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Melatonin treatment induces apoptosis through regulating
the nuclear factor-kB and mitogen-activated protein kinase
signaling pathways in human gastric cancer SGC7901 cells
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Abstract. Melatonin, which is synthesized by the pineal
gland and released into the blood, exhibits antitumor
properties. However, the mechanisms underlying these effects,
particularly in stomach cancer, remain unknown. In the present
study, the effect of melatonin on the nuclear factor (NF)-kB
signaling pathway and the mitogen-activated protein kinase
signaling pathway, involving p38 and c-Jun-N-terminal kinase
(JNK), were investigated in SGC7901 gastric cancer cells. In
addition, the effect of melatonin on the survival, migration
and apoptosis of these cells was investigated in vitro in order
to evaluate the use of melatonin for the treatment of gastric
cancer. The results of the present study revealed that melatonin
decreased the viability and migration of SGC7901 cells.
Furthermore, melatonin induced apoptosis. Melatonin was
identified to elevate the expression levels of phosphorylated
(p)-p38 and p-JNK protein, and decrease the expression
level of nucleic p-p65. These results suggest that the protein
levels of p65, p38 and JNK are associated with the survival
of SGC7901 cells following treatment with melatonin. The
optimal concentration of melatonin was demonstrated to be
2 mM, which significantly induced apoptosis following a
24 h treatment period. These findings suggest that conflicting
growth signals in cells may inhibit the efficacy of melatonin
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in the treatment of gastric cancer. Therefore, adjunct therapy
would be required to improve the efficacy of melatonin in the
treatment of cancer.

Introduction

Gastric carcinoma is one of the most common types of malig-
nancy, worldwide (1).In Asia, patients tend to be diagnosed at an
average age of 66.8 years, and exhibit poor rates of survival (1).
Gastric cancer is a refractory cancer and the third-leading
cause of cancer-associated mortality in China (2). Gastric
adenocarcinoma is the predominant type of gastric cancer
and has limited treatment options (3). The typical treatments
for gastric cancer, surgery and chemotherapy, only partially
improve the overall survival of patients with this disease (4,5).
Therefore, more effective drugs or comprehensive therapies
are required (6).

Melatonin is an indole hormone secreted by the pineal gland
and was first identified in 1958 (7). Melatonin serves a signifi-
cant role in a wide variety of biological processes, including
sleep, immunomodulation, anti-inflammation and anti-
oxidative stress (8-11). In addition, melatonin is an anticancer
hormone and a potential target for cancer treatments (12).
Several studies have revealed that melatonin is useful for the
prevention of cancer (13,14). The antitumor ability of mela-
tonin may be mediated by numerous mechanisms, including
the activation of antioxidative stress, inhibition of migration
and induction of apoptosis (15-17). Melatonin has also been
demonstrated to suppress the growth, migration and invasion
of SGC7901 gastric cancer cells in vitro (18), and to exert an
apoptotic effect in the hepatocellular carcinoma HepG2 cell
line (19). Additionally, the use of melatonin has not been asso-
ciated with significant side effects (20). Therefore, the present
study hypothesized that melatonin may exhibit efficacy in the
prevention and treatment of numerous types of cancer, likely
as a supplement to adjunct therapies.

Melatonin, which acts as an inhibitor of activated nuclear
factor (NF)-«xB signaling in prostate cancer cells, may serve
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as a potential therapeutic molecule to inhibit the proliferation
and metastasis of LNCaP and 22Rvl prostate cancer cells in
subsequent clinical stages of cancer progression (21). NF-«xB,
a transcription factor, stimulates the expression of numerous
genes associated with oxidative stress, immune responses,
cytokine production and apoptosis (22,23). NF-kB belongs to
the Rel family, which consists of pS0, p52, c-Rel, p65 and RelB.
Typically, NF-kB dimers reside in the cytosol bound to NF-kB
inhibitor (IxB) proteins and are rapidly activated by stimuli
capable of inducing the phosphorylation and proteolysis of
IkB. Upon the removal of IkB, NF-kBp65, which belongs to
the Rcl family, enters the nucleus to induce the expression of
target genes, thereby controlling immunity, inflammation, cell
growth and survival (24).

In the present study, the effect of pharmacological
concentrations of melatonin on the proliferation, migration
and apoptosis of SGC7901 gastric cancer cells was evaluated
in vitro to examine the efficacy of melatonin for the treat-
ment of cancer. With respect to nuclear transcription factors,
the NF-kB-mediated suppression of apoptosis involves the
inhibition of the c-Jun N-terminal kinase (JNK) signaling
cascade (24). The key mammalian mitogen-activated protein
kinases (MAPKSs), INK and p38, may be associated with cell
growth and apoptosis (25). JNK and p38 have been suggested
to serve a role in cancer development and have been demon-
strated to be affected by melatonin (26). In the present study,
the effect of melatonin on the viability, invasion and apoptosis
of gastric cancer cells was evaluated in association with the
expression of NF-kB-p65, p38 and JNK.

Materials and methods

Cell culture and melatonin treatment. The human gastric
cancer cell line SGC7901 was obtained from the Cell Bank
of the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The human gastric mucosal cell
line GES-1 was obtained from the American Type Culture
Collection (Manassas, VA, USA) and used as the control.
The cells were cultured in a complete culture medium of
RPMI-1640 (Sigma-Aldrich; Merck Millipore, Darmstadt,
Germany) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Sigma-Aldrich; Merck Millipore) and
1% penicillin/streptomycin at 37°C with 5% CO, in a humidi-
fied incubator. Melatonin (Sigma-Aldrich; Merck Millipore)
was dissolved in 0.2% dimethyl sulfoxide (DMSO) and the
cells were treated with 0-2 mM melatonin for 0-48 h. The
vehicle control group of only DMSO was administered 0.2%
DMSO alone. Control group were cultured in the absence of
melatonin and DMSO. In all experiments, the cells were main-
tained in RPMI-1640 medium supplemented with 10% FBS at
37°C for 24 h prior to the melatonin treatment.

Colony formation assays. The SGC7901 cells were seeded
into 6-well plates at a concentration of 5x10° cells/well and
cultured at 37°C in a humidified atmosphere containing 5%
CO,. On the following day, the cells were treated with 2 mM
melatonin once and subsequently incubated at 37°C for
8 days. Each well was subsequently washed twice with PBS
and stained with crystal violet (10 mg/ml). During the 8-day
incubation, the medium was replaced every 72 h in all wells.
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Cell viability assay. The Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) assay was
used to assess the effect of melatonin on cell viability. For
the CCK-8 assay, SGC7901 and GES-1 cells were seeded
into 96-well plates at a density of 4x10° cells/well, in a
total volume of 200 ul complete medium. The medium was
replaced 24 h following seeding. Various concentrations of
melatonin (0-2 mM) were subsequently added and the cells
were cultured at 37°C for 0-48 h. Each treatment group had
3 parallel wells. Subsequent to the exposure of the cells to
melatonin, cell viability was evaluated using the CCK-8 assay,
according to the manufacturer's instructions. The absorbance
at a wavelength of 450 nm was determined for each well using
an Infinite 200 PRO NanoQuant plate reader (Tecan Austria
GmbH, Grodig, Austria).

Wound healing assay. SGCT7901 cells were plated into 12-well
plates at a density of 3x10* cells/well in complete medium
and cultured at 37°C with 5% CO,. When the cells formed
a monolayer, a scratch was made in the middle of the well
with a P100 pipette tip. Subsequently, the debris was washed
away with PBS and the wells were cultured with fresh media
supplemented with 1% FBS and various concentrations of
melatonin (0-2 mM). Subsequent to an incubation of 0, 24 or
48 h, images of the cells were captured using a phase-contrast
microscope. Each experiment was performed in triplicate. The
migration distance was calculated as follows: Area in the field
of view/length devoid of cells. This analysis was performed
using Image-Pro Plus software 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA). The results are expressed as the differ-
ence in migration distance between 0 and 48 h of treatment.

Apoptosis assay. Due to the detection of the extent of early
apoptosis and necrosis, SGC7901 cells were stained with
fluorescein isothiocyanate (FITC)-conjugated Annexin V
and propidium iodide (PI; Annexin V-FITC/PI apoptosis kit;
Multi Sciences Biotech Co., Ltd., Hangzhou, China). In total,
4x10° cells were plated into 6-well plates and treated with 0,0.5,
1 and 2 mM melatonin. Following a 24-h incubation, the cells
were harvested by trypsinization and washed with PBS. The
cells were then centrifuged at 10.8 x g at 37°C for 5 min and
the supernatant was discarded. A total of 2x10°-1x10° cells/ml
cells were resuspended in 1X binding buffer (10 mM HEPES,
pH 7.4, 140 mM NaCl, 1 mM MgCl,, 5 mM KCI, 2.5 mM
CaCl,). Subsequently, 5 ul FITC-conjugated Annexin-V and
10 ul PI were added to 500 pl of this solution for 5 min at
room temperature in the dark. Apoptosis was detected using
the BD FACSCalibur (BD Biosciences, San Jose, CA, USA)
and quantified using FlowJo software 10.0 (Tree Star, Inc.,
Ashland, OR, USA).

Immunofluorescence staining. To investigate the association
between melatonin and NF-«B activation, the localization of
NF-«B protein in SGC7901 cells was investigated using an
immunofluorescence staining assay. A total of 4x10° cells were
seeded onto glass coverslips in 6-well plates and treated with
2 mM melatonin for 24 h. Subsequently, the glass disks were
removed from the wells, washed 3 times with PBS and fixed
with 4% paraformaldehyde at room temperature for 20 min.
The disks were washed with PBS and 1% Triton X-100 was
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added for 5 min in order to permeabilize the cell membranes.
Following blocking with 1% bovine serum albumin (BD
Biosciences), the cells were incubated with anti-NF-xB-p65
antibody (D14E12 rabbit mAb; #8242; dilution, 1:1,000; Cell
Signaling Technology, Inc., Danvers, MA, USA) followed by
incubation with a goat anti-rabbit secondary IgG horseradish
peroxidase (HRP) conjugated antibody #BS13278; dilution,
1:10,000; Bioworld Technology Inc., St. Louis Park, MN,
USA). The cells were then stained with DAPI for 5 min in the
dark at room temperature. Images were captured using a Leica
Spectral confocal laser microscope.

Western blot analysis. Cells were plated into 100 mm dishes at
a density of 5x10° cells/dish in complete medium and cultured
at 37°C with 5% CO? for 48 h. Following 2 mM melatonin
treatment the cells were washed twice with PBS and lysed
by adding ice-cold radioimmunoprecipitation lysis buffer
(Beyotime Biotechnology, Shanghai, China) and PhosSTOP
(dilution, 1:10; Roche Diagnostics, Basel, Switzerland) for
15 min on ice. The cells were then scraped off the plate, and
the extracts transferred into a microfuge tube and centrifuged
at 12,000 x g at 4°C for 10 min. Protein concentration was
determined using the BCA Assay kit (Beyotime Institute of
Biotechnology, Haimen, China). Equal amounts (40 ug) of the
supernatant protein were separately subjected to SDS-PAGE
on a 10% gel and transferred to a polyvinylidene fluoride
membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The membrane was incubated with antibodies directed against
the following proteins: Phosphorylated (p)-JNK (Thr183/Tyr185
rabbit mAb; #4668), INK (#9252), p-p38 (Thr180/Tyr182
rabbit mAb; #9215), p38 (D13EI rabbit mAb; #8690), p-p65
(Ser536 rabbit mAb; #3033), p65 (D14E12 rabbit mAb; #8242;
dilutions for all 1:1,000; all Cell Signaling Technology,
Inc.) and GAPDH (1:1,000; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). Following washing with TBS/Tween-20,
the membranes were incubated for 1 h at room temperature
with a goat anti-rabbit secondary IgG HRP conjugated
anti-rabbit secondary fluorescent antibody (#BS13278; dilu-
tion, 1:10,000; Bioworld Technology Inc.) and visualized using
a WesternBright Enhanced Chemiluminescence Substrate kit
(Advansta Inc., Menlo Park, CA, USA). Images of the blots
were captured using the ChemiDoc MP system and the density
of the specific bands was quantified using Image Lab software
version 5.0 (both Bio-Rad Laboratories, Inc.).

Statistical analysis. Results are expressed as the mean + stan-
dard error of the mean. Data were compared by one-way
analysis of variance. When the analysis indicated the presence
of a significant difference, the means were compared with
using the Newmann-Keuls method. All statistical analyses
were performed using SPSS software (version 13; SPSS, Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

The effect of melatonin on SGC7901 cell viability was
investigated using the CCK-8 assay. The cells were treated
with 1 mM melatonin for different lengths of time (Fig. 1A)
or at different concentrations of melatonin (0.1-2 mM) for

2739

24 h (Fig. 1B). As shown in Fig. 1, melatonin decreased cell
viability in a concentration- and time-dependent manner. At
a concentration of 1 mM, melatonin significantly decreased
the viability of SGC7901 cells compared with the control
group when exposure was 24 (P<0.05) or 48 (P<0.01) h
(Fig. 1A). In addition, treatment with 2 mM melatonin for 24 h
significantly reduced the viability of SGC7901 cells to 61%
compared with the control group (P<0.01; Fig. 1B), while in
human gastric mucosal GES-1 cells the same treatment was
less cytotoxic (Fig. 1C). Colony formation assays revealed that
the colony-forming ability of SGC7901 cells was markedly
reduced following treatment with 2 mM melatonin for 8 days
(Fig. 1D). From these results, 2 mM melatonin was identified
as the optimal concentration for reducing the viability and
colony-forming ability of SGC7901 cells compared with the
control treatment.

To evaluate the effect of melatonin on cell migration,
a wound healing assay was conducted, where the SGC7901
cells were treated with 0.1, 0.5, 1 and 2 mM melatonin for
48 h, with cell migration measured at 0, 24 ad 48 h. As
presented in Fig. 2A, melatonin inhibited cell migration in a
dose-dependent manner. A total of 48 h exposure to 2 mM
melatonin significantly reduced SGC7901 cell migration (29%
of control; P<0.0001; Fig. 2B).

An apoptosis assay was subsequently performed using
FITC-conjugated Annexin V and PI staining, which facilitate
the early detection of apoptotic cells through flow cytometry
and fluorescence microscopy. The positioning of quadrants
on the FITC/PI dot plots was used to distinguish living cells
(FITC/PT), early apoptotic cells (FITC*/PI') and late apop-
totic/secondary necrotic cells (FITC*/PI*). The apoptosis of
SGC7901 cells following to exposure to 0, 0.5, 1 and 2 mM
melatonin for 24 h was measured (Fig. 3). The percentage of
early apoptotic cells in SGC7901 cells treated with 0.5, 1 and
2 mM melatonin for 24 h were ~2.6-, ~5.3- and ~5.8-fold of
that of the control group, respectively (0 mM; data not shown).
At the concentrations of 0.5, 1 and 2 mM melatonin (Fig. 3),
late apoptotic/secondary necrotic and early apoptotic cells
increased by 26.0,41.7 and 46.1%, respectively, compared with
the control group (0 mM; data not shown).

The aforementioned findings suggest that melatonin
inhibits the viability and migration, and induces the apop-
tosis of SGC7901 cells. The NF-xB and MAPK signaling
pathways serve an essential role in the proliferation, migra-
tion and apoptosis of cancer cells. Therefore, to determine
whether melatonin regulates the NF-xB and MAPK signaling
pathways, the effect of melatonin on the expression and activa-
tion of proteins in these signaling pathways was detected by
western blotting (Fig. 4). As presented in Fig. 4A, the expres-
sion level of the nuclear protein p-p65 decreased in SGC7901
cells with melatonin treatment. A decrease in the level of
the p-p65/p65 protein in SGC7901 cells treated with 2 mM
melatonin was observed at 12 h (P<0.05), with a maximal
significantly decreased level at 24 h of ~0.46 fold compared
with that of the control cells (P<0.01; Fig. 4B). The changes
in the protein levels of p65 and p-p65 detected via western
blotting subsequent to the administration of melatonin were
reflected in the results of the immunofluorescent staining of
SGC7901 cells (Fig. 4C). Melatonin-stimulated cells exhibited
intensive and clear cytoplasmic staining for p65. These results
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Figure 1. Effect of melatonin on decreases the viability and colony-forming ability of SGC7901 cells. (A) SGC7901 cells treated with 1 mM melatonin for
0-48 h. (B) SGC7901 cells treated with 0.1-2 mM melatonin for 24 h. (C) GES-1 cells treated with 1-3 mM melatonin for 24 h. (D) SGC7901 cells incubated
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Figure 2. Melatonin inhibits the migration of SGC7901 cells. (A) Cells treated with 0-2 mM melatonin for 0, 24 and 48 h (the red lines are the width of the O h
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support the theory that melatonin inhibits the translocation of
NF-kB p65 from the cytoplasm to the nucleus.

In the MAPK signaling pathway, melatonin was demon-
strated to increase the active phosphorylated forms of JNK and
p38, p-JNK and p-p38 (Fig. 4D), in a time-dependent manner.
Following a 48 h treatment with 2 mM melatonin, the levels
of p-p38 exhibited a 4.6-fold increase, whereas the levels of
p-JNK increased by 9.8-fold compared with the control group
(data not shown). The aforementioned results are consistent
with the changes in cell viability, migration and apoptosis
observed following treatment with melatonin.

Discussion

The present study investigated the effect of pharmacological
concentrations of melatonin on human gastric cancer cell
survival and viability in vitro, and evaluated the role of
melatonin in the NF-xB and MAPK signaling pathways,
which are known to be involved in the development of
cancer (27). Treatment with melatonin at a concentration of
2 mM was demonstrated to increase expression of p-p38 and
p-JNK proteins. Previous immunofluorescence studies of
p65-stained cells in addition to results of the present study,
have suggested that 1-2 mM melatonin inhibits the transloca-
tion of NF-kB-p65 from the cytoplasm to the nucleus (28-30).
These results correspond with the findings of the current study
that melatonin markedly decreased cell viability and induced
apoptosis in SGC7901 cells. These findings suggest that p65,
p-p38 and p-JNK are associated with the survival of SGC7901
cells following melatonin treatment, and that at a concentra-
tion of 2 mM, a pharmacological concentration, melatonin can
induce cell death.

Melatonin possesses a wide variety of physiological
functions, ranging from the regulation of the circadian
rhythm (31) to acting as a potent antioxidant (32). A number
of cellular membrane receptors are regulated by melatonin,
including nuclear and extracellular membrane receptors (33),
which may partially account for the differential responses to
melatonin observed in normal and tumor cells. For example,
a previous study found that treatment with 1 mM mela-
tonin for 24 h inhibited activation of NF-kB in the human
prostate cancer LNCaP cell line (21). In addition, several
prior reports have revealed that melatonin inhibits NF-xB
activity (34,35), supporting the hypothesis that melatonin
is a proteasome inhibitor and a natural NF-«B inhibitor.
NF-kB inhibition serves an important role in the treat-
ment of leukemia and lymphoma (36). Melatonin has also
been reported to exhibit a protective role against diabetic
neuropathy via the NF-kB signaling pathway (37). However,
another study demonstrated that melatonin significantly
suppressed interleukin-1f-induced NF-«xB translocation
and transcriptional activity in human hepatocellular HepG2
cells (17). The inhibitory action of melatonin on NF-xB
leads to an anti-inflammatory and pro-apoptotic effect on
cancer cell lines (38,39). Additionally, several meta-analyses
support the theory that melatonin administration in patients
with cancer is a safe and effective treatment (40,41). These
findings support the hypothesis that the mechanism by which
melatonin regulates cell growth is affected by the cell type
and the concentration of melatonin.
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In addition, previous studies indicate that melatonin may
be regulated by melatonin receptor 1A (MT1) and melatonin
receptor 1B (MT2), which are the target receptors of melatonin
and exhibit a high affinity to the plasma membrane (42,43).
Although the mechanism of melatonin with respect to the
downregulation of cell proliferation in cancer is not fully
understood, it has been demonstrated that in ovarian CHO
cells the ERK1/2 pathway can be activated by melatonin treat-
ment through the MT1 receptor (44). Melatonin may affect the
phosphorylation of JNK and p38 in hepatocellular carcinoma
cells (45). Notably, melatonin induced apoptosis and increased
levels of the apoptosis-associated proteins B-cell lymphoma 2
(Bcl-2)-associated X protein and cytochrome c, which are
associated with the JNK and p38 signaling pathways, but not
the ERK signaling pathway (26). In the present study, the p38
and JNK pathways appeared to be activated at therapeutic
concentrations of melatonin in a gastric adenocarcinoma cell
line. However, it has been shown that melatonin significantly
inhibits the migration of A549 cells, which may be associ-
ated with the downregulation of the JNK/MAPK signaling
pathway (46). The results of the current study indicate that the
activation of p38 and JNK by melatonin initiates a molecular
proliferative response in SGC7901 cells.

Although the proliferation of SGC7901 cells was not
measured, treatment with 2 mM melatonin decreased cell
viability and induced apoptosis. A number of previous studies
have reported that the primary mechanism of antitumor activity
is cell apoptosis (47,48). Melatonin has been shown to reduce
the expression of the apoptosis-associated protein Bcl-2 and
increased pro-apoptotic activity in gastric cancer cells in vitro
and in vivo (16). These results suggest that numerous mecha-
nisms comprising distinct molecular signaling pathways may
be involved in the effects of melatonin treatment.

In conclusion, melatonin may be useful for the treatment of
several types of cancer, including gastric cancer. The results
of the present study suggest the requirement of additional or
adjunct therapies in combination with melatonin treatment to
fully inhibit the progression of cancer. The potential to target
the mechanisms that inhibit NF-kB-p65, and promote p38 and
JNK, may provide a strategy to investigate the efficacy of a
number of types of chemotherapy. Similar studies in other
types of tumor may provide useful data on the cellular response
to melatonin that inhibits cell survival (26,28). The results of
the present and previous studies lead to the hypothesize that
melatonin induces apoptosis and oncostasis via the modula-
tion of the JNK, p38 and NF-kB-p65 signaling pathways.
Additional studies investigating these signaling pathways
may be useful in the development of chemotherapeutics that
function synergistically with melatonin, a non-toxic natural
product with apoptotic properties, to induce cancer-specific
cell death.
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