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Abstract

Objectives—Obesity increases the incidence of multiple types of cancer. Our previous work has 

shown that a high fat, high calorie diet (HFCD) leads to visceral obesity, pancreatic inflammation, 

and accelerated pancreatic neoplasia in KrasG12D (KC) mice. In this study we aimed to 

investigate the effects of a HFCD on visceral adipose inflammation with emphasis on potential 

differences between distinct visceral adipose depots.

Methods—We examined the weight and visceral obesity in both wild-type (WT) and KC mice on 

either control diet (CD) or HFCD. After three months, mice were sacrificed for histological 

examination. Multiplex assays were also performed to obtain cytokine profiles between different 

adipose depots.

Results—Both WT and KC mice on a HFCD exhibited significantly increased inflammation in 

the visceral adipose tissue (VAT), particularly in the peri-pancreatic fat (PPF), compared to 

animals on a CD. This was associated with significantly increased inflammation in the pancreas. 

Cytokine profiles were different between visceral adipose depots, and between mice on the HFCD 

and CD.

Conclusions—Our results clearly demonstrate that a HFCD leads to obesity and inflammation 

in the VAT, particularly the PPF. These data suggest that obesity-associated inflammation in PPF 

may accelerate pancreatic neoplasia in KC mouse.
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Introduction

Pancreatic cancer (PaCa) continues to be one of the most difficult diseases to treat and it is 

now predicted that by 2030 it will be the second most common cause of cancer related 

deaths after lung cancer1. Although very active research continues into new treatment 

modalities and modes of early detection, improvements in prevention and risk modification 

are equally or perhaps more important for altering the course of this deadly disease. One 

such risk factor, obesity, is the subject of much scientific investigation because it has long 

been acknowledged as a contributor to several major chronic health issues, including 

diabetes, heart disease, in addition to multiple cancer types2.

Besides general obesity, excess visceral adipose tissue (VAT) has been specifically linked to 

an increased risk of metabolic disorders and a variety of cancers, including esophageal, 

colorectal, liver, and pancreatic cancers3–7. Several epidemiological studies have found the 

positive correlation between excessive VAT (measured by waist circumference or by 

CT/MRI imaging) and esophageal and colorectal cancers to be independent of BMI6. 

Excessive VAT also increases the incidence of cancer precursor lesions. For example, it is 

positively correlated to gastroesophageal reflux disease (GERD) and Barrett’s esophagus, as 

well as esophageal adenocarcinoma8,9. Excessive VAT also increases the incidence of non-

alcoholic steatohepatitis (NASH), an increasing cause of hepatocellular carcinoma10,11.

During obesity, structural and functional changes in the VAT lead to an infiltration of 

inflammatory cells and to different cytokine/chemokine and adipokine secretion by the 

adipose tissue12,13. Macrophages are recruited into the VAT during obesity either as a 

consequence of secreted adipokines and proinflammatory cytokines or as a result from 

obesity-associated adipocyte necrosis. It has been shown in patients and mouse models that 

obesity is associated with the formation of inflammatory structures known as crown like 

structures (CLS) in the VAT as well as the mammary gland14,15. These structures are 

comprised of macrophages surrounding necrotic adipocytes and are associated with 

increased expression of inflammatory mediators. Taken together, prevailing evidence 

strongly suggests that the chronic inflammatory state associated with excessive VAT 

facilitates oncogenic transformation and/or progression of cancer in adjacent or even distant 

organs. Recent studies of hormone receptor positive breast cancer in obese, post-menopausal 

women have linked obesity, inflammation and increased aromatase activity in breast cancer 

patients14. In another study, peri-prostatic adipose tissue in prostate cancer has recently been 

shown to influence tumor growth by promoting angiogenesis16. In addition, there is 

evidence that different adipose tissue depots have distinct gene expression profiles and 

metabolic phenotypes13. For example, the expression levels of TNF-α are higher in the 

mesenteric adipose tissue than in the omental and subcutaneous tissues, whereas leptin has a 

higher concentration in the subcutaneous adipose tissue than in omentum17–19. However, it 

is currently unknown whether diet-induced VAT inflammation promotes pancreatic cancer 

neoplasia and whether there are distinct and important differences between various visceral 

adipose depots.

In our previous studies we have demonstrated that a high fat, high calorie diet led to 

significant weight gain, metabolic disturbances, inflammation in the pancreas, and 
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acceleration of pancreatic neoplasia in the conditional KrasG12D mouse model of pancreatic 

cancer20. In the current work, we provide evidence that in this mouse model obesity 

contributes to robust VAT inflammation, in particular in the peri-pancreatic fat, which may 

in turn be responsible for accelerating inflammation and neoplastic progression in the 

adjacent pancreas.

Materials and Methods

Mouse model

The conditional KrasG12D (KC) model of pancreatic cancer model from Hingorani et al. 

was used for this study21. Offspring of crosses of LSL-KrasG12D and PDX-1-Cre (or p48-

Cre) mice were randomly allocated to either a control diet (CD) or a high fat, high calorie 

diet (HFCD) for 10 weeks. Individually tagged mice had free access to the diet as well as 

water. Food intake and body weight of each animal were measured twice weekly. Animal 

studies were approved by the Chancellor’s Animal Research Committee of the University of 

California, Los Angeles in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals.

Genotyping analysis

Prior to randomization to the study diets, the presence of the of the KrasG12D and Cre allele 

were determined by PCR analysis of genomic DNA, as described elsewhere22. Animals with 

both the KrasG12D and Cre alleles were designated as mutant (KRAS+/G12D) and animals 

with neither the KrasG12D nor the Cre allele were deemed wild-type (KRAS+/+). At the end 

of the study at sacrifice the successful excision-recombination events were confirmed by 

PCR by the presence of a single LoxP site in the pancreas as described elsewhere22.

Experimental diets

The diets were obtained from Dyets, Inc., Pennsylvania. Weaned mice were allocated to 

either a CD or a HFCD as described previously20. Briefly, 40% and 12% of calories were 

derived from fat (corn oil based) in the HFCD and CD, respectively. The diets were handled 

under low light conditions, and stored at −20°C. The diets were replaced twice weekly. The 

stability of the fatty acids in the diets was regularly monitored by the UCLA Nutritional 

Biomarker and Phytochemistry Core.

Sample preparation

The visceral organs (including liver and pancreas) as well as various fat depots were either 

snap frozen immediately after dissection in liquid nitrogen and stored at −80C until further 

processing, or fixed in a solution of 10% formalin and subsequently paraffin embedded. 

Adipose tissue near the gonads was designated as visceral fat (VF) and adipose tissue 

adjacent and overlaying the pancreas was labeled peri-pancreatic fat (PPF).

Quantification of adipose tissue volume

Prior to sacrifice, all mice were imaged by micro-CT at the UCLA Pre-Clinical Imaging 

Center. Total VAT was quantified as a fraction of the total abdominal soft tissue volume 
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based on Hounsfield units in a selected area of the upper abdomen. Adipose tissue was 

defined as tissue within the range of −270 to −100 Hounsfield units, whereas −270 to 500 

Hounsfield units were used for total soft tissue.

Adipose tissue histology

Tissues were fixed in phosphate buffered formalin for 24 hours and subsequently embedded 

in paraffin. Sections (4 μm thick) were mounted onto slides and stained with H&E. Slides 

were imaged on a Nikon Eclipse 90i microscope and bright field images were acquired with 

NIS AR4.2 software (Nikon). Adipose tissue sections were examined for evidence of 

inflammatory infiltrates or for determination of adipocyte size. Inflammatory foci were 

quantified using a 10× objective and described as number per HPF. An inflammatory focus 

was defined as one adipocyte at least partially surrounded by inflammatory cells (crown like 

structures; CLS) and larger lymphoid aggregates. Ten images were taken per mouse and the 

number of inflammatory foci and the area of ten randomly chosen adipocytes per HPF were 

measured.

Cytokine assays

Snap frozen mouse adipose tissue (VF or PPF) was defrosted on ice and homogenized with a 

mechanical homogenizer in 1xPBS, pH 7.2, 1 mmol/L phenylmethylsulfonylfluoride 

(Sigma-Aldrich) with protease inhibitors (Complete Protease Inhibitor Cocktail Tablet, 

Roche) and subsequently sonicated. Lysates were then centrifuged at 4°C for 15 minutes at 

14,000 rpm and the supernatant was separated from the pellet using a 26 gauge needle and 

syringe. Protein concentrations were determined by bicinchoninic acid protein assay 

(Thermo Scientific) with bovine serum albumin as a standard. Lysates were diluted to 1 

mg/ml total protein concentration and applied to a mouse cytokine magnetic bead panel 

(EMD Millipore) in a 96-well plate format. Duplicates of each sample were incubated 

overnight on a rotary orbital shaker at 4°C. Plates were then processed as recommended by 

the manufacturer and samples were run using a Bio-Plex 200 HTF Analyzer Luminex 

system (Bio-Rad). Data were obtained with Bio-Plex Manager 6.1 software (Bio-Rad) and 

further analyzed with Microsoft Excel.

Pancreas histology

Sections of the pancreas of each animal were stained with hematoxylin and eosin (H&E) and 

analyzed by a GI pathologist (D. Dawson) blinded to treatment conditions. Inflammation 

was graded as previously described (Dawson 2013). Briefly, acinar loss was based on the 

percentage loss across the entire cross-section and graded as 0=absent; 1=1–25%; 2=26–

50%; 3=51–75%; 4>75%. Inflammation was based on the average number of lobular 

inflammatory cells per 40× high-power field (HPF; as counted in 10 non-overlapping HPFs) 

and graded as 0=absent; 1=1–30 cells; 2=31–50 cells; 3=51–100 cells; 4>100 cells. Fibrosis 

was based on the cumulative area of stromal fibrosis across the entire pancreas and graded as 

0=absent; 1=1–5%; 2=6–10%; 3=11–20%; 4=>20%. Murine PanINs were classified 

according to histopathologic criteria as previously described20. The total number of ductal 

lesions and their grade were determined. Only the highest grade lesion per pancreatic lobule 

was evaluated. About 100 pancreatic ducts of the entire fixed specimen (head, body, and tail 
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of the pancreas) were analyzed for each animal. The relative proportion of each mPanIN to 

the overall number of analyzed ducts was recorded for each animal.

Statistical analysis

Values are presented as mean ± SEM. Significance was determined using an unpaired t test, 

with significance determined at a p-value of <0.05. To analyze the number of lymphoid 

aggregates, 2×2 contingency tables were constructed and a chi-square test for contingency 

was used. A one-sided Fisher’s exact test was then applied to each individual cohort to 

determine significance.

Results

A HFCD increases total visceral fat volume in WT and KC mice

Both WT and KC mice were fed the CD or HFCD for a total of 10 weeks. WT male and 

female mice gained approximately 2-fold more weight on a HFCD than on a CD, while KC 

mice gained ~1.4 fold more weight on a HFCD (Figure 1). In order to determine how the 

overall weight gain correlated to the expansion of the VAT, all mice were imaged by micro-

CT prior to sacrifice. Using a defined area of the upper abdomen, total VAT gain was 

measured as a fraction of total soft tissue in the same region. WT mice on a HFCD gained 

approximately 2-fold more total VAT than WT mice fed a CD (p <0.05) (Figure 1). The 

enlargement of the VAT correlated strongly with weight gain (Pearson correlation coefficient 

>0.9; not shown). KC mice also showed an increase in the VAT volume as quantified by 

micro-CT. While male KC mice gained ~2-fold more VAT volume than their CD 

counterparts (similar to WT mice) female KC mice fed the HFCD did not significantly 

increase their total VAT volume (Figure 1). In general, female mice gained less weight than 

their male counterparts and KC mice gained less weight than WT mice. However, these 

results demonstrate that both WT and KC mice gain weight on a HFCD and the weight gain 

overall correlates strongly with an enlargement of the total VAT.

Different visceral adipose depots in both WT and KC mice display distinct inflammatory 
responses to the HFCD

The VAT of animals on a HFCD has been shown to exhibit crown like structures (CLS), in 

which necrotic adipocytes are surrounded by inflammatory cells, including 

macrophages23–25. Since there is evidence in the literature that different adipose depots in 

the abdomen display distinct metabolic phenotypes13, we examined specifically the visceral 

adipose depots adjacent to the pancreas (peri-pancreatic fat; PPF) and distant to the pancreas 

around the gonads (visceral fat; VF) for evidence of these inflammatory structures. There 

was very little evidence of inflammation in the VF or PPF of female and male WT mice on a 

CD (Figure 2A). Interestingly, while there was little inflammation in the VF of male and 

female KC mice on a CD, a significantly increased number of inflammatory foci was seen in 

the PPF of male and female KC mice fed the CD (Figure 2B). When fed the HFCD, a robust 

increase in inflammatory foci was observed in the VF and PPF of WT male mice (Figure 

2A). While the HFCD failed to increase the presence of inflammatory foci in the VF of 

female WT and KC mice, a significant increase in the number of these inflammatory 

structures was found in the PPF (Figure 2A, B).
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We noted that the inflammatory foci in the PPF often tended to be larger and in the form of 

lymphoid aggregates (Figure 2A, arrowhead). We then counted the number of mice, in 

which large lymphoid aggregates in either the VF or the PPF were seen (Figure 2C). Overall, 

lymphoid aggregates occurred more often in PPF than in the VF (p<0.0001). Further 

analyses showed that lymphoid aggregates occurred more often in the PPF than in the VF in 

female WT mice fed the HFCD, male and female KC mice fed the HFCD (Figure 2C). In 

addition, lymphoid aggregates were found to occur more often in KC mice compared to WT 

mice and in mice fed the HFCD (compared to CD) (Figure 2C).

There is evidence in the literature that the distinct metabolic phenotypes of different visceral 

adipose depots often correspond to different sizes of individual adipocytes13. In order to 

evaluate whether the PPF and VF in our model exhibit potentially different metabolic 

phenotypes, we quantified the size (area) of individual adipocytes in both VF and PPF. For 

both WT and KC mice, adipocytes in the PPF are significantly smaller than those in the VF 

(Figures 3A, B). In addition, the HFCD significantly increased adipocyte size in both VF 

and PPF. However, the effect of the HFCD on adipocyte size was significantly more robust 

in the VF than in the PPF.

Cytokine expression varies among different visceral fat depots

Having demonstrated that the HFCD causes distinct inflammatory changes histologically in 

both the VF and PPF, we next investigated whether the VF and PPF showed differences in 

cytokine expression. We employed a multiplex cytokine assay platform to measure immuno-

modulatory cytokines from the VAT lysates of both WT and KC mice. In both WT and KC 

mice fed the CD, several cytokines showed clear differences in expression between the VF 

and PPF (Figures 4A, B). Most frequently, baseline expression of these cytokines was 

increased in the PPF compared to the VF. In addition, the HFCD increased the expression of 

certain cytokines specifically in the PPF but not in the VF (Figure 4C). Taken together, these 

data clearly indicate that functional differences, as measured by cytokine expression 

(baseline and in response to the diet), exist between the VF and PPF in both WT and KC 

mice.

A HFCD leads to pancreatic inflammation in WT and KC mice

We then examined whether the inflammatory changes in the visceral adipose tissue correlate 

to histologic changes in the pancreas. After 10 weeks, mice fed the HFCD showed 

significant inflammation in the pancreas (Figure 5A), which is exemplified by a loss of 

normal acinar structure (12±4% CD vs. 37±10% HFCD), an increase in inflammatory cell 

infiltration (11±4 CD vs. 26±6 HFCD), and by an increase in stromal fibrosis (5±2% CD vs. 

20±6% HFCD). There was a trend towards slightly more PanIN1b and PanIN2 in KC mice 

on a HFCD (compared to CD), although these changes did not reach statistical significance 

at 10 weeks (Figure 5B). In WT mice, no evidence of neoplasia was seen, although evidence 

of pancreatic inflammation was seen in mice fed the HFCD (data not shown). These results 

show that feeding a HFCD for 10 weeks creates a significantly more robust inflammatory 

environment in the pancreas (compared to CD-fed mice); however at this early stage no 

significant differences in neoplastic lesions in the pancreas can be found between the CD- 

and HFCD-fed KC mice.
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Discussion

The most salient finding of this study is the observation that in the conditional KrasG12D 

mouse model of pancreatic cancer a diet high in fat and calories is associated with robust 

inflammation in the VAT, especially in the peri-pancreatic region, which seems 

histologically and functionally different than the adipose tissue in other visceral regions, e.g. 

peri-gonadal. This notion is supported by 1) enhanced inflammation in the PPF as 

demonstrated histologically by an increased number of inflammatory foci; 2) smaller 

adipocyte size; and 3) different cytokine profile. Previous studies by other investigators have 

shown that different visceral adipose depots have distinct characteristics, such as 

adipogenesis, replication, and susceptibility to senescence13,26,27.

There is very little knowledge about the role of the PPF in human pancreatic disease. In 

severe acute pancreatitis, PPF necrosis has been correlated with disease severity28. In PaCa, 

invasion of the PPF by the cancer cells was identified as an independent predictor of poor 

outcome following pancreatoduodenectomy29–31. PEDF (pigmented epithelium-derived 

factor) deficiency in the Ela(elastase)-Kras mouse model led to invasive PaCa that was 

associated with enlarged PPF32, suggesting an association between the PPF and progression 

of pancreatic ductal adenocarcinoma. PEDF was recently found to have an anti-obesity 

effect by counteracting insulin resistance and suppress pancreatic tumor growth at high 

concentrations33. In contrast, PEDF null mice have truncal obesity and increased PPF34.

It is unclear where anatomically the PPF originates. It is conceivable that the PPF belongs to 

the mesenteric adipose tissue based on their anatomical proximity. Adipose tissue derived 

mesenchymal stem cells have the capacity to migrate to the site with tissue injury35,36. 

Whether the expression of an oncogenic Kras or the presence of diet-induced inflammation 

in the pancreas serves as a chemotactic factor in recruiting mesenchymal stem cells to the 

peri-pancreatic location is currently unknown. Our data also demonstrate a more robust 

increase in visceral adipose tissue inflammation in male mice fed the HFCD, compared to 

female mice. This correlated to a more enlarged visceral adipose tissue volume in HFCD-fed 

male mice as measured by CT. This observation that compared to female mice male mice 

respond stronger to the HFCD in terms of visceral adipose tissue expansion and 

inflammation reflects the human conditions, although the underlying potentially hormonal 

reasons are unclear in this model. In our study, the inflammatory changes in the VAT of 

HFCD-fed mice correlated with an enhanced inflammatory reaction in the pancreas, but 

occurred prior to significant differences in PanIN development. In a prior study we 

demonstrated that diet-induced obesity was associated with an accelerated pancreatic 

neoplasia in slightly older animals20. Together, these results suggest that the formation of a 

diet-induced inflammatory micro-environment (in the VAT and pancreas) precedes the 

acceleration of pancreatic neoplasia in this model. It is currently unclear how exactly the 

HFCD causes pancreatic inflammation in our model. It is conceivable that the HFCD has 

direct effects on the pancreas causing tissue inflammation. However, it is also plausible that 

the HFCD initially induces adipose tissue inflammation, which leads to inflammation in 

neighboring organs, e.g. pancreas, through secretion of inflammatory cytokines from the 

visceral adipose tissue. Our observation that KC mice fed the HFCD show more robust signs 
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of pancreatic inflammation, compared to wildtype mice fed the HFCD, strongly suggest a 

cross-talk between the oncogenic Kras and the HFCD.

Our results implicate that VAT inflammation associated with obesity might be in intriguing 

target to prevent PaCa development. Bariatric surgery has become the standard treatment for 

morbidly obese patients. It can decrease the size of PPF40. Long-term follow-up after 

bariatric surgery has confirmed significant weight loss as well as a decrease in the 

occurrence of multiple cancer types, in particular, breast and endometrial cancer41–43. 

Medical therapy has also shown promising results. A recent study showed that 

thiazolidinediones (TZD), a PPAR (peroxisome proliferator-activated receptors) ligand, can 

decrease inflammation in the adipose tissue and reduce the size of PPF44. Metformin, which 

is well known to increase insulin sensitivity and cause weight loss in obese patients, has 

been shown to reduce the risk of PaCa in type II diabetes, as well as many other 

cancers45,46.

In conclusion, our results show that a HFCD leads to increased inflammation of the VAT, 

particularly in the peri-pancreatic region, in the KC mouse model of PaCa. The enhanced 

VAT inflammation was associated with increased pancreatic inflammation but occurred prior 

to the development of pancreatic neoplasia. Together with our previous report showing 

enhanced pancreatic neoplasia in KC mice fed a HFCD for a longer period of time, these 

results strongly suggest an important and early role of VAT inflammation in pancreatic 

cancer development.
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Figure 1. 
Wild-type (WT) and KrasG12D (KC) mice were allocated randomly to a CD or HFCD for 

10 weeks. Net gain in grams (gm) ± standard error of the mean (SEM) was calculated at the 

end of the experiment. All mice were imaged by micro-CT (representative images in the 

upper row). Visceral adipose tissue (VAT) was quantified as a fraction of fat volume per total 

abdominal tissue ± SEM based on Hounsfield units in a selected area of the upper abdomen 

using Amide software. *, p<0.05, HFCD vs. CD.
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Figure 2. 
Inflammatory foci in male and female WT (A) and KC (B) mice on the CD and HFCD were 

quantified. Representative histological images are shown in the upper rows. *, p<0.05, 

HFCD vs. CD; #, p<0.05, KC vs. WT. (C) The number of animals with larger lymphoid 

aggregates in either fat depot was counted and shown as a percentage of the total number of 

animals experimental group. *, p<0.05, PPF vs. VF
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Figure 3. 
The size of adipocytes in the visceral (VF) and peri-pancreatic fat (PPF) depot were 

measured in both WT (A) and KC (B) mice. Ten images were taken per mouse, and 10 

adipocytes were measured per image. The area is represented as the mean ± SEM. *, p<0.05, 

PPF vs. VF; #, p<0.05, HFCD vs. CD
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Figure 4. 
Tissue cytokine levels in the VF and PPF depots were measured my multiplex. Tissue levels 

of selected cytokines in the VF were normalized to 1 and fold changes in the PPF depicted 

in WT (A) and KC (B) mice. Data are presented as mean ± SEM. Tissue levels of IFN-γ in 

the VF and PPF of mice fed the CD and HFCD are depicted in C). *, p<0.05, HFCD vs. CD
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Figure 5. 
Semiquantitative analyses of inflammatory parameters in the pancreas of mice fed the 

control diet or HFCD. (A) Percentage (%) of intact acini, percentage (%) of acinar cell loss, 

number of inflammatory cells per HPF, and percentage (%) of stromal fibrosis were 

analyzed. *, p<0.05, HFCD vs. CD. (B) Distribution (in %) of normal pancreatic ducts and 

mPanIN-1a, mPanIN-1b, mPanIN-2, and mPanIN-3 lesions in the pancreas of mutant mice 

fed the CD or HFCD for 10 weeks.
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