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Abstract. Although melatonin has been shown to exert marked 
antitumor effects against a variety of cancers, the underlying 
mechanisms remain to be fully elucidated. It has been hypothe-
sized that the anticancer properties of melatonin are associated 
with its ability to suppress epithelial-to-mesenchymal transi-
tion (EMT) of cancer cells. In the present study, melatonin 
effectively suppressed interleukin (IL)-1β-induced EMT 
in human gastric adenocarcinoma (GA) cells. Sequential 
treatment of GA cells with melatonin after IL-1β challenge 
markedly reversed the IL-1β-induced morphological changes, 
reduced cell invasion and migration, increased β-catenin 
and E‑cadherin expression, and downregulated fibronectin, 
vimentin, Snail, matrix metalloproteinase (MMP)2 and MMP9 
expression. Moreover, IL-1β-induced activation of NF-κB was 
attenuated following treatment with melatonin. Knockdown 
of NF-κB significantly reduced the IL‑1β-induced EMT in 
GA cells. Taken together, these findings indicate that mela-
tonin may act by suppressing EMT and tumor progression by 
inhibiting NF-κB activity. 

Introduction

Gastric cancer (Gc) is the second most common malignant 
tumor worldwide, in terms of incidence as well as mortality (1). 
There is a long process before normal gastric mucosa becomes 
carcinomatous. during this process, normal gastric mucosa 
initially develops precancerous lesions, some of which may 

eventually become Gc. Recent studies have demonstrated 
that epithelial-to-mesenchymal transition (EMT) is crucial 
role for the invasion and metastasis of all types of epithelial 
malignancies (2-4). EMT is a process whereby cells lose their 
epithelial traits of cell-cell adhesion and acquire mesenchymal 
traits, such as motility and invasiveness. In addition, it has 
been demonstrated that EMT is associated with inflammation. 
Importantly, inflammatory cytokines, particularly interleukin 
(IL)-1β, can cause normal epithelial and cancer cells to 
undergo EMT (5,6). However, the intrinsic mechanism has not 
been fully elucidated.

Melatonin is an important hormone that is synthesized 
and secreted by the pineal gland. Its biological roles include 
regulation of the circadian rhythm, as well as antioxidant, 
anti-aging and immunoregulatory actions. Various studies 
have reported that melatonin has significant antitumor activity 
against several types of cancers, such as breast, lung and 
colorectal cancer (7-9). Although the exact mechanism remains 
unknown, the anticancer effects of melatonin may be mediated 
by multiple pathways, including antagonism of growth factors, 
induction of tumor cell apoptosis, enhancement of immunity, 
adjustment of the psychological state, and synergy with other 
treatments (10-14).

Nuclear factor kappa B (NF-κB) is a multifunctional 
transcription factor, which not only regulates numerous 
pathophysiological responses, but also plays an important 
role in tumor development, particularly in the progression of 
tumor invasion and metastasis (15-17). Numerous studies have 
indicated that continued activation of NF-κB is crucial for 
tissue malignant transformation (18,19). However, the complex 
mechanism through which NF-κB regulates tumor metastasis 
is unclear.

It has been reported that NF-κB inhibits the expression of 
E-cadherin and desmoplakin and induces the expression of 
vimentin by promoting the expression of Snail (20), ZEB-1 
and ZEB-2 (21), thereby initiating EMT. Other studies have 
demonstrated that melatonin exerts an inhibitory effect on 
NF-κB (22). However, to the best of our knowledge, there is 
currently no study investiagting these pathways in Gc. The 
aim of the present study was to validate the effects of IL-1β and 
melatonin on the metastatic potential of gastric adenocarcinoma 
(GA) cell lines, and examine whether melatonin inhibits EMT 
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by decreasing the nuclear translocation of NF-κB. Finally, the 
molecular mechanisms by which melatonin inhibits EMT in 
GA cells by targeting IL-1β/NF-κB/matrix metalloproteinase 
(MMP)2/MMP9 signaling were investigated, hoping that this 
pathway may provide a novel therapeutic target for Gc.

Materials and methods

Cell culture. The MGc80-3 and SGc-7901 cell lines were 
purchased from the cell Bank of the Type culture collection 
of the chinese Academy of Sciences (Shanghai, china). cells 
were cultured in RPMI-1640 medium (Hyclone, Logan, UT, 
USA) with 10% fetal bovine serum (HyClone) at 37˚C in an 
incubator containing 5% cO2.

Cell migration and invasion assays. For the invasion assay, 
MGc80-3 or SGc-7901 cells were placed in 24-well 
Transwell chambers (costar, cambridge, MA, USA) with 
8-µm pore filters coated with 60 µl ice-cold Matrigel (Bd 
Biosciences, San Jose, cA, USA), and diluted with serum-free 
RPMI-1640 medium. MGc80-3 or SGc-7901 cells (5x104 per 
well) in 200 µl serum-free medium were seeded into the upper 
chamber, and 600 µl medium containing 10% fetal bovine 
serum (as a chemoattractant) was added to the lower chamber. 
After 24 h of incubation, the cells were fixed with methanol 
and stained with crystal violet. cotton swabs were used 
to remove non-invading cells from the upper surface of the 
membrane. Finally, cells were observed under a light micro-
scope and photographed using a digital microscopic imaging 
system (Olympus, Tokyo, Japan). A total of 10 random fields 
were counted at a magnification of x200, and the results aver-
aged for each condition. The migration assay was performed 
following the same procedure as described above, except that 
the wells were not coated with Matrigel and the incubation 
time was 20 h.

Transfection with siRNA. siRNAs (GenePharma, Shanghai, 
china) were transfected into cells using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, 
USA) according to the manufacturer's instructions. cells were 
exposed to 0, 0.1, 0.5 or 1.5 mM melatonin (Sigma-Aldrich; 
Merck KGaA, St. Louis, MO, USA) dissolved in ethanol. 
To evaluate the effects of IL-1β (Prospec, Rehovot, Israel), 
cells were treated with this agent for 30 min after transfec-
tion. NF-κBp65 and control siRNA sequences are listed in 
Table I. 

Western blot analysis. MGc80-3 or SGc-7901 cells were 
lysed on ice in radioimmunoprecipitation assay lysis buffer 
containing 1% phenylmethyl sulfonyl fluoride (Beyotime 
Institute of Biotechnology, Nantong, china). Western blot 
analysis was used to detect protein expression as described 
by Huang et al (23). The primary antibody used was rabbit 
polyclonal anti-human MMP2 (cat. no. 4022) or MMP9 
(cat. no. 3852) (1:1,000; cell Signaling Technology, danvers, 
MA, USA); anti-β-actin (1:6,000; cell Signaling Technology) 
was used as an internal control.

Gelatin zymography. The protease activities of MMP2 and 
MMP9 from the supernatants of MGc80-3 or SGc-7901 

cells were measured by gelatin zymography. Brief ly, 
8% SdS-PAGE gel containing 1 mg/ml gelatin (Xinfan 
Technologies Inc., Shanghai, china) was used to separate the 
proteins with electrophoresis at a constant current of 40 mA. 
Renaturing and developing the gels was conducted following 
the manufacturer's instructions. The gels were then stained 
with coomassie blue and destained with a solution containing 
7% acetic acid until clear bands of gelatin appeared on the 
dark background, indicating gelatin degradation. The gels 
were digitized using a scanner.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) analysis. Total RNA was extracted 
from MGc80-3 or SGc-7901 cells with TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). An M‑MLV RT 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used for 
reverse transcription. The relative expression of β-catenin, 
fibronectin, E‑cadherin, vimentin, Snail, NF‑κB, MMP2 and 
MMP9 was detected using SYBR Green qPcR SuperMix 
(Roche, Basel, Switzerland) on a Two-step Real-Time PcR 
system (ABI7500, Thermo Fisher Scientific, Singapore). 
The primer sequences are given in Table II. Relative 
expression levels were normalized to glyceraldehyde 
3-phosphate dehydrogenase and calculated using the 2-ΔΔcq 
method.

Electrophoretic mobility shift assay (EMSA). EMSA was 
performed to determine the association between melatonin 
and NF-κB activation in MGc80-3 and SGc-7901 cells. 
Nuclear extracts were prepared and an EMSA was performed 
according to the manufacturer's instructions (Viagene, 
changzhou, china). Briefly, cell cultures were placed on 
ice (1x107 per 100-mm dish), then rinsed three times with 
pre-cooled PBS prior to collection into a pre-cooled micro-
tube. Subsequently, the cytoplasmic protein lysis buffer was 
added and the precipitate resuspended until no mass was 
identified. Then, the cell lysate was centrifuged at 14,000 x g 
for 10 min and the supernatant discarded. Solution buffer 
was added on the inner wall of the tube and centrifuga-
tion was performed several times at 12,000 x g for 5 min. 
Subsequently, the extract buffer was added and the tubes 
were vortexed at the highest setting, then gently rocked 
on ice using a shaking platform. After centrifugation, the 
supernatant was transferred to new pre-cooled tubes. The 
nuclear protein extracts were incubated with a biotin-labeled 
NF-κB consensus oligonucleotide probe (5'-AGT TGA GGG 
GAc TTT ccc AGG c-3') in binding buffer at room tempera-
ture for 20 min. Following incubation, the samples were 
separated on a 5.5% polyacrylamide gel, transferred onto a 
nylon membrane and fixed on the membrane via ultraviolet 
crosslinking. The biotin-labeled probe was detected with 
streptavidin-HRP by chemidoc Touch Imaging System 
(Bio-Rad Laboratories, Inc., Hercules, cA, USA).

Statistical analysis. Statistical analyses were performed with 
SPSS version 17.0 software (SPSS Inc., chicago, IL, USA). 
All data are expressed as means ± standard deviation and 
were analyzed by the one-way analysis of variance, followed 
by dunnett's T3 post-hoc test. P<0.05 indicated a statistically 
significant difference.
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Results

Melatonin decreases IL‑1β‑induced EMT in GA cells. The 
effect of melatonin on IL-1β-induced EMT was investigated. 
MGc80-3 and SGc-7901 cells were treated with or without 
IL-1β (20 ng/ml) for 30 min followed by incubation with 
0.1, 0.5 or 1.5 mM melatonin for 24 h. Both GA cell types 
exhibited some morphological changes, including assuming 
a slender and spindle-like shape after treatment with IL-1β 
(Fig. 1A). These changes were inhibited by treatment with 
melatonin. Furthermore, IL-1β promoted cell invasion and 
migration, and this effect was decreased by melatonin, albeit 
not in a concentration-dependent manner (Fig. 1B and c).

To verify the effects of melatonin on EMT, the expression 
of EMT markers was assessed by the RT-qPcR assay. The 
results demonstrated that the mRNA expression of β-catenin 
and E-cadherin was reduced, while the mRNA expression of 
fibronectin, vimentin and Snail was increased, following addi-
tion of IL-1β (20 ng/ml). Melatonin significantly inhibited the 
changes in the expression level of these genes (Fig. 1d). These 
findings indicated that melatonin inhibited IL-1β-induced 
EMT in MGc80-3 and SGc-7901 cells.

Melatonin inhibits the expression and activity of MMP2 and 
MMP9, which are upregulated in IL‑1β‑induced EMT. The 
expression of MMP2 and MMP9 is closely associated with the 
invasion and metastasis of tumors (24). To investigate whether 
MMP2 and MMP9 were involved in IL-1β-induced EMT in 

GA cells, western blotting, RT-qPcR and gelatin zymography 
were applied to determine their expression and activity in GA 
cells. As expected, the expression and activity of MMP2 and 
MMP9 increased following stimulation with IL-1β (Fig. 2). 
Treatment with melatonin reduced these effects in MGc80-3 
and SGc-7901 cells (Fig. 2).

Melatonin suppresses the IL‑1β‑induced activation of NF‑κB 
in GA cells. due to the key role of NF-κB in inflammation and 
tumor cell invasion (25,26), it was hypothesized that the EMT 
observed in GA cells under IL-1β induction was attributable 
to increased NF-κB activity. MGc80-3 and SGc-7901 cells 
were pretreated with or without IL-1β for 30 min. Melatonin 
was then added for 24 h, and NF-κB activity was observed by 
EMSA analysis. The results demonstrated that IL-1β induced 
NF-κB activation, whereas melatonin suppressed this effect 
(Fig. 3).

Inhibition of NF‑κB activity reverses IL‑1β‑induced EMT 
in GA cells. The potential role of NF-κB inhibi tion in 
preventing the development of IL-1β-induced mesenchymal 
characteristics in GA cells was investigated. A siRNA 
specific for NF‑κB was applied to these cells to block NF-κB 
activity. As shown in Fig. 4A, NF-κB siRNA markedly 
downregulated the expression of NF-κB at both the mRNA 
and protein levels. To verify that inhibiting NF-κB activity 
reversed the IL-1β-induced EMT in GA cells, cell migration 
and invasion assays, western blotting and RT-qPcR analysis 

Table II. Primers used for RT-qPcR.

 Sequence
 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
Gene Sense (5'-3') Antisense (5'-3') Product size (bp)

β-catenin TGccAAGTGGGTGGTATAGAG cGcTGGGTATccTGATGTGc 331
Fibronectin cGAGcTTccccAAcTGGTAAccc GGTGGcAccTcTGGTGAGGc 432
E-cadherin TTGcTcAcATTTcccAAcTccTc cAccTTcAGccATccTGTTTcTc 234
Vimentin GcTGAATGAccGcTTcGccAAcT AGcTcccGcATcTccTccTcGTA 144
Snail TcTAGGcccTGGcTGcTAcAA AcATcTGAGTGGGTcTGGAGGTG 131
NF-κB cTGcATccAcAGTTTccAGAAcc AcGcTGcTcTTcTATAGGAAcTTGG 295
MMP2 ccTGATGTccAGcGAGTG AGcAGccTAGccAGTcG 103
MMP9 cAGTccAcccTTGTGcTcTTc TGccAcccGAGTGTAAccAT 124
GAPdH AGAAGGcTGGGGcTcATTTG AGGGGccATccAcAGTcTTc 238

RT-qPcR, reverse transcription-quantitative polymerase chain reaction; NF-κB, nuclear factor κB; MMP, matrix metalloproteinase.

Table I. siRNAs targeting specific genes.

 Sequence
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Gene Sense (5'-3') Antisense (5'-3')

NF-κBp65 siRNA GGAGUAcccUGAGGcUAUATT UAUAGccUcAGGGUAcUccTT
control siRNA UUcUccGAAcGUGUcAcGUTT AcGUGAcAcGUUcGGAGAATT
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were used. As expected, downregulation of NF-κB not only 
significantly inhibited IL-1β-induced cell migration and 
invasion, but also reduced the expression of mesenchymal 
markers (Fig. 4B and F).

Discussion

A growing body of evidence indicates that there is a close 
association between inflammation and tumor development. 
Tumors are stimulated and maintained by inflammatory 
signals from the tumor microenvironment, and this microenvi-
ronment plays a key role in cancer development (27,28). EMT 
is a biological process whereby epithelial cells assume the 
characteristics of mesenchymal cells. during EMT, the ability 
of an epithelial cell to transform its morphological character-
istics into those of a mesenchymal cell is a hallmark of tumor 
formation. Furthermore, numerous reports indicate that EMT 

is implicated in tumor cell invasion and metastasis (29). The 
inflammatory cytokine IL‑1β is closely associated with EMT 
in breast cancer (30).

Our results indicated that MGc80-3 and SGc-7901 
cells displayed mesenchymal morphological characteristics, 
along with increased cell migration and invasion, following 
treatment with IL-1β. In addition, there were also changes 
in the expression of EMT‑related genes. Specifically, after 
adding IL-1β, the expression of β-catenin and E-cadherin was 
reduced, while the expression of fibronectin, vimentin and 
Snail was increased.

The expression of MMP2 and MMP9 is closely associ-
ated with the invasion and metastasis of cancer (24). The 
results of the present study are similar to those reported 
previously. The expression and activity of MMP2 and 
MMP9 increased following stimulation with IL-1β. To 
the best of our knowledge, this study is among the first 

Figure 1. Melatonin suppresses the IL-1β-induced EMT in GA cells. (A) Morphological differences between IL-1β-treated MGc80-3 and SGc-7901 cells, and 
IL-1β-treated GA cells with melatonin. GA cells were pretreated with 20 ng/ml IL-1β for 30 min followed by incubation with melatonin (0.1, 0.5 and 1.5 mM) 
for 24 h. Representative images of cells treated with IL-1β demonstrated that the morphological changes of epithelial cells were reduced in the presence of 
melatonin (magnification, x200). (B and C) The effect of melatonin on IL‑1β-induced migration and invasion of GA cells was assessed using the Transwell 
assay. Treatment of GA cells with IL-1β increased cell migration and invasion, whereas these effects were inhibited by melatonin. *P<0.05 and **P≤0.01 
compared with the control group. Bars indicate the mean ± standard deviation number of cells per field of view (magnification, x200) in the migration and 
invasion assays. (d) Effect of IL-1β and melatonin on the expression of EMT markers. The expression of EMT markers, β‑catenin, fibronectin, E‑cadherin, 
vimentin and Snail were evaluated by RT-qPcR. Relative expression was obtained using the 2-∆∆cq method after normalization to GAPdH. **P≤0.01 compared 
with the control group. IL-1β, interleukin-1β; MLT, melatonin; GA, gastric adenocarcinoma; EMT, epithelial-to-mesenchymal transition; RT-qPcR, reverse 
transcription-quantitative polymerase chain reaction.
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Figure 2. Melatonin inhibits the expression and the activity of MMP2 and MMP9, which are upregulated IL-1β-induced EMT. (A and B) The expression 
of MMP2/MMP9 was examined by western blotting. GAPdH was used as an internal control. The relative density of MMP2/MMP9 was normalized to 
GAPdH, which was determined by densitometric analysis. data represent the mean ± standard deviation of three independent experiments. **P≤0.01 compared 
with the control group. (c) RT-qPcR assay was performed to detect the mRNA level of MMP2/MMP9. The data were analyzed using the 2-∆∆cq method. 
(d) Gelatin zymography assay revealed that MMP2 and MMP9 activity was increased in MGc80-3 and SGc-7901 cells in response to treatment with IL-1β; 
this effect was blocked by MLT. **P≤0.01 compared with the control group. MLT, melatonin; MMP, matrix metalloproteinase; IL‑1β, interleukin-1β; EMT, 
epithelial-to-mesenchymal transition; RT-qPcR, reverse transcription-quantitative polymerase chain reaction.

Figure 3. Melatonin suppresses the IL-1β-induced activation of NF-κB in GA cells. Nuclear extracts of the GA cells were prepared and assayed for NF-κB 
activation using EMSA. MLT, melatonin; GA, gastric adenocarcinoma; NF-κB, nuclear factor κB; EMSA, electrophoretic mobility shift assay.
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Figure 4. Inhibition of NF-κB activity reverses the IL-1β-induced EMT in GA cells. (A) RT-qPcR and western blot analysis were conducted to detect the 
inhibitory efficacy of NF‑κB siRNA in GA cells. (B and c) Transwell assay was performed to investigate the migration and invasion of NF-κB downregulated 
GA cells (magnification, x200). **P≤0.01 compared with the control group. (D) RT‑qPCR analysis showed that mesenchymal marker mRNA was upregulated 
in both MGc80-3 and SGc-7901 cells in response to treatment with IL-1β; this effect was blocked by NF-κB siRNA. **P≤0.01 compared with control group. 
(E and F) Effect of IL-1β and NF-κB siRNA on the expression of MMP2/MMP9. The expression of MMP2/MMP9 was evaluated by western blot analysis. 
All values are presented as mean ± standard deviation of three independent experiments. *P<0.05, **P≤0.01 compared with the control group. NF‑κB, nuclear 
factor κB; IL-1β, interleukin-1β; EMT, epithelial-to-mesenchymal transition; GA, gastric adenocarcinoma; RT-qPcR, reverse transcription-quantitative 
polymerase chain reaction; MMP, matrix metalloproteinase.
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to demonstrate that IL-1β can promote EMT in GA cells; 
however, the potential underlying molecular mechanisms 
remain largely unknown.

Melatonin is a major hormone secreted mainly by the 
pineal gland. Its anticancer mechanisms include acceleration 
of tumor cell apoptosis, suppression of tumor cell prolif-
eration, immunostimulation and synergistic activity with 
other treatments. Recent studies have demonstrated that 
melatonin notably decreases the risk of death and treatment 
resistance of multiple malignancies, particularly in breast 
cancer, colon cancer, melanoma, lung cancer and malignant 
glioblastoma (7-9,31,32). A clinical study by Lissoni et al 
has demonstrated that the regression rate in patients with 
non-small-cell lung cancer or gastrointestinal cancer receiving 
combination therapy with chemotherapeutic drugs and mela-
tonin was significantly higher compared with that in the group 
of patients receiving chemotherapy alone. Moreover, the 2-year 
survival rate was also higher in patients concomitantly treated 
with melatonin (10).

In the present study, the effect of melatonin on IL-1β-induced 
EMT in MGc80-3 and SGc-7901 cells was investigated. Our 
findings suggested that melatonin inhibited the migration and 
invasion on GA cells, albeit not in a concentration-dependent 
manner. Furthermore, melatonin inhibited the IL-1β-induced 
upregulation of MMP2 and MMP9 expression, and reversed 
the increased expression of EMT markers. Thus, it was 
concluded that melatonin decreased IL-1β-induced EMT in 
GA cells, although fully elucidating the underlying mechanism 
requires further research.

Among several key factors related to EMT, NF-κB is a 
vital element involved in the inflammatory process (33), as 
well as controlling the initiation and progression of several 
cancer types. NF-κB induces the expression of Snail (20), 
ZEB-1 and ZEB2 (21) to promote EMT and cancer metas-
tasis. It was also previously demonstrated that melatonin 
potently inhibits the activity of NF-κB (22). In the present 
study, EMSA analysis confirmed that IL-1β enhanced 
NF-κB transcriptional activity. Of note, treatment with 
melatonin significantly suppressed IL‑1β-induced NF-κB 
transcriptional activity in MGc80-3 and SGc-7901 cells. 
Further research demonstrated that NF-κB siRNA mark-
edly reduced the expression of MMP2, MMP9, fibronectin, 
vimentin and Snail in IL-1β-treated GA cells, indicating 
that the inhibition of NF-κB by a specific siRNA reversed 
the IL-1β-induced EMT in GA cells. Furthermore, the cell 
migration and invasion assay in GA cells treated with IL-1β 
and NF-κB siRNA corroborated the decreased invasion and 
migration of these cells. Overall, our data indicated that 
melatonin inhibited IL-1β-induced EMT by decreasing the 
nuclear translocation of NF-κB.

In summary, the results of the present suggested that 
melatonin suppresses IL-1β-induced EMT by reducing the 
activity of NF-κB in GA cells. It was also determined that 
the molecular mechanisms by which melatonin inhibits EMT 
in GA cells involve targeting IL-1β/NF-κB/MMP2/MMP9 
signaling. 
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