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protein—-induced hepatocellular carcinoma

Seungmo Park'?, Jihae Lim’, J ong Rhan Kim®*, Seongbeom Cho"*

'BK21 PLUS Program for Creative Veterinary Science Research, Research Institute for Veterinary Science and College of Veterinary Medicine, *Institute of
Laboratory Animal Resources, jCollege of Pharmacy, and *Advanced Institutes of Convergence Technology, Seoul National University, Seoul 08826, Korea

Liver cancer occurs very frequently worldwide and hepatocellular carcinoma (HCC) accounts for more than 80% of total primary liver cancer
cases. In this study, the anticarcinogenic effects of resveratrol against hepatitis B virus (HBV)-induced HCC were investigated by using HBV
X-protein-overexpressing Huh7 (Huh7-HBx) human hepatoma cells. MTT assay showed that resveratrol decreased cell viability.
Fluorescence-activated cell-sorter analysis showed that resveratrol induced G1 cell cycle arrest without increasing the sub-G1 phase cell
population. Therefore, we evaluated its effect on regulation of cyclin D1, which is critically involved in G1/S transition. Resveratrol lowered
cyclin D1 transcription. Western blot analysis of the effects of resveratrol on upstream cyclin D1 transcriptional signaling, extracellular
signal-related kinase (ERK), p90RSK, Akt, and p70$6K revealed inhibition of Akt but not the ERK signaling pathway. Collectively, the results
indicate that resveratrol inhibits Huh7-HBx proliferation by decreasing cyclin D1 expression through blockade of Akt signaling. We
investigated the anticarcinogenic effect and mechanism of resveratrol in xenograft model mice implanted with Huh7-HBx cells.
Intraperitoneal resveratrol injection reduced tumor size in the mice. Expression of survivin was reduced, but cyclin D1 was not affected. The

results demonstrate that resveratrol treatment may help manage HBV-induced HCC by regulating survivin.
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Introduction

Hepatocellular carcinoma (HCC), the most widespread and
malignant cancer globally, occurs extensively in Asia as well as
in central and west Africa [15]. Currently, HCC has the sixth
highest incidence of all cancers, worldwide, and numerous new
patients are diagnosed every year. Furthermore, HCC is
estimated to have the third highest annual cancer mortality rate
[23]. Pre-existing hepatitis B virus (HBV) infection is the main
etiological factor for HCC [15]. Despite the increasing
availability and administration of HBV vaccinations worldwide,
HBYV remains the main cause of development of HCC [30], and
outbreaks of HBV-induced HCC are expected to increase
regularly [15]. Recent studies have indicated that the interaction
of viral and host genetic factors may be critically involved in
both the sensitivity to HBV and the development of disease [29].
In addition, it has been reported that the relationship between
HBYV infection and the progression of HCC may mainly involve
viral factors. Recent studies have reported that HB viral loads are
related to malignant transformation of primary hepatocytes

[34,35]. In 1975, the close link between chronic HBV infection
and the progression of HCC was first reported [4], and the
anti-apoptotic activity of the HBV X protein (HBx) [7,28] has
been recognized as the predominant cause of this tumor. The
molecular mechanisms underlying the carcinogenicity of HBV
involve transactivation by and abnormal accumulation of viral
proteins, gene activation, and recombination of the HBV
subgenome [36]. However, the precise mechanisms of
HBV-induced carcinogenesis have not been fully elucidated.
HBx, a multi-functional viral factor associated with HCC, has
been reported to participate in the life cycle of the virus and in the
development of HCC. These activities are mediated by signaling
cascades that participate in the modulation of cell proliferation
and survival including the STAT3/survivin signaling pathway.
HBx promotes apoptosis of p53/p73-expressing hepatoma cells
[16]. The complex, cell-context-dependent interaction between
HBx and p53 tumor suppressor family members in the
modulation of apoptosis is crucial for induction of
HBV-associated HCC and in anticancer therapy [16].
Resveratrol (3,5,4 -trihydroxystilbene) is a polyphenolic
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antioxidant compound produced by plants and is reported to be
present in berries, grapes, and peanuts [32]. It has also been
observed in Japanese knotweed [33]. Resveratrol has been
reported to inhibit the STAT3/survivin signaling pathway,
which blocks apoptosis of tumor cells [25]. STAT proteins are
involved in cell proliferation and apoptosis and act as cytokine
signaling molecules and downstream effectors of growth factor
receptors [11]. A recent study showed that the promoter of
tumor suppressor genes is methylated by acetylated STAT3,
inhibiting gene transcription. Additionally, it has been shown
that resveratrol induces promoter demethylation and inhibits
STAT3 acetylation, restoring the expression of tumor
suppressor genes [19]. The STAT3 family and survivin, its
downstream effector, are involved in the regulation of cell
survival and proliferation, and survivin normally has a role as
anti-apoptotic protein [25]. The associated Akt signaling
pathway is normally decreased in apoptosis, and cyclin is
involved in the regulation of cell cycle progression [22].
However, the effect of resveratrol on HBx-associated HCC
development and its molecular mechanisms have not been
elucidated.

Therefore, in the present study, we investigated the effect of
resveratrol on HBx-associated HCC proliferation and the
underlying molecular mechanisms by using HBx-
overexpressing Huh7 (Huh7-HBx) human hepatoma cells.
Moreover, we investigated resveratrol’s effects on expression
of survivin, downstream effectors of the STAT3 pathway, and
cyclin D1 in BALB/c nude mice implanted with Huh7-HBx
cells.

Materials and Methods

Reagents

Resveratrol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) powder, and propidium iodide (PI)
were purchased from Sigma-Aldrich (USA). RNase was
purchased from Amresco (USA). The following antibodies
against target proteins were purchased from the specified
manufacturers. HBx, survivin, phosphorylated (p)-p7OS(’K,
and p70°™ (Cell Signaling Biotechnology, USA), p-ERK,
ERK, and cyclin D1 (Santa Cruz Biotechnology, USA),
p-p90°* and p90"** (Signal Way Antibody, USA), p-Akt,
Akt, p-p53, and p-53 (Pierce Chemical, USA), and [-actin
(Sigma-Aldrich). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Santa Cruz
Biotechnology. Dulbecco’s modified Eagle’s medium
(DMEM), Roswell Park Memorial Institute (RPMI) 1640
medium, fetal bovine serum (FBS), and penicillin/
streptomycin were purchased from Gibco (USA).

Cell culture
Cytomegalovirus (CMV)-expressing Huh7 and Huh7-HBx
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human hepatoma cells were provided by Dr. Guhung Jung
(College of Natural Science, Seoul National University,
Korea). The cells were cultured in DMEM containing penicillin
(100 U/mL), streptomycin (100 pug/mL), and 10% FBS at 37°C
under an atmosphere of 5% CO.

Western blot analysis

The Huh7 human hepatoma cells were seeded into 6-cm
dishes at a density of 1.5 x 10° cells per dish and cultured in
RPMI 1640 medium supplemented with 10% FBS before
resveratrol treatment. The cells were then treated with
resveratrol at varying concentrations, after which the cellular
proteins were harvested and centrifuged at 18,500 x g at 4°C for
10 min. The supernatants were collected and the proteins were
separated by using sodium dodecyl sulfate- polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto
nitrocellulose membranes (Pall, USA). The membranes were
blocked with TBS containing 0.05% Tween-20 and 5% fat-free
dry milk for 2 h at 20 £ 5°C. The membranes were then
incubated overnight with specific primary antibodies at 4°C.
Subsequently, they were incubated with HRP-conjugated
secondary antibodies for 1 h at room temperature, and the
protein bands were visualized by using BeyoECL Plus reagent
(GE Healthcare Life Sciences, UK) while B-actin was used as
the loading control.

MTT assay

The cytotoxicity of resveratrol was estimated by using the
MTT assay. Briefly, Huh7 cells were seeded in 96-well plates at
a density of 5 x 10° cells per well, cultured in RPMI 1640
medium supplemented with 10% FBS, and then treated with
resveratrol at varying concentrations for 48 h. Then, the cells
were treated with MTT solution at 0.2 mg/mL for 3 h and
incubated for 30 min at 37°C in an atmosphere of 5% CO.. Next,
the supernatants were removed and the formazan crystals that
had formed were dissolved with dimethyl sulfoxide. Finally, the
absorbance of the solution at 540 nm was determined by using
a microplate reader (Tristar LB 941; Berthold Technologies,
Germany).

FACS analysis

The Huh7 cells were seeded into 6-cm dishes at a density of
1.5 x 10 cells per dish and cultured in RPMI 1640 medium
containing 10% FBS. The cells were treated with resveratrol at
varying concentrations before trypsinization and centrifuged
at 500 x g at 4°C for 2 min. The supernatants were removed,
the pellets were washed twice with phosphate-buffered saline,
and the cells were fixed with cold 70% ethanol (v/v) overnight
at —20°C. Next, the cells were stained with PI solution
containing RNase (0.2 mg/mL) and analyzed by using a Guava
easyCyte Flow Cytometer (Millipore, USA). In each group,
10,000 cells were analyzed.



Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

The Huh7 cells were seeded into 6-cm dishes at a density of
1.5 x 10’ cells per dish, cultured in RPMI 1640 medium
containing 10% FBS, and treated with resveratrol at varying
concentrations. Total RNA was isolated by using RNA-Bee
reagent (Tel-Test, USA) following the manufacturer’s
instructions, and cDNA was synthesized by using a reverse
transcription system purchased from Promega (USA). The
c¢DNA and specific primers were mixed with the Maxima SYBR
Green qPCR master mix (Fermentas, Lithuania). The primer
sequences were as follows: cyclin D1 (NM 007631.2), forward,
5’-agcagaagtgcgaagaggage-3” and reverse, 5'-ggcagtcaagggaa
tggtcte-3” and B-actin (X03672) forward, 5'-tgtccaccttccagea
gatgt-3" and reverse, 5'-agctcagtaacagtccgectaga-3'. The
primers were obtained from Bioneer (Korea).

Xenograft assay in vivo

The animal protocol used in this study was reviewed and
approved by the ethics committee of the Seoul National
University (SNU-IACUC). A mouse xenograft model using
6-week-old female BALB/c (nu/nu) mice (Orient, Korea) was
established.

Tumor cells (5 x 10° Huh7-HBx cells) were suspended in 0.2
mL of serum-free DMEM and injected subcutaneously into the
right flank of each nude mouse. When the tumor size reached
approximately 100 mm’ (after 21 days), the mice were
randomly divided into a vehicle-treated group, and 50 mg/kg
and 100 mg/kg resveratrol-treated groups (n = 3 per group). For
the two resveratrol-treated groups, the nude mice were injected
intraperitoneally with resveratrol starting at 21 days after tumor
cell inoculation. Intraperitoneal injections were given daily for
3 weeks. The vehicle-treated group was injected with normal
saline. Body weight and tumor size were measured every 3 days
during the 21 days of treatment. Tumor volume (V) was
calculated using the following formula:

A% (mm3) =12 ab’,

where a and b represent the long diameter (mm) and
perpendicular short diameter (mm) of the tumor, respectively.

After 21 days of treatment, the experiments were ended and
the mice were sacrificed by using CO,. The tumors were
sampled and weighed, and the tumor growth inhibition rate was
calculated by using the following formula:

Inhibition rate (%) = [( erhicle - VVlreated) / erhicle] X 100%9
where ¥ represents tumor weight.

In vivo sample preparation and westem blot analysis
Tumors were removed from mice and sliced into pieces of
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0.05 g each and homogenized with RIPA lysis buffer [10 mM
Tris-Cl (pH 7.1), 100 mM NaCl, 1 mM EGTA, 10% glycerol,
0.5% Triton X-100, protease inhibitor cocktail (Roche,
Switzerland), and phosphatase inhibitor cocktail (Sigma-
Aldrich, USA)]. Samples were centrifuged at 16,000 x g and
supernatants were collected and separated by SDS-PAGE. The
separated proteins were transferred to nitrocellulose
membranes (Pall). Western blot analysis was conducted as
described above.

Pathologic examination

Tumors were removed from mice, fixed in 10% buffered
formalin, and embedded in paraffin. For pathologic
examination, 4-um-thick tissue sections were stained with
hematoxylin and eosin (H&E).

Immunohistochemical analysis

Formalin-fixed paraffin sections were hydrated, and
heat-mediated antigen retrieval was carried out when necessary.
The sections were incubated with primary antibody overnight at
4°C.

Statistical analysis

Results are expressed as the mean + SD of at least three
independent experiments. Statistical analysis was performed by
using SPSS Statistics software (ver. 22; SPSS, USA). Student’s
t-test was used to compare differences between two groups.
One-way ANOVA was used for comparing differences among
multiple groups with post-hoc comparisons performed by using
the Tukey’s HSD test. Differences were considered significant
atp < 0.05.

Results

Survivin expression is induced in Huh7-HBx cells

First, we examined HBx expression in Huh7-CMV and
Huh7-HBx cells and in liver tissues isolated from HBx
transgenic mice. As expected, Huh7-HBx but not Huh7-CMV
cells expressed HBx. Expression in the HBx transgenic mice
was verified by PCR using specific primer sets (panel A in Fig.
1). In addition, the expression of survivin, a representative
hepatocarcinoma biomarker, was strongly induced in
Huh7-HBx cells and in primary hepatocytes isolated from HBx
transgenic mice. Therefore, HBx is coupled with the expression
of survivin and the increased expressions are indicative of HCC
(panel B in Fig. 1).

Resveratrol inhibits cell proliferation and decreases survivin
expression in Huh7-HBx cells

We evaluated the anti-proliferative effect of resveratrol by
using the Huh7-HBx HCC cell line. Compared to day 0, the
number of Huh7-HBx cells was increased by 2.5-fold on day 2.
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Resveratrol treatment at 100 uM decreased the Huh7-HBx cell
number to 67% of the untreated number on day 2 (panel A in
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Fig. 1. Protein expression of hepatitis B virus X protein (HBx) and
survivin in HBx-overexpressing Huh7 (Huh7-HBXx) cells. (A) HBx
expression was detected in Huh7-HBx cells but not in
cytomegalovirus (CMV)-expressing Huh7 (Huh7-CMV) cells.
HBx transgenic mice were verified by polymerase chain reaction
using specific primer sets. (B) Survivin protein expressions were
upregulated in Huh7-HBx cells compared to that in Huh7-CMV
cells, and survivin protein expression was upregulated in HBx
transgenic mice compared to that in wild-type mice.
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Fig. 2). To investigate whether the effect of resveratrol was
specific to Huh7-HBx cells, we also conducted the MTT assay
in Huh7-CMV cells. The results showed that resveratrol
decreased the viability of both Huh7-CMV and Huh7-HBx
cells (panels A and B in Fig. 2), indicating that the effect was not
confined to HBx-overexpressing cells.

Next, we determined whether the expression of survivin
protein was affected by resveratrol in Huh7-HBx cells.
Consistent with the MTT assay results, western blot analysis
showed that 100 uM of resveratrol decreased survivin protein
expression (panel C in Fig. 2). Collectively, these results
indicate that resveratrol decreases cell viability and survivin
expression in Huh7-HBx HCC cells.

Resveratrol induces G1 phase cell cycle arrest in Huh7-HBx
cells

We considered two hypotheses for the inhibitory effect of
resveratrol against Huh7-HBx cells. First, resveratrol likely
inhibits cell proliferation, and second, it may induce apoptosis.
To determine whether resveratrol inhibits cell proliferation
and/or induces apoptosis of Huh7-HBx cells, we conducted
FACS analysis. We synchronized the cell cycle at the G1 phase
by using serum starvation and induced cell cycle progression by
serum stimulation with or without 100 uM resveratrol. The
FACS analysis showed similar cell cycle profiles for both the
control and the resveratrol-treated groups at 0 h (panels A and B
in Fig. 3). However, the GO/G1 phase ratio of the control group
decreased over 24 h, while the population of cells in the S and
G2/M phases increased. This result indicated that serum
stimulation successfully induced cell cycle progression (panels
A and B in Fig. 3). In contrast to the control group, the overall
cell cycle profiles of the resveratrol-treated groups did not
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Fig. 2. Effects of resveratrol on cell proliferation and survivin expression in hepatitis B virus X protein-overexpressing Huh7 (Huh7-HBXx)
cells. Resveratrol inhibited cell proliferation of Huh7-HBx (A) and cytomegalovirus-expressing Huh7 (Huh7-CMV) cells (B) incubated
with varying concentrations for 48 h. Results are mean + SD of at least 3 independent experiments; **p < 0.01 comparing control
group at 0 and control group at 48 h and "'p < 0.01 comparing control and resveratrol-treated groups at 48 h. (C) Resveratrol decreased
survivin protein expression in Huh7-HBx cells treated with varying concentrations for 24 h. Graphs include quantification of results
of at least 3 independent experiments; *p < 0.05 comparing resveratrol-treated and control groups.
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Fig. 3. Effect of resveratrol on cell cycle progression in hepatitis
B virus X protein-overexpressing Huh7 (Huh7-HBx) cells.
Resveratrol blocked G1-S transition of Huh7-HBx cells when
treated with 100 uM resveratrol for indicated times (A), as shown
by FACS analysis (B). Graphs include quantification of results of
at least 3 independent experiments; *p < 0.05 and **p < 0.01
comparing control and resveratrol-treated groups.
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Fig. 4. Effects of resveratrol on cyclin D1 and survivin expression
in hepatitis B virus X protein-overexpressing Huh7 (Huh7-HBx)
cells. (A) Resveratrol decreased cyclin D1 and survivin protein
expression in  Huh7-HBx cells treated with varying
concentrations for 8 h. Western blot analysis was conducted
with B-actin as the loading control. Results represent at least 3
experiments that produced similar results. (B) Resveratrol
decreased cyclin D1 mRNA expression in Huh7-HBx cells
treated with varying concentrations for 4 h. Graphs include
quantification of results of at least 3 independent experiments;
*p < 0.05 comparing control and resveratrol-treated groups.

significantly change during the 24-h treatment, indicating that
resveratrol induced cell cycle arrest at the G1 phase (panels A
and B in Fig. 3). Furthermore, the population of cells in the
sub-G1 phase, an indicator of apoptosis, was not altered in
either the control or resveratrol-treated groups. Taken together,
the results led us to conclude that resveratrol decreases the
viability of Huh7-HBx cells by inhibiting cell proliferation, not
by inducing apoptosis.

Resveratrol decreases cyclin D1 protein transcription in
Huh7-HBx cells

After determining that resveratrol induces G1 phase arrest,
we evaluated its effects on the expression of cell cycle
progression-related proteins in Huh7-HBx cells. Cyclin D1 is a
well-known protein responsible for G1/S transition [27], and
therefore, we evaluated its expression in resveratrol-treated
Huh7-HBx cells. Western blot analysis showed that resveratrol
decreased the protein expression of both cyclin D1 and survivin

www.vetsci.org



424  Seungmo Park et al.

A
p-Akt
Akt
p_p7OSGK
p7OSGK
actin | — — —
Resveratrol (M) 0 30 100
B
—— S— —
ERK
— R | a———
| — — —
P-actin | s S S—
Resveratrol (uM) 0 30 100

Fig. 5. Effects of resveratrol on ERK and Akt signaling pathway in
hepatitis B virus X protein-overexpressing Huh7 (Huh7-HBx)
cells. Resveratrol blocked Akt (A) but not the ERK signaling
pathway (B) in Huh7-HBx cells treated with varying
concentrations for 4 h. p-ERK, phosphorylated extracellular
signal-regulated kinase.

(panel A in Fig. 4). Next, to determine whether resveratrol
inhibits cyclin D1 protein transcription, we examined its effects
on mRNA expression of cyclin D1. The qRT-PCR analysis
showed that resveratrol decreased mRNA expression of cyclin
D1, indicating that it inhibits cyclin D1 protein transcription in
Huh7-HBx cells (panel B in Fig. 4).

Resveratrol blocks Akt but not ERK signaling in Huh7-HBx
cells

Western blot analysis revealed that resveratrol decreased the
phosphorylation of Akt and p70°°®*, which is a downstream
protein of the Akt pathway (panel A in Fig. 5). However, the
phosphorylation of ERK and its downstream protein p90*>®
were not altered (panel B in Fig. 5), indicating that resveratrol
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Fig. 6. The entire schedule of the in vivo study. Tumor cells were
injected subcutaneously into the right flank of each nude mouse.
When the tumors’ size progress approximated 100 mm?® (at 21
days), resveratrol was injected intraperitoneally daily for 3
weeks. At 21 days after treatment, the experiments were ended
and the mice sacrificed. The transplanted tumors were sampled
and weighed.

decreased cyclin D1 protein transcription through blockade of
the Akt signaling pathway. Taken together, the results led us to
conclude that resveratrol inhibits the proliferation of
Huh7-HBx cells by decreasing cyclin D1 protein transcription
via blockade of the Akt signaling pathway.

Treatment with resveratrol reduces tumor volume and
development in xenograft model mice implanted with
Huh7-HBx cells

To investigate the effect of resveratrol on xenograft model
mice implanted with Huh7-HBx cells, we observed the effect of
intraperitoneal injection of resveratrol on the clinical status of
and tumor volume in implanted mice after growing tumors to
approximately 100 mm’ for 21 days (Fig. 6).

The tumor volume in the vehicle-treated group was increased
at day 21 of the experiment. Resveratrol, at doses of 50 mg/kg
and 100 mg/kg, markedly reduced the tumor volumes (1,626.2
+152.26 mm’, p < 0.01 and 1,321.96 + 1,024.80 mn1’, p <
0.01, respectively) from that of the vehicle-treated group
(4,604.96 + 198.05 mm3) (panel A in Fig. 7). Tumor weight was
also increased in the vehicle-treated group at day 21.
Resveratrol at a dosage of 100 mg/kg significantly reduced
tumor weight (3.61 £2.63 g, p < 0.05) (panel B in Fig. 7). At
day 21, mice implanted with tumor cells showed prominent
tumor development (panel C in Fig. 7). Compared to the
vehicle-treated group, resveratrol markedly inhibited tumor
development. The mean inhibition rates on day 21 were 32.2%
+ 9.69% and 53.3% + 34.74% for 50 mg/kg and 100 mg/kg
resveratrol, respectively (panel D in Fig. 7). No significant
differences in body weight between the resveratrol-treated
groups and the vehicle-treated group were observed (panel E in
Fig. 7), indicating that resveratrol is nontoxic in mice. Together,
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Fig. 7. Inhibitory effects of resveratrol in xenograft model mice implanted with hepatitis B virus X protein-overexpressing Huh7
(Huh7-HBx) cell in vivo. Huh7-HBx cells (5 x 10%0.2 mL) were inoculated into the right upper flank of BALB/c (nu/nu) mice
subcutaneously. Then, the mice were randomly allocated to vehicle-treated group and two treatment groups and sacrificed at 21 days
after inoculation. (A) Tumor size curve. Tumor size was measured every 3 days from day 1 to day 21. (B) Tumor weight at 21 days, the
end of the study. (C) Representative photographs of nude mice bearing Huh7-HBx cells at the end of the study. (D) Inhibition of tumor
growth was calculated by using the formula: inhibition rate (%) = (tumor weight of vehicle group — tumor weight of treated
group)/tumor weight of vehicle group x 100%. (E) Body weight curve. Results were expressed as the mean + SD (n = 3). Significance
at *p < 0.05 and **p < 0.01 between resveratrol and vehicle-treated groups. One-way ANOVA was used for analysis with post-hoc
comparisons performed by using Tukey’s HSD.
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the results indicate that resveratrol has antitumor potential at
doses of 50 mg/kg and 100 mg/kg in xenograft model mice
implanted with Huh7-HBx cells.

Intraperitoneal injection of resveratrol reduces tumor
development and expression of survivin in tumor specimens

We evaluated inhibitory effects of resveratrol in tumor
specimens by undertaking pathological examination. Tumor
specimens were collected at the end of the experiment and after
treatment for 21 days. The specimens were evaluated using
H&E staining and immunohistochemical staining for survivin.
Resveratrol decreased tumor development and survivin
expression in the tumor specimens from that in the
vehicle-treated group (panel A in Fig. 8). The level of protein
expression was checked by western blot analysis. The
survivin/actin expression ratio was significantly reduced in the
groups treated with 50 mg/kg and 100 mg/kg resveratrol (0.77
+ 0.06, p < 0.05 and 0.60 £ 0.03, p < 0.01, respectively)
compared to that in the vehicle-treated group (1.0 + 0.14) (panel
B in Fig. 8). There were no significant differences in cyclin D1
expression between the resveratrol-treated and vehicle-treated
groups (panel C in Fig. 8).

Discussion

In the present study, we have demonstrated that resveratrol
inhibits proliferation of Huh7-HBx cells by blocking the Akt
signaling pathway. However, the detailed molecular
mechanisms underlying the resveratrol-induced blockade of the

Akt signaling pathway were not investigated. However,
previous studies have reported these molecular mechanisms.
Choi et al. [8] reported that resveratrol decreases the activity of
phosphatidylinositide 3-kinase (PI3K), an upstream kinase of
AKkt, in vitro. Furthermore, it has been reported that inhibition of
PI3K activity decreases Akt signaling [6], and numerous other
studies have reported similar findings in various cell lines
[13,26]. Based on these previous reports, we propose that
resveratrol might target PI3K activity to attenuate Akt signaling
pathway in Huh7-HBx cells.

Most previous reports have demonstrated that either
inhibition of cell proliferation or induction of apoptosis
decreases the viability of cancer cells [14,17,18]. Based on
those results, we conducted FACS analysis to determine which
of these actions mediated the effects of resveratrol. The results
clearly showed that resveratrol induced cell cycle arrest at the
G1 phase but did not alter the apoptotic cell population of
Huh7-HBx cells. This result is inconsistent with those in
previous studies, as resveratrol previously has been reported to
induce apoptosis and decrease cell proliferation in different
cancer cells [9]. This discrepancy might be due to differences in
cell culture conditions and context-dependent cellular
antiproliferative and apoptotic effects of resveratrol. In
addition, we suggest that resveratrol might be more effective in
preventing carcinogenesis than in reducing already grown
cancer cells.

Cyclin D1 and other cell cycle-related proteins have been
reported to be unstable. Such cell cycle-related proteins can be
temporarily regulated depending on the cell cycle status. For
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Vehicle  Resveratrol Resveratrol 50 mg/kg 100 mg/kg
1.4~ 50 mg/kg 100 mg/kg 14~ *
HAE o 1.2- 2 121
® 1.0 2 1.0
£ * £
5 0.8 S 0.8
8 ok =
Survivin & j% 061 o 0.6
5 S 0.4 % 0.4
]
N 0.2 & 0.2 -
Vehicle  Resveratrol Resveratrol Vehicle  Resveratrol Resveratrol

50 mg/kg

100 mg/kg 50 mg/kg 100 mg/kg

Fig. 8. Effect of resveratrol in tumor specimens. (A) Pathologic status of representative tumor specimens. Tumor specimens were taken
from the xenograft model mice, embedded in paraffin and stained with hematoxylin & eosin (H&E). Expression of survivin was
examined by IHC staining in the tumor tissues of vehicle- and 100 mg/kg resveratrol-treated groups. Resveratrol (100 mg/kg treated
group) reduced tumor development and intensity of staining of survivin. (B) Protein expression of survivin. Xenograft model mice
implanted with Huh7-HBx cells were treated with 0, 50, and 100 mg/kg resveratrol. Survivin:actin ratio was decreased in both
resveratrol-treated groups. Survivin:actin expression ratio was significantly reduced in the 50 mg/kg and 100 mg/kg treated groups
(0.77 + 0.06, p < 0.05 and 0.60 + 0.03, p < 0.01, respectively), compared to the vehicle-treated group (1.0 + 0.14). (C) Protein
expression of Cyclin D1. Cyclin D1:actin ratio did not show any significant changes. Results were expressed as the mean + SD (n =

3). Significance at *p < 0.05 and **p < 0.01 between resveratrol- and vehicle-treated groups (Student’s t-test). 400 x (A).
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instance, the expression of cyclin DI can be induced during
G1/S transition and subsequently downregulated, suggesting
that the protein expression of cyclin D1 is tightly regulated by a
balance between cyclin D1 degradation and synthesis [3].
Therefore, our determination that resveratrol decreased cyclin
D1 protein expression led us to consider two possible
explanations for its effects. Resveratrol decreased cyclin D1
protein expression either by inhibiting mRNA transcription or
by increasing proteasome-mediated degradation. Evaluation of
the mRNA level revealed that treatment with resveratrol
significantly decreased cyclin D1 mRNA expression. This
result indicated that resveratrol inhibits cyclin D1 protein
transcription. However, it is possible that resveratrol also
regulates the degradation rate of cyclin D1; further studies are
required to verify this suggestion.

Previous studies in vivo have reported that resveratrol
inhibited tumor growth in nude mice bearing HepG2 cells and
downregulated NF-«B and VEGF cells [37], and that it
prevented the development of spontaneous HCC in HBx
transgenic mice [20]. However, the mechanisms of resveratrol
in HBV-induced HCC in vivo are largely unreported.
Resveratrol can activate the expression of p53 [5] and
downregulate MCL-1 [31], anti-apoptotic protein and survivin
[25], and downstream of the STAT3 pathway [25]. Recently,
acetylated STAT3 received attention as a tumor-progressing
factor [19]. Survivin (encoded by BIRCS5 [2]), an apoptosis
protein inhibitor [10], acts as a regulator of cell division, a
modulator of cell death, and a stress response factor in cell
proliferation and survival [2,10]. Survivin regulates gene
expression and protein—protein interaction by inhibition of
apoptosis through multiple pathways [1]. Meanwhile, a recent
study clarified that HBx induces hepatocarcinogenesis together
with survivin [38,40] through modulation of HBx-interacting
protein, a cofactor of survivin in apoptosis suppression [39].
Moreover, HBV-induced HCC shows p53 inactivation through
mutations [21] and activation of the Akt signaling pathway
[12]. Thus, we hypothesized that the resveratrol mechanisms
might involve survivin, p53, and the Akt signaling pathway in
nude mice implanted with Huh7-HBx cells. Resveratrol
obviously decreased the expression of survivin and increased
that of p53 in our tumor specimens. In contrast, it had no effect
on the expression of cyclin D1. These results demonstrate that
resveratrol exhibits anti-tumor activities in nude mice
implanted with Huh7-HBx cells by downregulating survivin
and upregulating p53.

In conclusion, the results in the present study suggest an
anti-carcinogenesis activity of resveratrol in Huh7-HBx cells
and indicate its molecular mechanisms. Resveratrol was
observed to inhibit proliferation of Huh7-HBx cells by inducing
cell cycle arrest at the G1 phase. It decreased cyclin D1
expression through attenuation of the Akt signaling pathway;
however, it did not block the ERK signaling pathway. Thus, this
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study showed that resveratrol effectively decreases cell
proliferation by suppressing cyclin D1 protein expression
through downregulation of the Akt signaling pathway.
Although this study suggests resveratrol as a potent
anticarcinogenic agent in vitro and in vivo, several further
studies including in vivo experiments are needed to elucidate
the exact molecular mechanisms of resveratrol’s inhibitory
effects. The cell proliferation-related protein cyclin D1 was not
affected by resveratrol treatment. Thus, survivin may be a
therapeutic target, and resveratrol could have an important role
in the treatment of HBV-induced HCC.
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