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Abstract

Objective—Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease, with overall 5-
year survival rate of only 3-5%. As the current therapies offer very limited survival benefits, novel
therapeutic strategies are urgently required to treat this disease. Here, we determined whether
metformin administration inhibits the growth of PANC-1 and MiaPaCa-2 tumor xenografts /n
Vivo.

Methods—Different xenograft models, including orthotopic implantation, were used to
determine whether intraperitoneal or oral administration of metformin inhibits the growth of
pancreatic cancer in vivo.

Results—We demonstrate that metformin given once daily intraperitoneally at various doses
(50-250 mg/kg) to nude mice inhibited the growth of PANC-1 xenografts in a dose-dependent
manner. A significant effect of metformin was obtained at 50 mg/Kg and maximal effect at 200
mg/Kg. Metformin administration also caused a significant reduction in the phosphorylation of
ribosomal S6 protein and ERK in these xenografts. Metformin also inhibited the growth of
pancreatic cancer xenografts when administered orally (2.5 mg/ml) either prior or after tumor
implantation. Importantly, oral administration of metformin also inhibited the growth of
MiaPaCa-2 tumors xenografted orthotopically.

Conclusion—The studies presented here provide further evidence indicating that metformin
offers a potential novel approach for PDAC prevention and therapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease, with overall 5-year
survival rate of only 3-5%. The estimated incidence of PDAC in the US has increased to
44,000 new cases in 2011 and is now the fourth leading cause of cancer mortality in both
men and women (1). As the current therapies offer very limited survival benefits, novel
therapeutic strategies are urgently required to treat this aggressive but under-studied disease.

Many epidemiological studies have linked obesity and long-standing type 2 diabetes
mellitus (T2DM) with increased risk and worse clinical outcomes for developing PDAC and
other clinically aggressive cancers (2-8). Indeed, a recent analysis of a large, pooled set of
studies included in the National Cancer Institute (NCI) Pancreatic Cancer Cohort
Consortium (PanScan) has provided strong support for a positive association between
obesity and increased risk of PDAC (9) and a consensus report substantiated a link between
T2DM and PDAC (10). These metabolic disturbances (obesity, metabolic syndrome and
early stages of T2DM), which are reaching alarming rates in the western world (11-14), are
characterized by peripheral insulin resistance, compensatory overproduction of insulin by
the B cells of the islet and increased bioavailability of IGF-1 (15). Given the complexity of
the pancreatic microcirculation (16) and the close topographical relationship between the
islets, small ducts and centroacinar cells (17), locally overproduced insulin is thought to act
directly on ductal pancreatic cancer cells. We identified a novel crosstalk between insulin/
IGFI receptors and G protein—coupled receptors (GPCRs) signaling systems in pancreatic
cancer cells, leading to enhancement of GPCR-induced signaling (18). Crosstalk between
insulin/IGF receptor and GPCR signaling systems, is mediated through the
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR complex 1 (mTORC1) signaling module
(18), a key pathway in insulin/IGF action (19) and pancreatic cancer proliferation (20).

Metformin (1,1-dimethylbiguanide hydrochloride) is the most widely prescribed drug for
treatment of T2DM, worldwide (21, 22). Mounting epidemiological studies are linking
administration of metformin with reduced incidence, recurrence and mortality of cancer in
T2DM patients (20, 23-32). Strikingly, T2DM patients who had taken metformin had a 62%
lower adjusted incidence of PDAC compared with those who had not taken metformin (30),
a result recently substantiated in a different patient population (32). In contrast, diabetic
patients who received insulin or insulin secretagogues (e.g. sulfonylureas) had a
significantly higher risk of PDAC compared with diabetic patients who had not taken these
drugs (30, 31). Although epidemiological associations do not establish causation, they
provide an important line of evidence that supports the need of further preclinical and
clinical studies.

We previously demonstrated that metformin inhibits mitogenic signaling induced by the
crosstalk between insulin/IGF and GPCR signaling systems in pancreatic cancer cells /n
vitro (33). In this study, we extend our previous results showing that metformin
administration inhibits the growth of PANC-1 and MiaPaca-2 tumor xenografts /n vivo. We
demonstrate that the inhibitory effect of metformin on the growth of these pancreatic cancer
models is dose-dependent and also produced by oral administration of the drug. Importantly,
metformin also inhibited the growth of pancreatic cancer xenografted orthotopically.

Materials and Methods

Mice xenografts

All animal studies were approved by the Chancellor's Animal Research Committee of the
University of California, Los Angeles, in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
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Subcutaneous tumor xenografts—Early passage PANC-1 or MIAPaCa-2 cells were
harvested, and various number of cells, as specified in the individual experiments, were
implanted into the right flanks of male nu/nu mice. The male nu/nu mice were maintained in
a specific pathogen—free facility at the University of California at Los Angeles. The animals
were randomized into control and treated groups (10 mice per group). Tumor volume (V)
was measured with an external caliper every 4 d and it was calculated as V= 0.52 (length x
width?). Treatments were initiated as indicated in the individual experiments. All treatments
were continued until any of the subcutaneous tumors reached 2 cm in length, when all the
animals were sacrificed and the tumors removed. The volume of the excised tumors was
calculated as V= 0.52 (length x width x depth).

Orthotopic tumor xenografts—The orthotopic xenograft was performed as described
earlier (34). Briefly, 2x106 Mia PaCa-2 pancreatic cancer cells were injected subcutaneously
into the flank of anesthetized donor nude mice. After 4weeks, the donor tumor was
harvested and minced to fragments of approximately 1 mm3.0nly macroscopically viable
tissue from the periphery of the subcutaneous tumor was used for the orthotopic
transplantation. The recipient nude mice were anesthetized with isoflurane and opened by a
left longitudinal laparotomy. The spleen, together with the pancreatic tail, was gently
exteriorized, and a tissue pocket was created in the pancreatic parenchyma. A tumor
fragment was placed into the tissue pocket so it was entirely surrounded by normal pancreas.
After careful relocation of the pancreas and spleen into the abdominal cavity, the abdominal
wall was closed in two layers. The second postoperative day the animals were randomly
selected into control or treated groups (10 mice/group). After 8weeks of treatment the
animals were sacrificed and the abdominal, retroperitoneal and chest cavities explored. The
primary tumors in the pancreas were removed and local invasion and macroscopic
dissemination into the liver, spleen, lymph nodes, kidneys, small bowel and lungs were
evaluated.

Metformin administration

Intraperitoneal injections—Metformin (obtained from Sigma-Aldrich) was dissolved in
sterile saline and given once daily at the doses described in the individual experiments. All
injections were calculated for a 50 pL/mouse volume. The control group received vehicle
only (50 pL saline).

Oral administration—Metformin was dissolved in the drinking water at a final
concentration of 2.5 mg/ml. The mice were allowed to consume water (treated or un-treated)
ad libidum, for the entire duration of the experiment. The medicated drinking water was
replenished every other day. Animals did not display any clinical symptoms of metformin-
induced toxicity, including overt changes in behavior, and body weight.

Western blot analysis

Equal portions (by volume) of tumor samples were homogenized in a buffer containing 50
mM Tris-HCI, pH 7.6, 2 mM EGTA, 2 mM EDTA, 1 mM dithiothreitol, 100 pg/ml
leupeptin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, hydrochloride (Pefabloc), 1%
Triton X-100 and 0.1% SDS. The homogenates were then centrifuged at 18,000 g and the
protein concentration of the supernatants was then determined with the BCA Protein Assay
kit (Pierce). An equal volume of 4x SDS-polyacrylamide gel electrophoresis (PAGE)
sample buffer (40 mM Tris/HCI, pH 6.8, 6% SDS, 4 mM EDTA, 8% 2-mercaptoethanol,
20% glycerol) was then added to each supernatant and boiled for 10 min, followed by SDS-
PAGE on 4-16% gradient gels and transfer to Immobilon-P membranes (Millipore, Billerica,
MA). Western blots were then performed on membranes incubated overnight with the
specified antibodies in PBS containing 0.1% Tween-20. The immunoreactive bands were
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detected with ECL (enhanced chemiluminescence) reagents (GE Healthcare Bio-Sciences
Corp, Piscataway, NJ). The phosphospecific antibodies used, a polyclonal antibody to S6
Ser235/236 gnd a monoclonal antibody ERK1/2 Thr202 and Tyr204 were purchased from Cell
Signaling Technology (Danvers, MA). Equal loading of the gels was verified using a tubulin
polyclonal purchased from Santa Cruz, CA.

Statistical analysis

The values obtained are presented as the mean + SE and analyzed with Student's #test, using
SigmaPlot 2000 (SPSS).

Results and Discussion

Metformin inhibits the growth of PANC1 xenografts in a dose-dependent manner

Initially, we determined the inhibitory effects of different doses of metformin (50-250 mg/
Kg) on the growth of PDAC cells implanted subcutaneously in immunosuppressed mice.
The xenografts were derived by injection of 2x108 PANC-1 cells into the right flanks of
male nu/numice (33, 35). The animals were randomized into control and metformin-treated
groups (10 mice per group). Treatment was initiated when the tumors reached a mean
diameter of 2 mm, and the 1st day of treatment was designated as day 0. Metformin,
dissolved in saline solution, was given once daily intraperitoneally at various doses (50, 125,
200 and 250 mg/kg) for the duration of the experiment. As shown in Fig. 1, administration
of metformin strikingly decreased the rate of growth of PANC-1 cells xenografted in nude
mice, even at the lowest dose tested (50 mg/kg).

The tumor volumes at the end of the experiment (Day 44) are presented in Fig. 2, A.
Maximal inhibitory effect on the increase in tumor volume (~80%) was achieved by
administration of metformin at 200 mg/kg (51 + 10mm? vs. 268 + 65 mm?3 in control), and
increasing the dose of the drug to 250 mg/kg did not produce any additional inhibitory effect
(60 + 12mm3). A statistically significant decrease of tumor volume at the end of the
experiment (p<0.05) was achieved by administration of metformin at 50 mg/Kg (Fig. 1, A).

We also found a significant decrease in the phosphorylation of S6 ribosomal protein at
Ser235/236 g site targeted by S6K, downstream of mTORC1, and in the phosphorylation of
ERK (Fig. 2, B). There was no toxicity detected in any of the metformin-treated groups
during the experiment and, accordingly, there was no significant difference in the body
weight of the animals in the different groups. These results demonstrate that metformin
inhibits the growth of PANC-1 cells xenografted into nude mice in a dose-dependent manner
and cause a marked decrease in mTORC1 and ERK signaling in the xenografts.

Metformin administered orally markedly inhibits the tumor growth

Since metformin is given orally to patients with T2DM, we tested whether the inhibitory
effect of metformin on PDAC xenografts in nude mice could be also demonstrated when
metformin is administered in the drinking water. We used two distinct models to analyze the
growth-inhibitory effect of metformin administered orally. Initially, we used an established
tumor xenograft model to emulate the clinical scenario usually observed in pancreatic
cancer. Metformin was dissolved in the drinking water at a final concentration of 2.5 mg/ml.
This dose was based on preliminary range-finding studies and previous work published by
others (36-38). In addition, a recent study demonstrated that oral administration of
metformin at 1-5 mg/ml doses achieved circulating levels in mice that were consistent with
the steady-state values in patients with T2DM who are treated with this anti-diabetic agent
(39). As shown in Fig. 3, oral administration of metformin significantly inhibited the rate of
growth of MiaPaca-2 xenografts and reduced the volume of the tumors at the end of the
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experiment by 67% inhibition, as shown in the insert of Fig. 3. Orally administered
metformin also markedly inhibited the tumor growth of established PANC-1 xenografts
(results not shown). During these experiments, metformin was well tolerated and did not
significantly affect the body weight of the mice.

In a second protocol, oral metformin administration was started 5 days prior to inoculation
of 108 PANC-1 cells and continued for 44 additional days. This administration of metformin
to mice preceding inoculation with lower number of cells simulates an /7 vivo model for
tumors initiating metastatic processes. As shown in Fig. 4, orally administered metformin
prior to tumor implantation strikingly inhibited the growth of the PANC-1 xenografts and
markedly reduced the tumor volume at the end of the experiment (insert, Fig. 4). The results
shown in Figs. 3 and 4 demonstrate that oral metformin inhibited PDAC tumor growth when
administered either prior or after tumor implantation but the drug was very effective when it
was administered to mice preceding inoculation with a low number of cells.

Metformin inhibits the growth of pancreatic tumor xenografts implanted in nu/nu mice
orthotopically

Next, we examined whether the growth of pancreatic tumors, implanted in their native
environment in the pancreatic parenchyma, would also be affected by metformin treatment.
Orthotopic tumor xenografts were generated as described in Materials and Methods. On the
second postoperative day the animals were randomly selected into metformin-treated or
control groups (10 animals/group). Metformin was administered in the drinking water (2.5
mg/kg), as described in the previous experiments. After 8 weeks of treatment the animals
were sacrificed, the primary tumors in the pancreas removed and local invasions and
disseminations into the liver, spleen, lymph nodes, kidneys, small bowel and lungs were
evaluated.

At the end of the 8-week long treatment, the weight and volume of the tumors were
markedly reduced (by 73%) in the animals that received metformin, as shown in Fig. 5. In
the control group, some of tumors derived from MiaPaCa-2 cells demonstrated local
invasion and lymph nodes metastases at the end of the experiment. We detected metastases
into multiple lymph nodes in two animals and extended local invasions of the tumors in
other two animals. (In one of these mice the local invasion even propagated to the chest
cavity). In the metformin-treated group, a single metastasis was found in only one animal in
a lymph node in the retroperitoneal area. As in the other protocols, we verified that
administration of metformin did not produce a significant change in the body weight of the
animals (Fig. 5).

Concluding Remarks

PDAC is a devastating disease, with overall 5-year survival rate of only 3-5%. As the
current therapies offer very limited survival benefits, novel therapeutic strategies are
urgently required to prevent and treat this aggressive but under-studied disease. We
previously demonstrated that metformin, the most widely prescribed drug for treatment of
T2DM (21, 22), inhibits mitogenic signaling, including mTORCL1 activity, induced by
crosstalk between insulin/IGF and GPCR signaling systems in pancreatic cancer cells /in
vitro (33). Epidemiological studies are linking administration of metformin with reduced
incidence of pancreatic cancer in T2DM patients (30, 32). In contrast, diabetic patients who
received insulin or insulin secretagogues (e.g. sulfonylureas) had a significantly higher risk
of PDAC compared with diabetic patients who had not taken these drugs (30, 31).

In the present study, we extend our previous results showing that metformin administration
inhibits the growth of PANC-1 and MiaPaca-2 tumor xenografts /7 vivo. We demonstrate

Pancreas. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krisztina et al.

Page 6

that the inhibitory effect of metformin on the growth of these pancreatic cancer models is
dose-dependent and associated with inhibition of mMTORCL1 activity in the xenograft
Metformin was also effective in inhibiting pancreatic cancer growth when it was
administered orally either prior or after tumor implantation. In particular, metformin was
very effective when given before inoculation of a smaller number of pancreatic cancer cells.
Importantly, we also demonstrated, for the first time, that oral administration of metformin
inhibited the growth of pancreatic cancer xenografted orthotopically. The doses of
metformin used in our experiments were shown to achieve circulating levels of this drug in
mice that were consistent with the steady-state values in patients with T2DM who are
treated with this anti-diabetic agent (39). FDA-approved drugs that advanced to clinical
testing have been extensively studied and have usually favorable pharmacological properties
and safety profiles (40). The studies presented here provide further evidence indicating that
metformin offers a potential novel approach for PDAC prevention and therapy and thus,
warrant further experimental work to elucidate its precise mechanism of anticancer action.
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Figure 1. Metformin dose-dependently inhibits the rate of growth of PANC-1 tumor xenogr afts
Xenografts were generated by implantation of 2 x 10° cells of PANC-1 cells into the right
flanks of male nu/numice. When the tumors reached a mean diameter of 2 mm, the animals
were randomized into control and treated groups (10 mice per group). Metformin was given
once daily intraperitoneally at various doses (50, 125, 200 and 250 mg/kg) for the duration
of the experiment. The first day of treatment was designated as day 0. Control animals
received saline. Tumor volumes were measured every 4 days as described in Materials and
Methods. /nsert: Representative subcutaneous tumors of control and metformin-treated (250

mg/kg), as indicated by the arrows.
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Figure 2. Metformin decreases the final volume and the phosphorylation of S6 and ERK in the

excised tumors

A. Metformin decreases tumor volume at the end of the experiment in a dose-dependent
manner. On day 44 the tumors generated in Fig. 1 were removed, measured, and tumor
volumes estimated as V= 0.52 (length x width x depth). The results are shown are means *
SE. [Points, mean; bars, SE (*, p< 0.05; **, p< 0.01 versus control, Student's #test]. B.
Metformin decreases the phosphorylation of S6K and ERK in extracts of the excised tumors.
Tumors samples of were prepared for SDS-PAGE as described in “Materials and Methods”.
The samples were analyzed by SDS-PAGE and immunoblotting with the following phospho
antibodies: S6 Ser235/236 (pSg), ERK1/2 Thr292 and Tyr2%4 (pERK). Immunoblotting with
total tubulin was used to verify equal loading. Shown here are representative immunoblots
(two controls and two metformin-treated mice). Similar results were obtained in 4 additional
tumors Quantification was performed using Multi Gauge V3.0. Results are expressed as the
ratio of the intensities of the phosphosphorylated S6 or ERK immune-reactive bands to the
intensity of the tubulin band. P values were determined using the t-test (Sigma Plot 12) n=6,

** P=0.01,* P=0.03.
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Figure 3. Orally administered metformin inhibits the growth of Mia PaCa-2 xenogr afts
Xenografts were generated by implantation of 2 x 10° cells of Mia PaCa-2 cells into the
right flanks of male nu/numice. When the tumors reached a mean diameter of 2 mm, the
animals were randomized into control and treated groups (10 mice per group). Metformin
was dissolved in the drinking water in the final concentration of 2.5mg/ml. Animals were
allowed to drink ad libidum and the drinking water (with or without metformin) was
replenished every other day. The tumor measurements and removal were performed as
described in Materials and Methods. In the inset shown are the tumor volumes after the
removal of the tumors from the animals on the last day of the experiment. /Points, mean;
bars, SE (*, P< 0.05; **, P<0.01 versus control, Student's #test].
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Figure4. Prior administration of metformin preventstumor development and growth in nu/nu
mice

Animals received drinking water or metformin containing drinking water (2.5mg/ml, as
described in Materials and Methods) for 5 days. Then, the animals were divided into groups
for implantation of PANC-1 cells (either 4x10° or 10) into the right flanks in nu/nu mice
(Day 0). The animals continued receiving control or metformin-treated drinking water for
the duration of the experiment. The development and growth of the tumors in the flanks
were measured in every 4 days, as described in Materials and Methods. On the last day of
the experiment (Day 49) the animals were sacrificed, the tumors removed, measured and
weighted (inset). [ Points, mean; bars, SE (*, P< 0.05; **, £<0.01 versus control, Student's
ttest].
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Figure5. Metformin inhibitsthe growth of MIA PaCa-2 tumor xenogr aftsimplanted in nu/nu

mice orthotopically

Small (1mm3) fragments of MiaPaCa-2 tumors (developed in donor nu/nu mice) were
implanted into microsurgicaly prepared tissue pockets within the parenchyma of the body/
tail of the pancreas in nu/nu mice. Next day the animals were randomly selected into
metformin-treated or control groups (10 animals/group). Metformin was administered orally
in the drinking water (2.5 mg/kg), as in previous experiments. After 8 weeks of treatment
the animals were sacrificed and the abdominal, retroperitoneal and chest cavities explored.
The primary tumors in the pancreas were removed and local invasion and macroscopic
dissemination into the liver, spleen, lymph nodes, kidneys, small bowel and lungs was

assessed.
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