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Background—Obesity and dietary fat are associated with increased risk of several malignancies

including pancreatic cancer. The incidence of pancreatic cancer is increased in countries that

consume diets high in fat.

Aim—The purpose of this study was to assess the relationship and mechanism of action between

dietary fat and endogenous cholecystokinin (CCK) on pancreatic tumor growth and metastasis in

an immunocompetent animal model.

Methods—C57BL/6 mice were placed on regular, low-fat, or high-fat diets for 8 weeks before

establishment of Panc-02 orthotopic pancreatic tumors. Mice were then treated with a CCK-A

receptor antagonist, devazepide, or vehicle for an additional 2.5 weeks. Pancreas tumors were

weighed and metastases counted. Blood CCK levels were measured by radioimmunoassay (RIA).

Tissues were examined histologically and studied for genes associated with metastasis by RT-PCR

array. Effects of the CCK antagonist on Panc-02 cells invasiveness was assessed in a Matrigel

invasion assay.

Results—Mice that received the high-fat diet had larger tumors and tenfold higher serum CCK

levels by RIA compared to normal diet controls (p < 0.01). Pancreatic tumors in high-fat diet mice

treated with the antagonist had fewer intravascular tumor emboli and metastases compared to

controls. The reduction in tumor emboli correlated with decreased vascular endothelial growth

factor-A (VEGF-A) expression in tumors (p < 6 × 10−9). In vitro invasiveness of Panc-02 cells

also was reduced by CCK-A receptor antagonist treatment (p = 1.33 × 10−6).

Conclusion—CCK is a mediator of dietary fat-associated pancreatic cancer. CCK is also

involved in the invasiveness of pancreatic tumors through a mechanism involving VEGF-A.
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Introduction

Pancreatic cancer ranks as the fourth most common cause of cancer-related mortality with a

5-year survival rate of only 5–6 % [1]. Epidemiologic studies have reported that the

incidence of pancreatic cancer is increased in countries that consume diets high in fat [2].

Several reports have found an association between obesity, dietary fat intake, and pancreatic

cancer; and high body mass index (BMI) more than doubles the risk of pancreatic cancer [3–

5]. Research in this area has focused on the roles of insulin, leptin, glucose, and adiposity as

the most critical factors contributing to pancreatic cancer in obese individuals [3, 5, 6].

White et al. [7] described how moderate obesity accelerated the growth of subcutaneous

murine Panc-02 pancreatic tumors, while Wang et al. [8] showed that orthotopically

implanted human pancreatic tumor cells (MIA PaCa2) in nude mice fed a high-fat diet were

significantly larger compared to those tumors of mice fed a normal diet. Although both

studies suggest a connection between obesity and pancreatic cancer, neither study addressed

a clear mechanism linking the two. Some researchers suggest that the mechanism implicates

obesity itself and not the dietary fat [7] while others believe the etiology involves the

increase in calories [9] or energy balance altogether [10]. Hyperinsulinemia and insulin-like

growth factor-1 (IGF-I) signaling [10, 11] have also been reported to play a role in obesity-
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associated pancreatic cancer as well as hyperglycemia [12]. But other large epidemiology

studies [13] have not found an association between IGF-I and pancreatic cancer. Some

suggest that the inflammatory state and inflammatory cytokines induced by obesity

contribute to pancreatic carcinogenesis [6] and in fact, Philip and coworkers [14] showed a

reduction in pancreatic intraepithelial neoplasia (PanIN) progression in engineered KrasG12D

transgenic mice crossed with a cyclooxygenase-2 (COX-2) knockout mouse while on a diet

high in fat. And undeniably all these factors have a function in the etiology of pancreatic

carcinogenesis.

In the normal physiologic state, ingestion of dietary fat results in the release of the

gastrointestinal peptide cholecystokinin, CCK, from the duodenum I-cells [15]. CCK

stimulates secretion of digestive enzymes from the pancreas, release of bile from the gall

bladder, and mediates satiety in the brain [15]. In addition to its role in digestion, CCK has

also been shown to be an important mediator of growth, proliferation, and regeneration of

the pancreas physiologically [16, 17], after surgical resection [18] and after injury (i.e.,

pancreatitis) [19]. In this capacity, CCK not only increases pancreatic size and weight (i.e.,

hypertrophy), but this peptide also induces DNA synthesis (i.e., hyperplasia) [17, 20]. CCK

has been used as an adjuvant treatment to accelerate carcinogen-induced pancreatic cancer

in animal models [21] and in KrasG12D transgenic mice to hasten the progression of PanINs

to pancreatic cancer development [22, 23]. In many of these experimental animal models,

exogenous CCK or its related decapeptide cerulein was administered at a dose capable of

inducing pancreatitis. Therefore, the authors concluded that the inflammation or resultant

pancreatitis was the important mediator that accelerated carcinogenesis and not CCK itself.

Indeed, human pancreatic cancer has been shown to overexpress CCK receptors [24–26] and

exogenous administration of CCK stimulates growth of this malignancy in vitro and in

athymic nude mice [27, 28]. Smith et al. [29] previously showed that growth of

subcutaneous xenografted SW-1990 human pancreatic cancers was significantly faster in

nude mice fed a high-fat diet than mice on standard chow. This prior study [29] was

important for several reasons: (1) the tumor was distant from the gastrointestinal tract

implying that something in the circulation was responsible for the tumor growth effects; (2)

the mice were not obese and were weight matched, so the effector was independent of

obesity; (3) the mice had a deficient immune system, thereby eliminating the confounding

factor of inflammation; and (4) the growth effect of the dietary fat was reversed with CCK

receptor antagonist therapy, suggesting that CCK was the instigator. Based upon its known

trophic effects, inflammatory properties, and its physiologic response to dietary fat

ingestion, we hypothesize that endogenous CCK is a key contributor to the obesity-induced

pancreatic cancer through its mitogenic actions at the CCK receptor. Because we believe the

inflammatory cells have a role in obesity-related cancer development, the current

experiments employed immunocompetent C57BL/6 mice. Furthermore, rather than the

subcutaneous location, we implanted the pancreas cancer cells orthotopically using the

syngeneic Panc-02 murine pancreatic cancer cell line in order to study the role of dietary fat

on metastases. We hypothesized that dietary fat stimulates the release of endogenous CCK,

which in turn promotes pancreatic hyperplasia and growth and progression of pancreatic

cancer.
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Materials and Methods

Reagents and Cell Lines

Panc-02 cells (called Pan02 by some investigators), a murine pancreatic cancer cell line

which is syngeneic to C57BL/6 mice [30], were a gift from professor Corbett (Wayne State

University, MI, USA). Growth of this murine pancreatic cancer cell line in vivo has been

recently characterized [31]. The Panc-02 cells were cultured in DMEM:F12 media with 10

% FBS. Six- to eight-week-old male C57BL/6 mice were purchased from Jackson Labs (Bar

Harbor, ME, USA). All institutional guidelines for the care and use of laboratory animals

were followed throughout the study in accordance with protocols approved by the Penn

State Hershey Institutional Animal Use and Care Committee.

The high-fat diet chow (TestDiet #58Y1), low-fat diet chow (TestDiet #58Y2), and normal

chow were obtained from VanHeek Series from Test Diet (St. Louis, MO, USA), and each

diet composition is shown in Table 1. High-fat chow contained 61.6 % energy (kcal/g) from

fat and approximately equal amounts of saturated and monounsaturated fatty acids, while

low-fat chow contained 10.2 % energy from fat and approximately equal amounts of

saturated, monounsaturated, and polyunsaturated fatty acids. Normal chow contained 17 %

energy from fat and equal amounts of saturated and unsaturated fatty acids. All diets

contained equal overall calorie content.

The CCK-A receptor antagonist (L-364,718), devazepide, was purchased from Tocris

Biosciences (Bristol, UK).

CCK Receptor Immunofluorescence of Panc-02 Cells

Panc-02 cells were grown on glass coverslips and fixed in ice-cold methanol and acetone for

20 min each. After 3 washes in PBS, cells were permeabilized with 0.2 % Triton X-100 in

PBS for 1 h at room temperature. Nonspecific binding was blocked in PBS containing 5 %

goat serum and 0.1 % Triton X-100 for 1 h. Cells were subsequently incubated in PBS with

5 % FBS, 0.05 % Triton X-100 with either a rabbit polyclonal CCK-A receptor antibody

(PA-3116, Pierce, Rockford, IL, USA) or a CCK-B receptor antibody (#9491, CURE, Los

Angeles, CA, USA) at a titers of 1:400 overnight at 4 °C. After three PBS washes, the cells

were incubated in PBS containing 1 % FBS, 0.05 % Triton X-100, and a secondary goat

anti-rabbit AlexaFluor 488-labeled antibody (Amersham Biosciences, Waltham, MA, USA)

at a titer of 1:2,000 for 1 h at 4 °C in the dark. The slides were washed thrice with PBS,

counterstained with Hoechst 33342 (0.5 μg/mL; AnaSpec, Fremont, CA, USA), and

mounted with Aqua Poly/Mount solution (Polysciences, Warington, PA, USA). Images were

captured on a Leica DM IRE2 confocal microscope.

Orthotopic Panc-02 Tumor Treatment Groups

At 6 weeks of age, C57BL/6 male mice were sorted into one of three dietary groups such

that the mean total body weight in each group was equivalent. Groups were then placed on a

normal, high-fat, or low-fat diet ad libitum. Food intake per cage and individual animal body

weight were measured 3 times weekly. After 8 weeks, when the animals on the high-fat diet

had reached a weight of at least 35 g, consistent with obesity, 106 Panc-02 cells were
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surgically implanted orthotopically into the pancreas as previously described [32].

Beginning 1 week after tumor cell implantation, mice were treated thrice weekly with

vehicle [DMSO, 5 % in PBS, intraperitoneal (i.p.)] or with the CCK receptor antagonist

devazepide (4 mg/kg/day in PBS, i.p.); a dose consistent with that used in several previously

reported studies [33, 34]. Devazepide injections were given intraperitoneally to prevent the

systemic effects of the CCK receptor antagonist on the brain and eliminate the influence this

compound could have on feeding behaviors, i.e., satiety [35]. Twenty days after the CCK

receptor antagonist treatments were initiated the mice were humanely euthanized and

necropsied. Animals were anesthetized and blood collected by intracardiac puncture.

Tumors were excised; fresh weight was recorded, and samples were preserved in RNAlater

(Qiagen, Valencia, CA, USA) for RNA extraction, fixed in formalin, or were flash frozen in

liquid nitrogen. The number and size of surface metastases to the liver and mesentery were

visually assessed, and the tissues were then formalin-fixed for verification of the lesions by

histopathology.

Tumor Histopathology

Histopathology was performed by an veterinary pathologist blinded to the treatment groups

and diet to assess tumor grade, local invasion, and inflammation. Both flash-frozen and

formalin-fixed tumor tissue were sectioned and processed for hematoxylin and eosin (H&E)

staining. The degree of inflammatory cell infiltration and adiposity was scored according to

the following criteria: 0 = normal pancreas, 1 = minimal (5–10 % affected), 2 = mild (10–25

% affected), 3 = moderate (25–50 % affected), 4 = marked (>50 % affected). The indices of

pathology were combined to give a composite score of severity for each mouse and

averaged for each diet group. For confirmation of metastases, tissues were fixed, embedded,

sectioned, and hematoxylin stained as described above. Metastatic lesions were assessed as

single or multiple lesions and scored for percent of section involved by a pathologist blinded

to treatment groups.

CCK Peptide Radioimmunoassay and Blood Glucose Determination

Mouse blood was incubated on ice for 30 min, and serum was collected after low-speed

centrifugation to remove cells and debris. Plasma samples were standardized by protein

concentration using a Micro BCA protein assay with albumin as the standard (Pierce). CCK

peptide radioimmunoassay (RIA) was performed in duplicate using rabbit antiserum to

synthetic CCK 26-33 sulfate and 125I-BH CCK-8 (ALPCO Diagnostics, Salem, NH, USA).

Specificity for CCK is based on the fact that the antiserum has 0.5 % cross-reactivity to

sulfated gastrin-17 and <0.01 % cross-reactivity to nonsulfated gastrin-17.

At necropsy, blood glucose levels were determined using a Nova Max PLUS glucometer.

Real-Time qRT-PCR

RNA was extracted from Panc-02 cells and tumors using an RNAeasy kit (Qiagen), and

cDNA was produced using a cDNA Reverse Transcriptase Kit (ABI, New York, NY, USA)

with 2 μg of RNA per reaction. For Panc-02 cells, qRT-PCR was carried out with 100 ng of

cDNA per reaction using CCK-BR primers (Mm00432329_m1) and CCK-AR primers

(Mm00438060_m1). For tumor RNA samples, qRT-PCR analysis was done using VEGFA
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primers (Mm01281449_m1). Both analyses used murine HPRT (Mm00446968_m1) as the

internal control. RNA levels were calculated from the mean relative quantity (RQ = 2−ΔΔCT)

with a 95 % confidence interval (CI; RQ = 2−(ΔΔCT±CI)). Multiple markers of metastatic

tumor progression were initially assessed in tumors from vehicle-treated, high-fat diet mice

versus devazepide-treated, high-fat diet mice using the mouse tumor metastasis RT2 Pro-

filer™ PCR Array kit (Qiagen).

In Vitro Matrigel Invasion Assay

Panc-02 cell invasion was evaluated using BioCoat Matrigel Invasion Chambers (24-well

cell culture inserts containing an 8.0 μm PET membrane with a uniform layer of BD

Matrigel Basement Membrane Matrix (Becton–Dickinson, San Jose, CA, USA). Panc-02

cells were detached with a nonenzymatic cell stripper solution (Cellgro, Manassas, VA,

USA), resuspended in serum-free medium, and pre-treated for 10 min with an equal volume

of either vehicle (0.1 % ethanol) or devazepide to a final concentration of 100 nM. Cells

were then seeded at 2.5 × 104 cells/well into the upper chambers in serum-free media

containing either vehicle or 100 nM devazepide. The lower chambers were filled with media

containing 10 % fetal bovine serum as a chemoattractant and either vehicle or devazepide.

After a 24 h incubation at 37 °C, residual cells were carefully and thoroughly wiped from

the top surface of the filter and invasion was quantified by HEMA3 (Fisher Scientific,

Pittsburgh, PA, USA) staining of the cells that had migrated to the underside. Cells were

counted in six fields/filter; six filters were counted per assay, and the assays were

independently repeated at least three times.

Statistical Analysis

The results are expressed as mean ± standard error of the mean (SEM), and comparisons

were made by ANOVA and two sample Student’s t test with a Bonferroni correction for

multiple comparisons.

Results

Panc-02 Murine Pancreatic Cancer Cells Express the CCK-A Receptor

Quantitative RT-PCR analysis of Panc-02 cell mRNA demonstrated that these cells

expressed only the CCK-A receptor isoform and not the CCK-B receptor (Fig. 1a).

Immunoreactivity for the CCK-A receptor protein expression on the surface of Panc-02 cells

was confirmed by staining with a CCK-A receptor antibody (Fig. 1b). Immunoreactivity

with the selective CCK-B receptor antibody was negative (Fig. 1c). Therefore, further

studies using Panc-02 to evaluate the effects of CCK receptor blockade in vitro and in vivo,

only employed the CCK-A receptor-specific antagonist.

Effects of Diet on Mouse Body Weight

Although no difference in total food intake was recorded between diet groups; the mice on

the high-fat diet had a steady increase in body weight compared to mice on both the normal

diet and low-fat diet (Fig. 2a). At the time when tumor cells were orthotopically injected

(Day 54), the mean body weight for the high-fat cohort had exceeded the 35 g, a value

established as obese in mice [36]. This weight was significantly higher than the mice
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consuming the normal and low-fat diets (p = 2.67 × 10−6). In contrast, the mean body weight

for mice on the low-fat diet was not different from the weight of the normal diet mice (p =

0.5). The slight decrease in body weight observed in all groups at Day 54 was due to the

post-surgery recovery period. After the CCK-A receptor antagonist treatments were

initiated, no differences in body weight or food and water intake were recorded between

treatments (vehicle vs. devazepide) within the diet groups.

Circulating Serum CCK Levels and Glucose Levels Are Impacted by Dietary Fat

Compared to mice fed a normal diet, animals on the high-fat diet had nonfasting serum CCK

levels that were tenfold higher (Fig. 2b; **p < 0.01). Conversely, mice fed a low-fat diet had

significantly reduced levels of serum CCK (Fig. 2b; *p < 0.05). Since the receptor

antagonist only blocks the interaction of CCK with its receptor and has no effect on

production, it is no surprise that CCK levels were also increased in all mice on the high-fat

diet regardless of antagonist treatment.

In addition, nonfasting blood glucose levels were increased by 60 % in mice on the high-fat

diet (Fig. 2c; *p = 0.010). Treatment with the CCK receptor antagonist did not significantly

alter glucose levels (p = 0.13).

Dietary Fat Stimulates the Growth and Metastases of Orthotopic Pancreatic Tumors

Mice on a high-fat diet developed larger pancreatic tumors compared to normal controls or

to low-fat diet counterparts. Tumors from mice on the high-fat diet weighed 63 and 133 %

more than mice on the regular and low-fat diets, respectively (Fig. 3a; *p < 0.05). Tumors

from mice on the low-fat diet were slightly smaller than those in mice fed a normal diet;

however, this difference was not statistically significant. Mean tumor mass in all the CCK-A

receptor antagonist treatment groups was unchanged compared to the corresponding vehicle

control groups.

In addition to stimulating Panc-02 primary tumor growth, the number of metastases was also

significantly increased in mice on a high-fat diet compared with normal diet animals (Fig.

3b; **p < 0.003). The most frequent sites of metastases were liver and mesentery.

CCK Receptor Antagonism Decreases Pancreatic Cancer Metastases

The total number of metastases was decreased in the high-fat diet group with the CCK-A

receptor antagonist treatment compare to the high-fat diet vehicle treatment group (Fig. 3b;

*p = 0.05). Interestingly, there was a similar decrease in the total number of surface

metastases in both the high-fat diet cohort (80 %) and the low-fat diet cohort (73 %) in

response to the CCK-A receptor antagonist treatment (Fig. 3b, hatched bars). In both dietary

groups, CCK receptor antagonist treatment decreased the number of observed liver

metastases.

Tumor-Associated Vascular Emboli Are Decreased by CCK-A Receptor Antagonist
Treatment

Excised Panc-02 tumors were further assessed in a blinded fashion for histopathological

changes in inflammation, presence of fat, and presence of emboli in tumor vessels.
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Orthotopic Panc-02 tumors grown in animals on a high-fat diet had significant immune cell

infiltrate and were highly vascularized and locally invasive. Pancreata from control high-fat

diet mice that were not injected with tumor cells (diet-only control) showed little

inflammation or fat infiltrate (Fig. 4a) suggesting that the inflammation was not due to

dietary fat but related to the cancer. This paucity of intrapancreatic fat in mice fed a high-fat

diet has recently been shown by others (16). However, the livers from high-fat diet mice that

were not injected with tumor cells (diet-only control) showed steatosis (Fig. 4b).

To be certain that these lesions were true metastases, the livers were then assessed

histologically. A representative liver from a tumor-bearing mouse that received a high-fat

diet showed significantly increased number of metastases infiltrating the liver parenchyma

and numerous tumor emboli in the portal vein (Fig. 4c). In contrast, the liver tissue from a

mouse in the high-fat/CCK-AR antagonist treatment group had infrequent metastases and no

visible tumor emboli (not shown). The mesenteric metastases were also confirmed

histologically (Fig. 4d). The most striking difference between tumors from high-fat diet/

vehicle-treated mice and tumors from the high-fat diet/CCK-A receptor antagonist-treated

mice was the complete lack of tumor emboli in the tumor vasculature of CCK-A receptor

antagonist-treated animals. Animals with tumors from both the normal diet/vehicle and

high-fat diet/vehicle treatment groups were equally likely to have emboli in tumor vessels

(Fig. 4e). In contrast, emboli were completely absent from the tumor vasculature of all mice

treated with the CCK-A receptor antagonist (Fig. 4f). The absence of emboli in tumor

vessels and the portal vein as well as fewer metastases in mice treated with the CCK-A

receptor antagonist suggested that CCK receptor blockade reduced the spread of tumor cells

beyond the primary tumor. And since the antagonist did not affect the primary tumor mass

in this experiment, the significant differences in metastatic lesions were not a result of

primary tumor size.

No overall differences in pancreatic or tumor inflammation were noted between the normal

diet and high-fat/vehicle treatment group (Table 2). Although there was a trend for a

reduction in the inflammation in the mice in the high-fat/CCK-A receptor antagonist

treatment group compared to the high-fat vehicle group, this difference was not significant

(Table 2). The most striking finding of the blinded histologic scoring assessment was the

complete lack of tumor emboli in the CCK antagonist-treated group.

High-Fat Diet Increases and Treatment with a CCK-A Receptor Antagonist Decreases
VEGF-A Expression in Panc-02 Tumors

When RNA from Panc-02 tumors of the vehicle-treated, high-fat diet mice and from tumors

of mice in CCK receptor antagonist-treated, high-fat diet groups were compared using a

mouse tumor metastasis PCR array, a total of 12 genes were identified that were

significantly up or down-regulated in response to CCK receptor antagonist treatment. Of the

genes with a greater than twofold difference between vehicle and antagonist treatment

groups, VEGF-A (vascular endothelial growth factor-A) exhibited the greatest change in

gene expression in response to antagonist treatment. The increase in VEGF-A mRNA was

verified using an individual qPCR assay (Fig. 5a, black bar vs. gray bar; p < 0.0002). In

addition, VEGF-A mRNA levels from tumors of high-fat diet/CCK receptor antagonist-
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treated mice were significantly reduced compared to high-fat/vehicle mice (Fig. 5a, gray bar

vs. hatched bar; p < 6 × 10−9). Furthermore, the VEGF-A mRNA levels were restored to the

same levels as that of the control mice which received a normal diet as a result of treatment

with the CCK receptor antagonist. Other genes initially indicated as differentially expressed

by array analysis, including MMP-7, 10, and 13, were not different between treatment

groups when assessed by individual qPCR assays. The marked change in tumor VEGF-A

expression, which was significantly increased in tumors from high-fat diet animals and

completely returned to normal levels in high-fat diet/CCK-A receptor antagonist-treated

mice, indicates that VEGF-A expression is linked to CCK receptor signaling.

CCK-A Receptor Blockade Reduced In Vitro Invasiveness of Panc-02 Cells

A reduction in the number of vascular emboli in tumors from mice treated with the CCK-A

receptor antagonist could also be due to a decrease in the ability of the cancer cells to pass

through basement membrane and into circulation. Indeed, CCK receptor signaling is linked

to increased invasiveness [37]. To directly assess the effect of the CCK-A receptor

antagonist on the ability of Panc-02 cells to migrate through extracellular matrix, an in vitro

Matrigel invasion assay was used. Vehicle-treated Panc-02 cells freely moved through the

Matrigel-coated filter, while Panc-02 cells treated with the CCK-A receptor antagonist were

50 % less invasive (Fig. 5b, p = 1.33 × 10−6). Thus, even in the absence of dietary

influences, treatment of Panc-02 cells with a CCK-A receptor antagonist affects tumor cell

invasiveness, a critical characteristic associated with pancreatic tumor progression.

Discussion

In the current study, we demonstrated that dietary fat induces growth and metastasis of

pancreatic cancer. The mechanism through which a fatty diet accelerates tumor progression

is in part mediated by the interaction of CCK with its receptor. A new finding reported in

this investigation was that CCK receptor blockade could completely prevent tumor emboli

and metastasis through a mechanism involving VEGF-A.

Epidemiologic studies have shown that countries that consume high-fat diets have an

increased prevalence of pancreatic cancer [2]. We clearly show herein the relationship

between chronic fat consumption and markedly increased blood levels of the trophic peptide

CCK. Our studies revealed that a high-fat diet increases circulating CCK peptide to a level

ten times that in mice fed a normal diet. Nonfasting, normal diet mice had an average of 4–5

pg/mL serum CCK (4–5 pM) which is consistent with reported values. The tenfold increase

in serum CCK in the high-fat diet mice in this study was even greater than the sevenfold–

eightfold increase in serum CCK reported in rats after a short-term administration of fatty

acids [38] and was much greater than the increase in serum glucose in high-fat diet animals

(a 60 % increase). This finding suggests that prolonged exposure to diets high in fat has a

significant effect on circulating CCK levels. And since CCK stimulates pancreatic

hyperplasia and growth [39], this peptide is a mediator of fat and obesity-associated cancer

progression.

Based on previous work done by Smith et al. [29], we would have predicted that dietary fat

would stimulate growth of orthotopic Panc-02 pancreatic tumors and the antagonist reverse
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the growth. Indeed, tumor mass from animals on the high-fat diet was much greater than

normal diet controls; however, unlike the previous study [29], tumor mass was unaffected in

our current experiments by antagonist treatment. Several differences in design of the two

studies may account for the lack of antagonist on primary tumor growth in the present

investigation. These differences include the frequency of antagonist dosing in the current

study (three times per week vs. twice daily), time at which the antagonist treatment was

initiated (1 week after tumor cell injection vs. concurrent with tumor cell injection),

differences in the strain of mice used (immunocompetent C57BL/6 mice vs. athymic nu/nu

mice), the tumor implantation site (orthotopic vs. subcutaneous), and the differences in

growth rates of the two cell lines (murine Panc-02 cells grow faster than human SW-1990

cells). In spite of these variations, our report is the first to link increased endogenous CCK

blood levels to accelerated pancreatic cancer growth and metastases. Knowing that chronic

ingestion of a diet high in fat increases CCK blood levels and because CCK is known to

stimulate growth of normal pancreas tissue [16] and pancreatic cancer [27, 28], this study

supports the role of CCK in cancer risk associated with dietary fat. Since patients with

chronic pancreatitis may also have increased blood levels of CCK [40], the risk of

developing pancreatic cancer in this group may also be in part related to the endogenous

increase in CCK.

In the normal physiologic state, CCK is synthesized in the I-cells of the duodenum [15];

however, in conditions associated with obesity, CCK mRNA expression has also been

reported within the pancreas. Lavine et al. [41] reported that CCK mRNA in the pancreas of

obese mice (C57BL/6-Leptin ob/ob mice) was up-regulated 500-fold compared to lean mice;

the most up-regulated gene in the obese mice pancreas. While the CCK peptide was

undetectable in the pancreas of lean mice, obese mice had high levels of the bioactive form

of CCK. The effect of obesity on CCK expression was specific to the pancreas; levels of

CCK mRNA in brain and intestine were identical in lean and obese animals. Indeed

Zyromski et al. [42] recently reported that a murine pancreatic cancer cell line, Pan02,

formed larger tumors when grown in either ob/ob or db/db obese mice.

An advantage regarding the design of this study with an orthotopic model was that it

allowed us to examine the effect of CCK-A receptor blockade on tumor metastasis, which

had not previously been done. Despite a similar primary tumor size, animals given the CCK-

A receptor antagonist had fewer metastatic lesions than vehicle-treated animals. Similarly,

the frequency of emboli in the tumor vasculature and in the portal vein was significantly

reduced by the antagonist. Our data indicate that these findings were due to a CCK-A

receptor-dependent reduction in the expression of VEGF-A in pancreatic tumors. CCK

receptor blockade reduced VEGF-A levels in animals given a high-fat diet to levels similar

to those seen in normal diet animals. Although CCK-B receptor activity has been linked to

increased VEGF-A expression in colon cancer [43], this is the first report of such an

association in pancreatic cancer and the first to connect CCK-A receptor activation to

VEGF-A expression. Our findings are also consistent with clinical data showing that the

level of VEGF, regulated mainly by HIF-1α and NF-κB, increases with high BMI [44].

It has been previously reported that VEGF receptors are widely expressed on pancreatic

cancer cell lines and that VEGF receptor signaling promotes migration and invasion [45],
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and the diet-induced increase in VEGF may activate tumor cells that express VEGF

receptor-1 via an autocrine pathway. Because VEGF-A increases the permeability of tumor

vasculature, promotes EMT and tumor cell migration, and influences endothelial barrier

function [43, 46–48], many of the changes in tumor histopathology in the CCK receptor

antagonist-treated animals could be a direct result of reduced VEGF-A expression. The

complete lack of emboli in the tumor vasculature of CCK receptor antagonist-treated mice

clearly indicates that extravasation of tumor cells into circulation was affected by the

antagonist treatment. The significant reduction in VEGF-A mRNA levels seen in tumors

from antagonist-treated animals could result in a decrease in the permeability of tumor

vessels, making it less likely for emboli to penetrate those vessels. Altered VEGF-A levels

due to CCK receptor blockade also could affect the invasive capacity of tumor cells, as was

demonstrated in the in vitro Matrigel invasion assay, and the decrease in VEGF-A in

antagonist-treated mice could contribute to the reduced infiltration of inflammatory cells

into the tumors of CCK-A receptor antagonist-treated mice. Previous work correlated high

levels of VEGF in human pancreatic ductal adenocarcinoma specimens with increased liver

metastasis and significantly shorter survival [49]. The lack of portal vein emboli and the

reduction in liver metastases in CCK receptor antagonist-treated mice support the important

role these receptors play in metastatic tumor spread.

Overall this pre-clinical study demonstrates the important role of endogenous CCK and its

receptor in tumor progression and metastasis of pancreatic cancer, particularly in the context

of high dietary fat. These findings suggest a link between dietary fat and tumor progression

through the action of CCK and CCK receptors. This work also provides a new insight into

the mechanism of pancreatic tumor metastasis and suggests a potential therapeutic approach

to reduce disease progression in pancreatic cancer patients. CCK receptor blockade may

impair the ability of human pancreatic cancer cells to spread beyond the primary tumor,

through the basement membrane and into the tumor vasculature. In short, we were able to

show that a CCK-A receptor antagonist blocks the progression of established pancreatic

tumors in vivo. Because pancreatic cancer is rarely detected in the early stages and

metastatic disease is often present at diagnosis, any treatment that slows the invasion or

metastatic progression of tumors could extend patient survival. CCK receptor antagonists

have been tested in human clinical trials for other conditions and are safe, well tolerated, and

have few side effects [50]. Thus, it may be possible in the future to combine the use CCK

receptor antagonists with chemotherapeutic agents to reduce the risk of cancer progression

and metastases.
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Abbreviations

BMI Body mass index

BSA Bovine serum albumin

CCK Cholecystokinin

DMEM/F12 Dulbecco’s modified Eagle’s medium/Ham’s F12

DMSO Dimethyl sulfoxide

FBS Fetal bovine serum

H&E Hematoxylin and eosin

i.p Intraperitoneal

kcal/g Kilocalories per gram

NCI National Cancer Institute

PBS Phosphate-buffered saline

qRT-PCR Quantitative real-time polymerase chain reaction

RIA Radioimmunoassay

RQ Relative quantity

VEGF-A Vascular endothelial growth factor-A

VEGFR Vascular endothelial growth factor receptor
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Fig. 1.
Panc-02 cells express only CCK-A receptor mRNA and protein. a mRNA for only the CCK-

A receptor is detected in Panc-02 cells not the CCK-B receptor by quantitative RT-PCR.

Receptor mRNA levels are standardized to murine HPRT mRNA levels as an internal

control. N.D. not detected. Columns represent the fold change in mRNA levels calculated

from the mean relative quantity and bars represent a 95 % CI (RQ = 2−(ΔΔCT±CI)). b CCK-A

receptor protein is present in Panc-02 cells by immunofluorescence. c No immunoreactivity

is detected using a CCK-B receptor antibody indicating that Panc-02 cells express the CCK-

A receptor and not the CCK-B receptor
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Fig. 2.
Effects of diet and a CCK-A receptor antagonist on body weight, serum CCK levels, and

serum glucose levels. a Mean weight gain of mice fed a low-fat diet, a high-fat diet, or

normal diet. Animals on the high-fat diet (solid inverted triangles) gained significantly more

weight than animals on a normal diet (solid circles) or low-fat diet (open circles), ***p =

2.67 × 10−6. No differences in food or water intake were noted among treatment groups. A

slight decrease in body weight was observed in all the diet groups on Day 54 due to surgery

to implant pancreatic cancers cells (n = 10–12 mice per diet group). b Serum CCK levels

were increased tenfold in animals on the high-fat diet (gray bars, **p <0.01), whereas CCK

serum levels were tenfold decreased in animals on the low-fat diet (white bars, *p < 0.05)

compared to animals on a normal diet (black bar). Treatment with the CCK-A receptor

antagonist had no effect on serum CCK levels independent of diet (bars with crosshatches, n

= 5–6 animals per treatment group). c Serum glucose levels in mice fed a normal diet (black

bar), high-fat diet with vehicle treatment (gray bar), or high-fat diet with CCK receptor

antagonist treatment (gray bar with cross-hatches). Although a high-fat diet caused an

increase in serum glucose (**p = 0.010), CCK receptor antagonist treatment had no

significant effect on glucose levels
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Fig. 3.
Role of dietary fat and a CCK-A receptor antagonist on Panc-02 primary pancreatic tumor

growth and metastases in vivo. a Panc-02 tumor mass was significantly increased (*p <

0.05) in mice fed a high-fat diet (blue bars) compared to tumors grown in mice given a

normal diet (black bar) or a low-fat diet (red bars). No difference in tumor weight was

found between mice fed a normal diet or low-fat diet. Tumor mass was not significantly

affected by CCK-AR antagonist (hatched bars) compared to their respective vehicle

controls. b The total number of tumor metastases was significantly increased in mice on the

high-fat diet compared to normal or low-fat diet mice (**p <0.003). Compared to vehicle

treatments, the CCK-AR antagonist decreased the number of tumor metastases in high-fat

diet fed animals (*p = 0.05). Antagonist = CCK-A receptor antagonist, devazepide; vehicle

= DMSO. Bars represent the standard error of the mean of 5–7 mice per treatment group
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Fig. 4.
Histopathological characteristics of Panc-02 tumors and noncancerous tissues from mice. a
H&E of a normal pancreas (without a tumor) from a mouse on a high-fat diet showing a lack

of inflammatory or fat infiltrate. b H&E of a liver from a mouse on the high-fat diet but

without a tumor (control) showing extensive steatosis. c H&E staining of a liver section

from a representative tumor-bearing mouse given a high-fat diet/vehicle treatment. Multiple

metastatic lesions (black arrows) and tumor emboli occluding the portal vein (white arrow)

are shown. d Metastatic lesion to the mouse mesentery is shown with a tumor emboli in the

center (black circle). e Tumor emboli in a small artery (arrow) from a representative

vehicle-treated mouse on a high-fat diet. f Tumor vessels from a representative mouse on the

high-fat diet treated with CCK-AR antagonist contain blood cells but lack tumor cell emboli.

Scale bars are shown on each figure
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Fig. 5.
CCK-AR antagonist treatment alters VEGF-A expression in vivo and decreases tumor cell

invasiveness in vitro. a Panc-02 tumors from mice on the high-fat diet (gray bar) had

increased expression of VEGF-A mRNA when compared to tumors from mice fed normal

chow (black bar)(**p < 0.0002). This increase in VEGF-A expression was reversed with the

CCK-AR antagonist treatment (hatched bar, ***p < 6 × 10−9). Tumors from 5 to 6 mice

were analyzed for each treatment group. b Vehicle-treated Panc-02 cells (black bar) clearly

moved through a Matrigel-coated filter in vitro. However, in the presence of the antagonist

(100 nM, hatched bar), the number of invasive Panc-02 cells moving through Matrigel was

reduced by more than 50 % (**p = 1.33 × 10−6). Error bars denote the standard error of the

mean of the individual assays normalized to vehicle treatments
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Table 1

Composition of mouse diets

Composition of diet Normal diet Low-fat diet High-fat diet

Protein (%) 18.8 17.3 23.1

Fat (%) 6.0 4.3 34.9

Fiber (%) 3.8 4.7 6.5

Carbohydrates (%) 50.0 67.4 25.9

Energy (kcal/g) 3.4 3.78 5.10

Calories from Calories from Calories from

Protein (%) 23 18.3 18.1

Fat (%) 17 10.2 61.6

Carbohydrates (%) 60 71.5 20.3

Both the high-fat diet and the low-fat diet were adjusted to have a total caloric intake equal to that of normal diet
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Table 2

Histologic characteristics of Panc-02 tumors based upon diet

Normal diet High-fat diet + vehicle High-fat diet + antagonist

Tumor inflammation 2.00 ± 0.17 1.90 ± 0.28 1.56 ± 0.29

% of tumors with vascular emboli 33 33 0

Inflammation in adjacent normal pancreas 1.45 ± 0.25 1.83 ± 0.17 1.40 ± 0.40

Tumor vascularity 1.91 ± 0.09 1.80 ± 0.13 1.89 ± 0.20

CCK receptor antagonism completely prevented tumor emboli
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