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Abstract

Objectives—To further elucidate anti-cancer mechanisms of metformin again pancreatic cancer,
we evaluated inhibitory effects of metformin on pancreatic tumorigenesis in a genetically-
engineered mouse model, and investigated its possible anti-inflammatory and anti-angiogenesis
effects.

Methods—Six-week old LSL-Kras®12D/*:Trp53F2-10 mice (10 per group) were administered
once daily intraperitoneally with saline (control) for one week or metformin (125 mg/kg) for one
week (Met_1wk) or three weeks (Met_3wk) prior to tumor initiation. All mice continued with
their respective injections for six weeks post-tumor initiation. Molecular changes were evaluated
by quantitative polymerase chain reaction (PCR), immunohistochemistry, and Western blotting.

Results—At euthanasia, pancreatic tumor volume in Met_1wk (median, 181.8 mm?3) and
Met_3wk (median, 137.9 mm?3) groups was significantly lower than the control group (median,
481.1 mm3) (P = 0.001 and 0.0009, respectively). No significant difference was observed between
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Met_1wk and Met_3wk groups (P = 0.51). These results were further confirmed using tumor
weight and tumor burden measurements. Furthermore, metformin treatment decreased the
phosphorylation of nuclear factor kB (NF«B) and signal transducer and activator of transcription 3
(STAT3) as well as the expression of Sp1l transcription factor and several NF xB-regulated genes.

Conclusions—Metformin may inhibit pancreatic tumorigenesis by modulating multiple

molecular targets in inflammatory pathways.

Keywords
Metformin; inflammation; chemoprevention; pancreatic cancer

Introduction

Metformin (1,1-dimethylbiguanide hydrochloride), a biguanide derivate, is the most widely
prescribed drug to treat hyperglycemia in individuals with type 2 diabetes. In addition to its
use for diabetes, metformin is also effective in the treatment of polycystic ovary syndrome
and is being explored as an antiviral and anticancer agent. More recently, metformin use has
been associated with decreased risk of specific cancers including prostate, colon, liver,
pancreas, and breast cancers.1~’ These observations are consistent with in vitro and in vivo
studies showing the anti-proliferative action of metformin on various cancer cell lines® and
several cancers in animal tumor models.®-16

Several epidemiological studies have linked the administration of metformin with a reduced
risk of pancreatic cancer in patients with type 2 diabetes mellitus.2 > 6 Li et al.2, for
example, reported that the risk of developing pancreatic cancer in metformin users reduced
by 62%, compared with metformin non-users (OR 0.38, 95% CI 0.22-0.69, P = 0.001).
Furthermore, a retrospective study from Sadeghi and colleagues involving diabetic patients
with pancreatic cancer showed improved survival for patients using metformin as diabetes
treatment.1” Metformin has also been shown to prevent the promotional effect of high-fat
diet on N-nitrosobis(2-oxopropyl)amine (BOP)-induced pancreatic carcinogenesis in Syrian
hamsters® and to inhibit the pancreatic cancer cell growth in xenograft models using athymic
nude mice.19: 18,19 These results suggest a role of metformin in preventive and/or
therapeutic strategies against pancreatic cancer. However, the molecular mechanism by
which metformin elicits its anti-cancer effects has not been fully established.

It has long been recognized that a genetic mouse model of pancreatic cancer is useful for
investigating strategies of prevention and treatment. A recent study showed that metformin
prevents the progression of pancreatic intraepithelial neoplasia (PanIN) to pancreatic ductal
adenocarcinoma (PDAC) by targeting in part cancer stem cells and mTOR signaling in
p48Cre/+.LSL-KrasG12D/+ transgenic mice.20 Ninety-five percent of patients with pre-
cancerous lesions of the pancreas and PDAC have an activating point mutation of Kras
oncogene.?1-23 Somatic point mutations of the TP53 tumor suppressor have been identified
in approximately 75% of pancreatic cancers.24 Based on these data and our understanding of
genetic events driving pancreatic carcinogenesis, we have developed a genetically
engineered LSL-KrasC12P: Trp53F2-10 transgenic mouse model, as described originally by

Pancreas. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 3

Hingorani et al..2> The mice develop an invasive and undifferentiated form of pancreatic
cancer in a relatively short time period.

In this study, we utilized this model to evaluate the effects of metformin on the inhibition of
pancreatic tumorigenesis and the modulation of inflammatory and angiogenesis pathways.
We report that metformin treatment significantly decreased pancreatic tumor volume, tumor
weight, and tumor burden and down-regulated nuclear factor «B (NFxB) and signal
transducer and activator of transcription 3 (STAT3) signalling pathways by the activation of
AMP-activated protein kinase (AMPK). This study indicated that metformin might be a
potential novel approach for pancreatic cancer prevention and treatment by modulating key
molecular markers of the inflammatory pathway during the progression of pancreatic
lesions. Further investigations are warranted into elucidating its precise anti-inflammatory
mechanisms and its differential effects on prevention vs. treatment for pancreatic cancer.

Materials and Methods

Reagents and antibodies

Metformin (purity 97% by high-performance liquid chromatography) was purchased from
Sigma-Aldrich (St Louis, MO). 0.9% sodium chloride (Saline) solution was purchased from
Hopsira Inc. (Lake Forest, IL). Antibodies to AMPKa (D63G4), phospho-AMPKa (Thrl72)
(40H9), AMPKJ1 (71C10), phospho-AMPKp1 (Ser108), NFxB p65 (C22B4), phospho-
NFkB p65 (Ser536) (93H1), STAT3 (79D7), phospho-STAT3 (Tyr705) (D3A7), specificity
protein 1 (Spl), vascular endothelial growth factor a (VEGFa) and p-actin were purchased
from Cell Signaling (Danvers, MA). The biotinylated donkey anti-rabbit antibodies were
purchased from Jackson Immunolab (West Grove, PA).

Animal experiments

Conditional mutant LSL-KrasC12P and LSL-Trp537210 mice, as previously described?5-27,
were obtained from the Jackson Laboratory (Bar Harbor, MI). The heterozygous of LSL-
KrasC12D and homozygous of LSL-Trp5372-10 mice were maintained in a specific pathogen-
free facility and were interbred stepwise to generate the cohorts of LSL-

Kras®12D/*: Trp53F2-10 mice (Kras*/~;Trp53~/7) used in this study. Prior to any experiments,
DNA was extracted from tail tissue using the DNeasy Blood and Tissue Kit (QIAGEN Inc.,
Valencia CA) and genotyped by PCR to confirm the presence of the Krasand Trp53
transgene constructs. The following PCR conditions were used for Trp53: 95°C for 5 min,
35 cycles of 94°C for 1 min, 60°C for 2 min, and 72°C for 1 min, followed by 72°C for 10
min; for Kras: 95°C for 5 min, 40 cycles of 94°C for 30 sec, 62°C for 30 sec, and 72 °C for
1 min, followed by 72°C for 10 min.

Thirty genotyped LSL-Kras®12D/*: Trp53F2-10 mice (15 male and 15 female) at the ages of 6
weeks were randomized based on initial body weights into three experimental groups: (1)
vehicle control; (2) 1-week pretreated metformin (Met_1WKk); and (3) 3-week pretreated
metformin (Met_3WKk), and males and females were evenly balanced over the three groups.
At the timepoint described below, 50 uL of adenoviral Cre recombinase construct
Ad5CMVCre (3 x 1019 pfu/mL) (Gene Transfer Vector Core, University of lowa) was

Pancreas. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 4

injected orthotopically into the head of pancreas in each mouse. Cre-mediated
recombination can catalyze the conditional targeted mutation, Kras®12P and Trp53F2-10, by
excising the loxP-flanked stop codon in Kras and loxP-flanked exons 2 to 10 of Trp53.
Controlling the time of adenovirus injection allows us to manage the timing of initiation of
pancreatic tumor development for prevention studies.

To determine a suitable metformin dose for our study, we carefully reviewed the available
data. Limited studies have been undertaken in several different animal models. For example,
the growth of MIAPaca2 and PANC1 tumor xenografts were suppressed by 250 mg/kg
metformin given once daily by intraperitoneal (i.p.).28 In Syrian Hamsters fed a high-fat diet
with chemically-induced pancreatic tumors metformin at a dose of 320 mg/kg body weight
reduced malignant lesions to 0% compared to 50% in untreated hamsters.® According to the
formula published by Reagan-Shaw et al.2%, human equivalent dose (mg/kg) = animal dose
(mg/kg) x animal K,/human K, where species and K, values are based on body surface
area (K, for adult human [60 kg] is 37 and mouse [20 g] is 3). Based on this formula and
prior studies, we administrate metformin daily by i.p. injection at 125 mg/kg in 150 pL
saline, which is equivalent to human dose of 600 mg/average size person of 60 kg. This dose
is about four times lower than the maximum safe dose of metformin 2500 mg/d
recommended in the Physician’s Desk Reference. For metformin-treated groups, metformin
was administered one week (Met_1wk) or three weeks (Met_3WKk) prior to the adenovirus
injection. Control animals received the same volume of 0.9% saline starting at one week
prior to the adenovirus injection. All three groups continued with their respective injections
for 6 weeks following adenovirus injection.

The mice were monitored daily for any signs of toxicity or abnormalities. Body weight for
each animal was measured once a week and blood glucose levels were monitored every
other week using blood from tail vein. Two mice (one in the control group, one in Met_3wk
group) died after one day of adenovirus injection. Animals still living 42 days post-
adenovirus injection were sacrificed by CO, asphyxiation and necropsied. This study were
approved and conducted in compliance with Mayo Clinic Institutional Animal Care and Use
Committee (IACUC).

Tissue processing and staining

The pancreas, liver and spleen were immediately harvested from the sacrificed mice, and
tumor weight and tumor measurements were recorded for the excised pancreatic tumors. All
tissues were fixed in 10% formaldehyde and paraffin-embedded. Four-micrometer-thick
consecutive sections were cut and processed for hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC). For IHC, the following primary antibodies were used: rabbit
anti-phospho-NFxB p65 (Ser536) (93H1) at 1:100, rabbit anti-phospho-STAT3 (Tyr 705)
(D3AT7) at 1:25, rabbit anti-Sp1 at 1:200, and rabbit anti-VEGFa at 1:1200. The biotinylated
donkey anti-rabbit antibodies at 1:500 were used as secondary antibodies. All slides were
reviewed by a single pathologist (T.S.) blinded to the experimental conditions. Any PanINs
were noted and graded. All invasive tumors were graded and any subtypes (sarcomatoid,
anaplastic) were noted. Intra-tumoral inflammation was assessed semi-quantitatively and
separately for neutrophils, lymphocytes, histiocytes, and plasma cells.
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RNA and protein extraction

Approximately 20 mg of fresh pancreas tissues from each mouse were washed with PBS and
stored immediately in Allprotect Tissue Reagent (QIAGEN Inc., Valencia CA). Within one
week, the tissues were removed from —80°C storage to isolate the total RNA and protein
using the AllPrep DNA/RNA/Protein Mini Kit (QIAGEN Inc., Valencia CA) according to
the manufacturer’s protocols. Following the extractions, total RNA concentration was
determined using a NanoDrop ND-1000 spectrophotometer (Biolab, Mulgrave, VIC,
Awustralia), and protein concentration was estimated by the Bradford method (BioRad,
Hercules, CA). Total RNA and protein samples were stored at =80 °C until needed.

Quantitative real time RT-PCR

Quantitative gene expression analysis was performed by real-time reverse transcription
polymerase chain reaction (RT-PCR) with the Power SYBR® Green RNA-to-Ct™ 1-Step
Kit (AB Foster CA) using the ABI StepOne™ Real-Time PCR System (Applied
Biosystems). Primers for transforming growth factor (TGF)-B1, tumor necrosis factor
(TNF)-a, and interleukin (IL)-1B, monocyte chemotactic protein (MCP)-1, VEGFa,
thrombospondin-1 (TSP-1) and plasminogen activator inhibitor-1 (PAI-1) were purchased
from QIAGEN Inc. (Valencia CA). Real-time RT-PCR was performed according to the
following protocol: 30 min at 48°C, 10 min at 95°C, followed by 40 thermal cycles of 15
seconds at 95°C, and 60 seconds at 60°C for extension. Results were normalized to -actin
MRNA as an internal control and reported as relative mRNA levels.

Western blot assay

Twenty micrograms of total proteins from each tissue sample were loaded and separated on
a gradient 4-20% polyacrylamide gel and electophoretically transferred to polyvinylidene
difluoride (PVDF) membrane. Membranes were blocked with 5% fat-free milk in Tris-
buffered saline-Tween 20 (TBST, 20mM Tris, pH 7.6, 137 mM NaCl, and 0.1% Tween 20)
for one hour at room temperature, followed by an overnight incubation at 4°C with
polyclonal antibodies to mouse AMPKa (D63G4), phospho-AMPKa (Thrl72) (40H9),
AMPKp1 (71C10), phospho-AMPKf1 (Ser108), NF-xB p65 (C22B4), phospho-NF«B p65
(Ser536) (93H1), STAT3 (79D7), phospho-STAT3 (Tyr705) (D3A7) and B-actin. All
antibodies were used at a dilution of 1:1000. Blots were subsequently washed three times
with TBST and then incubated with the appropriate HRP-conjugated secondary antibodies
one hour at room temperature. After three additional TBST washes, the immunoreactive
bands were visualized by enhanced chemiluminescence (Amersham Biosciences,
Buckinghamshire, UK) according to the manufacturer's instructions. The levels of -actin
were estimated to check for equal samples loading. Films were scanned and band densities
were quantified with densitometric analysis using Scion Image (Epson GT-X700, Tokyo,
Japan).

Data analyses

Measurements were collected from all three animal groups. The volumes (V) of the excised
tumors were measured with an external caliper and calculated as V = 0.52 (length x width x
depth), and the tumor burden was calculated as tumor weight (mg) / body weight (mg) x
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100. The mRNA and protein expression for the target genes were first quantitated relative to
the expression of the housekeeping gene B-actin, and then normalized to the background
expression in saline-treated mice (Control). The differences among the three groups were
tested using Kruskal-Wallis test. When the Kruskal-Wallis test was significant, pairwise
comparisons were assessed with the Wilcoxon rank-sum test for each pair of groups; all
comparisons are reported for the reader to interpret. All statistical analyses were done with
SAS 9.2 software, and two sided P values < 0.05 were considered significant.

Activation of KRAS®12D and knocking out Trp53F2-10 at mouse pancreas

We have developed a unique method of enabling an investigator-generated invasive and
undifferentiated form of pancreatic cancer in a mouse model as described originally by
Hingorani et al.?®. To directly address the questions concerning the requirements for tumor
progression, we have targeted the endogenous expression of Trp53F2-10, an ortholog of one
of the most common TP53 mutations in human pancreatic cancer,30 in progenitor cells of
the mouse pancreas. We found that physiological expression of Trp53F2-10, with
endogenous KrasC12P expression, promotes the development of an invasive and widely
metastatic undifferentiated form pancreatic cancer that shares the key clinical,
histopathological, and genomic features of human undifferentiated form of pancreatic
cancer.24 An existing mouse model of pancreatic cancer, the Hingorani model,2* uses
interbreeding with Pdx-1-Cre transgenic mice to activate both the LS_-Kras®12D/* and
Trp53RL72H/* alleles in progenitor cells of the developing mouse pancreas. These
KrasC12D: Trp53R172H mjce develop pancreatic cancer and have a median survival of about
5 months. In contrast, we generated our transgenic model by orthotopically injecting
adenoviral Cre into the head of the mouse pancreas to stimulate the activation of Krasand
Trp53 mutations. The mice develop one highly aggressive undifferentiated pancreatic cancer
at the place where the adenoviral Cre was injected in approximately three weeks, and liver
metastases are observed within four weeks (data not shown). The median survival of these
mice is two months.

A total of 30 mice were randomly divided into three groups (Figure 1A). No significant
difference in body weight changes was observed among metformin-treated groups and the
control group during the course of the experiment (Table 1, Figure 1B). Similarly, no
significant differences in blood glucose levels were detected among all three experimental
groups (Table 1, Figure 1C).

Effect of metformin on pancreatic tumor volume, tumor weight, and tumor burden

Metformin treatment significantly decreased the size of pancreatic tumors compared to those
from the untreated control group. Representative photographs of the mouse pancreatic
tumors from different groups are shown in Figure 2A. The tumor volumes (median +
standard error of the means (SEM)) were 481.1 + 207.7 mm3, 181.8 + 24.6 mm3 and 137.9
+ 26.8, and the tumor weights (median + SEM) were 551.1 + 176.6 mg, 248.4 = 35.3 mg
and 266.7 + 38.7 mg for the control and Met-1wk and Met-3wk groups, respectively (Table
1). By Wilcoxon rank-sum test, the tumor volumes in Met_1wk and Met_3wk groups were
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significantly lower than the control group (P = 0.001 for Met_1wk versus control, and P =
0.0009 for Met_3wk versus control), while no significant difference in tumor volumes was
observed between Met_1wk and Met_3wk groups (P = 0.51) (Table 1, Figure 2B). Similar
results were also observed using the criteria of tumor weight and tumor burden (Table 1,
Figures 2C and 2D).

Effect of metformin on pancreatic histology

There was no significant difference in the extent or grade of PanINs (data not shown). All
tumors were poorly differentiated carcinomas with sarcomatoid, anaplastic (giant-cell) and,
focally, gland-forming areas. All tumors were locally invasive, with invasion into
diaphragm, adjacent gut and liver capsule. There was no statistically significant difference in
the intra-tumoral inflammatory infiltrate assessed for neutrophils, lymphocytes, histiocytes,
and plasma cells (Figures 3A-3C and Supplementary Table 1). Liver metastases were
observed in all groups (Figures 3D-3F), but we were unable to show differences between
the experimental groups for any aspect of histology.

Effect of metformin on AMPK, NFxB, STAT3 and Spl

The effects of metformin have been essentially attributed to its ability to activate the AMPK
pathway3L. Thus, we investigated if metformin activates the AMPK pathway in pancreas of
these transgenic mice. Although a great variability in induction of the phosphorylation of
AMPKa was observed, metformin treatment significantly induced the phosphorylation of
AMPKB1 on Serl%8 and of AMPKa on Thrl72, (Figure 4A). It has also been suggested that
metformin attenuates the cytokine-induced expression of proinflammatory and adhesion
molecular genes in vitro by suppressing NFxB activation via AMPK activation32. Non-
phosphorylated STAT3 has been shown to play important roles in cellular function,
including binding to NFxB to mediate its nuclear import33, We examined the effect of
metformin on NFxB and STAT3 activation by looking for changes in the level of total
protein as well as changes in their phosphorylation levels. We observed that one-week
pretreatment of metformin significantly reduced phospho-NF«B at the serine
phosphorylation site and phospho-STAT3 at the tyrosine phosphorylation site, but total
protein levels were unchanged (Figure 4B). The IHC staining also showed that metformin
significantly reduced phospho-NF«xB and phospho-STAT3 in one-week pretreated group,
but not 3-week pretreated group (Figure 5). Numerous studies indicated that specificity
protein (Sp) transcription factors including Sp1 and other family members (Sp3 and Sp4) are
highly expressed in pancreatic cancer and play a critical role in pancreatic
tumorigenesis.3*-36 Moreover, Sp1 was reported to be a negative prognostic factor to
pancreatic cancer patient survival.3” A recent study also suggested an interaction and a
striking similarity between Sp- and NF«xB-dependent growth inhibitory, angiogenesis and
survival response and genes.36 We determined the Sp1 expression in control and metformin-
treated tumors by the IHC staining and demonstrated that metformin significantly reduced
Sp1 expression in one-week pretreated group, and slightly decreased in 3-week pretreated
group (Figure 5).
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Effects of metformin on anti-inflammation

NFkB, a master transcriptional gene, has been known to activate downstream inflammatory
mediators, such as TGF-B1, TNF-a, and 1L-1B.38-40 In addition, activated NFxB shows an
important role in the up-regulation of MCP-1 which is a potent chemokine involved in the
accumulation and function of macrophages.#9-42 We investigated the effects of metformin
on the MRNA expression of these downstream regulatory genes of NF«B signaling pathway
in mouse pancreatic tissue. Metformin treatment significantly reduced mRNA expression of
TNF-a (up to 65%, P < 0.01) TGF-B1 (up to 70%, P < 0.05), MCP-1 (up to 77%, P < 0.01),
and IL-1f (up to 80%, P < 0.01), compared to the untreated control samples (Figure 6).

Effects of metformin on anti-angiogenesis

It has previously been demonstrated that AMPK activation can contribute to increased
VEGF expression®3: 4 and angiogenesis.*® 46 VEGF is a well-established stimulator of
vascular permeability and angiogenesis, whereas TSP-1, originally isolated from platelets
and megakaryocytes, is a potential angiogenic inhibitor.4” PAI-1 expression is positively
correlated with TSP-1, and can either enhance or inhibit angiogenesis, depending upon its
concentration.*8 The IHC staining showed that the protein level of VEGFa was not
significantly changed among the three groups (Figure 5). We also determined the mRNA
expression of these three important angiogenic genes and demonstrated that although
metformin treatment increased the VEGFa mRNA level and decreased the TSP-1 mRNA
level, the reductions were not statistically significant (Figure 7).

Discussion

In this study, we show that metformin treatment significantly decreased pancreatic tumor
volume, tumor weight, and tumor burden in mice. The mouse model used in this study
captures many significant features of human undifferentiated form of pancreatic cancer
development, including aspects of histology, molecular biology, and tumor biology;
moreover, investigator management of adenovirus injection enables its use in
chemoprevention studies. The decreases of pancreatic tumor weight, tumor volume and
tumor burden in metformin-treated groups show the potential for metformin to be a novel
approach for pancreatic cancer prevention and therapy. We also show that metformin
treatment inhibits NFxB inflammatory signaling in mouse pancreatic tumors, as evidenced
by the inhibition of NFxB phosphorylation and decreased mRNA expression of the
downstream genes MCP-1, TGF-£1, TNF-a and IL-14. Our results, for the first time,
indicate that metformin may modulate the inflammation pathway and inhibit pancreatic
tumor growth in a genetically engineered pancreatic cancer mouse model; further
investigation into elucidating its precise anti-inflammatory mechanisms and its differential
effects on prevention vs. treatment for pancreatic cancer is needed.

Although the exact mechanism of action of metformin on pancreatic cancer has not been
fully elucidated, the anticancer effects of metformin might be associated with both insulin-
independent and insulin-dependent actions of the drug. The insulin-lowering effects of
metformin may play a major role in its anticancer activity. Since insulin has mitogenic and
pro-survival effects, and tumor cells often express high levels of the insulin receptor, a
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potential sensitivity to the growth-promoting effects of the hormone is inevitable.
Accordingly, prevention of tumor growth in animal models with diet-induced
hyperinsulinemia is attributable to reductions of circulating insulin levels,® 16 suggesting
that the insulin-lowering effects of metformin may be a potential mechanism of action in the
prevention and treatment of pancreatic cancer. The insulin-independent anti-tumoral actions
of metformin originate from liver kinase B1 (LKB1)-mediated activation of AMP-activated
protein kinase (AMPK) and subsequent modulation of downstream pathways, such as a
reduction in mammalian target of rapamycin complex (mTOR) signaling, an inhibition of
inflammation and angiogenesis, as well as an induction of cell-cycle arrest and apoptosis.3!
While AMPK-dependent suppression of mTOR signaling remains the key candidate
mechanism of anti-tumor action of metformin, it is important to note that metformin may
also target the inflammatory component present in the microenvironment of most neoplastic
tissues, subsequently leading to tumor reduction. The detailed mechanisms by which
metformin inhibits mTOR and inflammation have been reviewed recently.*

It is well known that the infiltration of inflammatory cells into a defined site of an organism
can precede the development of a neoplasm and that a pre-existing inflammation, often
infective, can be involved in the pathogenesis of many human malignancies. Pancreatic
carcinoma has a known association with long-standing chronic pancreatitis and the rare
condition of hereditary pancreatitis. Inflammatory cells are part of the stromal reaction that
characterizes pancreatic cancer, highlighting the close relationship between a chronic
inflammation condition and this tumor.5% Moreover, many of the growth promoting factors
that are involved in tissue remodeling and regeneration in chronic pancreatitis, are
frequently over expressed in pancreatic cancer. Taken together, recent evidence supports
that pancreatic inflammation, mediated by cytokines, reactive oxygen species, and
unregulated pro-inflammatory pathways, plays an active pro-tumorigenic role in the
development and progression of human pancreatic malignancy.

NF- B and STAT3 are the two most important transcription factors in inflammatory
pathways that play major roles in tumorigenesis and thus can be considered targets for
cancer prevention and therapy.>1: 52 NF-kB, a key mediator of inflammatory response, plays
a significant role in carcinogenesis and is now emerging as a link between inflammation and
cancer. STAT3 mediates a complex spectrum of cellular response including inflammation,
cell proliferation and apoptosis, and has been shown to serve as a mediator of pancreatitis-
driven PanIN development. NF-xB and STAT3 are constitutively activated in human
pancreatic cancer tumor specimens, as well as in many pancreatic cancer cell lines.53-55
Inhibition of constitutive NFxB activity by a phosphorylation-defective 1kBa (S32, 36A)
(IxBaM), suppresses pancreatic tumorigenesis in an orthotopic nude mouse model.>8 It has
been reviewed by Salminen et al.,5’ that the activation of AMPK signaling downregulates
the function of NF«B signaling via several pathways. AMPK may stimulate silent
information regulator 1 (SIRT1), Forkhead Box O (FoxO) family, p53 and peroxisome
proliferator-activated receptor y co-activator 1a (PGC-1a), which can inhibit the NF-xB
signaling, and subsequently repress the expression of inflammatory factors with different
mechanisms. AMPK may also inhibit the appearance of endoplasmic reticulum (ER) and
oxidative stresses, which can trigger NFxB signaling. In this study, we showed that
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metformin treatment activated the AMPK pathway and inhibited NFxB and STAT3
inflammatory signaling in mouse pancreatic tumors, as evidenced by inhibition of
phosphorylation of NFkB and STAT3, and the downstream genes MCP-1, TGF-f1, TNF-a
and IL-1/5. However, metformin treatment did not affect significantly the angiogenesis
pathway as indicated by non-significant changes of the mRNA levels of VEGFa, PAI-1 and
TSP-1.

Metformin has been shown to modulate inflammation in polycystic ovary syndrome58: 59
and inhibit 1B kinase phosphorylation, IxBa degradation and IL-6 production through
AMPK activation32: 60. 61 |t inhibits IL-1p—induced release of 1L-6 and I1L-8 from human
vascular smooth muscle cells, macrophages and endothelial cells isolated from atheroma
plaques by suppressing NF«kB.62 Our results that Sp1 expression was decreased in the
metformin-treated tumors are comparable with a recent study showing that metformin
inhibits pancreatic cancer cells and tumor growth due, in part, to down regulation of Sp
transcription factors and Sp-regulated genes.19 However, we did not observe a significant
effect of metformin on modulating the VEGFa protein and mRNA levels in the mice. In a
murine sponge model, metformin treatment attenuated the main components of the
fibrovascular tissue, wet weight, vascularization, macrophage recruitment, collagen
deposition and TGF-B1 levels, but no significant change in the levels of VEGF.%3 In another
preliminary study, four weeks of a 500 mg per day metformin treatment had no effect on
plasma VEGF levels in sixteen type 2 diabetes subjects.®4 Additionally, Deng et al. showed
that metformin reduced p-STATS3 at both the serine and tyrosine phosphorylation sites but
not STAT3 expression levels in triple-negative breast cancer cells.? 65 We showed, for the
first time to the best of our knowledge, that metformin may modulate the multiple molecular
targets in inflammatory pathway and inhibit pancreatic tumor growth in a genetically
engineered pancreatic cancer mouse model.

We did observe a significant decrease of phosphorylation of NFxB and STAT3 only in
Met_1wk group, but not in the Met_3wk group. There are many possible reasons why the
effects of metformin could have differed from 1-week pretreated to 3-week pretreated group.
We speculate that NFxB and STAT3 regulator features are somehow changed and reinstated
after a relatively long-term treatment of metformin, but this merits further investigation. We
observed significant decreases in MCP-1, TGF-f1, TNF-a and IL-18mRNA expressions in
the mice from both the Met_1wk and Met_3wk groups, suggesting that the occurred changes
of downstream targeted genes of NFxB and STAT3 could not be recuperated from a long-
term treatment of metformin. These data indicated that the beneficial effect of metformin
may occur at least in part through inhibiting the NF-xB mediated inflammatory response.
Given that treatment with aspirin as a surrogate pharmacologic inhibitor of the NFxB
pathway-inhibited pancreatic tumor formation in orthotopic mouse models®8: 67 and in
p48Cre*|SI_-KrasC12D/+ mice®8; a study design that combines metformin and aspirin in a
prevention setting is a possible next step to explore their synergistic effects on pancreatic
cancer.

Several potential limitations of the present study should be considered. We cannot conclude
that the main effects of metformin on the inhibition of pancreatic tumor growth are
preventive in the current study design, since we did not observe the significant differences
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on the tumor metrics between the Met_1wk and Met_3wk groups. Further experiments with
two additional arms (one being pretreated with metformin only before tumor initiation, and

the other being treated with metformin only after tumor initiation) are needed to evaluate the
differential effects of metformin on prevention vs. treatment for pancreatic cancer. Although

the mouse model used in this study captures many significant features as described above;
use of other available transgenic models where the tumor progression is slower might be
appropriate models to study prevention effects of metformin. Additionally, an
epidemiological retrospective study of 302 patients showed that metformin use was
significantly associated with longer survival in diabetic patients with pancreatic cancer.1’
Further studies are warranted to investigate whether metformin treatment has a survival
benefit in mice. Finally, although we observed significant inhibitor effects on pancreatic
tumor growth by administration 125 mg/kg metformin only daily, a lower dosage at the
physiological achievable level should be considered especially in a future study for
prevention efforts.

In summary, our data indicate that metformin, widely used in type 2 diabetes, has substantial
potential for pancreatic cancer prevention and treatment. The novel mouse model used in
this study is suitable for chemoprevention studies. Further investigations are warranted to
elucidate the precise anti-inflammatory mechanisms and the differential effects of
metformin on prevention vs. treatment for pancreatic cancer.
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Figure 1. Study on preventive efficacy of metformin in Kras*";Trp53'/‘ mice
(A) Experimental design: Thirty mice were randomized into control and two metformin-

treated groups: Met_1wk and Met_3wk (10 mice per group). At about 6 weeks of age,
mouse controls were treated once daily with saline by intraperitoneal (i.p.) injections starting
at one week prior to adenovirus injection. For metformin treated groups, metformin (125
mg/kg in 150 uL saline) were administered once daily by i.p. injection one week prior to
adenovirus injection (Met_1wk) or three weeks prior to adenovirus injection (Met_3wk). (B)
Measurements of body weight of the mice. All mice were monitored daily for any
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discomfort; body weight was measured weekly; (C) Measurements of blood glucose levels
of the mice. Blood glucose levels were monitored every other week using the tail blood
samples. No significant changes in body weight (B) or blood glucose (C) were observed in
the control and metformin treated mice.
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Figure 2. Metformin inhibits the pancreatic tumor growth in a novel genetically engineered
pancreatic cancer mouse model

(A) Representative gross morphology showed the excised pancreatic tumors at the last day
of the experiment (42 days from the adenovirus injection). Using the Wilcoxon rank-sum
test, parameters including tumor volume (B), tumor weight (C) and tumor burden (D) in the
Met_1wk and Met_3wk groups were significantly lower than in the control group. No
significant differences in tumor volume, tumor weight and tumor burden were found
between the Met_1wk and Met_3wk groups.
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Pancreas

Figure 3. Representative photomicrographs of H&E stained section for pancreatic tumors and
liver metastasis

(A-C) H&E stained section showing pancreatic tumors in Control (A), Met_1wk (B) and
Met_3wk (C); (D-F) H&E stained section showing liver metastasis in Control (D),
Met_1wk (E) and Met_3wk (F). Arrow indicated the intra-tumoral inflammatory infiltrate.
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Figure 4. Metformin effects on modulation of protein expression of AMPKa, AMPKS, NF-xB

and STATS3 in pancreatic tumors

(A) Protein expression of of AMPKa and AMPKS. (B) Protein expression of of NF«xB and
STAT3. The upper panel shows representative results of Western blot, and the lower panel
shows densitometry analyses of the relative protein expression. Values are expressed as fold
of the saline-treated control and are means £ SEM, n = 4. Metformin treatment significantly
induced the phosphorylation of AMPKa, and AMPKJ1. Phospho-NF«xB and phospho-
STAT3 significantly decreased in Met_1wk, but not in Met_3wk, compared to the saline-

treated control. *P < 0.05, **P < 0.01.
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Figure 5. Immunohistochemistry staining for phospho-NFxB, phospho-STATS3, Spl and VEGFa
in Control, Met_1wk, and Met_3wk groups

Metformin significantly reduced phospho-NFxB, phospho-STAT3 and Spl expression in
one-week pretreated group, while the VEGFa expression was not significantly changed
among the three groups.
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Figure 6. Metformin decreased mRNA expression of the downstream inflammatory mediators in
pancreatic tumors

(A-D) Relative mRNA expression of TNF-a (A), IL-15(B), TGF-£1 (C) and MCP-1 (D) in
pancreatic tumors. Values are expressed as fold of the saline-treated control and are means +
SEM, n =9 or 10 means of triplicate measures. Significantly decreased mRNA expression
of TNF-q, IL-15, TGF-£1 and MCP-1 was observed among metformin-treated groups
(Met_1wk and Met_3wk), compared to the saline-treated control. *P < 0.05, **P < 0.01.
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Figure 7. Metformin modulated mRNA expression of the angiogenic genes in pancreatic tumors
(A-C) Relative mRNA expression of VEGFa (A), TSP-1 (B) and PAI-1 (C) in pancreatic

tumors. Values are expressed as fold of the saline-treated control and are means + SEM, n =
9 or 10 means of triplicate measures. No statistically significant changes of mRNA
expression of VEGFa, TSP-1 and PAI-1 were observed in metformin treated groups
(Met_1wk and Met_3wk), compared to the untreated control.
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Table 1

Characteristics of experimental groups of mice at time of sacrifice.

Controls(n=9) Met_lwk (n=10) Met 3wk (n=9) p gy
Pancreatic tumor volume (mm?3)
Median (IQR®) 481.1(442,551)  181.8(120,256)  137.9(100,202)  0.0006
P value 0.0011P 0.0009P, 0.5136¢
Pancreatic tumor weight (mg)
Median (IQR) 551.1(428,578)  248.4(178,316)  266.7 (201,285)  0.0039
P value 0.0033P 0.0054P, 0.6831¢
Pancreatic tumor burdend (%)
Median (IQR) 1.97 (1.42,2.44)  1.00(0.68,1.18)  1.00(0.79,1.09)  0.0076
P value 0.0055P 0.0092P, 0.8703¢
Body weight change (g)
Median (IQR) 45(13,5.3) 43(25,5.8) 3.8(2.4,5.0) 0.6744
P value 0.4375P 1.00b, 0.4622C
Blood glucose change (mg/L)
Median (IQR) -54.0 (-73,-33)  -51.5(-68,-27) -73.0(-99, -59)  0.1200
P value 0.56760 0.09320, 0.0724¢

a .
Kruskal-Wallis test for all groups,

bWilcoxon rank-sum test for Met-1wk vs. Controls or Met-3wk vs. controls

CWilcoxon rank-sum test for Met-3wk vs. Met-1wk

dTumor burden was calculated as tumor weight (mg) / body weight (mg) x 100

eIQR — Interquartile Range (zsth %, 75th %)
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