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Abstract. Sorafenib has been approved for the treatment of
advanced stage hepatocellular carcinoma but has limited effi-
cacy. Ursodeoxycholic acid exerts cytoprotective activities in
hepatocytes and is believed to suppress tumorigenesis through
cell cycle arrest and induction of apoptosis. The present study
examined whether co-treatment with ursodeoxycholic acid
has a synergistic effect on the antitumor activity of sorafenib
in hepatocellular carcinoma cells. Notably, co-treatment
with both agents more effectively inhibited cell proliferation
than sorafenib or ursodeoxycholic acid alone. Furthermore,
co-treatment inhibited the phosphorylation of signal transducer
and activator of transcription 3 (STAT3) and activated extra-
cellular signal-regulated kinase (ERK), a mitogen-activated
protein kinase, accompanied by excessive intracellular reac-
tive oxygen species generation in hepatocellular carcinoma
cells. Thus, chemotherapy with sorafenib and ursodeoxycholic
combination may be efficacious in hepatocellular carcinoma
by inhibiting cell proliferation and inducing apoptosis through
reactive oxygen species-dependent activation of ERK and
dephosphorylation of STAT3. The present findings may
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represent a promising therapeutic strategy for patients with
advanced hepatocellular carcinoma.

Introduction

Hepatocellular carcinoma (HCC) is the most common
malignant neoplasm of the liver and the third leading cause
of cancer-related mortality worldwide (1). Although curative
treatments, such as liver transplantation and surgical resection,
are available to some patients with HCC, most patients are
often diagnosed at an advanced stage, which is not suitable for
curative treatment (2). The prognosis of patients with advanced
HCC remains poor, and the therapeutic options available to
these patients are limited (3).

Sorafenib, a multikinase inhibitor, is the first clinically
approved targeted chemotherapy for HCC (4,5). It suppresses
tumor cell proliferation by targeting Raf-1 proto-oncogene,
vascular endothelial growth factor receptor,and platelet-derived
growth factor receptor signaling pathways (6). In patients with
advanced HCC, sorafenib has proven beneficial to survival;
however, its main limitation is its low objective response
rates. Furthermore, sorafenib therapy is accompanied by
significant adverse effects including dermatological, digestive,
and cardiovascular toxicities (7). The adverse effects can be
managed by sorafenib dose reduction. Therefore, it is neces-
sary to investigate combination treatments with sorafenib to
enhance its anticancer effects and reduce its toxicity through
dose reduction. To overcome these unmet needs of sorafenib
therapy, co-treatment with other chemotherapeutic agents has
been previously evaluated (8-10).

Bile acids synthesized from cholesterol in the liver are
necessary for the digestion and absorption of lipids; however,
elevated hydrophobic bile acid concentrations are associated
with pathological activities and promote the development of
liver cirrhosis (11). Unlike hydrophobic bile acids, ursodeoxy-
cholic acid (UDCA), a hydrophilic acid, relieves cholestatic
liver disease by exerting cytoprotective activities in hepato-
cytes, and it has been suggested to suppress tumorigenesis
through cell cycle arrest and induction of apoptosis (12,13).
Although the antitumor role of UDCA in HCC has been
investigated, the specific molecular mechanisms are not yet
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fully understood. UDCA is often administered to patients with
HCC in clinical practice and has minimal side effects. In addi-
tion, the mechanism of the antitumor effect of UDCA differs
from that of sorafenib.

Pro-oxidant or reactive oxygen species (ROS) activity has
been demonstrated to contribute to cytotoxicity and subsequent
induction of apoptosis (14). Extracellular signal-regulated
kinase (ERK), part of the mitogen-activated protein
kinase (MAPK) superfamily, has been reported to promote
apoptosis in response to external stimuli, such as ROS (15).
In addition, signal transducer and activator of transcrip-
tion 3 (STAT3) is primarily activated by interleukin-6 (IL-6)
receptor-associated Janus kinases; however, several studies
have suggested that STATS3 is influenced by conditions such as
increased pro-oxidant levels that subsequently lead to decreased
tumor growth and metastasis (16,17). STAT3 regulates the tran-
scriptional activation of anti-apoptotic genes, such as cyclins
and cyclin-dependent kinases (CDKs) (18). To date, investiga-
tions of STAT3 function have focused on cancer therapy.

In the present study, it was hypothesized that co-treatment
with UDCA would enhance the antitumor efficacy of sorafenib
in HCC cells. Thus, the effect of sorafenib and UDCA
co-treatment and their underlying molecular mechanisms
were investigated in HCC cells.

Materials and methods

Cell culture and drug treatment. Huh-BAT and HepG2 human
HCC cells were purchased from the Korean Cell Line Bank
(Seoul, Korea). Cells were maintained in continuous culture in
Dulbecco's modified Eagle's medium (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.), penicillin
(100 U/ml), and streptomycin (100 mg/ml). For the experiments,
the cells were seeded in tissue culture dishes at 37°C in a 5% CO,
humidified incubator. They were cultured in fresh medium
containing 10% FBS for 24 h and then treated with different
concentrations of UDCA (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany), sorafenib (LC Laboratories, Woburn,
MA, USA), N-acetyl cysteine (NAC; Sigma-Aldrich) or U0126
(Cell Signaling Technology, Inc., Danvers, MA, USA). Cells
cultured in medium with 10% FBS, without any additional
treatments, were used as controls.

Cell viability assay. Cells were plated in 96-well plates at a
density of 5,000 cells/well and 1 day later they were incubated
with sorafenib and UDCA for 48 h. Then, the cells were
incubated with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Amresco Inc., Solon, OH,
USA) at 37°C for 3 h. Following removal of the MTT solution,
dimethyl sulfoxide was added to each well with mixing for
15 min, and then the absorbance was detected at 540 nm using
a plate reader.

Annexin Vipropidium iodide (PI) apoptosis assay. Annexin V/PI
staining was conducted to determine the % of apoptotic cells in
the total cell population. Following sorafenib and UDCA treat-
ment, cells were collected and resuspended in binding buffer
(BD Pharmingen; BD Biosciences, San Jose, CA, USA). The
cells were then incubated with 10 ug/ml PI and Annexin V
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(BD Biosciences), and the fluorescence intensity was determined
using a FACSCalibur flow cytometer and BD CellQuest™ Pro
software version 5.2.1 (BD Biosciences).

Immunofluorescence assay. Cells were grown on coverslips in
12-well culture plates and then exposed to UDCA and sorafenib
for 24 h, followed by IL-6 for 30 min. Following fixation with
4% paraformaldehyde for 20 min at room temperature, the cells
were permeabilized with 100% methanol at -20°C, blocked
with 10% normal goat serum (Vector Laboratories, Ltd.,
Peterborough, UK) for 1 h at room temperature (23.8+6.3°C),
incubated with phosphorylated (p)-STAT3 antibody (1:50; cat.
no. 4113; Cell Signaling Technology, Inc.) at 4°C overnight,
and then reacted with Alexa Fluor 488-conjugated secondary
antibody (1:50; cat. no. ab150113; Abcam, Cambridge, UK).
for 1 h at room temperature (23.8+6.3°C). The cell nuclei were
stained with 4',6-diamidino-2-phenylindole, and the cells were
observed using a confocal microscope.

Measurement of ROS production. ROS levels were measured
using a cellular ROS detection assay kit (Abcam). For fluo-
rescence microscopy, cells were seeded in 12-well plates,
exposed to UDCA or sorafenib for 24 h, and then labeled with
an oxidative stress detection reagent (green color) for 2 h,
according to the manufacturer's instructions. The fluorescence
intensity was then measured using a confocal microscope
with Leica Application Suite X (Leica Microsystems GmbH,
Wetzlar, Germany). To quantify ROS levels, cells were seeded
onto 96-well black plates and then stained with ROS red dye
working solution for 1 h at 37°C in a 5% CO, humidified incu-
bator. Cells were treated with UDCA or sorafenib for 30 min
and were then analyzed using a fluorescent microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

Western blot analysis. Huh-BAT and HepG2 cells were lysed
in radioimmunoprecipitation assay buffer (Cell Signaling
Technology, Inc.). The protein concentration was determined
using BCA assay (Thermo Fisher Scientific, Inc.). The protein
samples (25 pug) were separated using 8-12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA). After blocking with 5% skim milk in
Tris-buffered saline/0.1% Tween-20 (TBST) for 1 h, the
membrane was incubated overnight at 4°C with 1:1,000 dilu-
tions of primary antibodies against the following proteins:
B-actin (cat. no. sc-47778; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), STAT3, p-STAT3 (Tyr705; cat. no. 4113),
ERK (cat. no. 4695s), p-ERK (cat. no. 4377), caspase-9 (cat.
no. 9580), cleaved caspase-9 (cat. no. 7237), caspase-3 (cat.
no. 9665), and cleaved caspase-3 (cat. no. 9664) (all from
Cell Signaling Technology, Inc.). Then, the membranes were
incubated with 1:2,500 dilutions of either goat anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary anti-
body (cat. no. sc-2357; Santa Cruz Biotechnology, Inc.) or
goat anti-mouse HRP-conjugated secondary antibody (cat.
no. 31430; Thermo Fisher Scientific, Inc.) in TBST for 1 h at
room temperature. The blots were developed using enhanced
chemiluminescence detection reagents (Promega Corporation,
Madison WI, USA). All bands were quantified via densitom-
etry using ImageJ software version 1.51 (National Institutes of
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Figure 1. Sorafenib and UDCA inhibit hepatocellular carcinoma cell viability. (A) Huh-BAT and (B) HepG2 cells were treated for 48 h with different
concentrations of sorafenib (1, 3, 5 and 10 pM), UDCA (250, 500, 750 and 1,000 M), or co-treated with 5 uM sorafenib and 750 uM UDCA. Cell viability
was measured using the MTT assay. “P<0.01, compared with control; “P<0.05 and ""P<0.01 compared with sorafenib alone. UDCA, ursodeoxycholic acid.

Health, Bethesda, MD, USA). All western blot analyses were
performed in triplicate.

Statistical analysis. All experiments were conducted in three
independent repeats. Statistical analyses were performed using
SPSS for Windows version 22.0 (IBM Corporation, Armonk,
NY, USA), and one-way analysis of variance followed by
Tukey's honest significant difference test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Sorafenib and UDCA inhibit HCC cell viability. The cytotox-
icity of co-treatment with sorafenib and UDCA was evaluated
in Huh-BAT and HepG2 cells. HCC cells were treated with
0-10 uM sorafenib alone, 0-1,000 M UDCA alone, or 5 uM
sorafenib plus 750 yuM UDCA for 48 h (Fig. 1). Treatment
with sorafenib or UDCA reduced the viability of Huh-BAT
and HepG2 cells in a concentration-dependent manner, while
co-treatment with both exhibited a significantly greater cyto-
toxicity compared with sorafenib alone.

Sorafenib and UDCA induce caspase-dependent apoptosis in
HCC cells. Next, the present study evaluated whether co-treat-
ment affected apoptosis of Huh-BAT and HepG2 cells. As
illustrated in Fig. 2A, microscopy image analysis of the treated
cells revealed that sorafenib, UDCA, and their co-treatment

markedly altered cell morphology. These observations were
confirmed by Annexin V/PI staining of cells treated with the
indicated drugs (Fig. 2B and C). The ratio of apoptotic cells in
the untreated control Huh-BAT group was 3%, and this value
increased to 15 and 9% following treatment with UDCA and
sorafenib, respectively (Fig. 2C). Following co-treatment with
sorafenib and UDCA, the % of apoptotic cells increased to
18% (Fig. 2C). For HepG2 cells, the ratio of apoptotic cells in
the untreated control group was 6%, which increased to 9%
following treatment with either UDCA or sorafenib (Fig. 2C).
Apoptosis increased significantly to 26% following co-treat-
ment with both agents (Fig. 2C). These findings demonstrate
that cell apoptosis was induced by sorafenib treatment, and
this effect was enhanced when Huh-BAT and HepG2 cells
were co-treated with sorafenib and UDCA.

To investigate the underlying mechanisms of the apoptosis
effect, caspase-3 and caspase-9 expression was evaluated by
western blotting. As illustrated in Fig. 2D, the results demon-
strated that the expression levels of both the proteins and their
cleaved forms were markedly increased in Huh-BAT and
HepG2 cells co-treated with sorafenib and UDCA, compared
with the cells incubated with sorafenib alone. These findings
indicate that co-treatment induced Huh-BAT and HepG2 cell
death via caspase-dependent apoptosis.

Sorafeniband UDCA suppress activation of STAT3 ina time-and
concentration-dependent manner. Next, the effects of sorafenib
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Figure 2. Sorafenib and UDCA induce caspase-dependent apoptosis in HCC cells. (A) Huh-BAT and HepG2 cells were treated with 5 M sorafenib and
750 uM UDCA for 48 h. Cell morphology was observed by phase-contrast microscopy. Scale bar, 100 ym. (B) Representative plots and (C) quantification
of flow cytometry analysis of cell apoptosis by Annexin V/PI staining. Cells were treated with 5 uM sorafenib, 750 M UDCA, or both for 48 h. The % of
apoptotic cells was evaluated from three independent experiments. Data are presented as means * standard deviation. “P<0.05 and “P<0.01 compared with
control untreated cells. (D) Expression levels of cleaved caspase-3 and caspase-9 were determined by western blotting following 48-h treatment with 5 yM
sorafenib, 750 M UDCA, or both. UDCA, ursodeoxycholic acid; FITC, fluorescein isothiocyanate.

and UDCA co-treatment were investigated on the phosphoryla-  in both Huh-BAT and HepG2 cells treated with sorafenib or
tion of STAT3. Phosphorylation of STAT3 on Try705 decreased  UDCA alone, both in a time- and concentration-dependent
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manner (Fig. 3A-D). The levels of phosphorylated STAT3 in
both cell lines decreased following co-treatment with sorafenib
and UDCA, compared with untreated cells (Fig. 3E). For immu-
nofluorescence analysis, treatment with IL-6, an inflammatory
factor that induces STAT3 phosphorylation on Tyr705, was used
as a positive control. The results demonstrated that UDCA and
sorafenib suppressed STAT3 phosphorylation (Fig. 3F). These
findings suggest that co-treatment with these agents regulates
phosphorylation of STAT3 on Try705 in both Huh-BAT and
HepG?2 cells.

Sorafenib and UDCA trigger ROS production and ERK
activation in a time- and concentration-dependent manner.
Intracellular ROS are important factors affecting the apoptosis
of cancer cells in response to DNA damage. Thus, the genera-
tion of intercellular ROS was measured. Co-treatment with
sorafenib and UDCA induced intracellular ROS generation in
Huh-BAT and HepG?2 cells, as detected by confocal micros-
copy (Fig. 4A and B). In the presence of sorafenib and UDCA
alone, ROS generation increased compared with cells incu-
bated with medium alone. The average fluorescent intensity
appeared to increase compared with the cells incubated with
sorafenib alone, although this difference was not significant.

Next, the phosphorylation of ERK in Huh-BAT and HepG2
cells was examined. Western blot analysis demonstrated that
ERK was phosphorylated in both those cells treated with
sorafenib or UDCA alone, in a time- and concentration-depen-
dent manner (Fig. 4C-F). The levels of phosphorylated ERK in
both cell lines increased following co-treatment with sorafenib
and UDCA, compared with untreated cells (Fig. 4G). Compared
with sorafenib alone, the levels of phospho-ERK were mark-
edly increased following co-treatment in HepG2 cells, but
this effect was not observed in Huh-Bat cells (Fig. 4G). These
observations indicate that apoptosis induced by co-treatment
with sorafenib and UDCA is associated with ROS production
and is mediated by the phosphorylation of ERK in Huh-BAT
and HepG?2 cells.

ROS production and ERK activation are correlated with
downregulation of STAT3 phosphorylation in Huh-BAT cells
co-treated with sorafenib and UDCA. To investigate the rela-
tionship among ROS generation, ERK activation, and STAT3
dephosphorylation, Huh-BAT cells were treated with the ROS
scavenger NAC, or the ERK inhibitor U0126 in the presence
or absence of sorafenib, UDCA, or both. Firstly, cells were
pretreated with NAC to assess the role of ROS. As presented
in Fig. 5A, pretreatment with NAC effectively inhibited
sorafenib- and UDCA-induced ROS production in Huh-BAT
cells. Next, the roles of ERK and ROS in STAT3 inactivation by
sorafenib and UDCA treatment were examined. Co-treatment
with sorafenib and UDCA of Huh-BAT cells pretreated with
U0126 or NAC significantly increased phospho-STAT3 levels
and decreased those of phospho-ERK (Fig. 5B and C). These
results indicate that ROS and ERK may have an important role
in the suppression of STAT3 by sorafenib and UDCA treatment.

Discussion

In the present study, co-treatment with sorafenib and UDCA
enhanced the effects of sorafenib on the inhibition of cell
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viability and the induction of apoptosis, via ROS-mediated
activation of ERK and downregulation of STAT3 in HCC
cells. To the best of our knowledge, this is the first study to
demonstrate the synergistic effects of co-treatment with
sorafenib and UDCA in HCC.

Several studies have investigated the role of STAT3 signaling
in sorafenib-treated HCC cells, because STAT3 regulates the
transcription of genes involved in cancer cell proliferation
and apoptosis via the phosphoinositide 3-kinase (PI3K)/AKT
signaling pathway (19). According to Blechacz et al (20),
sorafenib inhibits STAT3 phosphorylation by downregulating
protein tyrosine phosphatase non-receptor type 11 (PTPNI11,
also known as SHP-2) in cholangiocarcinoma cells. In addi-
tion, Gu et al (19) suggested that inhibition of STAT3 activity
reduces tumor growth and metastasis in HCC, by partially
suppressing the Raf/MAPK kinase (MEK)/ERK signaling
pathway, independent of PTPNI11. The present study also
demonstrated that exposure to sorafenib suppressed STAT3
phosphorylation in HCC cells. However, the underlying
mechanism mediating the antitumor actions of sorafenib were
not consistent with those previously reported. The present
results demonstrated that the reduced phosphorylation of
STAT3 was rescued by U0126 in Huh-BAT cells, indicating
that ERK activation participated in the inhibition of STAT3
in HCC cells. Although sorafenib is a well-known inhibitor
of the Raf/MEK/ERK signaling pathway, the mode of action
of sorafenib may vary depending on the response to stimuli
under certain conditions, such as ROS generation.

Although ROS is produced during normal aerobic
metabolism, excessive intracellular ROS generation causes
oxidative stress and leads to cell damage, ultimately inducing
apoptosis (21,22). UDCA can stimulate lipid rafts and ROS
production by acting on the cell membrane, thereby inducing
apoptosis (23). Sorafenib has been reported to produce
ROS (24). Co-treatment with these two pro-oxidants may have
synergistic effects on ROS generation. Indeed, the present
findings demonstrated that sorafenib and UDCA co-treatment
increased ROS generation and ERK activation in Huh-BAT
cells, while NAC reversed these effects.

Previous studies have demonstrated that ERK activation
induces apoptosis under specific conditions, such as excessive
ROS generation or oxidant scavenging failure (25). According
to Zuo et al (26), alternol, an antitumor agent used in the
treatment of osteosarcoma, increases ROS levels by activating
ERK and subsequently inhibiting STAT3 phosphorylation.
In addition, the reduced STAT3 phosphorylation by alternol
was abrogated by pretreatment with NAC. These results are
consistent with the current findings.

The present study was limited by the small number of
cancer cell lines tested and the lack of in vivo experiments.
Further studies are needed to investigate the effects of
sorafenib and UDCA administration in vivo. In addition, not
only the present study, but other UDCA-related preclinical
studies use a relatively high concentration of UDCA as the
IC;, value (27-29). It would be more beneficial to reduce
the concentration of UDCA to protect normal cells, unless the
lower concentration reduces its antitumor efficacy. In addition,
it is necessary to identify whether reduced concentrations of
sorafenib and UDCA would have the same cytotoxicity as the
standard concentrations of sorafenib alone.
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Figure 4. Sorafenib and UDCA trigger ROS production and activate ERK in a time- and concentration-dependent manner. (A) Huh-BAT and HepG2 cells
were treated with 5 uM sorafenib, 750 uM UDCA, or both, or with 5 mM NAC for 48 h. ROS generation was measured by confocal fluorescence microscopy.
Magnification, x400. (B) Quantitative analysis of ROS generation. (C) Huh-BAT cells were treated with various doses of UDCA or sorafenib for 48 h.
(D) Huh-BAT cells were treated with 750 uM UDCA or 5 uM sorafenib for various timepoints. (E) HepG2 cells were treated with various doses of UDCA or
sorafenib for 48 h. (F) HepG2 cells were treated with 750 uM UDCA or 5 uM sorafenib for various timepoints. (G) Cells were treated with 5 yM sorafenib,
750 uM UDCA or both for 48 h. Protein expression levels of ERK and phospho-ERK were evaluated by western blotting. $-actin was used as a loading control.
Representative blots and quantifications are shown. Data are presented as means + standard deviation. "P<0.05 and “P<0.01 compared with control untreated
cells. UDCA, ursodeoxycholic acid; ROS, reactive oxygen species; ERK, extracellular signal-regulated kinase; NAC, N-acetyl cysteine.

Taken together, the present results demonstrated that  more effectively compared with sorafenib alone, and promoted
sorafenib and UDCA suppressed the viability of HCC cells  apoptosis. Co-treatment with both agents inhibited STAT3
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Figure 5. ROS production and ERK activation are associated with downregulation of STAT3 phosphorylation in Huh-BAT cells co-treated with sorafenib and
UDCA. (A) Huh-BAT cells were co-treated with 5 uM sorafenib and 750 uM UDCA for 48 h, followed by 5 mM NAC. Following treatments, ROS intensity
was measured using a fluorescence microplate reader. The relative ROS levels were normalized to the mean intensity of ROS in the control untreated cells
(presented here as 1.0). (B) Huh-BAT cells were pretreated with 5 mM NAC, or (C) pretreated with 5 uM U0126, prior to 5 M sorafenib and 750 yM UDCA
treatments. Samples were immunoblotted with primary antibodies to STAT3, phospho-STAT3, ERK, and phospho-ERK. f-actin was used as a loading
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phosphorylation and activated ERK in a ROS-dependent
manner. These findings suggest that the combination of
sorafenib and UDCA may be a promising therapeutic strategy
for patients with advanced HCC.
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