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Abstract 55 

A significant number of pancreatic cancer cases are due to modifiable risk factors, with many 56 

being attributed to increased body fatness. This has sparked investigators to examine the role 57 

played by high dietary fat intake in pancreatic cancer development and the mechanisms driving 58 

this connection. However, there is currently no consensus on how dietary fat quantity and 59 

composition specifically affect pancreatic carcinogenesis. The objective of this narrative review is 60 

to discuss the link between high total fat consumption and fatty acid composition (saturated, mono, 61 

or polyunsaturated fats) with pancreatic cancer incidence and progression. Following our detailed 62 

analysis of the strengths and weaknesses of recent preclinical and human studies, we discuss 63 

existing research gaps and opportunities, and provide recommendations for future studies. 64 

Numerous studies suggest that diets high in omega-3 polyunsaturated fatty acids are associated 65 

with reduced pancreatic cancer risk. However, the current evidence appears insufficient for a 66 

general conclusion regarding the impact of other types of fat in pancreatic carcinogenesis, with 67 

many studies providing inconclusive findings due to study limitations. Thus, we recommend future 68 

studies to include detailed methodology of the animal experiments, not limited to the diet 69 

composition, type of ingredients, formulations, and administration of the diets. Moreover, human 70 

studies should include a diverse population and well-characterized biomarkers for accurate 71 

determination of dietary fat intake. Ultimately, this will aid the study rigor, and improve our 72 

understanding of the impact of fat quantity and composition in pancreatic carcinogenesis.     73 
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 75 

Keywords: Diet, pancreatic cancer, pancreatic cancer risk, fat, lipids, obesity 76 

 77 
 78 



   
 

4 
 

1. Introduction  79 

Pancreatic ductal adenocarcinoma (PDA) which accounts for the majority of pancreatic 80 

cancers, is a deadly disease. With the lowest relative survival rate of any cancer, ~90% of patients 81 

die within 5 years of diagnosis (1). Currently, as the third leading cause of cancer mortality, in 82 

both men and women, pancreatic cancer is expected to become the second leading cause of cancer-83 

related deaths in the United States by 2030 (2).  84 

Both non-modifiable and modifiable risk factors have been identified for PDA. Non-85 

modifiable risk factors include age and rare inherited mutations such as BRCA2, BRCA1, 86 

CDKN2A, ATM, STK11, PRSS1, MLH1, and PALB2 (3). Major modifiable lifestyle factors 87 

associated with an increased risk for pancreatic cancer include smoking, heavy alcohol use, and 88 

excess body mass. Smokers have a two-fold to three-fold higher risk of developing PDA than non-89 

smokers (4, 5). Heavy alcohol consumption is related to chronic pancreatitis, which increases the 90 

risk of pancreatic cancer by approximately tenfold, with little difference in attributable risk 91 

between the alcoholic and non-alcoholic forms of pancreatitis (6). Interestingly, diabetes mellitus 92 

is both a risk factor for the disease, and a consequence of early-stage pancreatic cancer; long-term 93 

diabetes mellitus approximately doubles the risk of PDA (7, 8). Obesity is another modifiable risk 94 

factor for PDA (9-15). A recent analysis by the National Institutes of Health reported that 16.9% 95 

of all PDA cases in the United States are estimated to be attributable to excess body weight (16). 96 

Some nutritional and dietary factors, including high intake of (saturated) fats, low intake of 97 

vegetables and fruits, and consumption of red and processed meats, have been associated with 98 

increased risk (17-19).  99 

Besides promoting tumorigenesis, obesity complicates the treatment of established cancers 100 

(20), not only by altering the pharmacokinetics and pharmacodynamics of administered anti-101 
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cancer drugs (21), but also by modulating the tumor microenvironment (22). Notably, worse 102 

prognosis is reported in patients who are overweight or obese at the time of PDA diagnosis (23, 103 

24). Therefore, any effort directed towards reducing the worldwide obesity epidemic would 104 

ultimately result in a reduction in the number of pancreatic cancer cases.  105 

During the past decades, many epidemiological studies have assessed the link between 106 

dietary fat and incidence of PDA. Moreover, there has been a great interest in using preclinical 107 

approaches to decipher the underlying biological mechanisms basis of this compelling 108 

epidemiological link (25-31). Although the link between increased body fatness and pancreatic 109 

cancer risk is apparent, the specific role played by the different dietary fats remains unclear. In the 110 

sections below, we reviewed past and current literature on the association between dietary fat 111 

intake amount and composition (saturated, mono, or polyunsaturated fats) and pancreatic cancer 112 

incidence and progression. We enumerate strengths and weaknesses of these studies and, finally, 113 

we discuss research gaps and opportunities for future studies.  114 

 115 

2. Methods 116 

In this review, we searched for publications related to pancreatic cancer and dietary fat in 117 

animals and humans written in the English language published from March 1997 to October 2020. 118 

We used PubMed and Web of Science databases using the following search terms: “Carcinoma, 119 

Pancreatic Ductal/epidemiology” “Pancreatic Neoplasms” “Pancreatic Neoplasms/prevention and 120 

control” “fatty acids, unsaturated” “fatty acids” “dietary fats”  “omega-3” “omega-6” “lipids” “fat” 121 

“polyunsaturated fatty acids” “monounsaturated fatty acids” “saturated fatty acids” “alpha-122 

linolenic acid” “n-3” “n-6” “linoleic acid” “fatty acids omega-3” “eicosapentaenoic acid” 123 

“docosahexaenoic acid”. Research publications were also identified by searching citation lists of 124 



   
 

6 
 

published articles, review articles, and databases. From the citations and results of the search terms, 125 

we selected all research articles relevant to the study of exocrine pancreatic cancer in humans and 126 

animals in response to dietary fat intake.  127 

 128 

3. Impact of fat composition and quantity in pancreatic carcinogenesis: Preclinical 129 

evidence 130 

3.1 Recent advances 131 

Over the last decades, multiple preclinical studies have assessed the role of high-fat, high 132 

omega-6, and/or high omega-3 FA in pancreatic cancer development and progression (Table 1). 133 

These encompass various animal models, including subcutaneous xenografts, orthotopic, 134 

genetically modified, and chemically-induced models, all of which possess strengths and 135 

limitations (32). Below, we summarize the most relevant research on the topic. 136 

To evaluate the effect of how select dietary FA regulate pancreatic carcinogenesis, Yu et 137 

al. fed male nude mice bearing HPAF-II pancreatic tumors with diets containing different fat 138 

sources and quantities. Researchers compared diets containing 15% fat by weight (34% calories 139 

from fat) from cocoa oil (mainly saturated fatty acids, SFA), olive oil (mainly monounsaturated 140 

fatty acids, MUFA), soybean oil (as a source of omega-6 polyunsaturated fatty acids, PUFA), and 141 

flaxseed oil (mainly omega-3 PUFA). The control diet fat content was 4% soybean oil by weight 142 

(12% calories from fat), and the iso-caloric diet fat was 5% soybean oil by weight (11% calories 143 

from fat) (33). While mice fed SFA had the largest increase in tumor weight, mice fed diets rich 144 

in omega-6 FA had the highest increase in liver metastasis compared to other FAs. In contrast, 145 

mice fed omega-3 FAs showed an increase in tumor necrosis and a decrease in tumor metastasis 146 
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(33). The authors concluded that omega-6 and omega-3 PUFAs had opposing effects in this model 147 

and indicated the need to elucidate the ideal ratio of omega-6 to omega-3 PUFAs for in vivo studies 148 

(33).  149 

To examine how different ratios of omega-6 and omega-3 FAs affect pancreatic 150 

carcinogenesis, mice bearing human BxPC-3 pancreatic cancer subcutaneous xenografts, were fed 151 

diets with 20% kcal from fat containing either a 10:0 omega-6:omega-3 ratio diet (made with corn 152 

oil) or the 1:1 ratio diet, made with a mix of corn and menhaden oil that resulted in an equal omega-153 

6 and omega-3 ratio (34). Mice fed a high menhaden oil diet had significantly smaller tumors than 154 

mice fed the high corn oil diet (34). The effect was associated with lower levels of pro-155 

inflammatory prostaglandin E2 (PGE2), and higher levels of anti-inflammatory PGE3, in the 156 

pancreatic tumors of mice fed the fish oil rich diet (34). Notably, only the mice on the fish oil rich 157 

diet had detectable amounts of PGE3 (34).  158 

In agreement, a diet rich in long-chain highly unsaturated omega-3 FA (23% menhaden oil 159 

by weight, 45% calories from fat) mitigated pancreatic precancerous lesions in the elastase (EL)-160 

Kras transgenic mouse model (35). The same group further assessed the effect of diet on 161 

background mouse strain by feeding a diet rich in omega-6 (23% corn oil by weight) to EL-Kras 162 

mice of three different genetic backgrounds [Friend leukemia virus B (FVB), first filial generation 163 

(F1), and Black 6 (B6)](36). Feeding mice a high corn oil diet led to a significant increase in 164 

frequency and size of pancreatic lesions in EL-Kras mice F1 and FVB strains. The authors 165 

observed that the kinetics of neoplastic lesion development was more pronounced in the B6 strain 166 

than the FVB strain (36).  167 

Ding et al. fed EL-Kras mice diets with different omega-3 to omega-6 ratios, to understand 168 

how these lipids contribute to pancreatic carcinogenesis. The three isocaloric diets with 45% 169 
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calories from fat had the same amount of soybean oil blended with menhaden oil or safflower oil 170 

to compare a high-omega-3 ratio of 2.5:1, to a 1:15 ratio mimicking standard chow, to a high 171 

omega-6 ratio of 1:125. EL-Kras mice supplemented with fish oil had less frequent and less 172 

aggressive pancreatic lesions with a reduction in cell proliferation, than EL-Kras mice 173 

supplemented with safflower oil (37). Mechanistically, marine omega-3 PUFAs inhibited the AKT 174 

pathway to slow down the progression of pancreatic cancer (37).  175 

To understand the role of diet-induced obesity in pancreatic carcinogenesis, Dawson et al. 176 

utilized the conditional Kras(G12D) mouse model (LSL-KrasG12D/+; PDX-1-Cre mice) (38), which 177 

mimics the progressive development of PanIN (pancreatic intraepithelial neoplastic) lesions over 178 

several months. The authors observed that conditional Kras(G12D) mice fed a high-fat, high 179 

calorie diet (HFCD), with 40% of calories from corn oil, for a duration of 3 months had significant 180 

weight gain, increased inflammation and cytokine levels, and a high incidence of precancerous 181 

lesions, compared to control diet (12% calories from fat) fed mice (39). In agreement, using the 182 

same control and the HFCD diet, but a slightly different pancreatic cancer genetic model the KC 183 

mouse (LSL-KrasG12D/+; P48+/Cre), the same group showed that, compared to KC mice fed the 184 

control diet, KC mice fed a HFCD showed significant weight gain, an acceleration in PDA, and 185 

increased inflammatory biomarkers in serum (40). In the latter study, however, the researchers 186 

evaluated cancer progression at multiple time points (3 months, 6 months, and 9 months) in both 187 

sexes. Of note, the authors observed sex differences across all time points with males having, on 188 

average, higher incidences of PDA (40).  189 

Some investigators have also explored the potential beneficial effect of omega-3 FAs in 190 

combination with various experimental agents. Using a subcutaneous xenograft model, Swamy et 191 

al. investigated the benefit of diets rich in fish oil (15% (w/w) fish oil+ 3% (w/w) corn oil) or corn 192 
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oil [18% (w/w)] in combination with curcumin, a bioactive component found in turmeric (41). 193 

Mice fed the fish oil diet enriched with curcumin showed reduced tumor growth and an increase 194 

in apoptosis (41). Interestingly, fish oil alone resulted in a 25% reduction in tumor volume 195 

compared to mice fed a diet rich in corn oil, however, in combination with curcumin, there was a 196 

72% reduction in BxPC-3 tumor xenograft growth (41). 197 

Wenger et al. evaluated the effect of alpha-linolenic acid (ALA) supplementation on the 198 

progression of pancreatic cancer using the carcinogen N-nitrosobis-2-oxopropylamine (BOP)-199 

induced pancreatic cancer model in Syrian hamsters (42). ALA supplementation did not prevent 200 

pancreatic carcinogenesis and all hamsters treated with BOP plus ALA presented with PDA. 201 

Interestingly, supplementation of the diet with increasing amounts of ALA (2.5, 5, 7.5 and 202 

10%) led to a proportional increase in liver metastasis, and this increase was dose-dependent (42). 203 

Using the same BOP-induced model in hamsters, Gregor et al. compared the effect of a standard 204 

high-fat diet (40% calories from fat) to that of a diet containing a mixture of omega-3, omega-6, 205 

and omega-9 PUFA and to that of a diet rich in fish oil (43). Although the incidence of PDA did 206 

not differ among groups, the authors observed that hamsters in the fish oil BOP group had fewer 207 

macroscopic PDAs compared to the other groups. Furthermore, hamsters in the fish oil group had 208 

a dramatic reduction in liver metastasis compared to any other group (44).  209 

Given that nutritional intervention studies are complex and present many confounding 210 

factors, some researchers have taken advantage of the Fat-1 mouse model. This model introduces 211 

the enzymatic capability to convert omega-6 FA into omega-3 FA via omega-3 fatty acid 212 

desaturase, and result in elevated levels of omega-3-PUFAs endogenously (45). For example, to 213 

evaluate the role of omega-3 PUFA in pancreatic carcinogenesis, Song et al. implanted mouse 214 

pancreatic cancer (Panc02) cells into wild-type mice and Fat-1 transgenic mice (45, 46). Compared 215 
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to Panc02 xenografts implanted in wild-type mice, Panc02 xenografts implanted in Fat-1 mice 216 

grew at a reduced rate, showing a decrease in tumor size and a reduction in activation of β-catenin 217 

pathway, which was correlated with an increase in omega-3 PUFA levels in the Fat-1 mice (46). 218 

In another study using a genetic approach, Mohammed et al. evaluated the effect of endogenous 219 

omega-3 PUFA on the progression of PDA in wild type and KC mice with and without the Fat-1 220 

gene (47). Fat-1-KC mice had a significantly lower incidence of PDA relative to the KC mice 221 

without the Fat-1 mutation.(47). As expected, higher amounts of omega-3 PUFAs were observed 222 

in the pancreas. Furthermore, Fat-1-KC mice demonstrated significantly reduced cancer cell 223 

proliferation than KC mice, which was accompanied by an effect on  the Wnt/β-catenin pathway 224 

(47). 225 

An increased body fatness influences PDA growth by complex mechanisms (Fig 1), with 226 

growth factors (Figure 1), signaling pathways perturbations, hormones, and inflammatory 227 

molecules such as adipokines being the major ones (48-51). For example, in a recent study, Luo 228 

et al. examined how oncogenic KRAS regulates the expression of fibroblast growth factor 21 229 

(FGF21), a metabolic regulator that prevents obesity, and the effects of recombinant human FGF21 230 

(rhFGF21) on pancreatic tumorigenesis (52). Interestingly, while oncogenic KRAS significantly 231 

reduced FGF21 expression, treatment with rhFGF21 reduced pancreatic inflammation, pancreatic 232 

lesions, and increased survival rate in active Kras mice compared to vehicle-treated mice (52). 233 

Mice on the high-fat (60% kcal from fat) diet had worse health outcomes, including increased 234 

abdominal fat and a higher number of PanINs and liver metastasis (52), while the high-fat diet-fed 235 

mice treated with rhFGF21 had lower incidence of PanINs, less inflammation, and no liver 236 

metastasis, suggesting that FGF21 may represent a potential target for pancreatic cancer prevention 237 

(52). 238 
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Regarding the effects of adipokines, lipocalin 2, which is secreted by adipose tissue in 239 

obese subjects, has been linked to promoting the development of obesity-associated pancreatic 240 

cancer and stimulating a receptor-mediated proinflammatory response in the tumor 241 

microenvironment (53).  In addition, diet-induced obesity can act as a pro-inflammatory stimulus 242 

to enhance active Kras signaling. In this context, cyclooxygenase 2 appears to be critical in the 243 

inflammatory loop that connects inflammation, increased fibrosis, active Kras signaling, and 244 

pancreatic tumor progression in preclinical models of pancreatic cancer (54).  245 

Another proposed mediator of PDA growth in response to increased dietary fat and 246 

elevated body fatness is cholecystokinin (CCK). In one study, Matters et al. evaluated the effect 247 

of three isocaloric diets, a high-fat diet (containing soybean oil and lard) with 60% energy from 248 

fat, a low-fat diet with 10% energy from fat, or a normal chow diet with 17% energy from fat in a 249 

murine pancreatic cancer (Panc02) orthotopic syngeneic model in immunocompetent C57BL/6 250 

mice (55). Mice fed a high-fat diet had higher serum CCK levels and developed larger, more 251 

invasive tumors than mice fed the other two diets (55). Indeed, mice on the high-fat diet had tumors 252 

that were 63% larger than the normal chow mice and 133% greater than the low-fat diet mice (55). 253 

Interestingly, the effect was partially rescued by the addition of a CCK-A receptor antagonist, 254 

which led to a reduction in metastasis (55).  In another study, Nadella and colleagues evaluated 255 

whether CCK is a mediator of pancreatic carcinogenesis in high dietary fat intake, using CCK 256 

receptor agonist and genetic CCK knockouts in mice implanted with Panc02 cells subcutaneously 257 

or orthotopically (56). The authors observed that by selectively knocking out the CCK receptor on 258 

the pancreatic cancer cells, dietary fat was unable to stimulate PDA growth. However, in this study, 259 

a high-fat diet (60% calories from fat) was compared to a grain-based control diet (14% calories 260 

from fat) with many confounding dietary factors, including variations in fiber complexity and 261 
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protein content (57). Finally, in an elegant recent study, Chung et al. observed an increased 262 

expression of CCK as an adaptation of the pancreatic islet beta cell in response to obesity. 263 

Interestingly, this obesity-related dysregulation of CCK signaling was a driving force in Kras-264 

driven PDA tumorigenesis (58). Of note, CCK islet expression was mitigated when obese mice 265 

were placed on a calorie-restricted diet, and also led to reduced tumor growth. These studies 266 

strongly suggest that CCK could be a mechanistic link between consuming a high-fat diet and 267 

pancreatic cancer growth. 268 

In agreement with this notion, type 2 diabetes, hyperinsulinemia, and increased circulating 269 

IGF-1 are established risk factors for pancreatic and other types of cancers (26-29). Besides the 270 

insulin/IGF axis, other mechanisms actively being investigated are related to the role of adipose 271 

tissue dysfunction in a pro-inflammatory state, which can contribute not only to the pathogenesis 272 

of insulin resistance (30), but also to the development and promotion of pancreatic cancer (31). It 273 

is postulated that adipose tissue inflammation associated with increased abdominal adiposity, can 274 

shape the tumor microenvironment by increasing pro-inflammatory cytokines and accelerate 275 

pancreatic cancer development (31).  276 

 277 

3.2 Controversies 278 

For the most part, the current preclinical literature agrees on the anti-pancreatic cancer 279 

effects of omega-3 FAs, while omega-6 FAs seem to promote carcinogenesis in murine models 280 

(Figure 2). However, findings from Wenger et al. suggest quite the opposite from the rest of the 281 

literature (42). These differences may be explained, in part, by the animal model used, by the total 282 

dietary fat content, or by the numerous deficiencies in the reporting details of the methodology.  283 
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Inadequate dietary descriptions continue to be a problem among preclinical studies. Many 284 

studies report fat on a weight basis, instead of a more useful per calorie basis, and fail to provide 285 

caloric density of the diet. They frequently lack description regarding percentage of calories from 286 

SFAs, MUFAs, and PUFAs further complicates translational research when the focus of animal 287 

research is often on total fat. Moreover, the fatty acid composition (SFA, MUFA, PUFA) in 288 

commercially-available diets is described as a percent of total fat by weight, instead as percentage 289 

of calories to match nutrition descriptions of human diets. Furthermore, several studies only 290 

provide the percentage of calories from fat, omitting other details about the macronutrient 291 

composition of carbohydrates and protein, which makes generalizing conclusions to only 292 

differences in fat questionable due to uncontrolled variables. Another frequent finding is the 293 

omission on the source of fats in the diet in the publication.  Finally, some studies do not clearly 294 

report the sources of fat in the diet, and attribute all of the observed negative effects of lard to SFA, 295 

when lard contains, both, SFA and MUFAs (57, 59).  296 

Complicating nutrition research further, a “high-fat” diet has no standard definition. Often, 297 

high-fat diets designed to induce obesity are also high in sugar. Some researchers use 60% calories 298 

from fat (60), which has been criticized for being unrealistic for humans, while other researchers 299 

call a diet with 34% calories from fat a high-fat diet (33). Similarly, the ill-defined low-fat diet 300 

may be 10% calories from fat or 20% calories from fat. The nutrient guidelines for laboratory 301 

animals dictate that 50 grams of fat per kilogram of diet (or 12% calories from fat in the AIN76A 302 

diet) is sufficient to meet requirements (61). This also underlines the importance of choosing a 303 

proper control diet. Using a chow diet as a control and a purified diet as an intervention introduces 304 

confounding variables including phytonutrients (62). Understanding why high-fat diets, but not 305 

high carbohydrate diets induce obesity in mice further emphasizes the limitations of the diet-306 
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induced obesity model in the study of neoplastic disease. The formation of the lipokine, 307 

palmitoleate, in adipose tissue as a result of high carbohydrate intake in mice signals metabolic 308 

energy excess (63). High dietary fat intake suppresses this critical pathway and results in 309 

overeating. Furthermore, mice do not develop obesity in response to other macronutrient 310 

manipulations, such as high carbohydrate or sucrose diets (64). Thus, we recommend moving to 311 

the “diet-induced obesity” diet descriptor, which is more accurate than “high-fat diet”.  312 

It is important to stress that some of the conclusions drawn may be influenced by the total 313 

caloric intake, since many studies do not discern the effect of high calorie intake to that of the 314 

high-fat content. For instance, multiple studies comparing low-fat and high-fat diets result in 315 

dietary interventions with different caloric densities (39). Without reporting caloric density of the 316 

diet or assessing dietary intake of research animals, it is unclear if the obesity phenotype in the 317 

high-fat diet group is related to excessive calorie consumption or the high-fat macronutrient 318 

distribution. 319 

Another consideration unique to nutrition is the lack of accounting for micronutrient 320 

contributions from various ingredients in research diets (62). For example, using corn oil as a fat 321 

source introduces 14.3 mg of α-tocopherol per 100 grams of oil compared to flaxseed oil, which 322 

only provides 0.47 mg (65). It is known that increased PUFA intake, increases dietary requirement 323 

for vitamin E. Accounting for micronutrients from all sources is overlooked when a standard 324 

vitamin and mineral mix is considered sufficient to prevent overt deficiency. Although, the 325 

minimum micronutrient requirements to prevent overt deficiencies have been determined by the 326 

National Academies of Sciences (61), the effect of macronutrient composition and the food matrix 327 

on nutrient requirements is not fully understood.  328 
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The microbiota is a factor that is strongly affected by the diet and modulates pancreatic 329 

cancer risk (59). When diet composition changes, and as one macronutrient increases, other 330 

nutrients decrease, and the microbiota definitely changes. Hence, it becomes difficult to discern if 331 

the effects observed stem from the introduction or the removal of a dietary component. For 332 

instance, decreasing dietary fat content may lead to an increase in carbohydrate, and associated 333 

fiber intake, thus attributing all observed effects to one macronutrient is an oversimplification of 334 

the complexity of diet and its effect on the microbiota. 335 

Besides the specific dietary intervention points described above, another important factor 336 

to consider is variation in sample size. While some studies included as little as 5 mice per treatment 337 

group, others used as many as 13 mice per treatment (71, 84). Researchers should ensure an 338 

adequate sample size to address their primary outcome and avoid making generalized conclusions. 339 

Randomization is crucial to ensure that bias is minimized (66). Other critical information often 340 

omitted is the strain of the animal, which is essential given that different strains react differently 341 

to nutrients (61, 67). Moreover, males and females mice have differences in the metabolism of 342 

high-fat diets (68), and display difference PDA incidence, in response to a HFCD (40). Thus, in 343 

studies that only include one sex, the findings may be limited and not translatable to both sexes. 344 

Finally, the frequency of feedings and amount of food consumed by experimental animals is 345 

critical. Timing of experimental diet initiation across the lifespan should always be clearly 346 

reported. A diet started during growth and development may have very different long-term effects 347 

than a diet started at a maintenance stage. 348 

Thus, to enhance rigor and reproducibility in nutrition preclinical studies, we recommend 349 

following the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for 350 

animal studies, which have been recently updated: ARRIVE 2.0 (69). Clear reporting of sample 351 
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size, sex, age, and strain, in the “Essential 10” is fundamental. Additionally, we also recommend 352 

including point 15 in the housing and husbandry “Recommended set”. It is important to describe 353 

food type, composition, supplier, and access as outlined in the ARRIVE 2.0 guidelines. 354 

Furthermore, we have expanded upon suggested reporting details relevant to nutrition 355 

investigations (Table 3). Standardized reporting of diet composition (macronutrient and 356 

micronutrient composition), diet handling, and frequency of feeding will definitely strengthen the 357 

outcomes of animal studies, and provide a better understanding on the role of dietary fats and select 358 

FA in pancreatic cancer. 359 

 360 

4. Dietary Fat Consumption and Pancreatic Cancer Risk: Epidemiological Evidence 361 

4.1 Recent advances 362 

The NIH-AARP (National Institute of Health - American Association of Retired Persons) 363 

study was one of the first prospective studies that examined a potential association between dietary 364 

fat intake and pancreatic cancer risk. With over 7 years of follow up, the authors observed 365 

statistically significant associations between intakes of total, saturated, and monounsaturated fat, 366 

but not polyunsaturated fat, and pancreatic cancer risk (70). Further examination of the food 367 

sources of fatty acids revealed positive associations with saturated fat from animal sources 368 

(especially red meat and dairy products), as well as with the individual fatty acids that originate 369 

mostly from these food sources, including palmitic (16:0) and stearic (18:0) acids. In addition, 370 

arachidonic acid (AA) and other omega-6 PUFA from animal sources were also associated with 371 

an elevated risk of pancreatic cancer (70). Regardless of the fat subtype, the risk of developing 372 

pancreatic cancer was the highest when the fat came from an animal source versus a marine source 373 
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(70). Moreover, the risk of developing pancreatic cancer was 53% and 23% higher in male and 374 

female subjects that had the highest total fat intake compared to the lowest fat intake (70).   375 

Echoing the conclusions from the NIH-AARP study, Matejcic et al. concluded that high 376 

intake of short-chain and medium-chain saturated FAs from dairy and meat products, with a carbon 377 

length between 4 and 10, were associated with an increased risk of pancreatic cancer (71). The 378 

positive association between saturated fat and pancreatic cancer risk was also observed in male 379 

smokers (72). In a prospective study of over 27,000 male smokers, an increased dietary intake of 380 

SFAs led to increased pancreatic cancer risk. Of note, in this study, they observed that an increased 381 

intake of carbohydrates and energy were inversely correlated with pancreatic cancer risk (72).  382 

Moreover, Matejcic et al. conducted a nested case-control study within the European 383 

Prospective Investigation into Cancer and Nutrition (EPIC) cohort to examine the association 384 

between circulating concentrations of FAs and pancreatic cancer risk (71). In contrast to the NIH‐385 

AARP study, which relied on the questionnaire data to estimate fat intake, the authors determined 386 

specific plasma phospholipid levels of relevant FAs, as biomarkers, to offer a more valid 387 

estimation of the relationship of FAs intake and the risk of developing pancreatic cancer. The 388 

authors found that high intake of odd-chain SFAs, which cannot be synthesized de novo and 389 

derived primarily from animal sources, were inversely associated with pancreatic cancer risk (71). 390 

In addition, the authors examined the evidence of potential interactions of specific FAs with sex 391 

and smoking on pancreatic cancer risk. Regarding these points, the authors found that trans FAs 392 

from industrial processing typical in Western diets, were positively associated with pancreatic 393 

cancer risk among men, while a naturally occurring trans-fat from milk, conjugated linoleic acid, 394 

conferred a significantly reduced risk among women. Finally, a high long‐chain omega‐6/omega‐395 

3 PUFA ratio correlated with higher risk of pancreatic cancer among smokers (71).  396 
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In contrast to the NIH-AARP study, in a more recent meta-analysis of 13 case-control and 397 

6 cohort studies, total fat consumption was not associated with pancreatic cancer risk (73). Of note, 398 

the lack of association was consistent, in both, the case control and cohort studies. In addition, the 399 

authors observed no differences in pancreatic cancer risk even in the bases of fat source or other 400 

confounding factors (73). Moreover, in a retrospective case-control study (n = 5,183), that 401 

evaluated whether the intake of specific FAs was associated with pancreatic cancer risk, the 402 

authors observed that SFAs, specifically palmitic acid and stearic acid, were associated with a 27-403 

30% risk reduction of pancreatic cancer (74). Notably, the researchers observed that participants, 404 

with a BMI greater than 30, benefited from substitution of PUFA with SFA intake, leading to a 405 

65% risk reduction of pancreatic cancer, and this effect was particularly significant among obese 406 

subjects (74).  407 

When exploring the overall effect of MUFA and their role in pancreatic cancer risk, a high 408 

intake of oleic acid was associated with a 28% reduction in pancreatic cancer risk (74). This was 409 

more pronounced among the obese population, where an increased intake of MUFA resulted in a 410 

68% risk reduction. Thiebaut et al. reached similar conclusions regarding the association between 411 

overall MUFA intake and pancreatic cancer (70). However, they did not associate a specific 412 

MUFA to the decreased risk.  413 

Several observational studies have examined, in particular, the association between PUFA 414 

consumption and pancreatic cancer risk and correlated a diet high in PUFAs with a decreased risk 415 

of pancreatic cancer in males and females. For example, Hidaka et al. focused on subjects of 416 

Japanese descent, where the intake of fish and other marine animals is high. They observed that 417 

individuals consuming the highest amount of omega-3 PUFAs and DHA from marine sources had 418 

a 30% decreased risk of developing pancreatic cancer (75). Similarly, Gong et al. specifically 419 
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related a high omega-3 FA and gadoleic acid intake with reduced pancreatic cancer risk (76). In 420 

agreement, a meta-analysis of 20 studies of which 13 were case-control studies and seven were 421 

prospective studies, also found an association between high PUFA intake with a reduction in 422 

pancreatic cancer risk (RR = 0.87, 95% CI = 0.75-1.00) (77). In another meta-analysis that 423 

included 11 prospective studies, Chen et al. observed an overall decreased risk of all-cause 424 

mortality in participants with high dietary intake of long-chain PUFAs (78). However, while the 425 

published meta-analyses are insightful and of value, a key limitation of any meta-analysis is the 426 

quality, extent, and scientific rigor of the available data sets, and thus these studies need to be 427 

analyzed carefully considering they may fail to evaluate aspects of interindividual variation that 428 

influence diet-disease risk, such as genetic polymorphisms. 429 

In a few studies, regardless of the source of fat, whether meat or fish, researchers found no 430 

association between cancer risk and high or low intake of PUFAs. Although Hidaka et al. found 431 

significant results in one group of PUFA, ALA showed no significant effects on risk in subjects 432 

from Japan (75). In another study, Heinen et al. investigated PUFAs that came from marine sources 433 

in subjects from the Netherlands. No association between select PUFAs and pancreatic cancer risk 434 

was found for intake of fish, EPA, and DHA (79). Similarly, in a meta-analysis of 9 independent 435 

cohorts, no association between fish or long chain omega-3 PUFA intake and pancreatic cancer 436 

risk was observed (80).  437 

4.2 Controversies 438 

Although the majority of the studies suggest that consuming diets rich in PUFAs are 439 

associated with a reduced risk of developing pancreatic cancer, many of the studies have 440 

weaknesses that limit the extent of this conclusion (Table 2). In Jansen et al. and Gong et al. studies 441 

approximately 95% and 80% of subjects included in the analysis, respectively, were non-Hispanic 442 
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white leading to an issue in generalizability to a larger population, as not all ethnic groups 443 

metabolize lipids the same (76, 81). For example, in Asian American males, a high intake of 444 

omega-3 PUFAs were associated with an increased pancreatic cancer risk (82). Although this work 445 

is currently published as a conference proceeding abstract, it clearly emphasizes the need of 446 

including underrepresented populations to maximize the external validity of the findings, including 447 

the findings of the EPIC study (71). 448 

Of note, the effect of certain PUFAs on the risk of pancreatic cancer may be sex specific, 449 

with women having a reduced risk when their intake of linoleic acid (LA) was high (71). In 450 

contrast, men were at an increased risk of pancreatic cancer due to the high intake of trans FA 451 

(71). There was an inverse relationship between the high intake of ALA and docosapentaenoic 452 

acid (DPA or 22:5n-3) with pancreatic cancer risk. These observations suggest that different types 453 

of PUFAs are associated with reduced risk.  454 

Potential mechanisms that may explain the difference in pancreatic cancer risk between 455 

men and women have been postulated. Bakewell et al. suggested that hormones in women allow 456 

for upregulation of the conversion of DPA to DHA, leading to a markedly higher concentration of 457 

DHA in body tissues and serum (83). The researchers suggested an alternate pathway that does 458 

not involve the desaturation and elongation pathway in which PUFAs are translocated into the 459 

endoplasmic reticulum, which independently regulates the conversion of DPA to DHA (83). 460 

Burdge and Wootton observed similar results to Bakewell et al. by using ALA labeled with the 461 

stable isotope C13 to determine if sex played a role in the conversion of ALA to long chain PUFA. 462 

Of note, women had an apparent higher ability to convert ALA to DHA compared to men (84). 463 

Interestingly, differences in the concentrations of EPA and DHA seen among women were mainly 464 

due to varying levels of estrogen in the body. 465 
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Another important factor to consider is the genetic variability of the participants, which 466 

may directly affect their ability to metabolize lipids. For example, fatty acid desaturase 1 (FADS1) 467 

is an enzyme that regulates the desaturation of FAs (85). In a recent study, Lankinen et al. observed 468 

that genotype matters when it comes to the efficiency of metabolism of certain FAs. The TT 469 

genotype, at baseline, was positively correlated with markers of systemic inflammation, high-470 

sensitivity C-reactive protein (hsCRP) and lipid mediators, such as AA (85). Lipid mediators in 471 

plasma differed based on whether the genotype was TT or CC. When TT genotype subjects were 472 

on the high LA diet, they had lower levels of hsCRP compared to CC genotype subjects (85). 473 

Interestingly, marine PUFA supplementation increased the percentage of EPA and DPA in 474 

phospholipids, cholesterol esters, and erythrocytes in subjects with the CC genotype (86). Zhu et 475 

al. looked at the role of long-chain PUFA in its effect on various biomarkers, including cholesterol 476 

and triglyceride levels in Chinese subjects with a high intake of fish or fish products. As a carrier 477 

of the C allele, subjects had lower HDL cholesterol levels when their erythrocyte levels of LA or 478 

ALA were low (87). Findings by Zhu et al. also suggested that carriers of the C allele are more 479 

likely to have an essential FA deficiency when their intake of LA or ALA was low (87). This 480 

illustrates the importance in evaluating relevant single nucleotide polymorphisms such as FADS1, 481 

to better understand the interaction between nutrition, genotype, and pancreatic cancer. 482 

Finally, epidemiological studies designed to identify patterns of disease in response to 483 

exposure have inherent limitations. For example, respondent bias is difficult to avoid. 484 

Additionally, pancreatic cancer can take many years develop into a detectable disease (88). Follow 485 

up time is often limited in intervention and prospective cohort studies. In nutritional epidemiology, 486 

the methodology of using food frequency questionnaires to recall dietary patterns and food intake 487 

recollection is imperfect. Retrospective case-control studies have limitations with participants 488 
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being asked about their exposure history of several factors for one to five years prior to their 489 

enrollment in the study, putting the study at risk for recall bias (89). Consequently, we recommend 490 

that besides food frequency questionnaires and 24-hour recalls, studies should include other 491 

methods to assess dietary intake, such as the use of plasma biomarkers, and consider including a 492 

diverse population that would lead to unbiased associations and generalizable conclusions. 493 

 494 

5. Missing knowledge and future research 495 

The effects that select lipids have on pancreatic carcinogenesis are complex with many 496 

conflicting findings. Although the majority of the current evidence from animal and human studies 497 

suggest that diets high in omega-3 PUFA may reduce pancreatic cancer risk, we would deem the 498 

currently existing data as insufficient for a general conclusion regarding the impact of fat quantity 499 

and composition in pancreatic carcinogenesis.  500 

Throughout our discussion, we have identified various specific shortfalls with regard to the 501 

available animal and human data that represent key opportunity areas for future advancement. We 502 

recommend the following list of criteria that should be included in all animal and human studies 503 

in order to strengthen the outcomes/conclusions and move the field forward. In addition to 504 

following ARRIVE 2.0 established guidelines for animal studies (69), calling to include sex, age, 505 

strain, researchers should also provide details about the diet and diet composition (Table 3). The 506 

lack of sufficient methodological details impairs reproducibility, and, in many cases, may explain 507 

why studies with somewhat similar design arrive to confronting conclusions. Moreover, future 508 

animal studies should consider using models that better mimic the human disease and the 509 

hypothesis being tested. Regarding human studies, future research should aim to include a large 510 
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and diverse population. Studies should consider how lifestyle, dietary patterns, environment, and 511 

genetics interact with each other and may affect disease state rather than attributing a single 512 

nutrient to disease progression (90). In addition, whenever possible, the use of well-characterized 513 

biomarkers is encouraged, since they do not rely on recall and are a less biased approach to dietary 514 

assessment. 515 

Even though we have made significant progress in our understanding of some of the 516 

mechanisms linking obesity and pancreatic cancer development, some important questions remain 517 

unanswered. Further studies are needed to increase our understanding on how changes in adipose 518 

tissue composition affect pancreatic inflammatory diseases, including pancreatitis and PDA. For 519 

instance, we need to depict how factors secreted from adipose tissue and the adipose cellular 520 

microenvironment affect the tumor microenvironment of PDA, and how changes in fat quantity 521 

and/or composition may affect the tumor-microenvironment communication and, ultimately, PDA 522 

development. 523 

Another important question is to characterize whether dietary changes influence PDA risk, 524 

by affecting the gut microbiome. In particular, it remains unclear how changes in fat quantity and 525 

composition affects the gut microbiome. We need to identify which differentially expressed gut 526 

metabolites and/or their molecular pathways impact PDA development.  527 

Given that obesity is a known PDA risk factor, it will be important to characterize the 528 

impact and mechanisms of dietary changes (i.e. changes in fat composition and quantity) and/or 529 

intentional weight loss programs (i.e. exercise interventions) to comprehend their role and possible 530 

mechanisms in PDA prevention. Of note, to better answer these questions, we need to develop and 531 

characterize the best preclinical models that mimic human obesity-associated PDA. 532 
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Finally, whenever possible, it is critical to corroborate preclinical findings of obesity-533 

associated PDA using human-derived samples, particularly adipose tissue. Finally, there is a need 534 

to develop markers of obesity-associated development of PDA to facilitate identification of 535 

individuals with obesity who are at higher risk of developing PDA. Thus, we strongly encourage 536 

future clinical studies to consider genetic factors, embrace minority populations and both sexes in 537 

their cohorts, and include biomarkers of dietary intake in order to better understand how dietary 538 

patterns influence the risk of developing pancreatic cancer.  539 

In summary, the complexity of nutrition research demands for clear reporting to better 540 

control for confounding variables and biases. Only standardizing and improving scientific rigor in 541 

nutrition research would allow us to advance our understanding on how dietary fat composition 542 

and quantity affects pancreatic carcinogenesis. 543 
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Models Dietary Intervention Dietary Fat - as 
described by authors 
(calculated % energy 

from fat) 

Conclusions First 
Author, year 
(reference) 

Orthotopic 
implantation 
of human 
HPAF cells 
in nude mice  

Mice were fed, for seven 
weeks, one of six different 
diets. Treatment groups 
included normal control diet, 
isocaloric diet, or one of four 
high-fat diets where more than 
50% of the oil was a single type 
of fatty acid by weight.  

Normal control diet: 
4% soybean oil (12% 
energy from fat);  
Iso-caloric diet: 5% 
soybean oil (11% 
energy from fat); 
High-fat diets: 
SFA: 15% cocoa oi 
MUFA: 15% olive oil  
n-6 PUFA: 15% 
soybean oil  
n-3 PUFA: 15% 
flaxseed oil  
(All 15% fat diets were 
34% energy from fat) 

ALA decreased tumor viability. 
LA accelerated liver metastasis. 
 
Mice on MUFA and omega-6 
PUFA diets had pancreatic tumors 
of similar size, but liver metastasis 
was greater in mice on the omega-
6 PUFA diet. Omega-3 PUFAs led 
to increased tumor necrosis and 
decreased metastasis. Tumors from 
the omeag-6 PUFA group had 
greater VEGF expression than 
those from the omega-3 PUFA 
group. 
 

Yu, 2015 
(33)  

 

Subcutaneous 
implantation 
of COX-2 
positive 
BxPC-3 cells 
in nude 
mice   

Mice were fed a diet based on 
the AIN-93G formulation for 
six weeks. The relative 
contributions of omega-6 from 
corn oil and omega-3 PUFAs 
from menhaden oil were 
formulated to create Diet A 
with a 10:0 omega-6:omega-3 
fatty acid ratio and Diet B with 
a 1:1 omega-6:omega-3 fatty 
acid ratio.  

20% calories from fat 
comparing high omega-
6 to equal omega-
6:omega-3 fatty acid 
ratio  

LA accelerated tumor growth. 
 
Marine omega-3 PUFAs 
discouraged tumor growth, while 
omega-6 PUFAs stimulated 
pancreatic tumor growth. Only 
tumors from the mice in the fish 
oil group had detectable levels of 
PGE3; PGE2 levels were decreased 
in the fish oil group compared to 
the corn oil group. The decrease in 
tumor growth in the fish oil group 
correlated with increased apoptotic 
cells in pancreatic tumors.  

Funahashi, 
2008 (34)  

Genetically-
engineered 
EL-Kras F1 
mice  

Mice were fed a high menhaden 
oil diet until 8 or 11 months of 
age and compared with age-
matched mice fed standard 
chow. 

Chow diet: 5% fat by 
weight  
(17% energy from fat) 
High omega-3 diet: 
23% fat by weight 
(45% energy from fat) 

EPA and DHA inhibited tumor 
growth. 
 
When compared to control mice, 
mice fed the high fish oil diet 
demonstrated reduced incidence, 
frequency, and proliferation of 
pancreatic lesions. 

Strouch, 
2009 (35)  

 

Genetically-
engineered 
(EL)-
KrasG12D 
mice (FVB, 
F1, B6)  

Mouse models were fed a high 
corn oil diet and compared to 
mouse models fed standard 
chow.                                          
    

Chow diet: 5% by 
weight  
(17% energy from 
fat)          
High omega-6 diet: 
23% fat by weight 
(45% energy from 
fat)                                 
   

LA accelerated tumor growth. 
 
EL-Kras F1 mice had increased 
incidence, frequency, and size of 
pancreatic neoplasia compared to 
EL-Kras FVB mice. The frequency 
and size of lesions along with 
weight and pancreatic mast cell 
densities in F1 mice increased 
when fed a high omega-6 FA diet 
compared to control mice.  

Cheon, 2011 
(36)  
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Models Dietary Intervention Dietary Fat - as 
described by 

authors 
(if not provided 

calculated % 
energy from fat) 

Conclusions First 
Author, 

year 
(reference) 

Genetically-
engineered KRAS 
mouse models 
(Ela-KRASG12D) 

Mice were fed one of three 
isocaloric diets with a 
combination of menhaden 
and safflower oils to 
generate omega-3 to 
omega-6 ratios of 2.5:1, 
1:15, and 1:125. 

45% kcal from 
fat 

LA accelerated tumor growth. 
The omega-3 enriched diet reduced lesion 
penetrance because of reduced pAKT, 
whereas the omega-6 enriched diet 
accelerated tumor formation.  Mice on the 
omega-3 diet showed reduced levels of 
pFOXO3a compared to that in KRAS mice 
fed control and omega-6 diets. 

Ding, 2018 
(37) 

Genetically-
engineered LSL-
KRAS G12D and 
PDX-1-Cre mouse 
models 

Mice were fed for 14 
weeks a control diet 
(modified AIN-76A) or a 
high-fat, high calorie 
(HFCD) diet rich in corn-
oil. 
 

Control diet: 
12% calories 
from fat      
 
HFCD: 40% 
calories from fat 
 

LA accelerated precancerous lesion 
development.  
KrasG12D mice fed a HFCD diet gained 
significantly more weight, experienced 
metabolic abnormalities with elevated 
circulating levels of insulin and IGF-1, and 
showed marked pancreatic tissue 
inflammation and acceleration of PanIN 
development. 

Dawson, 
2013 (39) 

Genetically-
engineered  LSL-
KRASG12D and 
P48+/Cre mice (KC) 

Mice were fed a control 
diet (modified AIN-76A) 
or a high-fat, high calorie 
(HFCD) diet rich in corn-
oil. Animals at 3, 6, and 9 
months of age were 
analyzed. 

Control diet: 
12% calories 
from fat      
 
HFCD: 40% 
calories from fat 

LA accelerated tumor growth. 
Pancreatic cancer incidence was increased 
in male HFCD-fed KC mice. KC mice fed 
the HFCD had more invasive inflammation 
and fibrosis, more advanced PanIN lesions, 
and increased PDAC incidence, compared 
to control mice. 

Chang, 
2017 (40) 

Subcutaneous 
implantation of 
COX-2 positive 
BxPC-3 cells in 
Nude mice 

Mice were fed a modified 
AIN-76A diet that either 
contained corn oil or corn 
oil + fish oil, with and 
without curcumin. 

Corn oil diet: 
18% fat by 
weight  
     
Corn + fish oil 
diet: 18% fat by 
weight (15% 
corn oil and 3% 
fish oil)  
 
(both 38% 
energy from fat)   

EPA and DHA inhibited tumor growth.  
Fish oil group demonstrated a 25% 
reduction in tumor volume compared to 
mice fed a diet rich in corn oil. The fish oil 
and curcumin combination diet led to a 
72% reduction in tumor volume, decreased 
expression and activity of COX-2 and 5-
LOX compared to other diets. Curcumin 
alone shows a reduction in COX-2 and 5-
LOX activity that reduces the production 
of tumor promoting compounds including 
harmful eicosanoids. 

Swamy, 
2008 (41) 

8-week-old male 
Syrian golden 
hamsters with 
chemically induced 
pancreatic cancer 
by BOP injections 

Hamsters were fed a 
standard diet low in fat 
(soya oil, 3% w/v) without 
ALA or a diet high in fat 
(soya oil 25% w/v) with 
increasing percentages of 
ALA (2.5, 5, 7.5 and 10%) 
for 16 weeks. 

Not enough 
information 

ALA and total fat accelerated liver 
metastasis.  
Hamsters treated solely with BOP had 
induction of PDAC in 91% of hamsters, 
while all other hamsters treated with 
different amounts of ALA had induction of 
100%. Administering increasing 
percentage of ALA demonstrated a dose 
dependent increase in the incidence of liver 
metastases. 

Wenger, 
1999 (42) 
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Models Dietary Intervention Dietary Fat - as 
described by 

authors 
(calculated % 

energy from fat) 

Conclusions First 
Author, 

year 
(reference) 

8-week-old male Syrian 
golden hamsters with 
chemically induced 
pancreatic cancer by BOP 
injections 

Hamsters were fed one of 
three experimental diets: 
a standard high-fat diet 
rich in omega-6 PUFAs, 
a diet containing a 
mixture of omega-3, 
omega-6 and omega-9 
PUFAs, or an omega-3 
PUFA rich diet coming 
from fish oil. 

Not enough 
information 

EPA and DHA resulted in 
smaller tumors. 
There were no significant 
differences in the incidence of 
PDA across the three diets, 
however, the omega-3 PUFA 
rich diet had the least number of 
macroscopically visible tumors 
compared to the other groups. 

Gregor, 
2005 (43) 

Orthotopic and 
subcutaneous Panc02 cells 
in C57BL/6 wild-type and 
Fat-1 transgenic mice 

Information not provided Information not 
provided 

Omega-3 inhibited tumor 
growth. 
Compared to wild-type, 
orthotopic tumors in Fat-1 mice 
demonstrated decreased 
intensity of B-catenin and 
increased apoptosis, ultimately 
leading to reduced tumor growth 
rate and size. 

Song, 2011 
(46) 

Female C57/BL/6 
heterozygous genetic 
background comparing 
wild type (WT), Fat-1, 
p48 cre/+ -LSL-
KrasG12D/+ (Kras, Fat-1-
Kras transgenic mice  

Mice were fed a modified 
AIN-76A diet containing 
10% safflower oil in 
place of corn oil.   

10% safflower oil  
 
(22% calories from 
fat)  

Omega-3 inhibited tumor 
growth. 
 
50% of KC mice developed 
PDAC compared to 8% Fat-1-
KC mice. Fat-1 mice had higher 
amounts of omega-3 PUFAs in 
the pancreas. Presence of n-3 
fats in the tissues reduced cell 
proliferation, increased 
apoptosis, and down-regulated 
COX-2 and 5-LOX.  

Mohammed, 
2012 (47) 

Genetically-engineered 
mice KrasLSL-

G12D/+, Trp53LSL-

R172H/+, & fElasCreERT which 
express tamoxifen-
regulated Cre  recombinase 
specific for the acinar 
cells  

Mice were fed a high-fat 
diet or regular chow diet 
for 10 weeks.  

High-fat diet:  60% 
calories from fat 
 
Chow diet: no 
information 
 
 
 

60% calories from fat diet 
accelerated liver metastasis. 
 
HFD-fed mice injected with 
rhFGF21 had reduced 
accumulation of abdominal fat 
and pancreatic triglycerides, 
fewer pancreatic cysts, reduced 
systemic and pancreatic markers 
of inflammation, fewer Pan-INs, 
no liver metastasis, and longer 
survival. 

Luo, 2019 
(52)  
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Models Dietary Intervention Dietary Fat - as 
described by authors 
(calculated % energy 

from fat) 

Conclusions First 
Author, 

year 
(reference) 

Orthotopic 
implantation of murine 
Panc02 cells in 
C57BL/6 male mice  

Mice were fed a normal, 
low-fat, or high-fat diets 
starting at six weeks of 
age.   

Normal diet: 17% 
calories from fat, 
equal amount SFA and 
unsaturated FA  
Low-fat diet: 10.2% 
calories from fat, 
approximately equal 
amounts of SFA, 
MUFA, PUFA  
High-fat diet: 61.6% 
calories from fat, 
equal SFA and PUFA  

60% calories from fat diet 
(primarily lard) accelerated tumor 
growth. 
Mice on the high-fat diet had 
larger tumors and higher serum 
CCK levels compared to controls. 
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 
VEGF-A expression in tumors.   

Matters, 
2014 (55) 

 CCK-KO male and 
female C57BL/6  
(mice genetically null 
of the CCK-
peptide)  implanted 
with Panc02-WT 
And male 57BL/6 
mice with 
orthotopically 
implanted MT5, 
subcutaneously 
implanted Panc02-WT 
or Pan-2 CCK-
receptornull  

Mice were fed a high-fat 
diet or regular fat diet.  

Control diet (5001 
chow): 14% kcal from 
fat   
 
High-fat diet: 60% of 
energy in kilocalories 
from fat    
 
 
 

60% calories from fat diet 
(primarily lard) accelerated tumor 
growth.  
 
A diet high in fat was 
demonstrated to stimulate 
pancreatic cancer growth in a CCK 
dependent manner. Furthermore, 
the effects of a high-fat diet to 
induce pancreatic carcinogenesis 
in a murine model were blocked 
by a CCK receptor antagonist. 
Tumor fibrosis was also reduced 
when mice were treated with the 
CCK receptor antagonist.  

Nadella, 
2018 (56) 

Wild type and multiple 
genetically-engineered    
C57BL/6J mice 
including crossing KC 
(Pdx1-Cre; KrasLSL-

G12D/wt) with ob/ob 
leptin deficient mice 
(KCO) and 
KPC mice (Pdx1-Cre; 
KrasLSL-G12D/WT; 
p53flox/WT 

Or 

Pdx1- Cre; KrasLSL-

G12D/WT; 

p53LSL-R172H/WT) 

among others 

Mice were fed a high-fat 
diet or low-fat diet 
starting at four weeks of 
age.  

Low-fat diet: 10% 
calories from fat  
 
High-fat diet: 60% 
calories from fat         

Obesity in mice and humans 
results in CCK expression in the 
pancreatic beta cells, which drives 
pancreatic carcinogenesis. 
 
CCK expression was reduced 
when obese mice were placed on a 
calorie restricted diet, regardless of 
if obesity was due to genetics or 
diet.   

Chung, 
2020 (58) 

*Calories from fat and energy from fat are synonymous and used interchangeably.  

  

Table 1. Preclinical studies reporting the relationship between pancreatic cancer and dietary fat (continued) 
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10 C
ase C

ontrol 
Studies + 8 C

ohort 
Studies  

R
etrospective C

ase 
C

ontrol Study 
(C

anada) 

Prospective C
ohort 

Study (Finland) 

Prospective C
ohort 

Study (Europe) 

Prospective C
ohort 

Study (U
SA

) 

Study D
esign 

(L
ocation) 

- - 

10.2 years 

11.7 years 

6.3 years 

Follow
-up 

D
uration 

N
 = 1,209,265 participants 

(cohort studies)                                                  
N

 = 2,514 cases and 18,779 
controls (case control studies) 

N
 = 462 cases                                            

N
 = 4,721 frequency-m

atched 
controls 

N
 = 163 cases                                            

N
 = 26,948 non-case subjects 

N
 = 375 controls                                       
N

 = 375 cases 

N
 = 308,736 m

en and 216,737 
w

om
en 

T
otal num

ber of 
subjects/articles 

- 

30-74 

M
edian age 

(cases) = 58            
M

edian age 
(non-cases) = 57  

35-70 

50-71 

A
ge 

There w
as no association betw

een high or 
low

 total fat intake and risk of pancreatic 
cancer am

ong the studies included. 

O
bese individuals m

ay benefit from
 the 

substitution of PU
FA

s w
ith SFA

s (palm
itic 

acid, stearic acid) or M
U

FA
s in reducing the 

overall risk of pancreatic cancer. 

H
igher intake am

ong m
ale sm

okers of SFA
s 

increased the risk of pancreatic cancer, w
hile 

high intake of energy and carbohydrates w
as 

m
odestly inversely related to the risk of 

pancreatic cancer. 

W
om

en w
ere at a decreased risk of 

pancreatic cancer w
hen their intake of LA

 
w

as high. M
en have an increased risk of 

pancreatic cancer w
hen trans FA

 intake w
as 

high. W
ith a high intake ratio of om

ega-6 to 
om

ega-3 fatty acids w
ere m

ore likely to be 
diagnosed w

ith pancreatic cancer. C
irculating 

A
LA

 and docosapentaenoic acid w
ere 

significantly associated w
ith decreased risk. 

H
igh intake of total fat, SFA

s, and M
U

FA
s 

w
as linked to a higher risk of pancreatic 

cancer. PU
FA

s w
ere not associated w

ith a 
higher risk of pancreatic cancer. The 
strongest association betw

een fat intake and 
pancreatic cancer cam

e from
 SFA

s from
 red 

m
eat and dairy products. 

C
onclusions 

Shen, 2014 (73) 

N
kondjock, 

2005 (74) 

Stolzenberg-
Solom

on, 2002 
(72) 

M
atejcic, 2018 

(71) 

Thiebaut, 2009 
(70) 

First A
uthor, 

year (reference) 

Table 2. Epidem
iological studies reporting the relationship betw

een pancreatic cancer and dietary fat 
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10 C
ase C

ontrol 
Studies + 9 C

ohort 
Studies 

Prospective C
ohort 

Study (N
etherlands) 

13 C
ase C

ontrol 
Studies + 7 

Prospective Studies  

R
etrospective C

ase 
C

ontrol Study 
(U

SA
) 

Prospective C
ohort 

Study (Japan) 

Study D
esign 

(L
ocation) 

9 years for cohort 

13.3 years 

- - 

12-15 years 

Follow
-up D

uration 

N
 = 5,596 cases                                        

N
 = 1,228,064 non-

cases 

N
 = 350 cases                                            

N
 = 3,980 subcohort 

m
em

bers 

N
 = 6,270 cases                                        

N
 = 1,141,717 
individuals 

N
 = 532 cases                                            

N
 = 1,701 controls 

N
 = 140,420 

individuals 

T
otal num

ber of 
subjects/articles 

- 

M
ean age 

(cases) = 62.1                       
M

ean age 
(subcohort) = 

61.2 

- 

21-85 

40-69 

A
ge 

Fish and fish oil consum
ption had no effect on 

the risk of pancreatic cancer. 

There w
as no relationship betw

een dietary 
intake of total fat, vegetable fat, SFA

s, 
M

U
FA

s, PU
FA

s, cholesterol, LA
, and linolenic 

acid, and the risk of pancreatic cancer. H
igh red 

m
eat intake w

as associated w
ith a higher risk of 

pancreatic cancer. 

R
elative risk of pancreatic cancer on a diet high 

in SFA
s w

as 1.13 (95%
C

I = 0.94-1.35), on a 
diet high in M

U
FA

s w
as 1.00 (95%

C
I = 0.87-

1.14), and on a diet high in PU
FA

s w
as 0.87 

(95%
CI = 0.75-1.00). O

verall, diets high in 
PU

FA
s w

ere associated w
ith a reduced risk of 

pancreatic cancer. 

Pancreatic cancer risk increased w
ith an 

increased intake of eight individual SFA
s, tw

o 
M

U
FA

s, and the PU
FA

 linolenic acid. O
m

ega-
3 fatty acids and gadolic acid w

ere associated 
w

ith a reduced likelihood of pancreatic cancer. 
Participants w

ith the highest intake of linolenic 
acid versus the low

est intake w
ere at a higher 

risk of pancreatic cancer. 

Pancreatic cancer risk w
as reduced by 30%

 in 
the Japanese population w

hen intake of EPA
, 

D
PA

, and D
H

A
 from

 m
arine sources w

as high. 

C
onclusions 

Q
in, 2012 (80) 

H
einen, 2009 

(79) 

Y
ao, 2015 (77) 

G
ong, 2010 (76) 

H
idaka, 2015 

(75) 

First A
uthor, 

year (reference) 

Table 2. Epidem
iological studies reporting the relationship betw

een pancreatic cancer and dietary fat (continued) 
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R
etrospective 

C
ase C

ontrol 
Study (U

SA
) 

Study D
esign 

(L
ocation) 

- 

Follow
-up 

D
uration 

N
 = 384 cases                                            

N
 = 983 controls 

T
otal num

ber of 
subjects/articles 

M
ean age (cases)        

= 67                            
M

ean age (controls) = 
65.8 

A
ge 

D
iets high in SFA

s along w
ith dietary fats from

 dairy are 
associated w

ith an increased risk of pancreatic cancer. 
W

hile diets high in PU
FA

s and linoleic acid w
ere 

correlated w
ith better outcom

es and an overall reduced 
risk of pancreatic cancer. N

ot only did the type of fat 
have an effect, but the beneficial effects acted in a dose-
dependent m

anner (high versus low
 concentration of 

PU
FA

s and linoleic acid). 

C
onclusions 

Jansen, 2013 (81) 

First A
uthor, 

year (reference) 

Table 2. Epidem
iological studies reporting the relationship betw

een pancreatic cancer and dietary fat (continued) 
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Diet composition details 
1 Diet recipes available with weight of all ingredients? �  
2 Caloric density of all diets (kcal/gram – specify if dry weight or otherwise) �  
3       If multiple diet interventions were studied, were they isocaloric?  �  

Macronutrient composition  
4 Percent calories from carbohydrates �  
6 Percent calories from protein �  
7 Percent calories from total fat �  
8      Percent calories from saturated fatty acids �  
9      Percent calories from monounsaturated fatty acids �  
10      Percent calories from polyunsaturated fatty acids �  
11           Ratio: total omega-6 fatty acids (weight) to total omega-3 fatty acids (weight) �  
12 Fiber (% weight/weight, grams/kcal, or grams/1,000 kcal) �  

Micronutrient composition  

13 Micronutrients present in diet calculated from all sources, not only vitamin/mineral mix 
(micrograms, milligrams, or grams/kcal or 1,000 kcal) 

�  

Other 
14 Provide information on whether diet composition was analyzed or how the composition 

information calculated? 
�  

Diet Handling  
15 Information regarding the processing of diet (pelleting, % hydration, heat exposure, etc.) �  
16 Information on how the diet was stored (temperature, length of time)? �  
17    Any special precautions taken to prevent fatty acid oxidation? (ex: use of N2) �  
18 How often was fresh diet provided? �  

Feeding Details 
19 How much did animals eat? (average in grams per day) �  
20      Were animals co-housed or singly housed? �  
21 Estimated caloric intake of animals (How was this determined?) �  
22 What time of day and how frequently was dietary intake data collected? �  

Table 3. Suggested animal nutrition research best practice reporting guidelines 
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Figure legends 

 

 

Figure 1. Scheme illustrating the molecular effectors affected by an increased body fatness, that lead to an 
increase in cell proliferation and decrease in apoptosis, finally culminating with an increased pancreatic 
cancer development.  A high fat/calorie intake leads to an increase body fatness. The mechanisms by which 
increased body fatness fat influences pancreatic carcinogenesis are multifactorial, with growth factors, signaling 
pathways perturbations, hormones, and inflammatory molecules being the major ones. FGF – fibroblast growth 
factor; IGF –insulin like growth factor; NF-κB – nuclear factor kappa B; STAT3 - signal transducer and activator 
of transcription 3; IL-6 – interleukin -6; COX-2 – cyclooxygenase 2; CCK – cholecystokinin. 

 

 

Figure 2. Effect of  specific types of fat on pancreatic cancer incidence and progression. Current preclinical 
evidence suggests that diets high in omega-3 polyunsaturated fatty acids are associated with reduced pancreatic 
cancer risk, while diets high in omega-6 appear to enhance pancreatic cancer development. Diets high in saturated 
fats and MUFAs appear to suggest an increase in pancreatic cancer incidence and progression. However, the 
current evidence is inconclusive (dash lines). PUFA – polyunsaturated fatty acid; SFA – saturated fatty acid; 
MUFA – monounsaturated fatty acid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INCREASED 
BODY FATNESS

Inflammation

Insulin resistance

Cytokines/Adipokines

Cell proliferation
Metastasis
Apoptosis

Pancreatic cancer development

CCK

Signaling pathwaysGrowth factors
NF-κB; STAT3

Hormones

Adiponectin; IL-6; 
Leptin

IGF-1

Cox-2

FGF-21; IGF-1

DIETARY 
FAT/CALORIE 

INTAKE

Figure 1
Wirkus et al.



Pancreatic cancer 
incidence and 
progression

Diets high in
Omega-6 PUFAs

Diets high in 
Omega-3 PUFAs

Diets high in 
MUFAs 

Diets high in 
SFAs 

Figure 2
Wirkus et al.


	CLEANED_Revised_Review Wirkus_et_al_12-11-20
	Figures Review article_12-11-20
	Slide Number 1
	Slide Number 2




