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Abstract
Background & Aims—Obesity is a risk factor for pancreatic ductal adenocarcinoma (PDAC),
but it is not clear how obesity contributes to pancreatic carcinogenesis. The oncogenic form of
KRAS is expressed during early stages of PDAC development, and is detected in almost all of
these tumors. However, there is evidence that mutant KRAS requires an additional stimulus to
activate its full oncogenic activity, and that this stimulus involves the inflammatory response. We
investigated whether the inflammation induced by a high-fat diet, and accompanying up-
regulation of cyclooxygenase-2 (COX2), increases Kras activity during pancreatic carcinogenesis
in mice.

Methods—We studied mice with acinar cell-specific expression of KrasG12D (LSL-Kras/Ela-
CreERT mice) alone or crossed with COX2 conditional knockout mice (COXKO/LSL-Kras/Ela-
CreERT). We also studied LSL-Kras/PDX1 -Cre mice. All mice were fed isocaloric diets with
different amounts of fat, and a COX2 inhibitor was administered to some LSL-Kras/Ela-CreERT
mice. Pancreata were collected from mice and analyzed for Kras activity, levels of phosphorylated
ERK, inflammation, fibrosis, pancreatic intraepithelial neoplasia (PanIN), and PDACs.

Results—Pancreatic tissues from LSL-Kras/Ela-CreERT mice fed high-fat diets (HFDs) had
increased Kras activity, fibrotic stroma, and numbers of PanINs and PDACs than LSL-Kras/Ela-
CreERT mice fed control diets; the mice fed the HFDs also had shorter survival times than mice
fed control diets. Administration of a COX2 inhibitor to LSL-Kras/Ela-CreERT mice prevented
these effects of HFDs. We also observed a significant reduction in survival times of mice fed
HFDs. COXKO/LSL-Kras/Ela-CreERT mice fed HFDs had no evidence for increased numbers of
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PanIN lesions, inflammation, or fibrosis, as opposed to the increases observed in LSL-Kras/Ela-
CreERT mice fed HFDs.

Conclusions—In mice, a HFD can activate oncogenic Kras via COX2, leading to pancreatic
inflammation and fibrosis, and development of PanINs and PDAC. This mechanism could be
involved in the association between risk for PDAC and HFDs.
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Pancreatic cancer; signal transduction; oncogene; prostaglandin

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the
US, with a dismal 5-year survival rate of 3-5%. 1 In 2012 it was estimated that 43,920
Americans will be diagnosed with PDAC and 37,390 of those patients will die from the
disease, most within less than one year of diagnosis. 1 Several studies have demonstrated an
elevated body mass index and excessive body weight (BW) to be significant risk factors for
PDAC. 2-6 This is a great concern, as obesity rates are rising worldwide. 7 The number of
obese individuals in the U.S. alone has doubled to 59 million over the past two decades. One
of the key causes of this surge in obesity is consumption of a high-fat diet (HFD). Therefore,
determining the mechanistic effect of such diet on PDAC development at the molecular
level is critical.

Mutations of oncogenic KRAS occur almost universally in PDAC patients. 8-12 Ras is a
guanine nucleotide-binding protein that acts as a binary switch to activate several important
cellular signaling pathways. Normally, Ras is loaded with GDP and is inactive until acted
upon by guanine exchange factors (GEFs) that are under the control of receptors for a
variety of growth factors, cytokines, and other signaling molecules. GEFs exchange GDP to
GTP allowing Ras to be active and able to stimulate downstream pathways. Downstream
signaling pathways stimulated by active Ras which are important in cell growth,
differentiation and cell survival include phosphoinositide 3-kinase, mitogen-activated
protein kinase (MAPK), and Ral. 10-12 Normally, the effects of Ras activation are transient
due to intrinsic GTP hydrolysis activity of the Ras molecule which is greatly accelerated by
GTPase activating proteins (GAPs). Hydrolysis of GTP to GDP returns Ras to its inactive
state. In contrast, oncogenic KRAS results from point mutations, most specifically in codon
12, which limits the ability of GAPs to accelerate GTP hydrolysis. 10-12 Thus, once loaded
with GTP, oncogenic Ras displays prolonged signaling. For this reason, oncogenic Ras is
often been said to be constitutively active. 13 However, a recent analysis showed that this is
not the case. 14 Rather, oncogenic Kras activity requires a stimulus, but once stimulated, it is
slow to return to its basal state. Furthermore, because high Ras activity can generate
inflammatory mediators via activation of several mechanisms, including nuclear factor -KB,
cyclooxygenase 2 (COX2), signal transducer and activator of transcription-3 and others,
activation of oncogenic Kras beyond a threshold initiates a Ras-inflammation feed-forward
loop in which elevated expression of inflammatory mediators activate and prolong Kras
activity. 14, 15

Initiation of PDAC is accompanied by inflammation, desmoplasia and the formation of non-
invasive ductal precancerous lesions, pancreatic intraepithelial neoplasia (PanINs). 16

PanINs are an initial step in the progression of PDAC. 16, 17 Investigators previously showed
that consumption of a HFD induced pancreatic inflammation and accelerated PanIN
development in a mouse model with developmental expression of oncogenic Kras using a
progenitor cell marker (p48Cre) that spontaneously generated PanINs. 18 Therefore, we
hypothesized that consumption of a HFD can be an inflammatory stimulus to trigger Kras
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signaling beyond the pathological threshold, initiating the development of PDAC. We tested
this hypothesis using elastase-CreERT and Pdx1-Cre murine models to activate oncogenic
Kras expression. In the elastase-CreERT model in which only adult acinar cells express
Kras, minimal spontaneous PanIN formation is observed at early ages. 14, 19 Furthermore,
we previously found that COX2 was a critical component of the Ras-inflammation feed-
forward loop involved in PDAC initiation by inflammatory stimuli. 14 Therefore, in the
current study we tested whether COX2 was necessary for HFD-induced pathological
changes in animals expressing oncogenic Kras.

We found that consumption of a HFD in mice with oncogenic Kras expression increased
PanIN formation, fibrosis, inflammation, and PDAC leading to decreased survival. Control
mice without Kras expression fed a HFD and Kras expressing mice fed a control diet (CD)
showed minimal pancreas pathological alterations. Thus, this model recapitulates the risk
posed by a HFD in humans expressing oncogenic Kras in the pancreas. Feeding a HFD
elevated levels of Kras activity and downstream signaling activity. COX2 activity was
critical to the HFD-induced pancreatic changes. These observations support Kras activation
and COX2 expression as key elements of PDAC initiation and provide mechanistic insight
into the connection between obesity and PDAC development, suggesting exciting
possibilities for interventions to prevent PDAC.

Methods
Genetically engineered transgenic mice

LSL-KrasG12D mice 20 expressing conditional knock-in mutant KrasGI2D were attained from
the Mouse Models of Human Cancer Consortium Repository NIH Bethesda, MD). A full-
length elastase (Ela) gene promoter was used to drive the expression of tamoxifen-regulated
CreERT specifically in adult pancreatic acinar cells in mice (Ela-CreERT) as described
previously. 19 LSL-KrasG12D mice were bred with Ela-CreERT (BAC) mice to generate
LSL-Kras/Ela-CreERT (LSL/BAC) double transgenic mice. COX2 conditional knockout
mice (COX2 KO) mice 22 were bred with LSL/BAC mice to generate triple transgenic mice
(COXKO/LSL/BAC) with additional targeted deletion of COX2 in pancreatic acinar cells
after Cre activation with tamoxifen. In addition, LSL-KrasG12D mice were crossed with
pancreatic-specific Cre (Pdx-1-Cre) mice 21 to generate LSL/Pdx-1 mice.

Treatments in Animals
All animal experiments were reviewed and approved by the University of Texas MD
Anderson Cancer Center Institutional Animal Care and Use Committee. LSL/BAC and BAC
mice were given tamoxifen orally for 3 days to initiate oncogenic Kras expression in acinar
cells starting at the age of 40 days. Mice were fed either a CD (Test Diet DIO 58Y2; Lab
Supply) in which 10% of energy was derived from fat (LSL/BAC, n=21; BAC, n=20; LSL/
Pdx-1, n=19; Pdx-1, n=9; COXKO/BAC, n=5; COXKO/LSL/BAC, n=5) or a HFD (Test
Diet DIO 58Y1 van Heek Series; Lab Supply, Fort Worth, TX), in which 60% of energy was
derived from fat (LSL/BAC, n=21; BAC, n=13; LSL/Pdx-1, n=10; Pdx-1, n=6; COXKO/
BAC, n=5; COXKO/LSL/BAC, n=10). All mice were fed for at least 30 days and the BW of
each animal was measured weekly. In addition, mice were fed a HFD for 38 days and
simultaneously administered either Saline (BAC, n=4; LSL/BAC, n=15) or Celecoxib at
41.1 mg/kg (Sigma-Aldrich, St. Louis, MO) (BAC, n=4; LSL/BAC, n=16) orally. After
treatments, mice were sacrificed and their pancreases harvested for histological and protein
analysis.
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Ras activity assay
Levels of GTP-occupied Ras from mice pancreas lysates were estimated using a Raf pull-
down assay kit as recommended by the manufacturer (Millipore, Billerica, MA). Briefly,
snap-frozen pancreas tissue were homogenized and sonicated on ice in a lysis buffer
containing 25 mM HEPES, pH 7.5, 1% IGEPAL CA-630, 150 mM NaCl, 0.25% sodium
deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM EDTA acid, 10 μg/ml
aprotinin, 10 μg/ml leupeptin, and 1 mM Na3VO4. Cellular debris was removed by
centrifuging at 15,000g for 20 minutes at 4°C. Lysates were then incubated for 45 minutes at
4°C with agarose beads coated with the Raf-Ras binding domain. Beads were washed three
times in lysis buffer, loading buffer added, and then vortexed, centrifuged, heated and
analyzed via western blot protocol. Densities of active and total Ras protein bands were
quantified using an Odyssey imaging system (version 3.0, LICOR Biosciences, Lincoln,
NE) then standardized, averaged and plotted using Graphpad Prism 5.

Western blot analysis
Pancreas tissues from each group were homogenized using RIPA buffer, and lysates were
separated using SDS-PAGE. Proteins were transferred to nitrocellulose membranes and
blocked with 5% nonfat milk in phosphate-buffered saline (PBS) containing 0.05% Tween
20. Membranes were incubated with primary antibodies: Rabbit Anti-GAPDH G9545
(1:1000; Sigma-Aldrich), Mouse Anti-Ras 05-516 Clone 10 (1:1000; Millipore), p-p44/42
MAPK (T202/Y204) p-ERK 9106S (1:1000; Cell Signaling Technology, Danvers, MA), and
p44/42 MAPK (total ERK) 9102 (1:1000; Cell Signaling Technology). Immunodetection of
proteins was performed using Alexa-Fluor goat antimouse 800 or goat anti-rabbit 680-
conjugated secondary antibodies for detection with an Odyssey Infrared Imaging System
(LI-COR Biosciences). Bands densities were analyzed as described.

Histology
The pancreases of all mice were removed, washed with PBS, and placed in formalin
overnight. After incubation, formalin-fixed samples were embedded in paraffin and
sectioned onto slides at 5 μm thick and then stained with hematoxylin and eosin (H&E).
Histological assessment was performed by a pathologist and slides were scored 1-3 on the
level of inflammation (1: occasional scattered leukocytes, non-aggregating; 2: intermediate
level of leukocytes; 3: aggregates of leukocytes within the pancreatic parenchyma in a
follicle-like formation) based on the predominant type of inflammatory infiltrate, fibrosis (1:
occasional periductular or scant perilobular fibrosis, 2: intermediate level, 3: definite
extensive fibrosis, involving 50% of parenchyma with resultant parenchymal (acinar)
atrophy, and frequency of PanIN lesions were analyzed by counting all foci of PanIN lesions
(Supplementary Figure 5). Each lobule affected, was scored as 1, irrespective of the number
of duct profiles.

Immunohistochemistry
Unstained paraffin embedded tissue were stained for: Rabbit anti-α smooth muscle actin (α-
SMA) ab5694 (1:1000; Abcam, Cambridge, MA), Rabbit anti-phospho-ERK 4370 (1:100;
Cell Signaling Technology) and anti-COX2 antibody (1:300; Cayman Chemicals, Ann
Arbor, MI). Slides were deparaffinized using the standard procedure of two washes with
Xylene, 100% Ethanol, 95% Ethanol, and one wash of 80% Ethanol. Antigen retrieval was
performed using 1x DAKO target retrieval solution (10x concentrate) (DAKO, Carpinteria,
CA) in a steamer for 20 minutes at 98°C followed by endogenous blocking with H2O2.
Slides were then blocked using 8% fish gelatin and a primary antibody was applied
overnight at 4°C. Washes were performed with PBS containing 0.05% Tween 20. Sections
were incubated with rabbit on rodent horseradish peroxidase-labeled polymer RMR622H

Philip et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Biocare Medical, Concord, CA) and positive labeling was detected with DAB+ Substrate
system (DAKO). Gill no. 3 hematoxylin solution was used to counterstain each section.
Immunohistochemical (IHC) staining for macrophages, rat anti-F4/80 (1:20; eBioscience,
San Diego, CA), was performed after deparaffinization and antigen retrieval using methods
described above, and nonspecific binding was removed by protein blocking with 8% fish
gelatin. After washing, biotin goat anti-rat secondary was applied to the tissue sections
followed by incubation with streptavidin.

Immunofluorescence
Unstained OCT-embedded frozen pancreatic tissue sections were fixed with cold acetone for
10 minutes and then washed with PBS. Slides were then blocked with 8% fish gelatin for 20
minutes at RT. Primary anti-COX2 antibody (1:300; Cayman Chemicals) in 8% fish gelatin
was incubated. Slides were washed in PBS, blocked and secondary Alexa 594 Goat Anti-
rabbit (1:800; Life Technologies) was applied and incubated at RT, then washed,
counterstained with Hoechst 33342 (1:10000) and mounted. Slides were visualized under an
epifluorescence microscope (Carl Zeiss Microscopy, Thornwood, NY) and the total
fluorescence area measured using Simple PCI software program (Hamamatsu Corporation,
Sewickley, PA). The total COX2 staining area/total nuclear area was calculated for each
sample and normalized to the average of all LSL/BAC mice in CD.

Collagen detection
Collagen was detected in paraffin embedded pancreatic tissue using Trichrome staining
(Sigma-Aldrich). Deparaffinization was performed as described above and sections
incubated in preheated Bouin solution, washed with water and stained with Weigert's Iron
Hematoxylin solution, followed by staining in Biebrich Scarlet-Acid Fuchsin solution,
Phosphotungstic/Phosphomolybdic Acid Solution, and Aniline Blue Solution. The slides
were then washed with 1% acetic acid, and dehydrated and mounted.

Statistical Analysis
Data were analyzed using the Prism 5 software program (GraphPad Software San Diego,
CA). Results are expressed as the mean ± standard error of the mean. A t-test or one-way
analysis of variance was performed and P levels less the 0.05 were considered significant.

Results
A HFD increased Mouse Adiposity

To analyze the effects of a HFD on BW we compared weight gains in LSL/BAC and BAC
mice fed either the CD or the HFD for thirty days beginning after tamoxifen Cre activation
at 40 days of age (Figure 1A). After 30 days on the HFD, all of the mice gained significant
BW (Figure 1B) and had large fatty deposits in the abdominal region regardless of the
presence of oncogenic Kras. In contrast, mice on the CD had only a minor increase in
weight. A difference was noted in pancreatic weight (PW) between BAC controls and
LSL.BAC animals. Mice expressing oncogenic Kras and fed the HFD had significantly
higher PW than did mice fed the CD (Figure 1B).

A HFD Increased PanIN Lesions, Pancreatic Inflammation, and Fibrosis in Mice Expressing
Oncogenic Kras

To determine whether the HFD increased the rate of PanIN lesion initiation, we fed BAC
and LSL/BAC mice either the CD or the HFD and analyzed the pancreases histologically
(Figure 1C). BAC mice fed either diet had normal pancreases that were indistinguishable
from each other (Figure 1C). LSL/BAC mice fed the CD rarely developed fibrosis or PanINs

Philip et al. Page 5

Gastroenterology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Figure 1C). In contrast, LSL/BAC mice fed the HFD had six-fold more PanIN lobules with
extensive fibrosis as well as more inflammation than did LSL/BAC animals on the CD
(Figure 1C-D). PDAC is a fibrotic tumor in which cancer cells make up as little as 10-20%
of the tumor mass. Pancreatic fibrosis is thought to be controlled by pancreas-specific
myofibroblasts called pancreatic stellate cells (PSCs). 23 Activated PSCs express αSMA
which can be used as a semi-specific marker for these cells. 23 We hypothesized that mice
with expression of oncogenic Kras and fed the HFD would have PSCs activation and
increased pancreatic stroma. BAC mice on either diet displayed normal collagen distribution
which was primarily around the blood vessels in the pancreas as indicated by Trichrome
staining (Figure 1E). LSL/BAC mice on the CD showed a similar level of collagen
disposition. In contrast, consistent with tumor development, LSL/BAC mice on the HFD
showed dramatic increases in stromal collagen, often covering the majority of the pancreas
(Figure 1E). Similarly, αSMA staining displayed higher levels of activated stellate cells in
the pancreases of LSL/BAC mice on the HFD compared to controls (Figure 1F).

Mice Fed a HFD had Higher Levels of Activated Kras and Downstream Signaling in the
Pancreas of Mice Expressing Oncogenic Kras

To determine whether Kras activity is elevated in mice with oncogenic Kras consuming a
HFD, we measured activity levels in the pancreases (Figure 2A; Supplementary Figure 1A
and 1C). LSL/BAC mice on the HFD had significantly higher levels of Ras activity than did
those on the CD. In addition, we measured the levels of downstream targets of Ras and
observed elevated expression of phospho-ERK, in LSL/BAC animals fed the HFD (Figure
2B; Supplementary Figure 1B). Phospho-ERK expression did not increase significantly in
LSL/BAC mice fed the CD (Figure 2B). This observation was further confirmed through
IHC and is consistent with tumor development (Figure 2C).

COX2 Activity was Required for the Pathological Effects of a HFD on the Pancreases of
Mice Expressing Oncogenic Kras

To further characterize the mechanism behind the effects of consuming a HFD on the
pancreas, we examined pancreatic COX2 expression levels using IHC and
immunofluorescence (Figure 2D; Supplementary Figure 2). In BAC mice on either diet,
COX2 expression levels were low compared to LSL/BAC mice fed the HFD which had
highly increased expression (Figure 2D; Supplementary Figure 2). This effect required both
the HFD and expression of oncogenic Kras, as LSL/BAC mice on the CD did not had
elevated expression of COX2 (Figure 2D; Supplementary Figure 2). Mice expressing
oncogenic Kras fed the HFD also had increased recruitment of F4/80+ macrophages into the
pancreas, as indicated using IHC and immunofluorescence (Figure 2E and Supplementary
Figure 2). Double staining of COX2 and F4/80+ using immunofluorescence showed co-
localization in some, but not all areas (Supplementary Figure 2B).

To further analyze the role of COX2 expression in HFD-induced pancreatic effects, we
crossed LSL/BAC mice with COX2 conditional knockout mice to generate COXKO/LSL/
BAC mice. After thirty days on the HFD, these animals had no evidence of increased
numbers of PanIN lesions, inflammation, or fibrosis (Figure 3A; Supplementary Figure 3A).
Further, COXKO/LSL/BAC mice on either diet had low Ras activity (Figure 3B;
Supplementary Figure 1C), αSMA, Phospho-ERK, and COX2, and lacked the presence of
F4/80+ macrophages (Supplementary Figure 4A-D) compared to LSL/BAC mice.

As a further indication of the role of COX2 in the HFD induction of Kras generated
pathology, we tested the ability of Celecoxib, a selective COX2 inhibitor, to prevent these
effects. BAC and LSL/BAC mice on the HFD were treated either with saline or Celecoxib.
After 38 days of treatment, LSL/BAC mice treated with Celecoxib had significantly lower
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levels of inflammation, fibrosis, and PanIN development compared to saline-treated mice
(Figure 4).

HFD Decreased Survival and Accelerated Tumor Progression
To determine how long-term consumption of HFD would affect overall survival, mice were
fed CD or HFD for longer times. LSL/BAC mice on the HFD had a significant decrease in
survival rate (∼250 days), whereas those on CD remain healthy (Figure 5A). Similarly,
LSL/Pdx-1 mice fed the HFD had a reduced survival (∼145 days), while mice on CD
survived much longer (∼220 days) (Figure 5A).

Along with overall survival, mice on HFD had an acceleration of PanIN development which
progressed to cancer. Animals on the HFD had definite pancreatic tumors accompanied with
large pancreatic cysts, which was not evident in mice on the CD (Figure 5B). Both LSL/
BAC and LSL/Pdx-1 mice fed HFD had drastic pathological alterations in the pancreases
(Figure 5C-D). PanIN progression to PanIN-2 and PanIN-3 lesions was greatly accelerated
in the LSL/BAC mice on the HFD. At 205 days, LSL/BAC mice on the HFD had progressed
to invasive cancer with metastasis to the lung, while the few early PanIN lesions in the
pancreases of mice on the CD had not progressed to higher grade PanIN lesions (Figure 5C).
Similarly, we examined the pancreas of Pdx-1 and LSL/Pdx-1 mice on CD or HFD. The
level of inflammation, fibrosis, and the number of lobules containing PanIN lesions were
increased HFD-fed mice (Supplementary Figure 3B). At 90-137 days when the mice were
sacrificed, LSL/Pdx-1 mice on HFD had areas of PanIN-2 and PanIN-3 lesions in the
pancreas which were not observed in CD fed mice (Figure 5D; Supplementary Figure 3B).

Discussion
This study investigated the mechanisms by which a HFD accelerates PDAC development.
Specifically, our data linked the consumption of a HFD in the presence of physiologically
relevant levels of oncogenic Kras in adult pancreatic acinar cells to elevated COX2
expression and Kras activity. The, likely mechanism involves a positive feedback
inflammatory loop. High levels of Ras activity were associated with the development of
PanINs leading to PDAC and reduced survival. These data support the concept of oncogenic
Ras being largely inactive until externally stimulated, as we previously suggested. 14, 15 The
current study indicates that a HFD can act as the external stimulus to induce inflammation
that then promotes Ras activation. The data also supports the concept of a Ras-inflammatory
positive feedback loop being required for chronic pancreas pathological responses. As was
found in our earlier studies, inhibition of COX2 was able to break the inflammatory positive
feedback mechanism. 14 These observations have important implications for cancer
prevention.

To test the effects of a HFD on PDAC development this study primarily used an adult acinar
specific Kras model. Expression of endogenous levels of oncogenic Kras in adult acinar
cells is largely ineffective at initiating spontaneous pancreas pathologies, making this a good
model to investigate the effects of potential environmental risk factors. 24,14,15 For
comparison, we also examined the effects of the HFD on a PDX-1-Cre Kras model in which
oncogenic Kras is activated during development. The developmental model gave similar
results but with a higher background of spontaneous PanINs.

A point mutation in Kras is well recognized to be the earliest mutation that occurs in the
transformation of normal pancreatic acinar cells to PanIN lesions. 8, 27-31 Interestingly, this
mutation is present in a large number of healthy people who never develop PDAC. 8,32

Recently, we demonstrated that pancreatic inflammation associated with treatment of
caerulein, lipopolysaccharide, or with elevated endogenous CCK levels induced a COX2-
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mediated positive feedback loop that drove sustained, high Kras activity. 14 In the present
study, we found that the activity of Kras and its downstream pathways, including phospho-
ERK, was greatly increased in Kras expressing mice fed a HFD. These data support the
ability of a HFD to activate oncogenic Kras in the pancreas, creating a mechanistic link
between obesity-induced acceleration of the transformation of normal acinar cells to
pancreatic ductal lesions.

Another result of feeding LSL/BAC mice a HFD was increased PSC stimulation and stromal
formation. PSC activation is universally present in the early stages of PDAC. 23 The role of
PSCs and the stroma they produce in PDAC progression is currently unclear. Stellate cell
activation is not simply a response to acinar cell damage and death, as acinar cell apoptosis
does not activate stellate cells. 33 Apparently, inflammatory mediators released from acinar
cells under the influence of high Ras activity are responsible for the initiation of pancreatic
fibrosis. We recently found that stellate cells are directly stimulated by PGE2. 34 Therefore,
COX2 activity induced by Ras is likely one of the mechanism of stromal formation. The
present study demonstrated that a HFD can stimulate activation of oncogenic Kras, initiating
the transformation of normal pancreatic cells to PanIN lesions, and further supports the
importance of Kras as a driving mutation in the early development and progression to
PDAC. Moreover, it highlights the increased risk of PDAC development and decreased
survival in the presence of oncogenic Kras expression and with the consumption of a HFD.

We previously identified COX2 as an essential component of the positive feedback loop that
enhances Kras activity in the presence of pancreatic inflammation. 14 The current study also
found that COX2 activity was necessary for the effects of the HFD on Ras activity,
inflammation, and fibrosis and PanIN development. Therefore, although oncogenic Kras is
the primary driving force in promoting the early stages of PDAC, it requires COX2 to
maintain the Ras inflammation feed-forward loop. This may provide a mechanistic
explanation for previous studies indicating a protective effect of aspirin and COX2
inhibitors on the risk of pancreatic cancer. 35 Consumption of the HFD led to increased
macrophage infiltration in pancreatic areas surrounding PanIN lesions, demonstrating the
role of oncogenic Kras in the recruitment of inflammatory mediators to the pancreas, which
may contribute to other factors that enhance PanIN formation. A model illustrating these
interactions is provided (Figure 6).

A previous study using a p48 developmental promoter observed accelerated PanIN
progression induced by a HFD. These researchers suggested that tumor promotion was
associated with inflammation and specifically showed that TNFR1 signaling and TNF-α
played a role in enhancing PanIN formation.18 Data from this study are entirely consistent
with increased Ras activity and supports the importance of an inflammatory mechanism.
Based on these data and the current study, it seems likely that several inflammatory
mechanisms may be involved in the postive feed-back loop that maintains Ras activity.
Therefore, there may be several potential means of blocking this loop and preventing cancer
formation.

Previous studies have also suggested an association between obesity and the growth of
xenograft tumors, including PDAC. 2, 4, 25 For example, mice with orthotopic implantation
of Mia PaCa2 human pancreatic tumor cells fed a HFD had much greater tumor burdens
compared to mice fed a CD. 26 Although these studies showed a strong connection between
obesity and pancreatic tumor burden, the mechanisms involved are unclear. Since it was
observed that Ras activity can be elevated by external stimuli in PDAC cells, 15 it is possible
that Ras activity and inflammatory positive feed-back mechanisms are involved in the
growth of fully developed cancer. However, it is currently unknown whether the
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mechanisms involved in the growth of fully developed PDAC are different from those
involved in cancer initiation that we have identified.

In conclusion, the findings of the present study revealed for the first time a mechanism
linking a HFD with the development of PDAC involving inflammation-induced Kras
activity. Because oncogenic Kras expression is present in many healthy individuals, the
consumption of a HFD by individuals possessing oncogenic Ras mutations in pancreatic
cells likely increases their risk of developing PDAC. Therefore, limiting consumption of fat
and increasing intake of COX2 inhibitors may prevent pancreatic inflammation and fibrosis
and the initiation of the PanIN-PDAC sequence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HFD Increased BW and PW and the initiation of the early stages of PDAC
development
(A) At 40 days of age BAC and LSL/BAC mice were induced with tamoxifen for 3
consecutive days for Cre activation and placed on CD (BAC; n=5 and LSL/BAC; n=8) or
HFD (BAC; n=9 and LSL/BAC; n=10) for thirty days. (B) BW of each mouse was
measured weekly and the percent change from week 1 to week 5 of treatment was
calculated. In addition, PW of each mouse was measured and the percent PW/BW was
graphed for each group. (C) Representative H&E stains of BAC and LSL/BAC mice on CD
and HFD are shown. (D) Each tissue sample was scored according to its level of
inflammation, fibrosis, and number of PanIN-1 lesions seen in the entire tissue. (E) Collagen
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staining was performed for BAC and LSL/BAC animals on the CD and the HFD. (F) IHC
for α--SMA expression was also performed for all groups.
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Figure 2. Significantly increased activation of Ras and its downstream targets with elevated
COX2 and F4/80+ macrophages
(A) Ras activity was measured by a Raf-pull down assay and was correlated with Phospho-
ERK expression levels. (B) Western blot analysis for phospho-ERK expression for BAC and
LSL/BAC animals on both diets was performed. (C) Additionally, IHC for phospho-ERK
from all groups of mice are shown. (D & E) Pancreas tissue sections from each mouse were
stained for COX2 and F4/80.
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Figure 3. Essential role of COX2 in Kras-induced fibrosis and inflammation
(A) Histology of COXKO/LSL/BAC mice treated with CD (COXKOBAC; n=5 and
COXKO/LSL/BAC; n=5) and HFD (COXKOBAC; n=5 and COXKO/LSL/BAC; n=10) is
shown. (B) Ras activity was measured through Raf-pull down assay comparing LSL/BAC
animals to COXKO/LSL/BAC animals on CD and HFD.
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Figure 4. Celecoxib delays HFD-induced effects
(A) Representative H&E stains of BAC and LSL/BAC animals on HFD treated with either
Saline or Celecoxib (Saline; BAC, n=4; LSL/BAC, n=15 and Celecoxib; BAC, n=4; LSL/
BAC, n=16) is shown. (B) LSL/BAC animals in each treatment group were histologically
scored for inflammation, fibrosis, and number of PanIN lesions.
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Figure 5. Decreased overall survival and promotion of tumor growth with continuous
consumption of HFD
(A) The overall survival of LSL/BAC (CD; n=13 and HFD; n=11) and LSL/PDX-1 (CD;
n=19 and HFD; n=10) animals on HFD was recorded. (B) Gross images of LSL/BAC
animals on CD and HFD and the pancreases of these animals are shown. (C) Additionally
shown are H&E stains of the pancreases of LSL/BAC animals on CD and HFD at 160 days
and 205 days along with (D) histology of PDX-1 and Pdx-Cre-KrasG12D on CD and HFD
from 90-137 days.
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Figure 6. Model of HFD induced pancreatic pathology via Kras activity
A HFD causes increased Kras activity in animals bearing oncogenic Kras. Activation of
oncogenic Kras leads to downstream activation of COX2, Phospho-ERK, and infiltration of
macrophages into the stroma, as well as activation of quiescent PSCs producing αSMA and
collagen I. COX2 forms a critical part of a positive feed-forward loop maintaining Kras
activity and further increasing inflammation, fibrosis, and recruitment of inflammatory
mediators to the pancreas. COX2 inhibitors or genetic deletion of COX2 can interfere with
the feed-forward mechanism and prevent HFD induced pathology.

Philip et al. Page 22

Gastroenterology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


