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Abstract. Previous studies have suggested that metformin, a 
biguanide family member widely used as an oral antidiabetic 
drug, may inhibit proliferation and induce apoptosis in certain 
types of cancer cell. However, the molecular mechanisms 
underlying metformin-associated anticancer effects, and in 
particular antimetastatic effects, remain to be fully under-
stood. The present study assessed the efficacy of metformin 
in inhibiting the migration and invasion of the esophageal 
carcinoma cell line EC109, and evaluated the effect of 
metformin on the protein kinase B (AKT) signaling pathway. 
EC109 cells were treated with 0, 5, 10 or 20 mM metformin 
during the logarithmic growth phase. A Transwell assay and 
western blot analysis revealed that metformin inhibited the 
migration and invasion of EC109 cells, nuclear factor-κB acti-
vation, matrix metallopeptidase 9 and N-cadherin expression 
in a phosphorylated-AKT dependent manner. These results 
suggested that metformin inhibits the migration and invasion 
of human esophageal carcinoma cells by suppressing AKT 
phosphorylation and regulating the expression of migration- 
and invasion-associated genes.

Introduction

Esophageal carcinoma, one of the most common types of 
mortality-inducing cancer globally, ranked ninth in cancer 

incidence and was the sixth leading cause of cancer-associated 
mortality worldwide in 2013 (1). Esophageal carcinoma is 
divided into two major histological subtypes: Esophageal 
squamous cell carcinoma (ESCC) and esophageal adenocar-
cinoma. In Asia and the United States, ESCC represents ~90 
and ~26% of all cases of esophageal cancer, respectively (2). 
Current treatment options for patients with esophageal 
carcinoma include surgery, chemotherapy and radiotherapy. 
However, the 5-year survival rate for patients with ESCC 
remains poor (3-5). These data suggest that novel treatment 
approaches for advanced esophageal carcinoma are required.

Tumor metastasis is associated with complex interactions 
between primary tumor cells prior to invasion, intravasation, 
immune escape and extravasation of the circulatory system, 
followed by lymphangiogenesis/angiogenesis and migration 
towards target organs (6). The epithelial-mesenchymal transi-
tion (EMT), a key event of tumor metastasis, enables epithelial 
cells to cease exhibiting certain epithelial properties, obtain 
a mesenchymal phenotype and thereby potentially migrate 
and invade. This process is associated with alterations in 
biomarkers, including the proteins of the cell membrane, cyto-
skeleton, extracellular matrix (ECM), and certain transcription 
factors (7,8). ECM degradation provides biochemical and 
mechanical barriers to cell movement and is a crucial process 
in tumor metastasis. Matrix metallopeptidases (MMPs), a 
multigene family of zinc-dependent endopeptidases, degrade 
the majority of ECM components. MMP9 is secreted at the 
primary tumor site and, by degrading ECM components, may 
provide tumor cells access to the vasculature and thereby 
facilitate tumor cell migration and invasion into the target 
organ (9). Previous studies have suggested that MMP9 activity 
is increased in multiple metastatic carcinomas, including those 
occurring in cases of esophageal cancer (10,11).

Metformin, one of the most widely prescribed oral 
hypoglycemic agents, inhibits hepatic gluconeogenesis and 
induces the uptake and use of glucose in skeletal muscle 
and adipose tissue. Metformin was originally established as 
a glucose level-decreasing drug and became available for 
human consumption in the 1950s. In 2005, Evans et al (12) 
demonstrated that in addition to its antidiabetic function, 
metformin may significantly decrease tumor incidence among 
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patients with type 2 diabetes. Previously, multiple studies have 
demonstrated that metformin may inhibit proliferation, induce 
apoptosis and arrest the cell cycle in ESCC cells (13-15). 
Furthermore, metformin may inhibit malignant cell migration, 
and the invasion of ovarian, pancreatic cancer and melanoma 
cells in vitro (16-19).

Materials and methods

Cell lines and culture. The human ESCC cell line EC109 was 
obtained from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). All cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
with 10% fetal bovine serum (FBS) (both from Gibco, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) without 
antibiotics at 37˚C in a humidified, 5% CO2 atmosphere. Cells 
were inoculated onto a Petri dish (106 cells/6 cm) in DMEM 
with 10% FBS and allowed to attach overnight prior to drug 
treatment. EC109 cells were treated with 100 nM insulin [a 
protein kinase B (AKT) activator] and 10 µM LY294002 (a 
PI3K inhibitor) dissolved in dimethyl sulfoxide (DMSO) for 
30 min or 24 h at 37˚C in a humidified, 5% CO2 atmosphere, 
separately or in combination. The EC109 cells treated with 
metformin in combination with insulin were pretreated with 
metformin for 23.5 h and subsequently cultured in DMEM 
containing 10% FBS and 100 nM insulin for 30 min at 37˚C 
in a humidified, 5% CO2 atmosphere. DMSO and ddH2O were 
used as the negative controls. Metformin and LY294002, a 
phosphoinositide 3-kinase (PI3K) inhibitor, were purchased 
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). 
Human recombinant insulin was also from Sigma-Aldrich; 
Merck KGaA.

Western blot analysis. To extract total cell protein, the EC109 
cells (5x105) were sonicated at 50 Hz twice for 3 sec, with 
20 sec in between sonication, in 100 µl RIPA buffer supple-
mented with NaF (1 mM), sodium orthovanadate (1 mM), 
and phenylmethane sulfonyl fluoride (1 mM), and then 
homogenized for 30 min in 4˚C, and then centrifuged at 4˚C 
and 12,000 x g for 12 min. Cell nuclear protein extraction was 
performed as previously described (9), and protein concentra-
tion was determined using a BCA Protein Assay kit (Pierce; 
Thermo Fisher Scientific, Inc.). A total of 30 µg protein for 
each sample was separated using SDS-PAGE and transferred 
onto a polyvinylidene fluoride (PVDF) membrane (EMD 
Millipore, Billerica, MA, USA). Subsequently, the membranes 
were then blocked with 10% non-fat milk in Tris-buffered 
saline with Tween-20 (TBST) for 1 h at room temperature. 
The membranes were incubated with the following primary 
antibodies: AKT (catalog no. 9272s), phosphorylated (p)-AKT 
(Ser473; catalog no. 4060s), nuclear factor (NF)-κB (p65; 
catalog no. 8242s), epithelial (E)-cadherin (catalog no. 3195s), 
neural (N)-cadherin (catalog no. 4061s) (dilution, 1:1,000; Cell 
Signaling Technology, Inc., Danvers, MA, USA) and MMP9 
(dilution, 1:1,000; catalog no. ab38898; Abcam, Cambridge, 
UK) overnight at 4˚C. Membranes were washed three times 
with TBST and incubated with a HRP-conjugated goat 
anti-rabbit secondary antibodies (dilution, 1:3,000; catalog 
no. AS006; Asbio Technology, Inc., Danvers, MA, USA) for 
1 h at room temperature, then washed and developed with the 

ECL Plus Western Blot Detection System kit (Amersham, 
Piscataway, NJ USA). Antibodies against TATA-box binding 
protein (catalog no. 8515s) and GAPDH (catalog no. 5014s; 
dilution, 1:1,000; Cell Signaling Technology, Inc.) were used 
as loading controls.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
extracted from the EC109 cells (2x105) using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), and 2 µg RNA 
was reverse transcribed using the PrimeScript™ RT reagent 
kit, 20 µl volume (Takara Biotechnology Co., Ltd., Dalian, 
China) according to the supplier's protocol. The reactions were 
set up with 12.5 µl SYBR-Green PCR Master Mix (Takara 
Biotechnology Co., Ltd.), 1.0 µl primer mixture (10 µM) and 
2 µl cDNA template, and analyzed using a Bio-Rad iCycler 
system (version 2.1; Bio-Rad Laboratories, Inc., Hercules, 
CA, USA), in accordance with the manufacturer's cycling 
protocol: Initial denaturation at 95˚C for 30 sec, followed 
by 40 cycles at 95˚C for 5 sec and at 60˚C for 30 sec. Gene 
expression was measured using the SYBR Premix Ex Taq 
kit (Takara Biotechnology Co., Ltd.). The mRNA expression 
level of MMP9 for each sample was normalized to that of the 
housekeeping gene GAPDH by using the 2-ΔΔCq method (20). 
Primer sequences were as follows: MMP9 forward, 5'-CTT 
TGA CAG CGA CAA GAA GTG G-3' and reverse, 5'-GGC ACT 
GAG  GAA TGA TCT AAG C-3'; GAPDH forward, 5'-GAG 
CCA AAA GGG TCA TCA TCT C-3' and reverse, 5'-AAA GGT 
GGA GGA GTG GGT GTC-3'.

Migration and invasion assay. In the migration assay, EC109 
cell suspensions (each with 105 cells in 200 µl serum-free 
DMEM) were inoculated into the upper chamber of a 24-well 
cell culture Transwell insert (pore size, 8 µm; Corning 
Incorporated, Corning, NY, USA), and the lower chamber 
was filled with 600 µl DMEM supplemented with 10% FBS. 
Following 20 h of incubation at 37˚C, non‑migratory cells in 
the upper chamber were removed from the upper surface of 
the filters using a PBS‑soaked cotton swab, and cells that had 
migrated through the membrane were fixed using 92% ice 
methanol (10 min), stained with 0.2% hematoxylin (7 min) 
and 0.5% eosin (2 min) at room temperature, and then washed 
and dried in air. Images of ten randomly selected fields 
of the migrated/invaded cells were captured and counted 
under an upright fluorescence microscope (magnification, 
x200; Ni-E; Nikon Corporation, Tokyo, Japan). Invasion 
assays were performed using the same protocol, except with 
Matrigel-coated Transwell chambers and incubating for 22 h 
at 37˚C. Cells that were pretreated with ddH2O and the same 
concentration of DMSO as LY294002 were used as the nega-
tive control.

Stat ist ical analysis. Data were expressed as the 
mean ± standard error of the mean of three independent 
experiments and analyzed using GraphPad Prism version 6.0 
software (GraphPad, Inc., La Jolla, CA, USA). One-way 
ANOVA with the Student-Newman-Keuls as the post hoc test 
was used to determine statistical differences between para-
metric data. P<0.05 and P<0.01 were considered to indicate a 
statistically significant difference.
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Results

Effects of metformin on migration and invasion in human 
EC109 cells. A previous study demonstrated that treatment 
with 20 mM metformin for 72 h suppressed EC109 cell 
proliferation (13). To evaluate whether metformin treatment 
influenced EC109 cell metastasis, the present study evaluated 
the ability of EC109 cells to migrate through a Transwell 
membrane coated with Matrigel to assess invasion, or without 
to assess migration, following treatment with 0, 5, 10 or 
20 mM metformin for 24 h. In the present study, metformin 
treatment decreased the migration and invasion of EC109 cells 
dose-dependently (Fig. 1). Treatment with 20 mM metformin 
inhibited EC109 cell migration and invasion by 87 and 81%, 
respectively (P<0.01).

Effect of metformin on the expression of p‑AKT and NF‑κB 
in human EC109 cells. AKT, a key downstream effector of 
the PI3K signaling pathway, is associated with metastasis 
in colorectal cancer, intrahepatic cholangiocarcinoma, lung, 
breast cancer (21-24) and esophageal carcinoma (25). In these 
human epithelial malignancies, AKT is a key mediator of 
EMT induction. In addition, previous studies have reported 
that NF-κB is a target of AKT (26,27). Therefore, the present 
study used western blot analysis to assess the expression of 
p-AKT and NF-κB (p65) in EC109 cells following metformin 
treatment (Fig. 2). Following treatment with 0, 5, 10 or 20 mM 
metformin for 24 h, the expression of p-AKT and NF-κB 
(p65) in EC109 cells decreased dose dependently (Fig. 2A). 
Treatment with 20 mM metformin decreased the expression 
of p-AKT by 70% and that of NF-κB (p65), a p-AKT target, 
by 68% in EC109 cells, compared with untreated EC109 cells.

Effects of metformin on the expression of E‑cadherin, 
N‑cadherin and MMP9 in human EC109 cells. EMT results in 
epithelial cells acquiring fibroblast‑like properties, expressing 

mesenchymal markers, including N-cadherin and vimentin, 
and decreasing the expression of epithelial markers, including 
E-cadherin. The present study evaluated whether metformin 
is associated with the regulation of EMT, a key step in 
tumor invasion. The results of the present study indicated 
that MMP9 transcription was dose-dependently decreased 
by metformin (Fig. 3A). In addition, the result revealed 
that metformin treatment upregulated and downregulated 
E-cadherin and N-cadherin expression, respectively, in a 
dose-dependent manner (Fig. 3B).

MMP9 may represent a key mediator in tumor cell migra-
tion and invasion by stimulating ECM degradation, and 
increased MMP9 expression is associated with tumor progres-
sion (28,29). Therefore, the present study assessed whether 
metformin affected MMP9 protein expression in EC109 
cells, and demonstrated that MMP9 expression in EC109 
cells was decreased by metformin treatment, particularly at 
20 mM metformin, compared with that in untreated EC109 
cells (Fig. 3B).

Metformin inhibits the migration and invasion of EC109 
cells by targeting the AKT signaling pathway. To further 
explore whether the AKT signaling pathway is associated 
with EC109 cell migration and invasion, EC109 cells were 
treated with 100 nM insulin (an AKT activator) and 10 µM 
LY294002 (a PI3K inhibitor) for 30 min or 24 h, separately 
or in combination. The EC109 cells treated with metformin in 
combination with insulin were pretreated with metformin for 
23.5 h and subsequently cultured in DMEM containing 10% 
FBS and 100 nM insulin for 30 min (Fig. 4). The results of 
the present study demonstrated that LY294002 inhibited the 
migration and invasion of the EC109 cells (Fig. 4). However, 
this metformin-mediated inhibition was decreased following 
treatment with insulin for 30 min (Fig. 4). The results of the 
present study suggested that metformin inhibited the migra-
tion and invasion of EC109 cells via the AKT pathway.

Figure 1. Effects of metformin on the migration and invasion of the human esophageal carcinoma cell line EC109. Cells were treated with 0, 5, 10 or 20 mM 
metformin for 24 h. (A) Migration and (B) invasion were evaluated using a Transwell assay without and with Matrigel, respectively. Data were presented as the 
mean ± standard error of three independent experiments performed in triplicate (magnification, x200). *P<0.05 and **P<0.01 vs. control cells.
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Metformin inhibits the expression of migration‑ and 
invasion‑associated proteins in EC109 cells by targeting 
the AKT signaling pathway. EC109 cells were treated with 
LY294002 for 24 h or with insulin for 30 min, separately or in 
combination. Compared with the control cells, the expression 
of p-AKT/AKT and NF-κB (p65) was decreased (Fig. 2B), 
the protein expression of MMP9 and N-cadherin was down-
regulated, and the expression of E-cadherin was increased 
in LY294002-treated cells (Fig. 3C). Compared with the 
control cells, the expression of p-AKT/AKT and NF-κB 
(p65) in the insulin-treated EC109 cells was increased 
and the metformin-induced suppression of p-AKT/AKT 
and NF-κB (p65) was decreased (Fig. 2B). In addition, the 
expression of MMP9 and N‑cadherin significantly increased, 
and the expression of E-cadherin decreased, in EC109 cells 
treated with insulin for 30 min compared with the control 
cells (Fig. 3C). The results of the present study suggested that 
the AKT signaling pathway may be associated with the inhibi-
tion of migration- and invasion-associated protein expression 
in EC109 cells by metformin.

Discussion

Esophageal carcinoma is characterized by a decreased cure 
rate and the potential development of invasive properties. The 
increased mortality rate with which esophageal carcinoma is 
associated is primarily due to metastasis and the side effects 
and increased rate of recurrence associated with treatment. 
Therefore, the present study assessed the antimetastatic effect 
of metformin on human esophageal cancer cells.

Patients treated with metformin, a nontoxic and antihyper-
glycemic drug rarely report the side effect of lactic acidosis. 
Previous studies have evaluated the effects metformin may 
induce through AMP-activated protein kinase-dependent 
mechanisms, and have demonstrated that metformin 
decreases the expression of p-AKT in bladder cancer, NRAS 
proto-oncogene mutant melanoma cell line DO4 and squa-
mous cell carcinoma (SCC) cell line A431 (30-32). In the 
present study, metformin inhibited EC109 cell migration 
and invasion. Previous studies have demonstrated that the 
mechanisms underlying these effects were associated with 
the downregulation of p-AKT expression (33,34). Consistent 
with these previous studies, the results of the present study 
suggested that metformin inhibited invasion in EC109 cells 
by inhibiting AKT activation. The present study also demon-
strated that the PI3K inhibitor LY294002 inhibited EC109 
cell migration and invasion, while the AKT activator insulin 
decreased metformin-induced metastasis inhibition in EC109 
cells. These results suggested that the AKT pathway was 
suppressed in the metformin-treated EC109 cells, which may 
indicate that metformin inhibits migration and invasion in 
ESCC cells. To the best of our knowledge, the present study is 
the first to demonstrate in vitro that metformin inhibits ESCC 
metastasis by inhibiting AKT activation.

In tumor cells, the nuclear transcription factor NF-κB is 
formed as an inactive complex in the cytoplasm by p65, p50 and 
NFKB inhibitor α (NFKBIA). Once this complex is activated, 
IκB kinase (IKK) phosphorylates NFKBIA, p65 is subsequently 
released and NF-κB translocates to the nucleus and regulates the 
expression of multiple genes (35), including MMPs, resulting 

Figure 2. Effects of metformin, LY294002 or insulin, separately or in combination on the expression of p-AKT and NF-κB (p65) in EC109 cells. (A) Cells 
were treated with 0, 5, 10 or 20 mM metformin for 24 h. (B) Cells were treated with 20 mM metformin or 10 µM LY294002 for 24 h and 100 nM insulin 
for 30 min. Cells were lysed prior to western blot analysis using antibodies against AKT, p-AKT (Ser473) and NF-κB (p65) proteins. GAPDH was used as a 
loading control. Data were presented as the mean ± standard error of three independent experiments performed in triplicate. *P<0.05 and **P<0.01 vs. control 
cells; ##P<0.01 vs. metformin-treated cells. AKT, protein kinase B; p-, phosphorylated; NF-κB, nuclear factor-κB.
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in tumor cell invasion, migration and metastasis (36,37). 
AKT, which phosphorylates IKKα, is associated with NF-κB 

activation (38). In the gastric cancer cell line BGC-823, the 
overexpression of death associated protein kinase 3 (DAPK3) 

Figure 3. Effects of metformin, LY294002 or insulin, separately or in combination on the expression of E-cadherin, N-cadherin and MMP9 in EC109 cells. 
(A) Cells were treated with 0, 5, 10 or 20 mM metformin for 24 h and the mRNA expression of MMP9 was subsequently measured. (B) Cells were treated with 
0, 5, 10 or 20 mM metformin for 24 h, lysed prior to western blot analysis and probed with antibodies against E-cadherin, N-cadherin and MMP9 proteins. 
(C) Cells were treated with 20 mM metformin, 10 µM LY294002 for 24 h or 100 nM insulin for 30 min, lysed prior to western blot analysis and probed with 
antibodies against E-cadherin, N-cadherin and MMP9 proteins. GAPDH was used as the loading control. Data were presented as the mean ± standard error 
of three independent experiments performed in triplicate. *P<0.05 and **P<0.01 vs. control cells; ##P<0.01 vs. metformin. E, epithelial, N, neural, MMP, matrix 
metallopeptidase.

Figure 4. Effects of metformin, LY294002 or insulin, separately or in combination on the migration and invasion of the human esophageal carcinoma cell line 
EC109. Cells were incubated with 20 mM metformin or 10 µM LY294002 for 24 h or 100 nM insulin for 30 min. Migration and invasion were assessed using 
(A) Transwell migration and (B) Matrigel invasion assays, respectively. Data were presented as the mean ± standard error of three independent experiments 
performed in triplicate (magnification, x200). **P<0.01 vs. control cells; ##P<0.01 vs. metformin-treated cells.
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induced AKT activation and increased the phosphorylation 
of IKKα, NFKBIA and NF-κB, while the AKT inhibitor 
LY294002 significantly decreased the phosphorylation of IKKα, 
NFKBIA, NF-κB, and prevented DAPK3-induced BGC-823 
cell migration and invasion (39). In the present study, NF-κB 
(p65) expression was decreased in the EC109 cells treated 
with metformin or LY294002, but increased in insulin-treated 
EC109 cells pretreated with or without metformin.

MMPs participate in normal connective tissue homeostasis 
and remodeling, and are associated with ECM degradation, 
alterations to cell-cell and cell-ECM interactions, tumor forma-
tion, invasion and metastasis (40,41). Since AKT promoted 
invasion in the human fibrosarcoma cell line HT1080 by 
increasing cell motility and MMP9 expression in a previous 
study (42), LY294002-induced suppression of MMP9 expres-
sion may have resulted in the inhibition of EC109 cell invasion 
demonstrated in the present study. The present study evaluated 
the expression of MMP9 in the EC09 cells following metformin 
treatment for 24 h. The expression of MMP9 was inhibited by 
metformin (Fig. 3A and B) and LY294002 (Fig. 3C). Therefore, 
the suppression of the AKT pathway by metformin may have 
resulted in the decrease in MMP9 expression in the EC09 cells 
identified in the present study.

E-cadherin is a Ca2+-dependent cell adhesion molecule 
expressed by epithelial cells. The positive expression of 
E-cadherin is involved in establishing cell-cell connections, 
and maintaining epithelial polarity and structural integrity. The 
absence of E-cadherin in epithelial cells results in decreased 
cell-cell adhesion and induces tumor cell invasion and metas-
tasis (43). N-cadherin, a transmembrane glycoprotein, is 
expressed by numerous types of cell, including neuroepithelial 
cells, neurons and mesenchymal cells. N-cadherin mediates 
Ca2+-dependent cell-cell adhesion through the homophilic 
interactions of its extracellular domains during mesenchymal 
condensation (11). A previous study suggested that N-cadherin 
is associated with increased invasion in tumor cells and may 
contribute to the mesenchymal-scattered phenotype associated 
with decreased E-cadherin and cadherin 3 expression in SCC 
cells (44). Consistent with this previous study, the expression 
of E-cadherin and N-cadherin in the present study was regu-
lated in the metformin-treated EC109 cells.

The results of the present study suggested that metformin 
inhibited EC109 cell migration and invasion by downregu-
lating the AKT pathway and that p-AKT suppression may have 
induced the mesenchymal-to-epithelial reverting transition in 
the EC109 cells by inhibiting the NF-κB signaling pathway 
and decreasing MMP9 expression. Therefore, metformin 
potentially represents a useful therapeutic tool for controlling 
metastasis in patients with esophageal carcinoma.
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