
Abstract. Background/Aim: Metformin, a drug for type 2
diabetes, also exerts anticancer effects. This study addressed the
immunological effects of metformin on peritoneal dissemination.
Materials and Methods: We developed a mouse model of
peritoneal dissemination via intraperitoneal injection of
RLmale1, an X-ray-induced leukemia cell line, into BALB/c
mice. Cell-surface markers, cytokine production, and myeloid-
derived suppressor cells (MDSCs) were examined in cells from
spleen and peritoneal lavage fluid. Results: Metformin-treated
mice exhibited suppressed intraperitoneal tumor growth and
extended survival, and these effects were lost in mice with severe
combined immunodeficiency. MDSCs induction was inhibited in
metformin-treated mice. Although MDSC mobilization into the
peritoneal cavity was correlated with suppression of interferon-
γ production by tumor-infiltrating lymphocytes, the T-helper 1
ability of these lymphocytes was preserved in metformin-treated
mice. Conclusion: Our findings demonstrate the action of
metformin on both intraperitoneal tumors and immune-
suppressive cells and might contribute to the development of
immunotherapy against peritoneal dissemination.

Peritoneal dissemination is often a fatal outcome of gastro-
intestinal malignancies. Despite advances in combination
treatment modalities involving surgery, radiotherapy, and

chemotherapy for this intractable state, the survival rate remains
low. Intraperitoneal immunotherapy represents a novel strategy
for managing peritoneal dissemination. Cytoreductive surgery
and hyperthermic intraperitoneal chemotherapy have remained
the gold standard for treating peritoneal dissemination over the
past three decades; however, despite optimal treatment,
recurrence rates remain high and long-term survival is poor (1).
The remarkable progress in cancer immunology has raised
expectations for the development of immunotherapy against
peritoneal dissemination. We have demonstrated that peritoneal
dissemination is promoted by immune exhaustion in the
peritoneal cavity (2). It is now accepted that tumors generate an
immune-suppressive microenvironment that facilitates evasion
and inhibition of immune responses through a number of
distinct factors, including the recruitment of immune-
suppressive cell populations, such as regulatory T-cells (Tregs)
and the secretion of immune-suppressive cytokines (3, 4).
Management of functional T-cell exhaustion at the tumor site is
currently the extensive focus of cancer immunotherapy along
with efforts to neutralize Tregs and myeloid-derived suppressor
cells (MDSCs) (5). 

Metformin, a drug used against type 2 diabetes that
suppresses gluconeogenesis in the liver via adenosine
monophosphate-activated protein kinase, has been reported
to exert unexpected clinical anticancer effects (6, 7). A
number of studies have been conducted to identify the
underlying mechanism of metformin action, and most have
examined its direct effect on tumor cells (8-10). A cardinal
study using a mouse model showed that the anticancer effect
of metformin was mediated by immunological pathways.
Specifically, metformin prevented the immune exhaustion of
CD8+ tumor-infiltrating lymphocytes (TILs) (5). The
antitumor activity of metformin is attributable to reduced
immune-suppressive activity of MDSCs and Tregs (11).
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In this study, we addressed the effect of metformin on
peritoneal dissemination and investigated the mechanism of
evading immune exhaustion involved therein.

Materials and Methods

Mice. Six- to eight-week-old male BALB/c mice were obtained from
Charles River Laboratories (Tsukuba, Japan). The mice were kept in
a specific-pathogen-free environment under humane conditions. Mice
with severe combined immunodeficiency (SCID) on the BALB/c
background were obtained from the Department of Immunology,
Okayama University. The animal experiments were reviewed and
approved by the Biomedical Research Center of Nagasaki University
(approval number: 14061155), and were performed according to the
recommendations for the proper care and use of laboratory animals
and The Law (No. 105) (12) and Notification (No. 6) (13) of the
Japanese Government and the Guide for the Care and Use of
Laboratory Animals by the National Institutes for Health (14).

Cell culture. The BALB/c mouse X-ray-induced leukemia cell
line, RLmale1, was obtained from the RIKEN Bio Resource
Center (Ibaraki, Japan) (15, 16). The cells were maintained in
Roswell Park Memorial Institute 1640 medium supplemented with
10% fetal bovine serum in a humidified atmosphere containing 5%
CO2 at 37˚C. To investigate the direct effect of metformin,
RLmale1 cells were maintained in vitro with different
concentrations of metformin [control (0), 10, 20, 50, 100, 500,
1,000, 5,000, 10,000 μM] for 72 hours and cell viability was
measured by the trypan blue dye-exclusion method (17). The assay
was replicated eight times.

Tumor growth assay. RLmale1 cells (2×106 cells in 200 μl, 1×107
cells/ml) were injected intraperitoneally into experimental mice
(n=8 for each groups) according to a previously reported protocol
(18). Metformin (Wako, Osaka, Japan) was orally administered at a

dose of 5 mg/ml in drinking water following a previous protocol
(5). As shown in Figure 1, mice were divided into two groups;
metformin-treated and control. On days 7, 14 and 21, mice were
sacrificed, and tumor growth was evaluated (n=8 for each groups).
Cells from spleen and peritoneal lavage fluid were collected for
flow cytometric analysis. Visible tumors on the peritoneal wall and
the mesenteries were collected and tumor weight from each mouse
was measured during sacrifice (19, 20).

Flow cytometric analysis. Cells from spleen and peritoneal lavage
fluid were stained with the following monoclonal antibodies to:
CD3e (peridinin chlorophyll-cyanine 5.5 conjugated); CD4, natural
killer (NK) 1.1 CD44, lymphocyte antigen 6 complex locus G6D
(Ly6G), interferon-γ (IFN-γ) and interleukin 10 (IL-10)
(phycoerythrin-conjugated); CD8a, CD25, CD62L and CD11b
[allophycocyanin (APC) conjugated]; lymphocyte antigen 6
complex, locus C1 (Ly6C, fluorescein isothiocyanate-conjugated);
and CD127 (phycoerythrin-cy7phycoerythrin-cyanine 7 conjugated).
Gr1 was defined as positivity for Ly6G and Ly6C. The antibodies
were purchased from Becton Dickinson and Co. (Tokyo, Japan). An
intracellular cytokine staining assay was performed using the BD
Pharmingen™ Leukocyte Activation Cocktail; stimulating with
phorbol 12-myristate 13 acetate, ionomycin, and brefeldin A. Cells
were analyzed using a FACS Canto™ II cytometer with FACS Diva
software (Becton Dickinson and Co.). 

Statistical analysis. All data are expressed as scatter plots with a
bar indicating the median. The data were examined statistically
using the Welch t-test. Differences between group was considered
statistically significant at p<0.05. Statistical analyses were
performed using StatMate IV software for Windows (ATMS,
Tokyo, Japan). Scatter plots were prepared using GraphPad Prism
version 6.00 for Mac (GraphPad Software, San Diego, CA, USA).
The survival probability was calculated by the Kaplan–Meier
method, and statistical differences were evaluated using the log-
rank test.
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Figure 1. Schema of experiment. RLmale1 cells (2×106 cells in 200 μl, 1×107 cells/ml) were injected into mice intraperitoneally (i.p.). From day 0,
non-diabetic mice were given water containing metformin dissolved at a concentration of 5 mg/ml and were denoted as the metformin-treated group.



Results

Intraperitoneal tumorigenesis of RLmale1 cells was suppressed
by metformin. RLmale1 cells were intraperitoneally injected
into two mice groups and tumor growth was evaluated. On day
14, abdominal wall tumors and mesenteric nodules had formed,
and ascites was present (Figure 2). Visible tumors on the
peritoneal wall and mesenteries were removed, and the weight
of tumors from each mouse was measured. There was no
significant difference in tumor weight between the metformin-
treated and control groups on days 7 and 14. On day 21, the
median tumor weight in the metformin-treated mice (0.338 g)
was significantly lower than that in the control mice (6.892 g;
Figure 3).

Prolonged survival of metformin-treated mice was mediated
by T-/B-cells. By day 27, 75% of control mouse had died and
all had died by day 49, whereas most of the metformin-
treated mice survived over 50 days without mesenteric
dissemination (Figure 4A). In an independent experiment
shown in Figure 4B, the effect of metformin on survival was
lost in SCID mice. The extended survival of metformin-
treated mice thus demonstrated the necessity for T-/B-cells
in mesenteric dissemination.

Direct effect of metformin on the proliferation of RLmale1
cells in vitro. In order to investigate whether metformin
affects tumor cells directly, RLmale1 cells were cultured in
the presence of metformin at different concentrations (Figure
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Figure 2. Establishment of a mouse model of intraperitoneal tumor dissemination. The abdominal wall (upper panel) and peritoneal cavity (lower
panel) after intraperitoneal injection of RLmale1 cells into BALB/c mice. Minimal ascites was observed on day 7. On day 14, ascites and abdominal
wall tumors were detected. On day 21, the volume of ascites had increased, abdominal wall tumors had grown, and intraperitoneal tumor
dissemination was apparent. Arrows indicate abdominal wall/intraperitoneal tumors.



5). At a metformin concentration of 100 μM or higher,
proliferation of RLmale1 cells was inhibited in a dose-
dependent manner. In contrast contrary, below 50 μM, which
corresponds to the clinical dose, metformin did not
significantly suppress tumor cell proliferation.

Induction of MDSCs was suppressed in metformin-treated
mice. In order to investigate immunological parameters, cells
collected from the spleen and peritoneal lavage fluid were
analyzed by flow cytometry. As reported previously, it
possible to distinguish lymphocytes (TILs) from RLmale1
cells based on their size (Figure 6) (5). All murine MDSCs
expressed the plasma membrane markers Gr1 and CD11b,
and the granulocyte marker Gr1, including the isoforms
Ly6C and Ly6G. In this study, MDSCs were determined to
be CD11b+Gr1+ cells presenting either Ly6C−Ly6G+ or
Ly6ChighLy6Glow/− phenotype (Figure 7) (21).

The subsets of analyzed cells are summarized in Tables I
and II. There were no significant differences between the
control and metformin-treated mice in the following subsets:
CD8+ and CD4+ T-cells (and their ratio), effector memory T-
cells (sorted as CD3e+CD44+CD62L−), and natural killer cells
(sorted as NK1.1+) on days 7, 14, and 21. For factors of
immune suppression, although Tregs, defined as
CD3e+CD4+CD25+CD127low, were increased in tumor-
bearing mice; there was no significant difference between the
control and metformin-treated mice except for MDSCs.
Induction of CD11b+Ly6G+/Ly6Chigh MDSCs was suppressed

in metformin-treated mice, and this was significantly observed
in the peritoneal cavity (Table II, Figure 8).

Cytokine production in the state of immune exhaustion.
Cytokine production from T-cells in the spleen and peritoneal
lavage fluid after stimulation with PMA, ionomycin, and
brefeldin A was evaluated by intracellular cytokine staining.
IFN-γ production by TILs was up-regulated only in
metformin-treated mice (Figure 9).
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Figure 4. A: Survival curves of tumor-bearing BALB/c mice injected
intraperitoneally with RLmale1 cells (n=8 per group) and treated with
normal drinking water or with drinking water containing dissolved
metformin (5 mg/ml). Survival of metformin-treated mice was
prolonged. **Hazard ratio=5.49, 95% confidence interval=1.67-26.9;
p<0.01. B: Survival curves of tumor-bearing wild-type (WT) and severe
combined immunodeficiency mice injected intraperitoneally with
RLmale1 cells (n=8 per group) and treated with normal drinking water
or with drinking water containing dissolved metformin (5 mg/ml). Wild-
type mice without metformin treatment and all SCID mice died by day
29 after injection, whereas half of the wild-type mice treated with
metformin were still alive. *Significantly different at p<0.05.

Figure 3. The weight of intraperitoneal tumors. BALB/c mice were
injected RLmale1 cells intraperitoneally and treated with normal drinking
water or with drinking water containing dissolved metformin (5 mg/ml)
as described in the Materials and Methods section. Mice from each group
were sacrificed and examined on day 7, 14, and 21, respectively (n=8 per
group). Horizontal bars indicate the median tumor weight. The tumor
weight of the metformin-treated group was significantly lower than that
of the control group. *Significantly different at p<0.01. 



Discussion

In this study, a mouse model of peritoneal dissemination was
established following oral administration of metformin. The
key findings of the current study were as follows. In mice
treated with metformin, (i) tumor growth was suppressed in
the presence of T/B cells; (ii) MDSC induction was
significantly suppressed in the peritoneal cavity; and (iii)
IFN-γ production from TILs was up-regulated in the
peritoneal lavage fluid. Our findings indicate that in addition
to the inhibitory effect of metformin on cancer cells,
immune-suppressive cells are critical in understanding the
anticancer mechanisms of metformin.

The mouse model of peritoneal dissemination was
established by intraperitoneal injection of RLmale1 cells (16,
22). Although most of the experimental mice developed
intraperitoneal tumors with ascites by day 21, the mice
treated with metformin showed minimal changes in shape.
Observation of the peritoneal cavity after sacrifice clearly
revealed the difference between control and metformin-
treated mice. Metformin has been suggested to directly
inhibit the proliferation and invasion of tumor cells (23).
However, the plasma concentration of metformin in our
setting was expected to be significantly less (<20 μM) than
that obtained using clinical doses. Thus, metformin might
exert an indirect effect on tumor growth (24). Most studies
on the antitumor activities of metformin have focused on its
cell-autonomous effects on cancer cells, but its potential

effects on immune cells within the tumor microenvironment
have remained unexplored (25). As extension of survival
seen with metformin treatment was lost in SCID mice, we
examined the tumor-infiltrating immune cells in the
peritoneal cavity. There was no significant difference
between the control and metformin-treated mice with respect
to the population of major immunocompetent cells except for
MDSCs. While the induction of MDSCs was inhibited in
metformin-treated mice, IFN-γ production from TILs was
up-regulated without Treg mobilization. As the effect was
more evident in the peritoneal cavity than in the spleen, it is
possible that metformin prevented T-cell exhaustion in the
tumor microenvironment.

MDSCs have been identified in the bone marrow, liver,
blood, spleen, and tumors of tumor-bearing mice based on the
expression of surface markers and their ability to prevent T-
cell activation. All murine MDSCs express the plasma
membrane markers Gr1 and CD11b. Differential expression
of these molecules distinguishes monocytic MDSCs from
polymorphonuclear MDSCs. Monocytic MDSCs are identified
as CD11b+Ly6ChighLy6Glow/− whereas polymorphonuclear
ones are identified as CD11b+Ly6C−Ly6G+ (21); these two
subsets exhibit different modes of immune suppression.
Polymorphonuclear MDSCs utilize reactive oxygen species
and the enzyme arginase 1, whereas mononuclear MDSCs use
nitric oxide synthase 2 and reactive oxygen species (26).
These phenotypes are applicable to tumor-infiltrating MDSCs,
as well as MDSCs residing in the spleen and blood of tumor-
bearing mice. Tumor-infiltrating MDSCs are more suppressive
compared to blood or splenic MDSCs on a per-cell basis (21,
27-30). In our model, although induction of polymorpho-
nuclear MDSCs was inhibited in the spleen of metformin-
treated mice, mononuclear MDSCs were also inhibited in the
peritoneal cavity.

The mechanisms of peritoneal dissemination have been
examined and act as possible foundations for its potential
treatment. However, the precise mechanism of peritoneal
dissemination is still unclear. Through cytokine production,
antigen presentation and phagocytic function, mesothelial
cells act as regulators of the complex interaction between the
peritoneum and the immune system (31). Metformin has
recently received renewed attention due to its preventive
effect on organ fibrosis and cancer metastasis by inhibiting
epithelial-to-mesenchymal transition. Metformin ameliorates
the phenotypic transition of peritoneal mesothelial cells and
peritoneal fibrosis by modulating oxidative stress (32). In
previous study on peritoneal dissemination, Treg
accumulation was observed at the tumor site in patients with
gastric cancer (33). However, high levels of Tregs among
tumor-infiltrating CD4+ T-cells are not always associated
with poor prognosis. Instead, an increase in the proportion
of MDSCs has been shown to be an independent adverse
prognostic factor in gastric cancer (34). 
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Figure 5. In vitro assay of RLmale1 cells treated with metformin.
RLmale1 cells (1×105) were cultured in the presence of metformin at
the indicated concentrations for 72 h. Cell viability was determined by
trypan blue exclusion. Below 50 μM, which corresponds to the clinical
dose, metformin did not suppress tumor cell proliferation; cell
proliferation was suppressed above 50 μM, compared with the untreated
cells (*p<0.001). Data are the mean±standard deviation of eight
replicates for each group.
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Figure 6. Analysis of lymphocytes in peritoneal lavage fluid of tumor-injected mouse by flow cytometry. A: Lymphocytes were distinguished from
tumor cells in the dimension with the forward scatter area (FSC-A) and side scatter area (SSC-A). B: CD3e+ cells in the gated area were considered
T-cells. C: Gated cells were co-stained with CD4 and CD8a, representing T-cells.

Figure 7. Flow cytometry gating strategy for myeloid-derived suppressor cells (MDSCs). A: CD11b+ cells were gated from the spleen or peritoneal lavage
fluid of tumor-injected mice. B, C: Cells were stained with CD11b, Ly6G, and Ly6C simultaneously. MDSCs were identified as CD11b+Ly6G+/Ly6Chigh.
CD11b+Ly6G+ represents polymorphonuclear MDSCs (PMN-MDSCs), and CD11b+Ly6Chigh represents monocytic MDSCs (M-MDSCs).



In conclusion, we demonstrated that metformin induces
protection against peritoneal tumor dissemination by
preventing mobilization of MDSCs to the tumor site and
immune exhaustion, thus conserving the ability of IFN-γ
production in T-cells from the tumor microenvironment.
These findings could broaden our understanding of
metformin action on intraperitoneal tumors and on
immune-suppressive cells and contribute to the
development of new immunotherapies against peritoneal
dissemination.
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Figure 8. Continued
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Figure 8. Myeloid-derived suppressor cells (MDSCs) induction regulated by metformin. Cells from the spleen (A) and peritoneal lavage fluid (B) from
tumor-injected mice treated with (+) or without (−) metformin were isolated on day 7, 14, and 21. Induction of polymorphonuclear MDSCs (PMN-
MDSCs) was inhibited in the spleen of metformin-treated mice, monocytic MDSCs (M-MDSCs) were also inhibited in the peritoneal cavity. The results
are summarized in Tables I and II. In A, the y-axis represents the proportion of CD3+CD4+CD25highCD127low cells in CD3+ cells; in B, it represents
the proportion of CD11b+Ly6G+/Ly6Chigh cells in CD11b+ cells. n=6 per group. The horizontal bars indicate the median value. Significantly different
at *p<0.01 and **p<0.05. C, D: Population of MDSCs in cells collected from the spleen (C) and in peritoneal lavage fluid (D).
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Figure 9. Cytokine production by T-cells in tumor-injected mice, measured by intracellular cytokine staining. Cells collected from the spleen (A)
and peritoneal lavage fluid (B) on day 7, 14, and 21 were analyzed for interferon-γ (IFN-γ) and interleukin 10 (IL10) (n=6 per group). Intracellular
cytokine staining was performed following commercial protocols described in the Materials and Methods. Results are the percentage of cytokine-
producing CD3+ cells. The horizontal bars indicate the median value. *Significantly different at p<0.05.
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