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Resveratrol induced reactive oxygen species and endoplasmic
reticulum stress-mediated apoptosis, and cell cycle
arrest in the A375SM malignant melanoma cell line
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Abstract. Resveratrol, a dietary product present in grapes,
vegetables and berries, regulates several signaling pathways
that control cell division, cell growth, apoptosis and metastasis.
Malignant melanoma proliferates more readily in comparison
with any other types of skin cancer. In the present study, the
anti-cancer effect of resveratrol on melanoma cell prolif-
eration was evaluated. Treating A375SM cells with resveratrol
resulted in a decrease in cell growth. The alteration in the
levels of cell cycle-associated proteins was also examined by
western blot analysis. Treatment with resveratrol was observed
to increase the gene expression levels of p21 and p27, as well
as decrease the gene expression of cyclin B. In addition, the
generation of reactive oxygen species (ROS) and endoplasmic
reticulum (ER) stress were confirmed at the cellular and
protein levels using a 2'/7'-dichlorofluorescein diacetate assay,
TUNEL assay and western blot analysis. Resveratrol induced
the ROS-p38-p53 pathway by increasing the gene expression
of phosphorylated p38 mitogen-activated protein kinase, while
it induced the p53 and ER stress pathway by increasing the
gene expression levels of phosphorylated eukaryotic initia-
tion factor 20, and C/EBP homologous protein. The enhanced
ROS-p38-p53 and ER stress pathways promoted apoptosis by
downregulating B-cell lymphoma-2 (Bcl-2) expression and
upregulating Bcl-2-associated X protein expression. In conclu-
sion, resveratrol appears to be an inducer of ROS generation
and ER stress, and may be responsible for growth inhibition
and cell cycle arrest of A375SM melanoma cells.
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Introduction

Malignant melanoma is known for its exceptionally high
mortality rate among all types of skin cancer. Malignant
melanoma occurs due to an intricate interaction between
endogenous and exogenous factors. In total, >65% of malig-
nant melanoma cases are influenced by sun exposure and
~12% of cases are caused by genetic factors, such as mutations
of critical genes (including cyclin-dependent kinase inhib-
itor 2A, melanocortin 1 receptor and DNA repair genes) (1).
A great number of melanoma patients notably acquired driver
oncogenic mutations in genes that encode proteins associ-
ated with growth factor receptor signaling pathways, such as
the mitogen-activated protein kinase (M APK)/extracellular
signal-regulated kinase and phosphoinositide 3-kinase/protein
kinase B pathways (2,3). Treatments for advanced melanoma
have been investigated for the last decade. Surgical removal
is the primary treatment for melanoma due to its noticeable
appearance on the skin, and early removal of melanoma
increases the chance of preventing metastasis. Chemotherapy,
immunotherapy and molecular-targeted therapies are also
well known treatment methods for melanoma, which have
increased the survival rate of melanoma patients; however,
similar to other types of cancer, resistance to these treatments
has been rising (4).

Resveratrol, a trans-3,4',5-trihydroxystilbene, is a dietary
phenol present in numerous plants and dietary supplements,
and is commonly found in grapes. Resveratrol has been
reported to have an impact on every stage of carcinogenesis. In
addition, it serves as a chemopreventive agent due to its poten-
tial to mediate signaling pathways that manage cell division,
cell growth, apoptosis, angiogenesis, metastasis and inflam-
mation (5,6). There have been numerous studies on resveratrol
as an ideal anticancer molecule, as it provokes a cytotoxic
effect on cancer cells, while it does not affect nonmalignant
cells (7-9). The main resveratrol-mediated chemotherapeutic
mechanism is apoptosis associated with the activation of p53,
a tumor suppressor, and induced activation of death receptor
Fas/CD85/APO-1 in diverse cancer cells (10). Resveratrol is
also know to exhibit a preventive role in heart disease, since it
prevents coagulation and platelet aggregation, modifies eico-
sanoid synthesis and mediates lipoprotein metabolism (11).
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Endoplasmic reticulum (ER) is the primary site for protein
folding and transporting, and maintenance of cellular func-
tions. ER stress occurs when cell homeostasis collapses. The
unfolded protein response (UPR) is a response to ER stress that
involves several different stress signaling and inflammatory
pathways (12). Failure to resolve ER stress leads to apoptosis.
One ER stress-induced apoptosis pathway involves the activa-
tion of C/EBP homologous protein (CHOP), a transcription
factor, by ER stress and the promotion of apoptosis by down-
regulation of B-cell lymphoma 2 (Bcl-2) (13,14). ER stress also
stimulates intracellular reactive oxygen species (ROS) produc-
tion, and these species then reinforce ER stress-mediated
apoptosis (15). Oxidative stress is caused by excess production
of ROS and leads to cell death. ROS consist of cytotoxic
molecules, including superoxide (O,’), hydrogen peroxide
(H,0,), singlet oxygen (1/2 O,) and the hydroxyl radical (OH).
These ROS can damage all cellular components, including
proteins, lipids and DNA, and further cause disruptions in
normal cellular signaling (16). Oxidative and antioxidative
stress also occurs when the balance between pro-oxidants and
antioxidants collapses (17,18). While excessive ROS generation
induces oxidative stress, excessive reduction in the oxidative
stress level by antioxidants induces antioxidative stress, which
also has harmful effects on human health.

In the present study, it was attempted to determine whether
resveratrol induces ER stress-mediated apoptosis to suppress
cell growth. In addition, its effect on the intracellular ROS
level in the A375SM cell line was examined.

Materials and methods

Reagents and chemicals. Resveratrol was purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and was
dissolved in dimethyl sulfoxide (DMSO; Junsei Chemical Co.,
Ltd., Tokyo, Japan).

Cell culture and media. A malignant melanoma cell line,
A375SM, was obtained from the Korean Cell Line Bank
(Seoul, Korea) and cultured in Dulbecco's modified Eagle's
medium (DMEM; HyClone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS; Rocky Mountain Biologicals, Inc.,
Missoula, MT, USA), 10 U/ml penicillin and 100 pg/ml strep-
tomycin (Cellgro Mediatech; Corning Incorporated, Corning,
NY, USA), and 10 mM HEPES (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 37°C in 5% CO, and
95% air in a humidified cell incubator. Melanoma cells were
trypsinized using 0.05% trypsin/0.02% EDTA (GE Healthcare
Life Sciences).

Cell viability assay. The cell viability test was conducted
for 6 days. On the first day, A375SM cells (3x10° cells/well)
were seeded in 96-well plates (SPL Life Science, Seoul,
Korea) and cultured in DMEM supplemented with FBS,
1% penicillin and streptomycin, and 1% HEPES at 37°C in
a humidified atmosphere with 5% CO,. The following day,
A375SM cells were treated with concentrations of resveratrol
ranging between 10 and 10 xM in DMEM supplemented with
0.1% DMSO for 4 days. On the third day of this treatment, the
media were changed to a fresh version of the same media. The
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day after the four days of treatments were completed (day 6),
an EZ-cytox Cell Viability Assay kit (DoGen Bio Co., Ltd.,
Seoul, Korea) was used to verify the cell viability in each well.
An ELISA plate reader (VERSAmax; Molecular Devices,
LLC, Sunnyvale, CA, USA) was used to measure the absor-
bance at 480 nm. Resveratrol (1 #M) was expected to produce
a sufficient effect on ER-stress and ROS production and was
applied for subsequent analysis; a dose-dependent effect was
also investigated by using 1 and 10 M resveratrol as 10 yuM
resveratrol did not induce cell damage >45%.

Western blot assay. The A375SM cell line was incubated
in medium containing 0.1% DMSO and resveratrol (I and
10 uM) for 48 h. Next, radioimmunoprecipitation assay buffer
containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1%
Triton X-100 (Sigma-Aldrich; Merck KGaA), 0.1% sodium
dodecyl sulfate and 0.5% deoxycholic acid (Sigma-Aldrich;
Merck KGaA) mixed with protease and phosphatase inhibitors
was used for harvesting proteins for western blot analysis. The
extracted proteins were incubated overnight at 4°C and then
centrifuged at 18,430 xg for 1 h at 4°C. The selected protein
concentration was obtained using a mixture of bicinchoninic
acid and copper (II) sulfate (both from Sigma-Aldrich;
Merck KGaA). Subsequently, 50 ug total protein was used
for 10% SDS-polyacrylamide gel electrophoresis, and then
the separated proteins were transferred to a polyvinylidene
fluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA
USA). The membrane was subsequently incubated overnight
at 4°C with the following monoclonal primary antibodies:
mouse monoclonal anti-p21 (1:1,000; Abcam, Cambridge,
MA, USA; abl188224), anti-cyclin B (1:1,000; Abcam;
ab2949), anti-cyclin E (1:1,000; Abcam; ab98952), anti-p53
(1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA;
sc-126), anti-phosphorylated (p)-p38 MAPK (1:1,000; Abcam;
ab4822), anti-CHOP (1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA; 2895), anti-Bcl-2-associated
X protein (Bax; 1:1,000; Santa Cruz Biotechnology, Inc.;
sc-7480), anti-Bcl-2 (1:200; Cell Signaling Technology, Inc.;
15071), anti-GAPDH (1:12,000; Abcam; ab130099), rabbit
monoclonal anti-nuclear factor erythroid 2-related factor 2
(Nrf2; 1:2,000; Abcam; ab62352), anti-p27 (1:1,000; Abcam;
ab32034) and anti-p-eukaryotic initiation factor 2a (elF2a;
1:1,000; Cell Signaling Technology, Inc.; 9721). The primary
antibody binding was observed by incubating for 1 h at 4°C
with a secondary antibody, including anti-mouse IgG (1:3,000;
Thermo Fisher Scientific, Inc.; 170-6516) or anti-rabbit IgG
(1:3,000; Thermo Fisher Scientific, Inc.; 170-6515). A West-Q
Chemiluminescent Substrate Plus kit (GenDEPOT, Inc.,
Barker, TX, USA) was utilized for protein detection. The band
densities on the membrane were utilized to quantify each
protein expression through CS Analyzer 4 software ver. 2.1.2
(Atto Corporation, Tokyo, Japan). Each experiment was
conducted at least three times, and the expression levels of the
aforementioned proteins were normalized to that of GADPH
protein.

Measurement of ROS generation. An assay using
2'/7'-dichlorofluorescein diacetate (DCF-DA) was conducted
to measure the cellular levels of ROS in the A375SM cell line.
Briefly, A375SM cells were seeded at a density of 3x10° cells
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per well in a 6-well plate with the culture medium. After 48 h
of incubation, the culture medium was replaced with medium
containing either 0.1% DMSO or resveratrol (1 and 10 xgM).
As a positive control for ROS production, 2 ml of 3% H,0,
solution was added to the A375SM cell line for 15 min. A new
medium containing DCF-DA solution in DMEM was substi-
tuted for 30 min. Subsequently, each well was washed with
PBS, and the A375SM cell line was visualized using a fluo-
rescence microscope (IX-73 inverted microscope; Olympus
Corporation, Tokyo, Japan). The amount of ROS formed by the
resveratrol treatment was quantified using CellSens Dimension
software ver. 1.13 (Olympus Corporation).

TUNEL assay. Apoptotic melanoma cells were detected
using a DeadEnd™ fluorometric TUNEL assay kit (Promega
Corporation, Madison, WI, USA) as described in the manu-
facturer's protocol. Briefly, melanoma cells were seeded at a
density of 3x10° cells per well in a 6-well plate. After 48 h
of incubation with medium containing 0.1% DMSO and
resveratrol (1 and 10 M), cells were fixed with 3.7% formal-
dehyde for 25 min and incubated with recombinant terminal
deoxynucleotidyl transferase incubation buffer for 1 h at 37°C.
The cells were then stained with DAPI (Invitrogen; Thermo
Fisher Scientific, Inc.), and both apoptotic and DAPI-stained
cells were visualized using a fluorescence microscope (IX-73
inverted microscope, Olympus Corporation). ImageJ soft-
ware ver. 1.49 (National Institutes of Health, Bethesda, MD,
USA) was used for merging the images of DAPI and TUNEL
staining. The number of apoptotic A375SM cells produced
by resveratrol treatment was quantified using the CellSens
Dimension software ver. 1.13 (Olympus Corporation).

Statistical analysis. All experiments were performed a
minimum of three times, and the resulting data were analyzed
with the GraphPad Prism software ver. 5 (GraphPad Software,
Inc., San Diego, CA, USA). All data are presented as the
mean =+ standard deviation, and were analyzed using one-way
analysis of variance, followed by Dunnett's test. Differences
with P-values of <0.05 were recognized as statistically
significant.

Results

Cell proliferation of A375SM was repressed by resveratrol.
To evaluate the effects of resveratrol on A375SM cell prolif-
eration, the cells were treated with 0.1% DMSO (control) or
resveratrol (102, 107, 1, 5 and 10 uM) for 4 days. On day 6
of the treatment, EZ-cytox was added to measure the cell
viability. Resveratrol significantly suppressed the cell viability
of the melanoma cell line in a dose-dependent manner (Fig. 1).
Based on the results of the cell viability assay, the resvera-
trol concentrations of 1 and 10 yuM were selected for further
experiments.

Resveratrol induced cell cycle arrest of melanoma cell line.
A western blot assay was performed on the A375SM mela-
noma cell line to examine whether resveratrol influenced
the protein expression of genes controlling the cell cycle
progression. Melanoma cells were treated with the control or
resveratrol (1 and 10 uM) for 48 h, and then the protein levels
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Figure 1. Effect of resveratrol on the viability of the A375SM cell line. A375SM
cells (3x10° cells/well) were seeded into 96-well plates. The following day,
the cells were treated with 0.1% DMSO (control) or resveratrol (between
102 and 10 uM) for 5 days. EZ-cytox was then added on the last day of the
treatment to measure the cell viability, with 0.1% DMSO used as a control.
Data are represented as the mean + standard deviation. "P<0.05 vs. control
(0.1% DMSO). Res, resveratrol; DMSO, dimethyl sulfoxide.

of cell cycle-associated genes, including p21, p27, cyclin E and
cyclin B, were quantified. It was observed that the expression
levels of cyclin-dependent kinase inhibitors p21 and p27 were
significantly increased in a dose-dependent manner (Fig. 2). By
contrast, the expression of cyclin B was markedly decreased,
whereas the expression of cyclin E did not exhibit any signifi-
cant difference among melanoma cells that were treated with
the control and resveratrol (1 and 10 M), as shown Fig. 2B.
According to previous studies, upregulation of cyclin-dependent
kinase inhibitors, p21 and p27 arrests the cell cycle at the G2/M
phase by deregulating cyclin Bl levels, inducing G2 arrest to
hinder the replication of damaged DNA (19,20). These results
indicate that resveratrol may activate p21 and p27 to suppress
the G2/M phase of the cell cycle in A375SM melanoma cells.

Resveratrol elevated ROS generation and ER stress of
melanoma cell line. The study further evaluated the ROS
generation and ER stress on the A375SM melanoma cell line
when exposed to resveratrol. Cellular ROS production in
the A375SM cell line exposed to 1 or 10 uM resveratrol for
48 h was measured using a DCF-DA assay, using hydrogen
peroxide as a positive control. Fig. 3 displays the induced ROS
generation on the A375SM cell line, and the DCF positive
cells were significantly increased in a dose-dependent manner.
Western blot analysis was also conducted to verify the altered
expression rates of the ROS and ER stress-associated proteins
Nrf2, p-elF20 and CHOP as a result of resveratrol treatment,
compared with the control. The expression of the anti-oxidant
factor Nrf2 was significantly decreased in a dose-dependent
manner in resveratrol-treated cells compared with that in the
control (Fig. 4), which likely resulted from the increase in ROS
production and ER stress. However, treatment with 10 M
resveratrol significantly increased the expression levels of
p-elF2a and CHOP, which are ER stress-associated apoptosis
markers, as demonstrated in Fig. 4. These results indicated
that resveratrol may induce ROS generation and ER stress to
hinder the anti-oxidative effects of resveratrol and enhance the
apoptosis of melanoma cells.
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Figure 2. Resveratrol altered the expression levels of cell cycle-associated proteins in A375SM cells treated with DMSO (control) or resveratrol (1.0 and 10 M)
for 48 h. (A) The expression levels of p21, p27, cyclin E and cyclin B were measured using a western blot assay following protein extraction. (B) Each band was
quantified and normalized by GAPDH expression, with 0.1% DMSO used as a control. Data of three single experiments are represented as the mean + standard
deviation. "P<0.05 vs. control (0.1% DMSO). Res, resveratrol; DMSO, dimethyl sulfoxide.
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Figure 3. ROS generation in melanoma cells was increased due to resveratrol exposure. (A) Intracellular ROS production in the A375SM cell line was
measured using a DCF-DA assay. A375SM cells were treated with DMSO (control) or resveratrol (1.0 and 10 #M) for 48 h. Cellular ROS production was
observed using a fluorescence microscope. (B) The amount of ROS formed by resveratrol treatment was quantified using CellSens Dimension software. Data
of three single experiments are represented as the mean + standard deviation. "P<0.05 vs. control (0.1% DMSO). Res, resveratrol; DMSO, dimethyl sulfoxide;
ROS, reactive oxygen species; DCF-DA, 2',7'-dichlorofluorescein diacetate.
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Figure 4. Resveratrol altered the expression levels of reactive oxygen species and endoplasmic reticulum stress-associated proteins in A375SM cells. (A) Cells
were treated with DMSO (control) or resveratrol (1.0 and 10 xM) for 48 h. The expression levels of Nrf2, p-eIF2o and CHOP were measured using a western
blot assay following protein extraction. (B) Each band was quantified and normalized by GAPDH expression, with 0.1% DMSO used as a control. Data of
three single experiments are represented as the mean + standard deviation. "P<0.05 vs. control (0.1% DMSO). Res, resveratrol; DMSO, dimethyl sulfoxide;
Nrf2, nuclear factor erythroid 2-related factor 2; p-elF2a., phosphorylated eukaryotic initiation factor 2a; CHOP, C/EBP homologous protein.

Resveratrol-induced apoptosis on melanoma cell line.
Melanoma cells that underwent apoptosis due to resveratrol
treatment were detected using a DeadEnd™ fluorometric
TUNEL assay kit, and the protein levels were verified using a
western blot assay. A375SM cells were treated with the control
orresveratrol (1 and 10 xM) for 48 h. Treatment with resveratrol
displayed increased cell death compared with that observed in
the control, as shown in Fig. 5. In addition, the higher concen-
tration of resveratrol was correlated with a marked increase in
melanoma cell death (Fig. 5) compared with 1 M resveratrol.
The apoptosis-associated proteins p38, p53, Bax and Bcl-2
were also observed using a western blot assay to support the
TUNEL assay findings. The expression levels of p53, a tumor
suppressor and mediator of programmed cell death, and of
p-p38, which is upstream of and targets p53, were increased in
resveratrol-treated melanoma cells, as shown in Fig. 6. When
cells are under stress, pS3 interacts with the anti-apoptotic
members Bcl-2 and Bcel-xL and counterbalances their expres-
sion. This counterbalance activates apoptosis through the
induction of mitochondrial outer membrane permeabilization
factors, such as Bax, Bak and BH3-only (21). In the present
study, the expression of the anti-apoptotic protein Bcl-2 was
suppressed, likely due to the activation of p53. By contrast,

the expression of the pro-apoptotic protein Bax was increased
in a dose-dependent manner (Fig. 6). These results imply that
the apoptosis that occurred in melanoma cells treated with
resveratrol was influenced by the phosphorylation of p38 and
activation of p53, which inhibited the expression of anti-apop-
totic factors and activated pro-apoptotic factors.

Discussion

Melanoma diagnosed at an early stage can be effectively
treated with surgical removal and radiation therapy (4,22).
Although a vast range of treatment strategies are available for
melanoma, ranging from chemotherapy to molecular-targeted
therapies, treatment resistance is unavoidable in melanoma
patients. Therefore, identifying novel methods for the treat-
ment or prevention of melanoma has become a focus point of
cancer research.

According to a review published in 2011, resveratrol exhib-
ited a chemopreventive role in various diseases, including
cancer (23). Therefore, the current study examined how resve-
ratrol, a compound found in various types of food, influences
melanoma at the cellular and protein levels. It was observed
that resveratrol inhibited melanoma cell proliferation at a
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Figure 5. Resveratrol induced apoptosis at the cellular level in A375SM cells. (A) Resveratrol induced apoptosis in A375SM cells as determined by a fluores-
cence microscope. Cells were treated with 1.0 and 10 #M resveratrol, or with the control for 48 h, and then a TUNEL assay was performed. ImageJ software
ver. 1.49 was used to merge the images of DAPI and TUNEL. (B) The number of apoptotic A375SM cells produced by resveratrol treatment was quantified
using CellSens Dimension software. Data of three single experiments are represented as the mean + standard deviation. "P<0.05 vs. control (0.1% DMSO).

"P<0.05 vs. 1 uM resveratrol. Res, resveratrol; DMSO, dimethyl sulfoxide.

concentration of >10 yM. The concentrations 1 and 10 yuM
were selected to further examine the effect of resveratrol in
a dose-dependent manner. Resveratrol was demonstrated to
activate the expression of p21 and p27, which promoted cell
cycle arrest in melanoma cells. Furthermore, the effects of
resveratrol on cyclin B and cyclin E were assessed, both of
which are highly expressed in melanoma that exhibits meta-
static tendencies (24). Resveratrol suppressed the expression of
cyclin B, but did not have a significant effect on the expression
of cyclin E.

In the current study, the generation of cellular ROS in
melanoma cells was observed using a DCF-DA assay. The
density of DCF-positive melanoma cells was increased in a
dose-dependent manner, which implies that A375SM cells
cultured with resveratrol generated a higher amount of ROS.
Resveratrol increased the cytosolic ROS generation by >5-fold
(1 uM resveratrol) and 15-fold (10 M resveratrol) as compared
with that in the control. Although the glutathione/glutathione
disulfide (GSH/GSSG) ratio was not measured, it can easily
be assumed that the increased ROS generation by resveratrol
reduced the GSH/GSSG ratio compared with the control, and
placed the melanoma cells under oxidative stress.

Although resveratrol is known to have an antioxidant effect,
recent studies have demonstrated that resveratrol exhibits

both antioxidant and prooxidant properties, depending on
its concentration and the cell type (25,26). It has also been
proposed that the pro-oxidant action may be an important
action mechanism of the anticancer and apoptosis-inducing
properties of resveratrol (27). Correspondingly, the present
results observed that resveratrol displayed apoptosis-inducing
properties in the melanoma cell line, A375SM, by acting as a
pro-oxidant that promotes ROS formation.

Nrf2 is a mediator of cellular resistance to oxidants and
hyperactivation of the Nrf2 pathway establishes a favorable
environment for normal and malignant cells (28). In addi-
tion, Nrf2 has been considered to protect the human body
against cancer (29-31). However, certain tumor types persis-
tently express Nrf2, which allows the cancer to proliferate
and gain resistance to oxidants and anticancer drugs (32).
Nrf2 is notable for its role as a regulator of cellular defense
mechanisms against oxidative stress; however, recent studies
revealed the dual nature of Nrf2 (29,33,34). Though it has a
protective role against cancer, constant expression of Nrf2
gave rise to strong resistance of cancer to chemotherapeutic
drugs (28). Since resveratrol-treated melanoma cells demon-
strated a decrease in Nrf2 expression in the present study, it is
hypothesized that chemotherapy-resistant melanoma cells may
regain sensitivity to chemotherapy with exposure to resveratrol.
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Figure 6. Resveratrol altered the expression of apoptosis-associated proteins in A375SM cells. (A) Cells were treated with DMSO (control) or resveratrol (1.0
and 10 xM) for 48 h, and the expression levels of p-p38 MAPK, p53, Bax and Bcl-2 were measured using a western blot assay following protein extraction.
(B) Each band was quantified and normalized by GAPDH expression, with 0.1% DMSO used as a control. Data of three single experiments are represented as
the mean + standard deviation. "P<0.05 vs. control (0.1% DMSO). Res, resveratrol; DMSO, dimethyl sulfoxide; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated

X protein; MAPK, mitogen-activated protein kinase.

Considering that Nrf2 is an anti-oxidant factor, its reduced
protein expression by resveratrol also supports the occurrence
of resveratrol-induced oxidative stress. In the context of an
existing melanoma, constant expression of Nrf2 gives rise to
resistance to chemotherapeutic drugs. Therefore, the decrease
in Nrf2 expression caused by resveratrol may prevent the devel-
opment of such resistance and thereby increase the sensitivity
of melanoma cells to chemotherapy. Similar to Nrf2, which
has the dual effects of protection against cancer and enhance-
ment of chemoresistance, resveratrol also has a dual nature,
namely anti-oxidant and pro-oxidant activities. Thereby, it is
concluded that resveratrol displayed an anti-melanoma effect
through its pro-oxidant activity and reduction of the chemore-
sistance assigned by Nrf2.

In addition to increasing intracellular ROS levels, resvera-
trol also enhances ER stress (12). The UPR is modulated by
three ER membrane-associated proteins: PKR-like ER kinase
(PERK), inositol-requiring enzyme 1, and activating transcrip-
tion factor-6. Phosphorylation of elF2a by the PERK kinase
modulates its translational response and promotes apoptotic
cell death (35-37). In the present study, the expression levels of

p-elF2a and CHOP were significantly increased in A375SM
cells treated with a high concentration of resveratrol, thereby
promoting programmed cell death.

Subsequent to confirming the impact of resveratrol on the
generation of ROS and ER stress, the present study further
determined that resveratrol induced the ROS-mediated p38-p53
pathway in melanoma cells and promoted apoptosis mediated
by the ROS-p38-p53 and ER stress pathway (38). The density
of TUNEL-positive cells was increased in a dose-dependent
manner. It was further demonstrated that resveratrol induced
the mitochondrial apoptotic pathway in melanoma cells
through the ROS-p38-p53 pathway by increasing the protein
expression of p-p38 MAPK, and through the p53 and ER stress
pathway by increasing the protein expression of p-elF2a and
CHOP. The enhanced ROS-p38-p53 and ER stress pathways
promoted apoptosis by downregulating Bcl-2 expression and
upregulating Bax expression (13).

In the present study, it was revealed that resveratrol induced
oxidative stress in melanoma cancer cells by promoting ROS
formation. The ROS-mediated oxidative stress induced by
resveratrol led to ER stress and mitochondrial dysfunction, both
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Figure 7. Summary of the role of resveratrol in activating apoptosis and cell
cycle arrest through enhancing ER stress and ROS generation. Resveratrol
impeded the growth of A375SM cells via stimulating cell cycle arrest and
apoptosis by elevating the levels of p38, p53, and Bax, and decreasing the
level of Bcl-2. Resveratrol increased the intracellular ROS production and ER
stress-mediated apoptosis (p-eIF2a and CHOP) through deactivation of the
anti-oxidant factor Nrf2. Therefore, resveratrol accelerated cell cycle arrest
and apoptosis by boosting the ROS production and ER stress. ROS, reac-
tive oxygen species; ER, endoplasmic reticulum; Bcl-2, B-cell lymphoma 2;
Bax, Bcl-2-associated X protein; p-elF2a, phosphorylated eukaryotic initia-
tion factor 20;; Nrf2, nuclear factor erythroid 2-related factor 2; CHOP, C/EBP
homologous protein; MAPK, mitogen-activated protein kinase.

of which induced the apoptosis of A375SM melanoma cells via
different pathways. Although it was not established which is the
main cause of the resveratrol-induced melanoma cell toxicity
and the resultant cell death, ER stress and mitochondrial
dysfunction can be considered as mechanisms of resveratrol in
terms of the induction of apoptosis in melanoma cells.

Taken together, these results revealed that resveratrol
generated intracellular ROS and ER stress in melanoma cells.
As canonical steps, eIlF2a was phosphorylated, activating
CHOP, which induces an ER stress-mediated apoptosis
pathway. Furthermore, elevated ROS production led to the
phosphorylation of p38 MAPK and activation of p53. Activated
p53 promoted cell cycle arrest by activating p21 and p27,
enhancing cell cycle arrest in the G,/M phase by suppressing
the expression of cyclin B. The activated pS3 and CHOP then
accelerated apoptosis by impeding Bcl-2 expression, upregu-
lating the expression of Bax, as shown in Fig. 7. In addition, the
decreased expression of Nrf2 caused by resveratrol should be
studied in order to determine whether it decreases melanoma
resistance to chemotherapeutic agents.

Although these outcomes revealed novel insight that may be
helpful for melanoma treatment, there was a degree of uncer-
tainty in the present study. For instance, ROS involves a diverse
range of cell outcomes, including pyroptosis and apoptosis,
which are associated with DNA fragmentation that exhibits
positive results in a TUNEL assay. However, p53-mediated cell
death usually occurs by apoptosis rather than pyroptosis, as it
was observed in the current study. Although pyroptosis was not
investigated herein, the lack of a mechanism by which p53-medi-
ated cell death leads to pyroptosis results in the conclusion that

HEO et al: EFFECTS OF RESVERATROL ON MELANOMA CELLS

resveratrol induced A375SM melanoma cell death via ROS
formation and p53-mediated apoptosis. Increased cytosolic
ROS generation by resveratrol was also identified through the
DCF-DA assay; however, this assay did not demonstrate the
exact site of ROS formation in the cell and the types of ROS.
For more specific representation of the role of resveratrol in
the melanoma microenvironment and its association with ROS
(the main cause of resveratrol-induced melanoma cell toxicity
and death), follow-up experiments examining pyroptosis, asso-
ciations with calcium ions and the ratio of GSH/GSSG will be
required, along with suitable in vivo experiments, prior to the
application of resveratrol in clinical studies.

In conclusion, the present study demonstrated that resvera-
trol impeded the viability of melanoma cells by activating the
expression of both p21 and p27, which suppressed the expres-
sion of cyclin B and promoted cell cycle arrest. Furthermore,
resveratrol increased the generation of cellular ROS and
simultaneously induced the ER stress pathway in melanoma
cells. These results reveal a potential use for resveratrol in the
treatment for melanoma.
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