibrosis markedly through multiple
mechanisms including induction of HSC apoptosis and
cell cycle arrest, inhibition of TGFβ signaling pathway, as
well as suppression of neo-angiogenesis. Therefore, our
study underscores the rationale for the further development
of STAT3 inhibitors alone or in combination with sorafenib
for patients with liver fibrosis.
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