
Abstract. Background/Aim: Gastric cancer (GC) with
peritoneal metastasis remains difficult to treat. The anti-
diabetic drug metformin exerts various antitumor effects via
the 5’-adenosine monophosphate-activated protein kinase
(AMPK) pathway and nuclear factor-kappa B (NF-ĸΒ).
Therefore, we evaluated the antitumor effects of metformin
for GC in vitro and on peritoneal metastasis. Materials and
Methods: The human GC cell lines MKN1, MKN45, KATO-
III and SNU-1 were used. The antiproliferative effect was
evaluated in vitro with 0.5 mM or 25 mM glucose and in vivo
using tumor xenograft peritoneal models of metastasis. The
protein expression of AMPK, liver kinase B1 (LKB1) and
NF-ĸΒ in tumors was examined by western blotting. Results:
Metformin inhibited cell proliferation in all GC lines and
sensitivity was increased under low-glucose conditions in
vitro. Metformin also suppressed peritoneal metastasis. In
tumors, metformin reduced the numbers of proliferating cells
and NF-ĸΒ expression, but a similar trend was not noted for
AMPK. Conclusion: Metformin may be a useful drug for the
treatment of GC with peritoneal metastasis.

Gastric cancer (GC), is an intractable digestive organ cancer
that has a high incidence in East Asia. Peritoneal metastasis
is a particularly serious, life-threatening mode of metastasis
and remains difficult to treat despite chemotherapy (1). 

Metformin is a widely used for the treatment of diabetes
mellitus, and its antitumor effects have been reported in
recent years (2). Metformin exerts antitumor effects against
many kinds of cancer, including hepatocellular carcinoma
(3), cholangiocarcinoma (4), and colorectal (5), pancreatic

(6), breast (7) and ovarian (8) cancer. Furthermore, a tumor-
preventive effect of metformin has also been reported, as
administering metformin prior to subcutaneous injection of
esophageal squamous cell carcinoma reduced the tumor size
(9).

A previous report found that metformin targets multiple
signaling pathways in cancer. Metformin activates 5’-
adenosine monophosphate-activated protein kinase (AMPK)
signaling via liver kinase B1 (LKB1) (10) and inhibits
nuclear factor-kappa B (NF-ĸΒ) signaling. In this way,
metformin induces apoptosis and cell-cycle arrest and
suppresses cell migration and invasion (11). We previously
reported on the antitumor effects of metformin in esophageal
squamous cell carcinoma due to inhibition of NF-ĸΒ (12).
Another interesting report found that the glucose
concentration in the medium for cell culture affects
sensitivity to metformin (13). Furthermore, it has been
reported that the concentration of glucose in solid tumor is
≤0.5 mM (14). Therefore, when studying metformin,
attention should be paid to the glucose concentration under
the experimental conditions, but there are few reports
researching from this viewpoint.

Thus, many antitumor effects of metformin have been
reported in many types of cancer; however, only a few
reports of the correlation between metformin and GC have
been published. A meta-analysis of cohort studies showed
that the risk of GC among patients with type 2 diabetes
mellitus may decrease by taking metformin (15), but its
effect on peritoneal metastasis is not mentioned. Metformin
may inhibit the dissemination of colon cancer because the
odds of dissemination were lower in metformin-treated
diabetic patients than in untreated patients (16), but no
reports have described a direct correlation between
metformin and peritoneal metastasis of GC. 

Several studies have examined the mechanisms of
peritoneal metastasis, and many genes have been identified
as being associated with this process (17). Generally, the
genes were found mainly to be associated with epithelial–
mesenchymal transition (EMT), inflammation and cell
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proliferation. Metformin was found to inhibit EMT, which is
greatly associated with peritoneal metastasis of GC cells
(18), and suppress the migration and invasion of GC cells
(19). Inflammation induces tumor promotion and has a
strong correlation with EMT. There are many cell signals
that induce EMT, and inflammatory signals such as NF-ĸΒ
also induce EMT (20). NF-ĸΒ, the nuclear translocation of
which was inhibited by metformin in esophageal squamous
cell carcinoma, is also reported to be an important signal in
peritoneal metastasis (21). Metformin is also said to target
stem cells in GC (22), and constitutive activation of NF-ĸΒ
is necessary for stem cell maintenance in breast cancer (23),
as well as in human induced pluripotent stem cells (24).
However, no reports have described the relationship between
NF-ĸΒ and metformin in GC.

Given the above previous findings, we examined the
antitumor effect of metformin in GC, with a focus on
peritoneal metastasis.

Materials and Methods

GC cell culture and regents. The human GC cell lines MKN1,
MKN45 and KATO-III were purchased from RIKEN Bioresource
Cell Bank (Tsukuba, Ibaraki, Japan), and green fluorescent protein
labeled MKN45 cells (MKN45-GFP) were established in our
laboratory. SNU-1 cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). The cells were cultured
in Dulbecco’s modified Eagle’s Medium (DMEM)/Ham’s F-12
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS) in a humidified incubator containing 5% CO2
at 37˚C. Medium with a low glucose concentration was obtained by
mixing with complete DMEM/Ham’s F-12 medium and glucose-
free DMEM/Ham’s F-12 medium (Nacalai Tesque, Kyoto, Japan).
Metformin was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Penicillin and streptomycin were obtained from North
China Pharmaceutical Group Corp (Shijiazhuang, China). We
obtained 0.05% trypsin-EDTA and FBS from Invitrogen Life
Technologies (Carlsbad, CA, USA). A Cell Counting Kit-8 (CCK-
8) was purchased from Dojindo (Kumamoto, Japan). 

CCK-8 viability assay. The inhibitory influence of cell proliferation
by metformin was assessed by evaluating the cell viability using a
CCK-8 assay. Cells were seeded in 96-well plates at 5×103 cells per
well and cultured for 24 h at 37˚C. Cells were exposed to different
concentrations of metformin (0.01 to 30 mM) for 72 h, and the
antiproliferative effects were determined using Cell Counting Kit-8.
The absorbance was determined at 450 nm using a microplate reader.

Tumor xenograft peritoneal metastasis model. Six-week-old Balb/C
nude mice (Japan SLC Inc. Hamamatsu, Shizuoka, Japan) were used
to establish a MKN45-GFP tumor xenograft model of peritoneal
metastasis. Nude mice were reared in a specific-pathogen-free
facility. MKN45-GFP cells were harvested and injected 5×106 cells
into the intraperitoneal space of mice. The mice were randomized
into a control group and a treatment group (four mice per group).
From the next day, the mice in the treatment group were
administered metformin (5 mg/mice) via intraperitoneal injection,

while those in the control group were administered phosphate-
buffered saline (PBS) 100 μl five times a week. Treatments were
performed for 35 days, and the tumor weights were determined. The
body weight of mice was measured periodically.

Ki67 staining. Tumor tissues were embedded in paraffin and then
sectioned at 4 μm and deparaffinized. Proliferating cells in tumor tissues
were detected based on Ki67 immunohistochemistry using Monoclonal
Mouse Anti-Human Ki-67 Antigen (Dako, Glostrup, Denmark). 

Western blotting. The tumors were lysed with radioimmuno-
precipitation assay buffer. The western blot analysis was performed
on an XV PANTERA Gel 7.5–15% (DRC, Tokyo, Japan). The
proteins in the gels were transferred electrophoretically onto
nitrocellulose membranes. Anti-human LKB1 mouse monoclonal
immunoglobulin (Ig) G (Cell Signaling Technology, Danvers, MA,
USA), anti-human AMPKα mouse polyclonal IgG (Cell Signaling
Technology), anti-human phospho-AMPKα (p-AMPKα) rabbit
monoclonal IgG (Cell Signaling Technology), anti-human NF-ĸB
p65 rabbit polyclonal IgG (Abcam, Cambridge, UK) and anti-
human Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
rabbit polyclonal IgG (Abcam) were used as primary antibodies.
The expression of each protein was detected using secondary
antibodies conjugated to peroxidase-labeled polymers. Rabbit or
mouse IgG antibodies (Invitrogen) were used as secondary
antibodies. Can Get Signal (TOYOBO, Osaka, Japan) was used as
an immunoreaction enhancer solution. Bands were visualized using
the Amersham ECL Prime Western blotting reagent (GE Healthcare
Life Sciences, Uppsala, Sweden). Densitometry was performed
using ImageJ software (NIH, Bethesda, MD, USA).

Statistical analyses. Data were analyzed by t-tests conducted using
Excel software (Microsoft, Redmond, WA, USA). A value of
p<0.05 was considered to indicate significance.

Results

Proliferation assay in GC cell lines MKN1, MKN45-GFP,
KATO-III and SNU-1. The growth-inhibitory effect of
metformin on MKN45-GFP, MKN1, KATO-III and SNU-1
cells was examined by a proliferation assay (Figure 1A)
treated with a high glucose concentration (25 mM). Metformin
inhibited cell proliferation in all GC cell lines in a dose-
dependent manner. However, there was a marked difference
in the sensitivity among these cell lines. In the study under a
low-glucose condition (0.5 mM) in MKN45-GFP (Figure 1B),
MKN1 (Figure 1C), KATO-III (Figure 1D) and SNU-1
(Figure 1E) cells, the sensitivity of metformin was greatly
increased, and the half-maximal (50%) inhibitory
concentration (IC50) concentration of metformin differed
among MKN1 (high: 4.4 mM, low: 1.9 mM), KATO-III (high:
13.4 mM, low: 0.6 mM) and SNU-1 cells (high: 14.1 mM,
low: 1.9 mM), but a similar trend was not noted in MKN45-
GFP cells (high: 1.4 mM, low: 1.4 mM).

Tumor growth, cell proliferation and apoptosis in vivo. The
tumor volume was measured on day 35 after injecting the
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MKN45-GFP cells. The total tumor volume was significantly
smaller in the metformin-treated group than in the control group
(Figure 2A, p=0.029). There were no significant differences in
the body weight between the control group and the metformin-
treated group (Figure 2B, day 1: p=0.344; day 35: p=0.216).

The histology of the tumors was examined (Figure 3A).
Proliferating cells were detected by Ki67 staining. On tumors
in the control group and the metformin-treated group,

hematoxylin and eosin and Ki67 staining were performed.
There were significantly fewer Ki67-positive proliferating
cells in the tumors in the metformin-treated group than in the
control group (Figure 3B, p=0.011).

AMPK pathway activity. The effect of metformin on the
AMPK pathway was evaluated by a western blotting analysis
(Figure 4). The protein expression of the key molecules of
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Figure 1. Metformin inhibits proliferation of gastric cancer cell lines in vitro. A: Metformin inhibited cell proliferation in a dose-dependent manner
in MKN45-GFP, MKN1, KATO-III and SNU-1 cells, but the sensitivities differed among these gastric cancer cell lines. B-E: The results of
proliferation assays under high-(25 mM) and low-(0.5 mM) glucose conditions in MKN45-GFP (B), MKN1 (C), KATO-III (D) and SNU-1 (E) cells
are shown. Data are means±S.D., n=8.



the AMPK pathway (LKB1, p-AMPKα and AMPKα) were
detected by western blotting (Figure 4A) and quantified
using Image J. The relative expression was calculated using
the GAPDH expression for normalization. There were no

significant differences between the control group and
metformin-treated group in the expression of LKB1
(p=0.311), p-AMPKα (p=0.885) or AMPKα (p=0.108)
(Figure 4 B, respectively).
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Figure 2. Metformin suppressed peritoneal metastasis of gastric cancer in vivo. A: The total tumor weight is shown. Control group: n=4, metformin-
treated group: n=4, *Significantly different at p=0.029, bar: S.D. B: The mouse body weight was measured at 1 and 35 days after intraperitoneal
injection of MKN45-GFP cells. The body weight did not differ significantly between the control group and the metformin-treated group at the time
of measurement (p=0.345). Data are means±S.D. n.s.: Non-significant.

Figure 3. Tumor histology in a mouse xenograft model of gastric cancer (MKN45-GFP). A: The histology of the tumors is shown. Hematoxylin and
eosin (HE) staining and Ki67 staining were performed on the tumors in the control group and the metformin-treated group. B: The percentage of
Ki67-positive cells, representing cell proliferation, in the tumors is shown. Control group: n=4, metformin-treated group: n=4. *Significantly different
at p=0.011. Data are means±S.D.



NF-ĸB activity. The effect of metformin on the NF-ĸB
expression was determined by a western blotting analysis
(Figure 5A). The relative protein expression of NF-ĸB was
calculated in the same way as the AMPK pathway proteins.
The relative protein expression of NF-ĸB was significantly
lower in the metformin-treated group than in the control
group (Figure 5B, p=0.032).

Discussion

It has been reported that metformin suppresses GC in vitro
and in vitro. Our study further clarified that the sensitivity to
metformin was increased at low glucose concentrations in
vitro. Furthermore, metformin suppressed peritoneal
metastasis of GC cells in vivo. 

A detailed analysis of the formed tumors confirmed that
cell proliferation was enhanced in the tumors. Cell signals
were also examined, and the results indicated that the AMPK
pathway was not substantially altered and that NF-ĸB
signaling was suppressed by metformin administration.
These results suggest that metformin inhibits peritoneal
metastasis of GC and that the NF-ĸB signal inhibitory action
of metformin is important as part of its mechanism. 
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Figure 4. The effect of metformin on the 5’ adenosine monophosphate-activated protein kinase (AMPK) pathway in vivo evaluated by a western blot
analysis. The results of the evaluation of protein expression levels in peritoneal tumors in xenograft modes determined by a western blot analysis
(control group; n=4 and metformin group; n=4) (A). The protein expression was evaluated using Image J, and the relative expression was calculated
using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression for normalization (B). There were no significant differences in the protein
expression of the key molecules of the AMPK pathway: liver kinase B1 (LKB1) (p=0.311), phospho-AMPKα (p-AMPKα) (p=0.885) and AMPKα
(p=0.108). Data are means±S.D. n.s.: Non-significant.

Figure 5. The effect of metformin on nuclear factor-kappa B (NF-ĸB) in
vivo, as evaluated by a western blot analysis. Protein expression levels of
NF-ĸB were evaluated in peritoneal tumors in xenograft models as
determined by a western blot analysis (control group; n=4 and metformin
group; n=4) (A). The protein expression was evaluated using Image J and
the relative expression was calculated using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression for normalization (B). NF-ĸB protein
expression was significantly reduced by metformin administration.
*Significantly different at p=0.032. Data are means±S.D.



On examining the growth-suppressive effect of metformin
in vitro, metformin showed a dose-dependent growth-
inhibitory effect in all GC cell lines. Since it has been
reported that the concentration of glucose in solid tumor is
≤0.5 mM (14) and that the glucose concentration of culture
medium affects metformin sensitivity (13), we examined the
influence of the glucose concentration in the medium on the
activity of metformin. When the glucose concentration in the
medium was 0.5 mM, the IC50 concentration was greatly
reduced in several GC cell lines (MKN1, KATO-III and
SNU-1). This result showed that the sensitivity to metformin
was indeed affected by the glucose condition.

The metformin concentration needed to exert tumor-
suppressing action is reported to differ markedly between
in-vitro experimental systems and in vivo models. The
amount of metformin administered in this xenograft model
(5 mg/mice, 250 mg/kg) produces a plasma concentration
of 5-μM metformin (24), suggesting that findings obtained
in vitro may not be reflected in vivo. The results of the
present study suggest that the intracellular signals
influenced by glucose may affect sensitivity to metformin.
When studying the antitumor effect of metformin in solid
tumor cells in vitro, it may be more meaningful to perform
experiments under low-glucose conditions reflecting the
tumor environment. In addition, the cytotoxic effects of
metformin, such as suppression of cell proliferation, may
act specifically in solid tumors under low-glucose
conditions, as these actions are not demonstrated under
high-glucose conditions.

In the present study, the tumor volume of peritoneal
metastasis was significantly reduced by metformin
administration. Although body weight loss was observed
during the course of treatment, no clear difference was
shown between the control group and the metformin-treated
group. The body weight loss observed is considered to be an
effect of peritoneal metastasis. We further analyzed the
tumor to elucidate the mechanism underlying metformin and
found that proliferation was suppressed in the tumor. This
examination is believed to reflect the actual clinic setting, as
it was performed using a mouse model in which metformin
had been administered at a therapeutic dose in vivo.
Regarding cell signaling, no obvious changes in the AMPK
pathway, which is the main target signal of metformin, were
noted, although the NF-ĸB signal, another important signal,
was significantly suppressed. NF-ĸB also plays an important
role in the development of peritoneal metastasis (15), and
this signal was considered to be more important than AMPK
in the inhibitory action exerted by metformin on peritoneal
metastasis in this study. 

Metformin exerts an inhibitory effect on GC and peritoneal
metastasis and may also suppress NF-ĸB signalling. These
results suggest that metformin may be a useful drug for the
treatment of GC with peritoneal metastasis. 
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