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Abstract. Metformin (MET) is the first-line treatment for
type 2 diabetes mellitus. Several epidemiological studies have
suggested the potential anti-cancer effects of MET, including
its activity against pancreatic ductal adenocarcinoma (PDAC).
Gemcitabine (GEM) has become the standard chemotherapy
for PDAC; however, acquired resistance to GEM is a major
challenge. In this study, we evaluated the anti-tumor effects
of MET against GEM-resistant PDAC in a mouse xenograft
model. GEM-resistant BxG30 PDAC cells were implanted into
BALB/cnudemice. The mice weredividedinto4 groups (control,
GEM, MET, and combined treatment with GEM + MET) and
treated with the drugs for 4 weeks. Compared with the control
mice, the final tumor volumes were significantly decreased
in the mice treated with GEM + MET. Treatment to control
volume ratios (T/C%) were calculated as 80.2% (GEM), 54.0%
(MET) and 47.2% (GEM + MET). The anti-tumor activity of
GEM alone against BxG30 tumor xenografts was limited.
MET treatment alone exerted satisfactory anti-tumor effects;
however, the optimal T/C% was achieved by treatment with
GEM + MET, indicating that this combined treatment regimen
potently inhibited the growth of GEM-resistant PDAC. The
expression of hypoxia-inducible factor lo. (HIF-1a) and the
phosphorylation of ribosomal protein S6 (S6), an important
downstream effector of the mammalian target of rapamycin
(mTOR) signaling pathway, were also assessed by western
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blot analysis. The phosphorylation of S6 was inhibited by
incubation with MET, but not with GEM, and the expression of
HIF-1a under hypoxic conditions was significantly inhibited
by MET treatment, but not by GEM treatment. The production
of vascular endothelial growth factor was also suppressed by
MET treatment, but not by GEM treatment, as determined by
ELISA. Taken together, the data of this study demonstrate that
the anti-tumor activity of MET is mediated via the suppression
of mTOR-HIF-1 signaling, reflecting a different underlying
mechanism of action than that of GEM. These results may
prove to be clinically significant and reveal the potential of
MET as an effective therapeutic drug for PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive
tumor with a very poor prognosis (1). The 5-year survival
rate of patients with PDAC is approximately 6% with a mean
survival of 6 months (2). The curative potential is optimal when
surgical resection is involved; however, only 15-20% of patients
are eligible for surgery at the time of diagnosis, as the majority
of patients with PDAC present with either locally advanced
disease (which is rarely resectable) or metastatic disease (3).

Gemcitabine (GEM) is a difluorinated analog of the
naturally-occurring nucleoside, deoxycytidine (4). GEM has
been widely used in the treatment of diverse carcinomas,
including non-small cell lung cancer, bladder cancer and breast
cancer, and has become the standard chemotherapy for PDAC.
Although recently some modern chemotherapeutics, such as
FOLFIRINOX (5) and nab-paclitaxel (PTX) plus GEM (6)
have been used as first-line chemotherapy, GEM remains a
key drug for use in the treatment of PDAC, particularly for
second-line treatment. However, acquired resistance of PDAC
to GEM has become a major issue. When resistance to GEM
develops, clinicians usually have to switch treatment to a
third-line drug, and there are no effective therapies available
for patients that fail third-line therapy.

Metformin (MET) is the first-line treatment for type 2
diabetes mellitus and is the most widely prescribed drug
worldwide. Recently, several epidemiological studies have
indicated the potential anti-tumor effects of metformin against
various types of cancer, including PDAC (7-10). Furthermore,
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basic research has revealed the mechanisms underlying the
anticancer effects of MET, which mainly involve the induction
of AMP-activated protein kinase (AMPK) (11). Tumor growth
inhibition by MET is mediated primarily by the inhibition
of mammalian target of rapamycin (mTOR) signaling (12).
The mTOR signaling cascade serves as a master regulator
of metabolism, cell growth and proliferation. According to
a previous study, 15-20% of patients with PDAC have very
high levels of active phosphorylated mTORS?**8, and patients
with such tumors have a significantly reduced survival (13).
Therefore, targeted anti-mTOR therapies may offer a clinical
benefit for patients with PDAC.

A previous study also reported that mMTOR-dependent signals
stimulated hypoxia-inducible factor 1o. (HIF-1a)) accumulation
and HIF-1-mediated transcription in cells exposed to hypoxic
conditions (14). Vascular endothelial growth factor (VEGF) is
primarily induced during hypoxia and is regulated by HIF-1 (15).
The majority of PDACs are characterized by a hypoxic tumor
microenvironment (16). The oxygen pressure in a solid tumor is
generally lower than in the surrounding interstitial tissue, and
tumors exhibiting extensive hypoxia have been shown to be more
aggressive than corresponding tumors that are better oxygen-
ized (17,18). Based on these data, in this study, we evaluated the
activities of HIF-1a, and its downstream target, VEGF, following
treatment with MET.

Recently, we reported a method for cloning GEM-resistant
cell lines and established multiple GEM-resistant clones
derived from the human pancreatic cancer cell line,
BxPC-3 (19).In this study, we used a moderately GEM-resistant
cell line, BxG30. This study was designed to evaluate the
anti-tumor effects of MET against GEM-resistant PDAC in
a mouse xenograft model. Our results demonstrated that the
anti-tumor effect of MET was mediated by the suppression
of the function of mTOR. Furthermore, we provide evidence
that MET inhibits HIF-1a and VEGF activation in hypoxic
cells. These findings are of significant clinical interest and
reveal the potential use of MET as an anti-tumor agent in the
treatment of PDAC.

Materials and methods

Chemotherapeutic drugs. MET was provided free of charge
by Sumitomo Dainippon Pharma Co., Ltd. (Osaka, Japan).
GEM was purchased from Eli Lilly Japan (Hyogo, Japan).

Cells and cell culture. The human pancreatic cancer cell line,
BxPC-3, was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in
RPMI-1640 medium (Wako Pure Chemical Industries Ltd.,
Osaka, Japan) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS; Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA) in a humidified 5% CO2
incubator at 37°C. BxG30, a moderately GEM-resistant cell
line, was established as previously described (18). Briefly,
the BxPC-3 cells were allowed to acclimatize by stepwise
exposure to increasing concentrations of GEM beginning at
1.5 ng/ml and increasing by 1-10 ng/ml increments at every
passage for 6 months. A BxPC-3-derived cell line cultured in
the presence of a final concentration of 30 ng/ml GEM was
named BxG30.
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Xenograft models. Animals were maintained according to
institutional regulations in facilities approved by the Animal
Care Committee of Kitasato University (Tokyo, Japan) and in
accordance with Japanese government guidelines for animal
experiments. The protocol of the animal experiments was
reviewed and approved by The Laboratory Animal care and
use Committees of Kitasato University on April 1st, 2013
(approval no. 13023). Animal experiments were performed in
accordance with the ethical guidelines of the Kitasato Institute.
Isoflurane was used as an inhaled anesthetic. Humanitarian
endpoints, such as performing euthanasia treatment at an
appropriate time, when unbearable pain was involved, were
considered. The Institutional Animal Care and Use Committee
Guidebook (20) was referred to as regards the humanitarian
endpoints. In this study, no mice had to be euthanized due to
poor conditions before the end of the experiment.

During a preliminary toxicity test of MET monotherapy,
certain adverse events, such as appetite loss and body weight
loss, occurred at doses of 800 mg/kg and increased signifi-
cantly from the dose of 1,500 mg/kg. Finally, we decided
on a 600 mg/kg dose of MET, as this induced a consistent
anti-tumor effect without any adverse events. For the purposes
of this study, 96 male BALB/c Slc-nu/nu mice (6 weeks old)
were obtained from CLEA Japan Inc. (Tokyo, Japan). The
body weights of the mice ranged from 15 to 19 g on arrival.
The mice were maintained in a specific-pathogen-free
condition (temperature, 23+2°C; humidity, 55+10%) and
were provided with autoclaved food and water. After being
allowed to acclimatize for 1 week, 2x10° BxPC-3 and BxG30
cells in 0.1 ml of 1% phosphate-buffered saline (PBS) were
injected into both the flanks of the mice. The mice were
randomly divided into 4 groups as follows: i) The control
group [no treatment, final tumor number (n)=10]; ii) the
GEM-treated group (80 mg/kg, n=11); iii) the MET-treated
group (600 mg/kg, n=11); and iv) the combination treatment
group (GEM + MET, n=12). The BxG30 cells were injected
into the other mice, and the mice were divided into 4 groups
according to the treatments (control group, n=14; GEM
group, n=13; MET group, n=10; GEM + MET group, n=14).
Treatment was initiated 2 weeks following implantation.
MET was diluted in PBS to 600 mg/kg and administered
orally every day for 4 weeks. GEM was dissolved in
PBS and injected intraperitoneally at a dose of 80 mg/kg
every week (on days 15, 22, 29 and 36). Estimated tumor
volumes and body weights were measured each week. The
estimated tumor volume was calculated using the Battelle
Columbus Laboratories Protocol according to the following
formula (21): TV = (AxB?)/2, where TV = tumor volume,
A = major axis and B = minor axis.

Following sacrifice on day 42, the tumors were dissected
and weighed. The estimated tumor volumes of the control
group (C) and treatment groups (T) were calculated as
described above. The relative tumor volumes (TRW and CRW)
were calculated at defined time points by evaluating the ratio
of (T) and (C) to the estimated tumor volumes at the beginning
of treatment, and the treatment to the control ratio (T/C%) was
calculated as TRW divided by CRW. The minimal T/C% over
the treatment period was assessed and used to calculate the
therapeutic effect. A value of T/C% <50% was required for the
treatment to be considered effective.
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Although some tumor ulceration was observed, all mice
exhibiting ulceration, bleeding or necrosis also exhibited good
general conditions without any signs of infection, anemia or
abnormal behavior. Thus, no treatment was administered for
the ulcerations as it was not deemed necessary.

Cytotoxicity assays. The BxG30 cells were seeded at a density
of 2.2x10° cells per well in 96-well plates containing culture
medium supplemented with 10% FBS. After 24 h, the cultures
were washed and incubated in medium alone (control) or
medium containing MET or GEM at various concentrations
(final concentrations of MET: 0, 1.65,2.475,3.3 and 4.125 pg/ml,;
final concentrations of GEM: 0, 2, 3,4, 5 and 10 ng/ml) in
quadruplicate. The number of viable cells was counted after
72 h using a Cell Counting Kit-8 (Nacalai Tesque, Inc., Kyoto,
Japan) according to the manufacturer's instructions. The assay
reagent was a tetrazolium compound (WST-8) that is reduced
by live cells to produce a colored formazan product whose
absorbance can be measured at 450 nm. The quantity of the
formazan product is directly proportional to the number of live
cells in the culture. The inhibition index (I.I., %) was calculated
using the following formula: I.I. (%) = (b-c)/(b-a) x100, where
a = the optical density (OD) of the cells, b = the OD of the
cells + WST-8 reagent, and ¢ = the OD of the cells + WST-8
reagent + anti-tumor agent) and ICy, values were calculated.
A classical isobologram was used to evaluate the synergistic
effects of GEM and MET. All experiments were repeated at
least 3 times.

Determination of protein concentrations in culture super-
natants. The BxG30 cells were pre-cultured at a density of
1.5x10° cells per well in RPMI-1640 medium containing
10% FBS for 24 h. After removing the culture medium and
washing with PBS, the cells were treated with MET and GEM
(final concentrations of MET: 0, 0.825, 1.65 and 3.3 pug/ml;
final concentrations of GEM: 0, 1,2, 4 and 10 ng/ml). The cells
were cultured for 24 h and lysed in lysis buffer [Cell Signaling
Technology (CST) Japan, Tokyo, Japan] containing Protease
Inhibitor Cocktail Set III (Wako Pure Chemical Industries,
Osaka, Japan) and Phosphatase Inhibitor Cocktail Solution I
(Wako Pure Chemical Industries). The lysates were centri-
fuged at 23,000 x g for 20 min at 4°C and the supernatants
were collected. The samples were stored at -80°C and used for
western blot analysis.

Western blotting of pS6 and HIF-1a. For protein extraction,
cells were plated into 6-well cell culture plates (Corning,
Inc. Corning, NY, USA) at a density of 1.5x10° cells in
serum-containing medium and then incubated for 24 h at
37°C. The cells were rinsed twice with PBS and scraped into
Cell Lysis Buffer (CST) and Phosphatase Inhibitor Cocktail
Solution I (Wako, Osaka, Japan) was added. Following
incubation for 20 min on ice, cell lysates were cleared by 20 min
of centrifugation at 15,000 x g at 4°C. Protein concentration
was determined using the BCA Protein Assay Reagent (Pierce,
Rockford, IL, USA), and conditioned to 15 pg per lane.
Samples were boiled for 3 min at 100°C and 4X LDS Sample
Buffer (Life Technologies Japan Ltd., Tokyo, Japan), and 5%
2-mercaptoethanol (Nacalai Tesque Inc.). Equal amounts of
total protein were separated on a 12.5% SDS polyacrylamide
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gel at a constant current of 20 mA. Separated proteins were
transferred to PVDF membranes (Life Technologies Japan Ltd.)
at 30V by using iBlot® Gel Transfer Device (Life Technologies
Japan Ltd.). The membrane was blocked with 5% dry-milk
with 0.1% Tris Buffered Saline-Tween-20 (TBS-T) for 60 min.
The membrane was then incubated overnight at 4°C and with
primary antibody, and then probed with secondary antibodies
for 1 hatroom temperature. Chemiluminescence was developed
using the ECL Select Western Blotting Detection System and
the band intensities were then detected using Image Quant
LAS 500 (both from GE Healthcare Japan, Tokyo, Japan) and
analyzed using NIH Image J software. The BxG30 cells were
treated with several concentrations of MET and GEM (final
concentrations of MET: 0, 0.825, 1.65 and 3.3 pg/ml; final
concentrations of GEM: 0, 1, 2, 4 and 10 ng/ml).

The following antibodies were used for western
blotting: pS6 rabbit antibody, S6 mouse antibody, HIF-1a
rabbit antibody (all from CST; #2317S, #3716S) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) rabbit
polyclonal IgG (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA; #sc-25778) as primary antibodies, and horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG antibody (CST;
#7074P2) or HRP-conjugated anti-mouse IgG antibody (GE
Healthcare Japan, Tokyo, Japan; NA931-100UL) as secondary
antibodies. Each sample was analyzed 3 times independently.

Exposure to hypoxia. On the day of the experiment, the
culture medium was replaced with fresh RPMI-1640 medium
containing 10% FBS. Culture dishes were placed in a modular
incubator chamber (Billups-Rothenberg Inc., San Diego, CA,
USA), a humidified airtight chamber with air flow valves. To
simulate hypoxic conditions, the cells were incubated with
1% O,, 5% CO, and 94% N, for 48 to 78 h.

ELISA for the detection of VEGF. ELISA was performed to
quantify secreted VEGF from BxG30 cells using a Novex
ELISA kit (Life Technologies Japan Ltd.) according to the
manufacturer's instructions. The BxG30 cells were incubated
under hypoxic conditions as described above for 72 h with
various concentrations of MET (final concentrations: 0.825,
1.65 and 3.3 ug/ml) and GEM (final concentrations: 1, 2 and
4 ng/ml). At the end of the ELISA procedure, stop solution
was added and the absorbance of each well was measured
at 450 nm using a Multiskan FC instrument (Thermo Fisher
Scientific). Each sample was analyzed 3 times independently.

Statistical analysis. Dunnett's test was used to compare the
results from the treatment groups with the control group.
One-way factorial ANOVA followed by the Dunnett's test
as a post hoc test was used to analyze multiple comparisons
between the control group and each of the treatment groups.
Differences were considered statistically significant at P<0.05.

Results

Anti-tumor activity of MET in the BxPC-3 xenograft model.
The estimated tumor volumes and body weights of the mice
were measured each week following implantation of the
BxPC-3 xenografts. The final tumor weights were 0.59+0.05 g
(mean + SEM) in the control group (n=10), 0.32+0.07 g in the
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GEM-treated mice (n=11), 0.42+0.08 g in the MET-treated
mice (n=11) and 0.23+0.06 g in the mice treated with GEM and
MET (n=12) (Fig. 1A and B). Both the GEM-treated groups
exhibited significantly reduced tumor weights compared
with the control group. However, there were no differences in
tumor weight between the mice treated with MET alone and
the control animals. The minimal T/C% on day 42 was 55.6%
in the GEM-treated mice, 88.7% in the MET-treated mice and
48.8% in the mice treated with GEM and MET (Fig. 1C).

Anti-tumor activity of MET in the BxG30 xenograft
model. The anti-tumor activity of MET against BxG30, a
GEM-resistant PDAC cell line, was evaluated using a BxG30
xenograft model. The final tumor weights were 0.26+0.05 g
in the control mice (n=14), 0.21+0.05 g in the GEM-treated
mice (n=13), 0.15+0.06 g in the MET-treated mice (n=10) and
0.11+0.03 g in the mice treated with GEM and MET (n=14).
Compared with the control animals, the final tumor volumes
were significantly decreased only in mice treated with both
GEM and MET (Fig. 2A and B). The T/C% was 80.2% in the
GEM-treated mice, 54.0% in the MET-treated mice and 47.2%
in the mice treated with both GEM and MET. The anti-tumor
effect of GEM against BxG30 cells was clearly limited. The
MET-treated animals exhibited a satisfactory inhibition of
tumor growth, although the minimal T/C% was <50% on
day 42 only in the group of mice treated with both GEM and
MET (Fig. 2C). These data indicated that combination therapy
with GEM and MET exerted marked anti-tumor activity
against GEM-resistant PDAC.

It was decided that the specimens were inadequate for use
in further experiments, as some specimens harvested from
both the BxPC-3 and BxG30 xenograft model were necrotic in
some places with ulceration of the skin and/or bleeding from
tumors.

Cytotoxicity assay. We initially evaluated the cytotoxic effects
of MET and GEM in BxG30 cells using an in vitro WST
cytotoxicity assay. Both agents inhibited cell growth in a
concentration- and time-dependent manner (data not shown).
The ICs, values (means + SEM) of MET and GEM were
3.36+0.13 pg/ml and 3.75+0.22 ng/ml, respectively. The ICs,
values of MET and GEM were connected by a dotted line in a
classical isobologram to evaluate potential synergistic effects
(Fig. 3), but none were observed.

Western blot analysis of pS6 and HIF-1a. The phosphorylation
of ribosomal protein S6 (pS6), one of the most important
downstream effectors of the mTOR signaling pathway, was
assessed by western blot analysis. The relative expression
of pS6 and total S6 (pS6/S6) was markedly decreased in a
dose-dependent manner in the cells treated with MET. S6
phosphorylation was inhibited by incubation with MET, but not
with GEM (Fig. 4A and B). The pS6/S6 ratios of each MET
concentration were 84.08+29.66% (0.825 pg/ml), 78.48+6.74%
(1.65 pg/ml) and 42.39+2.74% (3.3 ug/ml) relative to the control,
respectively. Treatment with 3.3 yg/ml of MET significantly
inhibited the activation of S6 compared with the control cells
(P<0.05). HIF-1a is a well-known downstream target of mTOR
and its expression level was also evaluated by western blot
analysis. Hypoxic conditions clearly induced the overexpression
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Figure 1. Anti-tumor effects of metformin (MET), gemcitabine (GEM), and
a combination of the two in a BxPC-3 pancreatic ductal adenocarcinoma
(PDAC) mouse xenograft model. Treatments were initiated 14 days following
the implantation of tumor cells. (A) The estimated tumor volumes were
calculated each week. (B) Following sacrifice on day 42, the tumors were dis-
sected. One-way factorial ANOVA followed by post-hoc Dunnett's test was
conducted to detect the significant differences between control group and
each of treatment groups. The final tumor weights were significantly reduced
in both GEM-treated groups compared with the control group (‘P<0.05).
MET treatment did not provide a significant reduction in tumor weight.
(C) The treatment-control ratios (T/C%) for the BxXPC-3 PDAC mouse xeno-
graft model. Only the combination treatment group (GEM + MET) exhibited
a minimal T/C% of <50.

of HIF-1a. When the BxG30 cells were treated with various
concentrations of MET, the expression of HIF-1a was suppressed
in a dose-dependent manner. Treatment with >1.65 pg/ml of
MET significantly suppressed HIF-1a expression, even under
hypoxic conditions (Fig. 5).

Detection of VEGF production by ELISA. The production
of VEGF by the BxG30 cells was evaluated by ELISA
under hypoxic conditions. The results revealed that VEGF
production was suppressed by MET treatment in comparison
with the untreated cells (P<0.01). However, no significant
difference was observed in the secretion of VEGF between
the GEM-treated and untreated cells (Fig. 6).
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Figure 2. The anti-tumor effects of metformin (MET), gemcitabine (GEM),
and a combination of the two in gemcitabine-resistant BxG30 pancreatic
ductal adenocarcinoma (PDAC) mouse xenograft model. (A) Estimated
tumor volumes were calculated each week. GEM treatment did not show
anti-tumor activity against BxG30 cells. (B) The final tumor weights were
significantly reduced in mice treated with GEM and MET compared with
control mice ("P<0.05). One-way factorial ANOVA followed by post-hoc
Dunnett's test was conducted to detect the significant differences between
control group and each of treatment groups. (C) The treatment to control
ratios (T/C%) for the gemcitabine-resistant BxG30 PDAC mouse xenograft
model. The T/C% was <50% only in mice treated with GEM and MET, indi-
cating that combination therapy exhibited satisfactory anti-tumor activity
even against GEM-resistant PDAC cells.

Discussion

The results of this study revealed that MET exerted anti-tumor
activity against PDAC. Combination therapy with GEM and
MET exerted potent anti-tumor activity not only against
wild-type PDAC xenografts, but also against GEM-resistant
PDAC xenografts. The data of this study also demonstrated
that MET suppressed the expression of HIF-1a and VEGF
in tumor cells through the inhibition of the mTOR signaling
pathway. These results suggested that the anti-tumor activity
of MET was mediated through the inhibition of angiogenesis,
which is a very different mechanism of action from that of
GEM.

Pancreatic cancer is the third-leading cause of
cancer-related mortality in the United States, with a 5-year
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Figure 3. Evaluation of inhibition of tumor cell proliferation using in vitro
WST assay. The ICs, values of metformin (MET) and gemcitabine (GEM)
were connected by a dotted line in a classical isobologram to evaluate poten-
tial synergistic effects, but no synergism was detected.

survival rate of approximately 7-8% (22). Although novel
modern chemotherapeutics have been developed, such as
FOLFIRINOX and nab-PTX + GEM, the prognosis of
patients with PDAC remain dismal. Contemporary drug
therapy for PDAC centers on combining multiple cytotoxic
agents with overlapping dose-limiting toxicities, and thus
there is an urgent need for the development of novel drugs
with anti-tumor mechanisms different from those of the cyto-
toxic drugs currently in use.

Up to 85% of patients with PDAC have diabetes or
hyperglycemia, which frequently manifest as early as 2 to 3 years
prior to PDAC diagnosis (23). Additionally, pancreatic surgery
is becoming more common in the developed world, with an
increasing number of patients developing diabetes subsequent
to either partial or total pancreatectomy. Secondary diabetes
following pancreatectomy has been reported in 5-10% of patients
in western countries (24,25). MET, an anti-hyperglycemic drug,
is the first-line treatment for type II diabetes and is a widely
prescribed anti-diabetic drug; hence, one might expect that MET
is used in a large number of patients with PDAC. Numerous
epidemiological studies have indicated that the administration
of MET in patients with type II diabetes is associated with a
reduced cancer incidence and cancer-related mortality (7,8,26).
Therefore, MET has been regarded as a potential therapeutic
agent, particularly for diabetic patients with PDAC. GEM is
still one of the key agents used for the chemotherapy of PDAC;
however, acquired resistance to GEM has become a major
concern. Thus, in this study, we assessed the anti-tumor effects
of MET against PDAC, which we expected should involve
a mechanism of action different from that of GEM. This
assumption was based on observations from intractable PDAC
cases in patients with diabetes and from experiments using a
GEM-resistant PDAC cell line.

We previously reported the cloning of a GEM-resistant cell
line derived from the wild-type PDAC cell line, BxPC-3 (19).
GEM-resistant clones overexpressed ribonucleotide reductase
subunit M1 (RRM1), an enzyme involved in metabolism of
GEM. When the expression of RRM1 was high, resistance to
GEM was high.

In mice implanted with wild-type BxPC-3 xenografts, MET
treatment alone exerted limited inhibitory effects on tumor
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detect the significant differences between control group and each of treatment groups. Relative expression of pS6 to total S6 (pS6/S6) was markedly decreased
in a dose-dependent manner in cells treated with metformin (MET). S6 phosphorylation was significantly inhibited by incubation with (A) MET (‘P<0.05),

but not with (B) gemcitabine (GEM).
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Figure 5. Evaluation of the expression of hypoxia-inducible factor la
(HIF-1a) under hypoxic conditions by western blot analysis. One-way facto-
rial ANOVA followed by post-hoc Dunnett's test was conducted to detect the
significant differences between the untreated group and each of the treatment
groups. Hypoxic conditions (1% O,, 5% CO, and 94% N,) induced the over-
expression of HIF-1a. Metformin (MET) treatment reduced the expression
level of HIF-1a in a dose-dependent manner. Incubation with >1.65 pg/ml of
MET significantly suppressed the expression of HIF-1a, even under hypoxic
conditions ("P<0.05).

growth compared with GEM treatment alone. GEM treatment
exerted more favorable anti-tumor effects on wild-type
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Figure 6. Evaluation of the production of vascular endothelial growth factor
(VEGF) by BxG30 cells under hypoxic conditions using ELISA. One-way
factorial ANOVA followed by post-hoc Dunnett's test was conducted to
detect the significant differences between no-treated group and each of
treatment groups; G1, 1 ng/ml of gemcitabine (GEM); G2, 2 ng/ml of GEM;
G4, 4 ng/ml of GEM; M5, 5 mM of metformin (MET); M10, 10 mM of
MET; and M20, 20 nM of MET. Treatment of BxG30 cells with MET sig-
nificantly inhibited VEGF production compared with control cells ('P<0.01).
There were no significant differences in theproduction of VEGF between
GEM-treated cells and control cells.

BxPC-3 xenografts; however, only combination therapy with
MET and GEM resulted in effective anti-tumor activity as
measured using the T/C%, the minimal treated-control ratio,
which revealed that inhibition was <50% on day 42. According
to these data, combination therapy with MET and GEM was
regarded as the promising treatment.
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We also evaluated the anti-tumor effect of MET in
mice implanted with GEM-resistant xenografts. The results
indicated that the anti-tumor effects of GEM on BxG30
xenografts were limited, while MET treatment markedly
inhibited tumor growth. Combination therapy with MET
and GEM resulted in <50% of minimal T/C% on day 42,
confirming that combination therapy exerted potent anti-tumor
effects even against GEM-resistant tumors.

We subsequently evaluated the cytotoxic effects of MET
and GEM on BxG30 cells using an in vitro WST assay. The
results of the classical isobologram revealed that combination
treatment with MET and GEM did not exert a synergistic effect
against BxG30 cells. This discrepancy between the results of the
in vivo and in vitro experiments suggested that the anti-tumor
effect of MET may not result from cytotoxicity, but through
indirect effects on the tumor microenvironment in vivo.

It is well known that MET activates AMPKa, resulting
in the inhibition of the mTOR signaling pathway and its
downstream effectors (27-30). Indeed, MET has been shown
to inhibit the constitutive and induced activation of mTOR in
several pancreatic cancer cell lines (31,32). mTOR is a highly
evolutionarily conserved protein kinase that plays a key role
in the integration of signals from growth factors, nutrients
and the energy status of cells (33). mTOR signaling plays a
pivotal role in the proliferation and survival of PDAC cells
and is activated in pancreatic cancer tissues (34-36). One of
the downstream effectors of mTOR is ribosomal S6 kinase
(S6K1), which enhances and phosphorylates pS6, leading to
the translation of mRNA (37). A previous study indicated that
the S6K1 pathway is the major mTOR-dependent downstream
mediator of mTOR-regulated Gl-phase progression (38). This
pathway also mediates the mTOR-dependent control of cell
growth and cell size (39). Consequently, mTOR has emerged
as an attractive therapeutic target in PDAC.

In this study, the results of western blot analysis revealed
a marked decrease in the pS6/S6 ratio in MET-treated cells,
indicating the significant suppression of mTOR activity by
MET. By contrast, we observed no suppressive effect of GEM
on mTOR activity. This alternative anti-tumor effect of MET,
which differs from other cytotoxic anti-cancer drugs, may have
resulted in the discrepant anti-tumor effects of combination
treatment observed in the in vivo and in vitro experiments.

Hypoxic conditions have been detected in several human
malignancies, including PDAC (17). Tumor hypoxia occurs
when the consumption of oxygen exceeds its delivery by the
vascular system. In experimental studies, hypoxia predicts
aggressive growth and spontaneous metastasis formation in
a PDAC xenograft (40). Hypoxic conditions contribute to the
induction of HIF-1, a key regulator of the cellular response to
oxygen deprivation (41). HIF-1 is a heterodimeric transcription
factor containing an inducibly-expressed HIF-1a subunit and a
constitutively-expressed HIF-1§ subunit. HIF-1a is well known
as one of the most important downstream effectors of the mTOR
signaling pathway, and plays a major role in tumor progression.
Thus, the expression of HIF-1a was evaluated by western blot
analysis. The results revealed the significant inhibition of HIF-1a
expression by MET, but not by GEM, under hypoxic conditions.

The inhibition of HIF-1a activity leads to the suppression of
VEGF expression. In this study, ELISA experiments revealed
the suppression of VEGF production by MET treatment
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compared with the untreated cells. By contrast, GEM treatment
did not suppress VEGF production in BxG30 cells. PDAC is
often considered as a hypoxic cancer. Hence, the majority of
pancreatic cancer cells induce a high expression of HIF-1a via
the activation of the mTOR signaling cascade. Additionally,
the overexpression of HIF-1a leads to the induction of VEGF
expression. The findings of this study suggest that MET may
inhibit tumor progression through the suppression of the
mTOR/HIF-1a/VEGF signaling cascade; this mechanism is in
marked contrast with GEM, which does not achieve anti-tumor
activity by suppressing this signaling cascade.

To summarize the above-mentioned results, the findings
of this study demonstrated that combination therapy exerted
excellent anti-tumor effects even for GEM-resistant PDAC in
the animal model. Our findings also demonstrated that MET
downregulated mTOR activity, through the evaluation of the
phosphorylation of ribosomal protein S6. Furthermore, we
demonstrated that HIF-1a expression was inhibited by MET
treatment, leading to the suppression of VEGF production
under hypoxic conditions. Moreover, the cytotoxic effect of
MET was not proven by cytotoxic assay, suggesting that the
anti-tumor effects of MET are not produced through cyto-
toxicity, but rather through the environment surrounding the
tumor, particularly the inhibition of angiogenesis via the inhibi-
tion of VEGF activity. Similarly, a previous study reported that
mTOR may play an important role as an upstream activator of
HIF-1 function in cancer cells and may carry out its anti-tumor
activity through mTOR/HIF1a/VEGEF cascade (40).

In conclusion, the data of the present study demonstrated
that MET restricts PDAC tumor growth by suppressing
mTOR/HIF-1 signaling, which is a different anti-tumor mech-
anism than that of GEM. These results are of clinical interest
and reveal the potential use of MET in the treatment of PDAC.
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