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Resveratrol induces apoptosis in SGC-7901 gastric cancer cells
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Abstract. The aim of the present study was to investigate the
effect of resveratrol on apoptosis in SGC-7901 gastric cancer
cells and its molecular mechanisms of action. Following
resveratrol treatment, the inhibition rate of SGC-7901 cells
was determined using an MTT assay. The morphological
changes in apoptosis were observed by fluorescence micros-
copy based on acridine orange/ethidium bromide double
staining. Furthermore, cell cycle and apoptosis were detected
using flow cytometry, and the expression levels of nuclear
factor kB (NF-kB) as well as apoptosis-associated proteins
[B-cell lymphoma 2 (Bcl-2), Bel-2-associated X protein (Bax),
cleaved caspase-3 and cleaved caspase-8] were analyzed by
western blotting. The results of the present study indicated
that resveratrol was able to significantly inhibit the viability
of SGC-7901 cells in a dose- and time-dependent manner.
When treated with 200 uM resveratrol, the inhibition rate
of SGC-7901 cells reached ~50%. In the presence of resve-
ratrol, the proportion of apoptotic cells was also increased
in a dose-dependent manner. Flow cytometry revealed that
resveratrol induced S-phase arrest of SGC-7901 cells. When
treated with 50, 200 and 400 yM resveratrol, the proportions
of SGC-7901 cells in the S-phase were respectively increased
to 33.8+2.42, 60.01+2.43 and 56.05+2.67%, compared
with 25.62+3.29% for the control group cells in S-phase.
Additionally, the levels of the pro-apoptotic proteins Bax,
cleaved caspase-3 and cleaved caspase-8 were upregulated in
a dose-dependent manner, whereas the level of the anti-apop-
totic protein Bcl-2 was downregulated dose-dependently.
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Importantly, the activation of NF-xB (p65) was evidently
decreased following treatment with resveratrol compared with
in the control group. In conclusion, the results of the present
study revealed that resveratrol was able to inhibit viability and
induce apoptosis in SGC-7901 cells by suppressing NF-kB
activation. Therefore, resveratrol may be considered as a
potential drug candidate for the treatment of gastric cancer.

Introduction

Gastric cancer is a common malignancy with high morbidity
and mortality in men and women (1). The 5-year relative
survival rate of patients with gastric cancer is only ~20%
worldwide (2). In 2012, ~952,000 individuals were diagnosed
with gastric cancer and ~723,000 succumbed to the disease (3).
The conventional method of treating gastric cancer is surgery,
and, when accompanied by adjuvant chemotherapy and radio-
therapy, the prognosis of patients with gastric cancer may be
markedly improved (4). Chemotherapy is a successful method
of decreasing pain and prolonging the life expectancy of
patients with gastric cancer (5). However, owing to side effects
and drug resistance, the clinical efficacy of chemotherapeutic
agents is limited (6,7). Owing to a small number of side effects
and the wide range of targets of plant-derived components, a
number of previous studies have focused on the function of
plant-derived agents in antitumor treatment (8-10).

Resveratrol (3,4,5-trihydroxystilbene) is a natural phyto-
alexin product, and is widely present in a variety of plants,
including grapes, berries and the Chinese medicine plant
Polygonum cuspidatum (Japanese knotweed) (11). As an
important component of red wine, resveratrol has long been
hypothesized to exhibit cardioprotective effects, and it is
well-known for its phytoestrogenic and antioxidant proper-
ties (12-15). In addition, previous studies have identified that
resveratrol was able to prolong lifespan and resist cancer. For
instance, feeding fish with resveratrol resulted in an increase
in median and maximum lifespan by 33 and 27%, respectively,
compared with fish that were fed without resveratrol supple-
mentation (16). Furthermore, injection of resveratrol into mice
led to a significant inhibition of the proliferation of breast
cancer stem cell-like cells by suppressing the Wnt/f3-catenin
signaling pathway (17). Although these studies demonstrated
the antitumor effect of resveratrol, the precise underlying
molecular mechanisms remain unclear.

In the present study, the gastric cancer cell line SGC-7901
was used to investigate the effects and acting mechanisms of
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resveratrol on cell viability and apoptosis. The results may
provide an improved understanding of the effects of resveratrol
in the treatment of gastric cancer.

Materials and methods

Chemicals and reagents. Resveratrol (Chemical Abstracts
Service identifier, 501-36-0; purity =99%), MTT, acridine
orange (AO), ethidium bromide (EB) and propidium iodide
(PI) were purchased from Sigma-Aldrich; Merck KGaA
(Darmstadt, Germany). Resveratrol was dissolved in dimethyl
sulfoxide (DMSO) to form a 100 mM stock solution. MTT
was dissolved in PBS to form a 5 mg/ml working solu-
tion. RPMI-1640 medium was purchased from HyClone;
GE Healthcare (Chicago, IL, USA) and fetal bovine serum
(FBS) was purchased from Hangzhou Sijiqing Biological
Engineering Materials Co., Ltd. (Hangzhou, China). All other
chemicals and reagents used in the present study were of
analytical grade.

Cell culture. SGC-7901 cells were purchased from the China
Center for Type Culture Collection (Wuhan, China) and
cultured in RPMI-1640 medium supplemented with 10%
FBS and antibiotics (100 U/ml streptomycin and 100 U/ml
penicillin) in 25-cm? culture flasks at 37°C in a humidified
atmosphere containing 5% CO,. When the SGC-7901 cells
reached exponential growth phase, the cells were subcultured
and the experiments were performed on the subcultured cells.

MTT assay. The anti-proliferative effect of resveratrol against
SGC-7901 cells was determined using the colorimetric MTT
assay as described previously (18). The SGC-7901 cells were
seeded on 96-well culture plates with RPMI-1640 medium at
a density of 1x10* cells/ml. Following incubation for 24 h at
37°C, the cells were treated with different concentrations of
resveratrol (0, 10, 50, 100, 200 and 400 xM) for 24, 36 and
48 h. Subsequently, 10 gl MTT (5 mg/ml) was separately
added to each well, and the cells were cultured at 37°C for an
additional 3 h. Finally, 150 1 DMSO was separately added
to each well and the optical density (OD) was determined at
490 nm using a microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The inhibition rate of resveratrol against
the SGC-7901 cells was determined using the equation:
Inhibition rate (%)=(0Du01-ODreatment)/ODcontror X100.

AO/EB dual staining assay. The apoptosis of SGC-7901
cells induced by resveratrol was examined using an AO/EB
dual-fluorescence staining assay as described previously (19).
Sterile round coverslips were placed on the bottom of the
wells of a 12-well plate onto which the SGC-7901 cells
were seeded with RPMI-1640 medium at a density of
1x10*cells/ml. After 24 h of incubation at 37°C, the cells were
treated with different concentrations of resveratrol (0, 50, 200
and 400 yM) for 24 h. Subsequently, the round coverslips
were removed. Dual-fluorescence staining solution (10 ul)
containing 100 yg/ml AO and 100 ug/ml EB was added to
each suspension prior to being covered with a coverslip. The
morphology of cells was examined in each sample within
20 min using a fluorescence microscope (Nikon 80i; Nikon
Corporation, Tokyo, Japan).
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Apoptosis assay. Cell apoptosis was determined using flow
cytometry following treatment as described previously (20).
SGC-7901 cells were seeded in 6-well culture plates with
RPMI-1640 medium and left to attach overnight at 37°C at a
density of 1x10* cells/ml. Following treatment with resveratrol
(0, 50, 200 and 400 M) for 24 h, the cells were harvested and
prepared as cell suspensions. Adherent cells were digested with
EDTA-free trypsin and washed three times with ice-cold PBS.
Subsequently, the cells (1x10° cells/ml) were resuspended in
200 pl staining buffer. Annexin V-fluorescein isothiocyanate
staining solution (2 pl) was then added to the cell suspension.
The mixture was gently mixed and incubated in the dark
at 2-8°C for 15 min. Subsequently, 4 ul PI staining solution
was added to the cell suspension. The mixture was mixed
and incubated in the dark at 2-8°C for 5 min. The apoptotic
cells were quantified immediately using a flow cytometer (BD
Accuri C6; BD Biosciences, Franklin Lakes, NJ, USA) and
the results were analyzed using FlowJo software (version 7.6;
FlowJo LLC, Ashland, OR, USA).

Cell cycle assay. Cell cycle distribution was detected using
a flow cytometer following drug treatment as described
previously (21). SGC-7901 cells were seeded in 6-well culture
plates at a density of 1x10*cells/ml with RPMI-1640 medium
and left to attach overnight at 37°C. Following treatment with
resveratrol (0, 50,200 and 400 M), cells were incubated further
with the compounds for 24 h at 37°C before being harvested,
washed twice with PBS and resuspended in 2 ml ice-cold PBS.
The cells were fixed with cold (-20°C) 70% ethanol overnight at
4°C. Following three PBS washes, the cells were resuspended
in 2 ml PI/RNase staining solution and incubated for 1 h at 4°C.
Cells were quantified immediately using a flow cytometer (BD
Accuri C6) and the results were analyzed using ModFitLT™
software (version 5.1; Verity Software House, Inc., Topsham,
ME, USA). The PI fluorescence signal at FL2-A peak versus
counts was used to determine cell cycle distribution.

Western blot analysis. Following treatment, proteins in
SGC-7901 cells were extracted as described previously (22).
Following treatment with resveratrol (0, 50, 200 and 400 uM)
for 24 h, total protein was extracted with cell lysis buffer
(Beyotime Institute of Biotechnology, Haimen, China),
centrifuged at 13,4000 x g for 10 min at 4°C. Nuclear and
cytosolic proteins were extracted using a Nuclear and
Cytoplasmic Protein Extraction kit (Applygen Technologies,
Inc., Beijing, China), according to the manufacturer's
protocol. The cell lysate was mixed with 2 mM Na;VO,, as
a phosphorylation protective agent. Protein concentrations
were determined using a Bicinchoninic Acid Protein Assay
kit (Wuhan Boster Biological Technology, Ltd., Wuhan,
China), according to the manufacturer's protocol. Total
protein (40 ug) was separated using SDS-PAGE (12% gel) and
transferred onto a nitrocellulose membrane (EMD Millipore,
Billerica, MA, USA). Following blocking with Tris-buffered
saline containing 1% Tween-20 (TBST) and 5% fat-free milk
powder, the membrane was incubated with primary antibodies
against [3-actin (cat. no. bs-0061R, 1:1,000; BIOSS, Beijing,
China), histone H3 (cat. no. bs-0349R, 1:1,000; BIOSS),
B-cell lymphoma 2 (Bcl-2; cat. no. bs-20351R, 1:200; BIOSS),
Bcl-2-associated X protein (Bax; cat. no. bs-0127R, 1:200;
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Figure 1. Resveratrol inhibits the viability of SGC-7901 cells. The cell viability inhibitory rate was determined using an MTT assay. SGC-7901 cells were
treated with 0, 10, 50, 100, 200 and 400 uM resveratrol for (A) 24, (B) 36 and (C) 48 h. (D) SGC-7901 cells were treated with 0, 10, 50, 100, 200 and 400 uM
resveratrol for 24, 36 and 48 h, and the inhibitory rate at each concentration at different times was compared. Results are presented as the mean + standard

deviation (n=3). "P<0.05, “P<0.01 and "“P<0.001 vs. control group.

BIOSS), cleaved caspase-3 (cat. no. BA2885-2, 1:200; Wuhan
Boster Biological Technology, Ltd.), cleaved caspase-8 (cat.
no. BA3971, 1:200; Wuhan Boster Biological Technology,
Ltd.), pro-caspase-3 (cat. no. BM3954, 1:200; Wuhan
Boster Biological Technology, Ltd.), pro-caspase-8 (cat.
no. BM4423, 1:200; Wuhan Boster Biological Technology,
Ltd.), nuclear factor kB (NF-xB) (p65) (cat. no. 10745-1-AP,
1:1,000; ProteinTech Group, Inc., Chicago, IL, USA) and
phospho-NF-«xB (p65) (cat. no. bs-0982R, 1:1,000; BIOSS)
overnight at 4°C. The membrane was then washed with
TBST and incubated with the corresponding horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) in TBST
for 2 h at room temperature. Following a further rinse, all
proteins were detected using chemiluminescence reagent
(ECL Plus reagent; Beyotime Institute of Biotechnology).
The result was analyzed using Image Lab™ software (version
5.0; MCM DESIGN, Hillergd, Denmark). f-actin was used
as a loading control for whole cell and cytoplasmic proteins.
Histone H3 was used as an internal control for detection of
nuclear proteins.

Statistical analysis. Each experiment was performed at least
three times. Results are presented as the mean + standard
deviation. The results were analyzed by one-way analysis of
variance followed by a least significant difference post hoc

test using SPSS (version 19.0; IBM Corp., Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Resveratrol inhibits the viability of SGC-7901 cells.
SGC-7901 cells were treated with different concentrations
of resveratrol for 24, 36 and 48 h, respectively (Fig. 1A-C).
Cell viability was analyzed by MTT assay. As presented
in Fig. 1D, the inhibition of cell viability was significantly
increased in SGC-7901 cells in response to resveratrol in a
dose- and time-dependent manner compared with the control
group (0 M resveratrol) (P<0.05).

Resveratrol induces the apoptosis of SGC-7901 cells.
SGC-7901 cells were treated with different doses of resve-
ratrol for 24 h, labeled using AO/EB and examined using a
fluorescence microscope (Fig. 2A). The staining of early-stage
apoptotic cells was marked by crescent-shaped or granular
yellow-green AO nuclear staining, and orange nuclear EB
staining was asymmetrically localized in late-stage apoptotic
cells. In the control group, no obvious apoptotic changes were
identified by flow cytometric analysis. However, the number
of apoptotic cells was significantly increased following resve-
ratrol treatment in a dose-dependent manner (Figs. 2B and 3).



2952

Control

-
"":;.'
Pov® o 9 u"%

Ly v, 4

WU et al: RESVERATROL INDUCES APOPTOSIS IN GASTRIC CANCER SGC-7901 CELLS

80 *kk

=
=

wedd

Apoptotic rate (%)
£
=

*

i [0

Control  50uM 200 pM 400 uM

(=]
-

Figure 2. Resveratrol induces apoptosis in SGC-7901 cells. SGC-7901 cells were treated with 0, 50, 200 and 400 pM resveratrol for 24 h. (A) The cells were
stained with acridine orange/ethidium bromide and observed using a fluorescence microscope. (B) Quantification of results. Results are represented as the

mean =+ standard deviation (n=3). "P<0.05 and “"P<0.001 vs. control group.
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Figure 3. Resveratrol induces apoptosis in SGC-7901 cells. SGC-7901 cells were treated with 0, 50, 200 and 400 uM resveratrol for 24 h. (A) The cells were
stained with FITC-conjugated annexin V and PI for flow cytometric analysis. Flow cytometric profiles are presented with annexin V-FITC staining on the

x-axis and PI staining on the y-axis. (B) Quantification of results. Results are presented as the mean + standard deviation (n=3).

FITC, fluorescein isothiocyanate; PI, propidium iodide; Q, quadrant.

Resveratrol promotes S-phase arrest in SGC-7901 cells. Cell
cycle distribution was observed by flow cytometric analysis.
As presented in Fig. 4A, the proportion of cells in S-phase
increased to 34.06% in the presence of resveratrol (50 pM)
compared with 26.08% in the control group (P<0.05). When
treated with 200 M resveratrol, the proportion of SGC-7901
cells in S-phase was 59.29%; however, the proportion of
SGC-7901 cells in S-phase was 50.3% when treated with
400 uM resveratrol (Fig. 4).

Effect of resveratrol on NF-kB expression. The apoptosis-asso-
ciated proteins Bax and Bcl-2, caspase-3 and caspase-8 were
detected using western blotting. The results indicated that
200 uM resveratrol induced significant upregulation of Bax
and cleaved caspase-3 compared with the control group,
respectively (P<0.001; Figs. 5 and 6). Additionally, Bcl-2
was significantly downregulated following treatment with
50 uM resveratrol (P<0.01; Fig, 5). As presented in Fig. 6,
SGC-7901 cells that were treated with 50 M resveratrol
exhibited an increase in the expression of activated cleaved

ke

P<0.001 vs. control group.

caspases compared with the control group. In addition, resve-
ratrol treatment decreased the levels of pro-caspase-3 and
pro-caspase-8. Following resveratrol treatment, the activation
of caspase-3 and caspase-8 increased. These results suggested
that resveratrol-induced cell death is associated with the death
receptor pathway. In addition, western blot analysis was used
to determine the levels of NF-xB (p65) and phospho-NF-«kB
(p65) (Fig. 7A). The level of NF-kB (p65) expression was
significantly decreased following treatment with 50 yM resve-
ratrol compared with the control (P<0.001; Fig. 7B), which
suggests that the inhibition of the NF-kB signaling pathway
was involved in resveratrol-induced apoptosis in SGC-7901
cells. As presented in Fig. 7B and D, phospho-NF-«B (p65)
expression decreased in the cytoplasm and in the nucleus.

Discussion
The results of the present study indicated that resveratrol was

able to significantly inhibit the viability and induce the apop-
tosis of SGC-7901 cells in a dose- and time-dependent manner
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within a certain range, which is consistent with the results of a
previous study on pancreatic cancer (23).

By analyzing the results of the MTT assay, it was identi-
fied that when the concentration of resveratrol was =50 M
(except 200 uM), the inhibition rates of cell viability at 36 h
were not significantly different from those at 48 h at the same
concentration. Additionally, when the concentration of resve-
ratrol was =200 uM, the inhibition rates of cell viability were
not significantly different between 24 and 36 h at the same
concentration. We hypothesize that, once the concentration
had increased to a certain point, prolonging the duration of
drug treatment did not make a difference to the inhibition of
cell viability following resveratrol treatment.

Decreased cell viability is a comprehensive response,
which reflects the functional state of cells in a number of

P<0.001 vs. control group. Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

aspects. Inhibition of cell proliferation, induction of apoptosis
or autophagy, and cytotoxic necrosis all decrease cell viability.
Yu et al (24) demonstrated that resveratrol decreases cell
viability by way of the induction of apoptosis and G,/M-phase
cell cycle arrest. However, Opipari et al (25) identified that
resveratrol induces cell death in ovarian cancer A2780 cells
via a mechanism distinct from apoptosis. Neither apoptotic
pathways associated with Bcl-2 and Bcl-xL nor activation of
caspase-9 were demonstrated to be required for the resvera-
trol-induced death of A2780 cells. Furthermore, decreased
cell viability associated with the induction of autophagy was
observed in breast cancer stem-like cells following treatment
with resveratrol (17).

The cell cycle is a basic process common to all living
organisms. The cell cycle can be divided into two major
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phases: Mitosis phase (M-phase) and interphase. On the
basis of DNA synthesis, interphase is divided into G-, S- and
G,-phases. It has been identified that the effect of resveratrol
on the cell cycle is primarily via two mechanisms: i) Decreasing
the proportion of G,/G,-phase cells; and ii) blocking S-phase
cells, namely the G,-S and S-G, transitions, thereby inhibiting
tumor cell proliferation (26). In the present study, cell cycle assay
indicated that resveratrol was able to arrest SGC-7901 cells at
S-phase, suggesting that blocking S-phase cells may be associ-
ated with resveratrol-induced apoptosis in SGC-7901 cells.
Apoptosis, an efficient cell death program, is primarily
mediated via the intrinsic or the extrinsic pathway in response
to different stimuli in various cell types. Dysregulated apoptosis
is a distinguishing feature of human cancer. The initiation and
execution of endogenous and exogenous apoptosis are regulated
by Bcl-2 and caspase family proteins (27,28). It is well-known
that Bcl-2 is an anti-apoptotic protein, and Bax is a pro-apoptotic
protein (29). The balance of these two types of protein has a key
function in regulating the sensitivity of cells to apoptosis (30).
In the present study, the results indicated that the Bax/Bcl-2
ratio increased with resveratrol treatment, which suggested that
resveratrol may inhibit the proliferation of gastric cancer cells

via downregulating anti-apoptotic proteins and upregulating
pro-apoptotic proteins. Abnormal caspase expression and acti-
vation have been involved in various types of cancer (31,32).
In the present study, western blot analysis indicated that the
levels of cleaved caspase-3 protein in SGC-7901 cells signifi-
cantly increased following resveratrol treatment. By contrast,
expression of pro-caspase-3 and pro-caspase-8 was markedly
decreased in the experimental groups following resveratrol
treatment. Furthermore, this resulted in a higher ratio of cleaved
caspase-3/pro-caspase-3 (8). Therefore, increased caspase-3
and caspase-8 activation in the presence of resveratrol may
contribute to resveratrol-induced apoptosis of SGC-7901 cells.
The NF-kB family of transcription factors is known for its
function in immunity and inflammation (33), and its abnormal
upregulation has been observed in a number of types of
cancer (34-37). In the present study, the expression of NF-kB
was negatively associated with the viability and survival of
SGC-7901 cells. The presence of an NF-kB-binding site in the
Bcl-2 promoter has been identified. Transactivation of transcrip-
tion by NF-kB from the Bcl-2 p2 promoter is mediated via the
Bcl-2 p2 site 1 (38). In certain cancer cell lines, the activation
of NF-kB is triggered by chemotherapeutic drugs and ionizing
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radiation that accompany the activation of the Bcl-2 family
of proteins (39). Sun et al (40) identified that resveratrol treat-
ment was able to arrest cells at G- and S-phases. NF-kB was
also downregulated, which resulted in decreased expression
of anti-apoptotic proteins, including Bcl-2, Bcl-2-like protein
1 and X-linked inhibitor of apoptosis. In myeloma, caspase-3
activation and loss of mitochondrial transmembrane potential
were observed to be associated with resveratrol-induced apop-
tosis (41). In line with these results, it is possible that NF-kB
has a key function in resveratrol-induced apoptosis in SGC-7901
cells. In the present study, resveratrol was able to downregulate
the expression and activation of NF-«kB in cancer cells, which
regulated the expression of apoptotic-associated proteins and
also modulated cell cycle distribution.

In conclusion, the results of the present study indicated that
resveratrol was able to inhibit the viability and induce the apop-
tosis of SGC-7901 cancer cells by inhibiting NF-xB activation.
Therefore, a potential application of resveratrol may be as an
anticancer drug for the treatment of gastric cancer.
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