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Abstract

Overweight and obesity have reached pandemic levels on a worldwide basis and are associated 

with increased risk and worse prognosis for many but not all malignancies. Pathophysiologic 

processes that affect this association are reviewed, with a focus on the relation of type 2 diabetes 

mellitus with cancer, lessons learned from the use of murine models to study the association, the 

impact of obesity on pancreatic cancer, the effect of dietary fats and cholesterol as cancer 

promoters, and the mechanisms by which the intestinal microbiome affects obesity and cancer.
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Introduction

Overweight and obesity are expanding on a worldwide basis, reaching levels of 60–70% of 

the adult population in developed countries and increasing rapidly in developing countries as 

well.1–3 Based on the National Health and Nutrition Examination Study (NHANES), 35.7% 

of U.S. adults and 17% of U.S. children and adolescents were obese in 2009–2010.4,5 

Obesity is more prevalent among the elderly4 and shows an ethnic distribution such that the 

prevalence of obesity is greatest in non-Hispanic Blacks, followed by Hispanics, followed 

by Caucasians.6,7 Estimates based on logistic regression suggest that by 2030, obesity 

among U.S. adults will increase by at least 33%, such that 42–51% of the adult population 

will be obese, with a severe obesity prevalence of 11%.8 This increase in the prevalence of 

obesity has been accompanied by increases in its associated comorbidities, including type 2 

diabetes mellitus (T2DM), cardiovascular disease, and cancer. The increase in obesity is 

associated with an increased risk for development of multiple malignancies, including 

colorectal cancer; esophageal adenocarcinoma; and cancer of the gastric cardia, gallbladder, 

pancreas, liver, kidney, postmenopausal breast, endometrium and thyroid, as well as non-

Hodgkin lymphoma, multiple myeloma, and most likely ovarian cancer high-grade prostate 

cancer; the list continues to grow.9–14 While obesity is associated with an increased risk for 

development of many malignancies, some, such as lung cancer, premenopausal breast 
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cancer, and esophageal squamous cell carcinoma appear to have an inverse association with 

obesity.12

In addition to their associations with greater incidence of cancer, overweight and obesity 

increase the risk of death for patients with most of the malignancies listed above, as well as 

for patients with premenopausal breast cancer and squamous cell oral tongue cancer.15,16 In 

the United States, the impact of overweight and obesity has been estimated to account for 

14% of cancer deaths in men and 20% of cancer deaths in women.17 In addition to its 

pathophysiologic effects on tumor growth, obesity complicates management of patients with 

cancer further by making it more difficult to determine correct doses for chemotherapy.18–23 

In contrast, maintaining normal weight at a BMI < 25 kg/m2 is projected to prevent 90,000 

cancer deaths per year in the United States.17,24

The association of obesity with cancer and the potential role of intentional weight loss in 

preventing cancer incidence and mortality have been demonstrated in two major bariatric 

surgery studies.25–27 In the Swedish Obese Subjects (SOS) Study, over 4,000 obese patients 

(BMI ≥ 34 kg/m2) were enrolled prospectively in a comparison of 2010 bariatric surgery 

patients to 2036 controls. During a median follow-up of 10.9 years (range 0–18.1 years) 

bariatric surgery was associated with a 40% reduction in cancer incidence.25,26 In a 

retrospective study, 7925 patients (BMI ≥ 35 kg/m2) who had undergone gastric bypass 

surgery in a single surgical practice in Utah were compared to 7925 matched controls.27 

During a mean follow-up period of 7.1 years (18 years total) there was a 60% decrease in 

cancer mortality associated with bariatric surgery.27 Both groups were predominantly 

composed of women, 84% in the Utah study and 70% in the SOS study.25–27 Interestingly, 

the SOS study reported that the decreased incidence of cancer in association with bariatric 

surgery occurred in obese women but not in obese men.26

These alarming statistics are of even greater concern for their impact on public health when 

one considers the following trends. First, the increased incidence of obesity in children and 

the likelihood that obese children will mature into obese adults means that more people will 

be exposed to the obesity-associated cancer-promoting conditions for longer periods in their 

lives, where increasing evidence indicates that longer exposure is associated with greater 

risk for cancer incidence28,29 and cancer deaths.30 Second, the aging or graying of the baby 

boomer population, those born between 1946 and 1964, is expected to significantly expand 

the population of older adults (i.e., those over 65 years of age) among whom cancer and 

obesity are more prevalent.4,31 Third, as noted above, the incidence of obesity and severe 

obesity in this population is projected to increase over the next two decades.4,32 Thus, we 

are facing a so-called “perfect storm” of public health trends with convergence of the 

obesity pandemic, expansion of the elderly population, and the graying of the baby boomers 

to an age where they are at greatest risk for cancer development.

The best way to interfere with the obesity-associated comorbidities, particularly cancer, is to 

maintain normal body weight throughout life and to modify lifestyle behaviors in order to 

control weight when obesity has already developed. Lifestyle guidelines to achieve these 

goals, targeting weight control and cancer prevention, have been established,33 and 

mechanistic and research opportunities for interventions as well as overcoming obstacles to 
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these processes have been identified.3435 Nonetheless, because of the refractory global and 

individual nature of the problem, obesity and its associated comorbidities constitute public 

health issue number one.

As a result of its dire public health implications and its intrinsic interest as a 

pathophysiologic phenomenon, the relation of obesity to cancer and its mechanisms, 

mediators, and potential interventions have become the subject of expanded research. These 

initiatives have been increasing since the association of obesity with cancer risk and 

prognosis was raised to high visibility in the biomedical community with publication of the 

results from the American Cancer Society Cancer Prevention Study II.17,24,36 Nonetheless, 

the obesity–cancer relation still remains a surprise revelation to much of the public and some 

of the biomedical community as well, and greater awareness and understanding might 

contribute to more successful preventive and remedial interventions.

Current mechanisms by which obesity is postulated to promote cancer include (1) increased 

levels and bioavailability of growth factors such as insulin and insulin-like growth factor 

(IGF-1), (2) increased sex steroid hormones such as estrogen and factors affecting their 

metabolism, (3) altered adipocytokine levels such as leptin, adiponectin, and visfatin, all 

originally thought to primarily affect energy balance, but now known to have growth, 

immune, and tumor-regulatory functions, (4) low-grade inflammation and oxidative stress 

affecting growth-promoting cytokines and immune modulation, and more recently, (5) 

altered microbiomes, especially those composing the intestinal flora.10,37,38 The goal of this 

review is to highlight recent developments that provide important insights in several, of 

these areas. In selected cases, the reader is referred to recent reviews that provide more 

comprehensive details on the specific subject.

In the following material, we review several different topics and approaches connected 

primarily by their relation to obesity-associated cancers and because of the recent insight 

they provide for understanding the process. The first section focuses on the impact of 

diabetes and cancer. Previously assumed to be two separate comorbidities associated with 

obesity, it has now become clear that diabetes and cancer have important mechanistic 

relations. Moreover, concerned patients with diabetes are beginning to ask questions about 

this relation, especially regarding the carcinogenic and/or potential therapeutic effects of 

agents used to treat diabetes. The second section, on animal models, provides recent insights 

into the obesity cancer issue gained from these experimental systems, especially as to the 

role of cancer stem cells. The third section provides a focus on recent studies combining the 

impact of epidemiology, molecular genetics, and murine models on the relation between 

obesity and pancreatic ductal adenocarcinoma. This focus was selected, because of exciting 

new developments and also because, of all the obesity-associated malignancies, pancreatic 

cancer is probably the most fulminant and refractory to therapy. Therefore it is a disease 

where novel, obesity-focused approaches to therapy could provide highly important 

contributions. Moreover, the major tumor types of obesity-associated cancers, 

postmenopausal breast13,39–47 and colorectal cancer,48–52 have been extensively reviewed. 

Recent reviews have likewise been published on the association of obesity with 

hepatocellular cancer (HCC), the fourth most common malignancy on a worldwide 

basis.53–57 The fourth area reviewed provides a conceptual approach to understand the 
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contribution of dietary fats to cancer and their ability to affect the mediating processes in the 

presence or absence of obesity. In addition, this section reviews the exciting new research 

providing a pathway to explain how hypercholesterolemia may promote cancer through an 

estrogen mimetic process. A relatively new research area investigating the profound impact 

of the intestinal microbiome to obesity and cancer is reviewed in the final section. Overall, 

this review provides a highly transdisciplinary overview of some of the recent exciting 

developments in understanding the relationship between obesity and cancer and its 

pathogenesis.

Impact of diabetes on cancer

While T2DM and cancer are each comorbidities of obesity, T2DM, the metabolic syndrome, 

and their associated pathophysiologic effects, including insulin resistance, hyperinsulinemia, 

increased bioavailable IGF-1, and hyperglycemia function, also increase both the risk of 

multiple types of cancer and cancer mortality.12,58–62 For example, the risk for development 

of post-menopausal breast cancer and related mortality are both increased in women with 

T2DM.63–66 In addition, T2DM has been hypothesized to contribute to the disparity in 

survival among minority women with postmenopausal breast cancer, where Hispanic and 

African American women have higher rates of T2DM compared to Caucasian women,67 and 

where Hispanic and African American women have lower rates of developing 

postmenopausal breast cancer, but higher mortality rates compared to Caucasians.66,68 Other 

malignancies whose risk increases with T2DM include colorectal, endometrial, pancreatic, 

hepatocellular, and bladder cancer and non-Hodgkin lymphoma.12 Interestingly, prostate 

cancer appears to be inversely associated with T2DM, possibly reflecting the lower 

testosterone levels that accompany T2DM.69,70

The insulin resistance and consequent hyperinsulinemia that accompany T2DM and 

metabolic syndrome serve to facilitate glucose uptake by muscle, fat, and liver mediated by 

type B insulin receptors. Elevated levels of insulin may also stimulate mitogenesis and 

growth in a number of tissues, especially embryonic and tumor tissues, containing type A 

Insulin receptors.3,71–74 Elevated insulin levels may also increase IGF-1 and decrease IGF-

binding proteins, thereby providing higher levels of biologically active IGF-1 proteins, 

which further interact with cell-surface receptors to stimulate tumor growth.75,76 The 

growth- and tumor-promoting effects of insulin and IGF-1, starting with cell-surface 

receptors and progressing downstream through the phosphatidylinosotide 3-kinase (PI3K)–

AKT–mTOR pathway regulating cell growth and differentiation, and the Ras–Raf–MEK–

MAPK mitogenic pathway, have been extensively reviewed.77–79

An alternative mechanism by which hyperinsulinemia may contribute to cancer 

development and/or progression is through upregulation of cellular metabolic activity 

leading to DNA damage and potential mutagenesis. Applying elevated insulin 

concentrations at levels achievable in vivo during hyperinsulinemia to HT-29 and Caco-2 

human colon cancer cell lines in culture resulted in increased mitochondrial production of 

reactive oxygen species and DNA strand breaks. Similar DNA damage was produced by 

application of high insulin levels in tissue culture to normal rat intestinal epithelium or 

normal human peripheral blood lymphocytes.80 The contribution of elevated insulin levels 
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to increased cancer risk is supported also by epidemiologic studies indicating that 

therapeutic use of insulin or insulin secretagogues such as sulfonylureas are associated with 

increased risk of cancer in both animals and humans59,60 In contrast, metformin, which is 

used to treat diabetes by interfering with hepatic gluconeogenesis, and consequently 

lowering insulin secretion, has been associated with a decreased risk for cancer 

development.12,81,82 While metformin has an insulin-lowering effect, it also restricts growth 

in tissue culture and in vivo by insulin-independent mechanisms involving inhibition of 

activation of adenosine monophosphate kinase (AMPK) and consequently inhibiting the 

mTOR pathway, critical for cell proliferation.81 Metformin was shown to increase the 

remission rate in diabetic women taking metformin who were receiving neoadjuvant therapy 

for breast cancer,83 and metformin is currently undergoing early clinical trials for treating a 

variety of malignancies.40,81,84–87

Another class of antidiabetic therapies that may affect cancer are targeted at peroxisome 

proliferator-activated receptor γ (PPARγ), which is a lipid-activated transcription factor 

responsible for upregulating many of the components of adipocyte differentiation, fat 

storage apoptosis, and the anti-inflammatory response.88 PPARγ agonists of the 

thiazolidinedione class, especially pioglitazone, have become important agents for the 

control of diabetes, hyperinsulinemia, hyperglycemia, and hyperlipidemia.88 Pioglitazone 

has also been shown to prevent intestinal carcinogenesis in genetically predisposed and 

carcinogen-treated rodent models.89,90

From a mechanistic viewpoint, tumor cells, compared to normal cells, require increased 

uptake of glucose to support energy generation by aerobic glycolysis. Cancer cells also use 

increased glucose for synthesis of fatty acids, nucleotides, and other building blocks 

required for tumor growth.91,92 From a diagnostic viewpoint, this requirement for increased 

glucose uptake by tumor cells relative to normal cells provides the basis for the increased 

uptake of [18F]-fluorodeoxyglucose, which is used as a tracer molecule to identify tumors by 

positron emission tomography.93 This process may be significantly influenced by obesity, 

diabetes, blood glucose, and insulin levels.93 Since metabolizing glucose by the process of 

aerobic glycolysis yields less energy in the form of ATP than the metabolism of glucose by 

oxidative phosphorylation, and since tumor cells need even more glucose to synthesize the 

structural components required to expand tumor mass, this increase in glucose need is 

supported by diabetes-associated hyperglycemia. Further indication of the clinical impact of 

these observations can be found in a recent series of reports94, 95 showing that a Western 

diet consisting of red meat, processed meat, refined grains, and sugary deserts was 

associated with increased risk of recurrence and inferior survival in patients with stage III 

colon cancer.94 In a subsequent study to further examine the dietary components responsible 

for these adverse outcomes, it was shown that dietary glycemic load and carbohydrate 

content were both associated with poorer disease-free, recurrence-free and overall 

survival.95 The adverse effects of the increased glycemic and carbohydrate loads occurred in 

patients with higher body mass index.95 These studies suggest the high dietary glycemic 

load in patients with elevated body mass index, who are likely to have metabolic syndrome 

or T2DM, can lead to hyperglycemia, providing increased fuel for tumor growth and 

progression leading to more rapid mortality. These observations are further supported by a 
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recent report showing worse disease-free survival among 4,131 Korean colorectal cancer 

patients with T2DM compared to patients without T2DM.96 These and other studies indicate 

the important need to incorporate pharmaceutical, behavioral, and potentially surgical 

approaches to weight control and reduction of fat mass in patients undergoing cancer 

therapy.97–99

Murine models, obesity, and cancer

Murine models of human malignancies provide important systems to study the impact of 

energy balance, including diet, obesity, and exercise on tumor initiation and progression. 

Overall, these studies have shown that high-fat diets (HFDs) and diet-induced obesity (DIO) 

serve as tumor promoters resulting in earlier appearance, greater frequency, accelerated 

growth, larger tumor size, and, in some cases, more frequent metastasis of genetically 

initiated tumors. These genetic alterations may develop spontaneously and/or be acquired 

hereditarily, they may be induced by DNA-damaging agents or they may be created by 

genetic manipulation.100 For example, the Min (multiple intestinal neoplastic) mutation, 

resulting in a truncation mutation in the mouse adenomatous polyposis coli (Pac) gene, 

provides a model for both the human hereditary condition familial adenomatous polyposis 

and also for sporadic colon cancer in humans, where the gene is commonly mutated at an 

early time in tumor development.101–103 Studies in C57BL/6J mice bearing the ApcMin/+ 

genotype consistently demonstrate that HFDs accelerates development and increases size 

and number of intestinal tumors.104 The tumor-promoting effects of HFDs are both 

concentration- and composition-dependent and can be stimulated even in HFD-fed obesity-

resistant animals.105 It is noteworthy, however, that in the ob/ob leptin-deficient, the db/db 

leptin receptor-deficient, and the Ay agouti mouse models, where obesity develops 

independent of diet composition, obesity still serves to promote neoplastic changes in 

intestine and other tissues.90,106–110 Moreover, another recent study has shown that HFD-

generated DIO continues to promote increased intestinal neoplasms, even when the 

carcinogen azoxymethane (AOM) is administered after the HFD has been replaced by 

regular chow.111

Using the Apc1638/+ mouse model of intestinal neoplasia to investigate DIO-associated 

increases in tumors, it was observed that surgical removal of visceral fat from mice with 

DIO attenuates intestinal macroadenoma development in female but not male mice, 

compared with controls.97,98 In contrast, caloric restriction in these mice reduced intestinal 

macroadenoma development in males but not females.97 Attenuation of macroadenoma 

development was shown to occur at the micro- to macroadenoma transition, illustrating the 

role of obesity as a tumor promoter rather than initiator. Most interesting, however, is that 

these experiments now indicate that obesity and adipose tissue, independent of dietary fats, 

can each promote cancer, and the process is differentially influenced by gender.97,105,111 It 

is noteworthy, however, that feeding a Western-style diet without mutagens to C57BL/6J 

mice for greater than 18 months resulted in benign or malignant intestinal tumors in 

approximately 40% of mice.112 Thus, in addition to the numerous demonstrations that 

HFDs, obesity, and adipose tissue may all serve as promoters of cancer growth, it also 

appears that long-term exposure, greater than 1 year in mice, may actually exert a 

mutagenic/carcinogenic effect. Although the possibility remains, in these long term 
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experiments, that the HFD, obesity, and adipose tissue effects remain those of a promoter 

affecting acquired, sporadic mutations as opposed to serving as primary mutagen/

carcinogen.

Comparing the effects of HFDs in different strains of mice, long-term feeding of a HFD, for 

more than one year, in C57BL/6J mice but not A/J mice has been shown to cause obesity 

and recapitulate all the steps of human non-alcoholic fatty liver disease (NAFLD) and non-

alcoholic steatohepatitis (NASH), including steatosis, inflammation, ballooning 

degeneration, fibrosis, cirrhosis, and dysplasia leading to HCC.113 Molecular analysis 

indicates the importance of the Myc pathway and NF-κB-associated inflammatory 

cytokines.113 This observation is notable in that feeding C57BL6/J mice long-term HFDs 

leads to the development of malignancy, even without use of hepatocarcinogens or known 

predisposing genetic alterations. Nonetheless, these studies show interaction of genes with 

environment since a HFD leads to obesity and HCC in C57BL/6J but not A/J mice.113 

Similar results in terms of developing multiple, discrete hepatic dysplastic nodules 

characteristic of HCC, without use of hepatocarcinogens or genetic alterations, occurred in 

Tsumora, Suzuki, obese diabetes (TSOD) male mice with a polygenic disorder leading to 

diabetes and obesity while being maintained on a basal diet.114 It is noteworthy that HCC in 

both the C57BL/6J and TSOD mice occurred after 12 months of age and long-term 

obesity.113,114 As noted above, these cancers, resulting after long-term exposure to HFDs 

and long-term obesity, suggest the possibility of a fat-associated mutagenic/carcinogenic 

effect.

Following subcutaneous inoculation of tumor cells from a transplantable mouse forestomach 

carcinoma (MFC)-derived cell line, it was shown that mice with DIO compared to lean mice 

developed accelerated tumor growth, enhanced tumor size, and reduced apoptosis.115,116 

Tumors derived from obese mice were noted to have higher levels of intratumoral adipocyte 

content, suggesting the possibility of a paracrine process mediating the effects of adipocytes 

on tumor cell growth. Compared to lean mice, the DIO mice showed hyperglycemia, 

glucose intolerance, insulin resistance and elevated Visfatin levels, both in tumor cells and 

circulation, and elevated Sirt-1 and c-Myc proteins in tumor cells.116,117 Visfatin, an 

adipocytokine secreted by adipocytes, was initially identified as pre-B cell colony-enhancing 

factor (PBEF), based on its activity as a growth factor for early stage B cells. Visfatin is now 

known to be identical TO nicotinamide phosphoribosyl transferase (Nampt).118 It catalyzes 

the condensation of phosphoribosyl-1-pyrophosphate with nicotinamide, to form 

nicotinamide mononucleotide (NMN), a precursor in the salvage pathway generating NAD+. 

Sirt1 is an NAD+-dependent histone deacetylase, which deacetylates a variety of proteins 

including the p53 tumor suppressor, thereby promoting proliferation of cells with DNA 

damage. cMyc is a key transcription factor linked to the proliferation of tumor cells.119 

These proteins, cMyc, Sirt1, and Nampt have recently been shown to be upregulated in a 

variety of tumors and are proposed to be a tumor growth-promoting pathway.120 Thus, the 

higher circulating and tumor levels of Nampt accompanied by elevated tumor levels of Sirt1 

and cMyc in mice with DIO, compared to lean mice, provides another pathway by which 

obesity may promote gastric cancer and possibly tumors of other organs.
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The adipokine leptin, important in regulating appetite, body weight, and energy balance121 

is elevated in proportion to body fat mass as a mechanism to control food intake. Deficiency 

of leptin action, which can result from mutation in the leptin gene (ob) or the leptin receptor 

gene (db), as well as from leptin resistance, results in dysregulated appetite control, obesity, 

and obesity-associated diabetes.122–124 Tissue culture studies show that leptin stimulates 

crosstalk between breast cancer cells and the tumor microenvironment that promotes cell 

proliferation and migration, whereas leptin depletion reduces proliferation and migration.125 

Studies in mouse and human tumors and tumor-derived cell lines show that leptin stimulates 

both an increase and activation of growth-regulatory pathways including JAK/STAT, NF-

κB, PI3KKinase/AKT/mTOR and MAP kinase in colorectal cancer and HCC123,126 and 

inhibits apoptosis.127

Recent studies with the MMTV-Wnt-1 mammary tumor mouse demonstrate that obesity-

mediated elevated levels of leptin promote survival and growth of breast cancer stem cells 

through promotion of stem cell self-renewal transcription factors NANOG and Sox2.109,128 

Leptin treatment has been shown to upregulate a number of growth-promoting pathways in 

breast cancer stem cells including the Stat3 transcription factor.129,130 Knockdown of the 

leptin receptor in both mouse and human breast cancer cell lines reduces tumor growth.128 

More recently, a series of nanopeptides have been synthesized that block leptin effects in 

vitro and in vivo and interfere with growth of human HT29 colon and MCF-7 breast cancer 

cells. These leptin receptor antagonists interfere with several leptin-stimulated pathways 

including JAK/Stat3, MAPK, PI3K/AKT, cyclin D1, and E-cadherin.131 Although still in 

early development, these studies hold promise for targeting leptin activity to control obesity-

associated tumors.

While elevated leptin levels commonly seen in obesity may directly affect cancer cell 

growth in vitro and in vivo, recent studies show that, in diabetic MKR mice bearing 

orthotopic breast tumors, continuous infusion of leptin reduced tumor progression in mice 

while glucose tolerance improved. These paradoxical observations, suggesting that leptin 

may stimulate tumor growth, or show the opposite effect of controlling tumor growth, 

indicate that important differences are likely to be noted as adipocytokines and other 

biologic factors are manipulated to control both their tumor-promoting as opposed to their 

physiologic functions132

In another mouse model, HFDs have been shown to produce inflammation through 

upregulation of NF-κB signaling in the mouse prostate.133 The transgenic TRAMP mouse, 

containing the prostate-specific rat probasin promoter linked to the SV40 large T antigen 

gene, has been shown to undergo more rapid development of prostate intra-epithelial 

neoplasia and cancer in obese mice and in mice fed a Western-type diet, enriched in fat and 

cholesterol, compared to those fed a regular chow diet.134–137 TRAMP tumor cells injected 

into flanks of C57BL6 mice form tumors that are larger in HFD-fed animals compared to 

normal chow-fed animals. Tumors were enlarged in HFD-fed mice even when the mice 

were resistant to DIO.138 TRAMP prostate tumor cell growth can be reduced by treatment 

with adiponectin, whose effect can be blocked by simultaneous treatment with leptin.139 

Leptin may also be involved in promoting prostate cancer cell growth in TRAMP mice in an 

androgen-independent manner.140 Interestingly, feeding TRAMP mice a diet enriched with 

Berger Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fish oil reduced the overall incidence of tumors and more specifically of carcinoma, 

compared to high fat-fed mice.141 Likewise, feeding mice a high-fat walnut-based diet 

reduced tumor size and IGF-1.142 These latter studies show again that the tumor-promoting 

effects of fats are both concentration and composition dependent.

Sox2 is required for self-renewal of both stem cells and cancer stem cells.143 Recent studies 

using a Sox2-green fluorescent protein fusion reporter to isolate Sox2-expressing stem cells 

from mouse foregut showed that these cells were capable of growing as esophageospheres in 

3D culture.143 Overexpression of Sox2 in the mouse esophagus and forestomach resulted in 

hyperplasia with increased proliferation and expansion of typical basal cell populations 

within both the esophagus and forestomach. In these mice, squamous cell carcinoma (SCC) 

developed in the forestomach but not in the esophagus. Subsequent studies showed 

increased IL-6 and Stat3 in forestomach tumors, and treatment with IL-6 in tissue culture 

resulted in abnormal morphology of both esophageal and forestomach-derived cells, 

supporting a role for the IL-6-Stat3 pathway in promoting transformation in Sox2-

expressing esophageal cancer stem cells. This pathway and its role in tumor generation were 

further supported by treating mice with dexamethasone to suppress inflammation, resulting 

in reduced IL-6 accumulation and reduced tumor incidence. Transduction of Sox2-

expressing esophageal stem cells with an active Stat3-expressing lentivirus, followed by 

their transplantation into immunodeficient NOD/SCID mice, confirmed the requirement for 

cooperation between Sox2 and Stat3 for tumor promotion in vivo and in vitro.143 These 

investigators also reported that increased levels of phospho-Stat3 and phopho-Sox2 in 83 

patients with human esophageal SCC correlated with poorer prognosis, as demonstrated by 

5-year survival (14.3% vs. 42.9%, P < 0.01) in patients whose tumors express Sox2 only. 

Importantly, knockout of Sox2 and/or Stat3 in either mouse or human cell lines reduced 

their tumor-forming capacity in culture and in xenografts.

These studies in esophageal cancer clearly demonstrate a requirement for Sox2-expressing 

stem cells and stimulation by IL-6-type inflammation, both in vitro and in vivo.143 IL-6 

treatment increases Stat3 production, which together with Sox2 stimulates formation of 

mouse foregut SCC. It is interesting, however, that the incidence of esophageal SCC in 

humans is decreasing, while the incidence of esophageal adenocarcinoma is increasing along 

with the increased incidence of obesity.144 As noted above, obesity is clearly associated with 

an increase in circulating IL-6 and other inflammatory cytokines. Also as noted above, the 

same factors, Sox2 and Stat3, along with NANOG and OCT4, have been shown to be 

upregulated and/or activated by the adipocytokine leptin, serving as a mediator of the 

obesity-associated increase in postmenopausal breast cancer.109,128 In a study of 392 

patients with Barrett's esophagus, risk of developing esophageal adenocarcinoma increased 

with increasing leptin concentration and decreasing adiponectin145 Thus, it will be 

interesting to test the effect of obesity in the forestomach system outlined above to 

determine whether the addition of obesity and/or adipokines to this system will differentially 

stimulate tumor growth and/or histopathology. Other potential contributions to the 

development of esophageal adenocarcinoma have recently been reviewed.144
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Obesity and pancreatic cancer

An association of obesity with pancreatic cancer has long been observed. Other risk factors 

for pancreatic cancer include tobacco use, pancreatitis, and T2DM.146 More recent studies 

implicate GI tract microflora as well.147 The combination of molecular biologic 

investigations, genetic-epidemiology studies, and murine-model approaches has provided 

important complementary insights into these relations. Obesity is associated with an 

increased risk in men and women of both pancreatic cancer occurrence and pancreatic 

cancer-associated mortality.24,29,146,148 In 2004, the relative risk for pancreatic cancer 

associated with overweight and obesity was reported as ranging from 1.3 for BMI of 25–30 

kg/m2 to 1.7 for BMI of ≥ 30 kg/m2. Based on percent overweight and obesity in 1999–

2000, it was determined that 26.9% of cases of pancreatic cancer in the United States were 

attributable to overweight and obesity.24 The American Cancer Society Cancer Prevention 

Study II, in which more than 900,000 U.S. adults were followed prospectively from 1982 to 

1998, showed that the increased mortality of obesity associated with pancreatic cancer in 

men with BMI 35.0–39.9 kg/m2 was RR = 1.49 (95% CI 0.99–2.22, P < 0.001) and for 

women with BMI 35–39.9 kg/m2 was RR = 1.41 (95% CI 1.01–1.99) and for BMI ≥ 40, was 

RR = 2.76 (15% CI 1.74– .36, P < 0.001). For men and women who had never smoked, 

death from pancreatic cancer carried RR = 2.6 (95% CI 1.29 – 5.35, P =.005) for patients 

with BMI 35.0–39.9 kg/m2. Among subjects from two large cohorts,146 the Nurses' Health 

Study (NHS), with 117,041 women, and the Health Professionals Follow Up Study (HPFS), 

with 46,468 men, obesity significantly increased the relative risk of pancreatic cancer with 

RR = 1.72 (95% CI 1.92–2.48) for patients with BMI ≥ 30 kg/m2 compared to those with 

BMI < 23 kg/m2.

Based on initial BMIs obtained at time of study enrollment and after adjusting for age, sex, 

ethnicity, and tobacco use, survival from pancreatic cancer was found to be reduced by 

obesity with HR for death of 1.53 (95% CI 1.11–2.09) comparing BMI ≥ 35kg/m2 to BMI < 

25kg/m2 (P trend = .001).30,146 Patients with high BMI were more likely to present with 

more advanced disease. Fifty-seven point four percent of patients with BMI < 25 kg/m2 had 

metastatic disease at time of diagnosis, whereas 72.5% of patients with BMI ≥ 30 kg/m2 

presented with metastatic disease. Moreover, the longer the duration of obesity preceding 

the diagnosis of pancreatic cancer, the stronger the association of increased HR for death. 

For patients with BMI ≥ 30 for 18–20 years, the HR was 2.31 (95% CI 1.48–3.6, P < .001), 

whereas for those with BMI ≥ 30 for 2–4 years the HR was 1.29 (95% CI 1.04–1.60 P =.

04).30 These observations indicate that long-standing obesity is more likely to be associated 

with shorter survival for pancreatic cancer and suggests obesity as a chronic promoter for 

pancreatic cancers with multiple opportunities over the time of exposure to serve as a 

potential target for preventive interventions.

Analyzing another series of 2249 cases and 3654 controls from the Pancreatic Cancer 

Consortium,149 it was found that lifestyle factors, including smoking, diabetes for greater 

than 3 years, heavy alcohol use, and BMI greater than 30, moderately but significantly 

affected odds ratio risk for pancreatic cancer by 1.26–2.20. In comparison, non O-ABO 

genotype showed an OR 1.23–1.58 compared to the OO genotype, which had an OR of 1.0. 

Additional analysis suggested no further significant effect of genotype on pancreatic cancer 
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risk. Performing a gene–environment genome-wide association study (GWAS) in 2028 

cases of pancreatic cancer versus 2109 matched controls from the Pancreatic Cancer Case 

Control Consortium (PanC4),150 it was found that the inflammatory, NF-κB–mediated 

chemokine signaling pathway, associated with obesity, significantly modified the risk of 

pancreatic cancer (P = 3.29 × 10−6), while the calcium signaling pathway associated with 

insulin secretion and obesity showed a near significant interaction in modifying risk of 

pancreatic cancer (P = 1.57×10−4).150 Epidemiologic studies have also shown Helicobacter 

pylori infection to be a risk factor for pancreatic cancer, potentially influenced by ABO 

blood type.147 Although controversial, association of H. pylori colonization with obesity and 

T2DM have been reported.151

Pancreatic cancer has been extensively studied in murine models using engineered genetic 

alterations that resemble those observed in human tumors. These include activation of the 

KRas tumor promoter and inactivation of tumor suppressors such as pInk4/Arf or 

p53.152, 153 These mouse models have been useful in studying tumor development and 

therapeutics154, 155 and, recently, in evaluating the role of obesity in pancreatic cancer. 

These studies suggest that pancreatic ductal adenocarcinoma (PDA) is initiated by KRAS 

mutations in pancreatic acinar cells, followed by upregulation of KRAS expression in 

response to inflammatory stimuli or increased EGFR activity, resulting in acinar–ductal 

metaplasia.154 Similar effects occur in hamster models, where inflammatory stimuli can be 

increased in response to HFD feeding.154 Inflammation activates Stat3 and NF-κB in the 

pancreas, both of which are required for upregulation of NF-κB and transformation, but 

neither of which will produce pancreatic cancer in the absence of KRAS mutation154,156 The 

inflammatory component can be interfered with by cyclooxygenase inhibitors156 and 

metformin,157 each of which can delay development of PDA in mouse models. Interestingly, 

metformin use has been associated with lower risk of PDA in humans with diabetes.158 

Potential mechanisms by which obesity promotes pancreatic cancer is by stimulating 

inflammation, including IL-6, Stat3 and NF-κB pathways; promoting epithelial 

mesenchymal transition; and interfering with autophagy, have recently been extensively 

reviewed.159

Using a mouse model with a conditional activating KRas G12D mutation,160 it was shown 

that animals fed a high-fat, high-caloric diet, compared to those fed a low-fat diet, developed 

obesity associated with increased levels of circulating glucose, insulin, leptin, IGF-1, and 

increased premalignant pancreatic intraepithelial neoplasia (Pan IN), but not invasive 

pancreatic cancer. Although in these studies, Pan IN was clearly promoted by high-fat, high-

caloric diet, the absence of frank development of pancreatic cancer may have been due to 

insufficient time for progression to invasive cancer and/or an absence of sufficient 

predisposing mutations.160 Nonetheless, these experiments clearly demonstrate that an HFD 

serves as a promoter of the neoplastic premalignant process in pancreatic epithelial cells.

Pursuing the observation that pancreatic cancer in humans results from a series of sequential 

genetic changes in which tumor promoters are activated and tumor suppressors are 

inactivated, the effects of normal diet (ND), caloric restricted (CR) diet (70% of control 

calories) and HFDs were compared in mice with conditionally activated KRas mutations that 

were heterozygous for inactivation of the tumor suppressor Ink4a/Arf.161 The HFD led to 
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DIO at 10 weeks associated with elevated serum insulin and IGF-1, while CR mice gained 

the least weight and had lower than normal levels of circulating insulin and IGF-1. Increased 

caloric content of diet resulted in progressive increase in pancreatic inflammation, fibrosis, 

and Pan IN. Pan IN occurred in all mice, independent of diet, but showed increased 

histopathological grade of neoplasia, with progression from mice fed CR diet, through ND 

and DIO mice. PDA did not occur in the CR mice, but did develop in ND-fed mice and 

showed further increase in incidence in DIO mice. Using immunohistochemistry, the authors 

showed increasing levels of phospho-AKT, phospho-mTOR, and phospho-S6 ribosomal 

protein with progression from CR diet to ND to DIO. In LID mice, with a deficiency in 

hepatic IGF-1 production, orthotopically injected KRas-activated Ink4a+/− tumor cells 

showed reduced levels of tumor cell proliferation. Growth of these cells was, however, 

stimulated by infusion of IGF-1.161 These studies provide a clearly defined mouse model to 

study the mechanism(s) by which obesity promotes pancreatic cancer and demonstrate that 

mutations are clearly required in both tumor promoters such as Ras and tumor suppressors 

such as Ink4a/Arf for obesity stimulation of PDA. These studies also support an important 

role for IGF-1 as a tumor promoter, acting through the AKT, mTOR, and S6K pathway. 

Targeting this pathway could provide important therapeutic opportunities for prevention 

and/or treating obesity-promoted PDA.

Dietary fats and cancer

Studies of the impact of HFD and DIO on rodent models of intestinal cancer predominantly 

demonstrate that those lifestyle and physiologic modifiers act as tumor promoters and/or 

suppressors, which in most cases require a primary genetic alteration to either activate an 

oncogene and/or inactivate a tumor suppressor in order to develop into a malignancy.

Doerner and colleagues100 reported that dietary fats promoted intestinal inflammation and 

malignancy independent of obesity, but dependent on type of dietary fat in ApcMin/+ mice. 

Different fatty acid composition of HFDs could stimulate or suppress intestinal 

inflammation and tumor development. Further support for the concept that dietary fat, 

independent of obesity, promotes tumor growth comes from the demonstration that a high-

fat, lard-based diet fed to obesity-resistant BALB/c mice promoted more rapid growth and 

metastasis and shortened survival in mice receiving an orthotopic inoculation of syngeneic 

4T1, estrogen receptor–negative, mammary carcinoma cells. Supporting a role for 

inflammation as mediator of this process, the HFD was accompanied by increased 

macrophage infiltration into adipose tissue and increased circulating inflammatory cytokines 

including the adipocytokine leptin.162

Fatty acids affecting intestinal cancer can be divided into two groups, those that promote 

colon neoplasia, including medium-chain saturated fatty acids, lauric and myristic acids, 

long-chain saturated fatty acids, palmitic and stearic fatty acids, ω6 polyunsaturated fatty 

acids (PUFA), and linoleic and arachadonic acids, all of which have proinflammatory, 

tumor-promoting effects as their mechanism of increasing colon cancer risk, enhancing 

colon cancer development and increasing mortality. In contrast, unsaturated fatty acids such 

as oleic and conjugated linoleic acids and ω3 PUFAs including eicosapentaenoic, 

docosahexaenoic and linolenic acids all have anti-inflammatory properties, function as 
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tumor suppressors, and reduce tumor incidence and growth in mice predisposed to neoplasia 

owing to either genetic alteration or mutagen exposure.100,163 These same principles apply 

to NAFLD, where hepatocyte lipotoxicity is associated with saturated fatty acids but not 

with monounsaturated fatty acids, with the effects of the former mediated through activation 

of -lysosomal permeabilization associated with mitochondrial damage, endoplasmic 

reticulum stress, and activation of apoptosis.55

Studies of ω3-, and ω6-PUFA content in adipocytes derived from visceral white adipose 

tissue from normal and obese patients, undergoing surgery for benign conditions or 

colorectal cancer, show a negligible variation in ω3-PUFAs across the different conditions. 

However ω6-PUFAs were increased in adipocytes from obese patients, with higher levels in 

adipocytes from obese patients with colon cancer compared to those in cells from obese 

patients who were cancer free.164 These cells were analyzed for phosphorylated Stat (p-

Stat), a transcription factor associated with inflammation and protumorigenic 

microenvironments,165 and for PPARγ, important in normal adipocyte development and also 

for promoting anti-inflammatory processes.88 Elevated p-Stat was found in adipocytes from 

both normal-weight and obese patients with colorectal cancer, but it was more significantly 

increased in cells from obese patients with colon cancer. In contrast, PPARγ was decreased 

in both non-obese patients with colon cancer and obese patients with and without colon 

cancer. Adiponectin, an adipocytokine with antiproliferative, anti-inflammatory, and 

proapoptotic effects was decreased in cells from patients with or without colon cancer.164 

Treatment of the adipocytes in tissue culture with the anti-inflammatory ω3-

docosahexaenoic acid reduced inflammatory markers of cell-associated p-Stat3 and 

secretion of the proinflammatory cytokine IL-6 and upregulated PPARγ and adiponectin. 

These studies show association of an increased ω6-/ω3- ratio in visceral adipocytes from 

obese patients associated with a decrease in PPARγ and adiponectin in adipocytes from 

obese patients with and without colon cancer. These changes are further associated with an 

increase in activation of p-Stat3 in cells from obese patients with colorectal cancer. All of 

these changes can be corrected in tissue culture by treatment with DHA. These results, 

coupled with those outlined above, suggest a reciprocal proinflammatory, prooncogenic, 

tumor-promoting interaction between colon cancer and visceral adipocytes that can be 

modified by administration of selected lipids. As noted earlier, this relation may also be 

amenable to interference by thiazolidinediones.88–90

From a clinical epidemiology viewpoint, ω3-PUFAs have been noted to have multiple health 

benefits, and recent studies, although with mixed results, suggest that dietary ω3-PUFAs 

may decrease the risk of several malignancies, including breast, colon, lung, and prostate 

cancer.43,166 Similarly, consumption of high quantities of olive oil was shown to be 

associated with decreased risk of upper aerodigestive and breast cancer and, possibly, 

colorectal cancer, whereas butter consumption was associated with increased risk.163 

Another series of natural product studies has recently been reported with dietary nut 

consumption where the beneficial effects are probably attributable to fatty acids. As noted 

above, feeding mice a high-fat walnut-based diet reduces prostate tumor size in TRAMP 

mice.141 Recent studies in humans show that increasing nut intake is associated with 

decreased risk for obesity, metabolic syndrome, T2DM, pancreatic cancer, all-cause 

mortality, and, more specifically, cancer mortality.167–169
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These studies are consistent with multiple epidemiologic investigations indicating that the 

type of fat leading to DIO and particularly its pro- or anti-inflammatory properties are 

important in the process of HFD- and DIO-promoted malignancy. These observations and 

those noted above, that dietary components, independent of obesity, and obesity, 

independent of HFDs, can each promote intestinal neoplasia, suggests that some common 

factors, potentially stored fats, inflammatory or immune cytokines, or intestinal microflora 

may be important contributors. These observations suggest also that weight loss to reduce 

obesity will not completely eliminate the cancer-promoting activity of DIO, at least not 

immediately. Clearly, research is needed to fully understand these pathways and their 

common mediators and to determine potential interventions to interfere with their 

consequences of promoting malignancy. Such agents would be highly useful, for example, 

in situations where obesity in adolescence may still be associated with delayed increased 

risk for cancer later in adult life, despite restoration of normal weight.170,171

Another abnormality, hypercholesterolemia, commonly associated with obesity, T2DM and 

metabolic syndrome.172,173 is a risk factor for cardiovascular disease and cancer.174 High 

cholesterol promotes increases in colon cancer risk in men and breast cancer risk in women. 

Cholesterol synthesis is inhibited by statins, which are competitive inhibitors of the 

cholesterol synthesis enzyme 3-hydroxyl-3-methylglutaryl coenzyme A reductase (HMG-

CoA reductase). Recent pharmacoepidemiology studies show significant decreases in 

colorectal cancer,175 decreased overall cancer mortality,176 and improved breast cancer 

survival177 with statin use, especially with longer periods of statin use (≥ 4 years).178

Although the association of hypercholesterolemia with cancer has been established and 

pharmacoepidemiology studies have suggested that statin therapy could serve as a useful 

intervention, a potential mechanism by which cholesterol may promote cancer has just 

recently been identified.179–181 The oxysteroid 27-hydroxycholesterol (27HC) is a primary 

metabolite of cholesterol, whose synthesis is catalyzed by the cytochrome P450 oxidase 

CYP27A1. Although obese mice do not normally develop hypercholesterolemia, mice 

engineered to develop hypercholesterolemia when fed a HFD also developed increased 

circulating 27HC. At concentrations achievable in patients, 27HC stimulates growth and 

metastasis in tissue culture and in vivo in ER+ MCF-7 human breast cancer cells. Cholesterol 

and 27HC likewise stimulated spontaneous ER+ mouse mammary tumors arising in 

transgenic mice and in mice transplanted with ER+ mouse EO771 breast cancer cells. The 

tumor-promoting effects of cholesterol and/or 27HC were interfered with by cytochrome 

P450 monooxygenase CYP7B1, which catabolized and reduced cellular levels of 27HC. The 

effects of 27HC were likewise inhibited by treatment with the estrogen receptor antagonist 

fulvestrant. CYP27A1, responsible for synthesis of 27HC from cholesterol, was identified in 

both breast cancer cells and resident macrophages, suggesting that 27HC may be provided to 

breast cancer cells by both paracrine and autocrine mechanisms. Interestingly, elevated 

levels of CYP7B1 mRNA in human breast cancer cells was associated with improved 

survival.179,180 These studies provide a plausible mechanism by which 

hypercholesterolemia, through conversion of cholesterol to 27HC, may act as an agonist to 

stimulate the estrogen receptor, thereby increasing cancer risk. It is noteworthy that these 

studies were carried out with established mouse or human mammary cancer cell lines or 
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with mice harboring the mouse mammary tumor virus (MMTV) transgene, indicating that 

27HC is serving as a tumor promoter as opposed to a primary carcinogen.

Impact of intestinal microbiome on obesity and cancer

An important series of interactions occur between the intestinal microbiome, nutrient-

derived metabolites, and body composition, with recent studies demonstrating mutual effects 

in which diet influences microbiome function and composition, and conversely, gut 

microflora composition and metabolism influence host physiology and pathology 

status.182–184 The potential magnitude and complexity of these effects is indicated by the 

estimate that there are approximately 1014 organisms in the intestinal bacterial content,185 

including more than 800 species and 7000 strains of bacteria.186 Intestinal bacteria 

outnumber host cells by 10-fold and there are 100-fold more genes in the intestinal 

microflora than in the human host genome.187 Of the four major gut microbiologic phyla, 

including Gram− bacteroidetes and probacteria and Gram+ acetenobacteria and firmicutes, 

90% are bacteroidetes and firmicutes that exist in reciprocal relation to each other based on 

diet, body habitus, and other influences.188

The gut microflora contribute significantly in both a quantitative and a qualitative fashion to 

the metabolism of ingested nutrients, depending on which bacteria are resident and prevalent 

in the intestinal tract, which in turn is heavily influenced by dietary components. These 

bacteria affect the digestion and therefore the availability of food-derived energy 

metabolites, including sugars, triglycerides, and other products which can influence energy 

storage, body fat distribution, adipocyte-stimulated inflammatory factors, circulating 

endotoxins, and consequent disorders such as insulin resistance, diabetes, obesity, cancer, 

and cardiovascular disease.189

Obesity, whether genetic, as in ob/ob leptin-deficient mice, or DIO based on high-fat or 

Western-style diet, appears to be associated with an increase in firmicutes and a relative 

decrease in bacteroidetes.183,190–193 The DIO phenotype in mice was shown to be associated 

with an increase in a specific class of firmicutes, mollicutes.193 The expansion of this class 

of firmicutes was independent of the innate or adaptive immune status of mice. The 

increased abundance of mollicutes in the fecal contents of DIO mice was accompanied by a 

higher intestinal content of lactate, acetate, and butyrate, all of which can be metabolized 

into short-chain fatty acids, providing metabolites for increased adipose tissue 

development.193 The obesity-prone phenotype, leading to increased fat deposition, was 

transmissible by transfer of fecal contents from Western diet–fed obese mice to normal-

weight mice fed a relatively low-fat diet. Similar effects were implied in humans, based on 

the observation that a small number of obese patients, subject to low-fat or low-carbohydrate 

diets, showed a decrease in mollicutes accompanying weight loss. Interestingly, the use of 

bariatric surgery for treatment of obesity was also noted to alter gut microflora, decreasing 

gut firmicutes.194

The critical role of human gut microflora in fostering obesity was recently demonstrated by 

transmitting the lean or obese phenotype of the donor to germ-free C57BL/6J mice by 

gavage of fecal contents from human twin pairs discordant for obesity.195 Comparing diets 
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of high versus low saturated fatty acids showed that the obesogenic protective effect of the 

lean twin–derived bacteria was less effective in the presence of an HFD. Overall, these 

observations confirm the importance of the intestinal microbiota in influencing adiposity, 

and also indicate a strong environmental–diet impact.195

In addition to the interaction of intestinal microbiota with diet and environment and their 

contribution to obesity, the gut microflora may also affect carcinogenesis by metabolizing 

ingested food products to generate mutagens such as N-nitroso compounds and heterocyclic 

amines.187,196 Consequently, both obesity and obesity-associated alterations in gut flora 

may affect tumor initiation and promotion and the inflammatory aspects of metabolic 

diseases such as metabolic syndrome and diabetes.182 The effect of gut flora on metabolic 

syndrome is indicated by the demonstration that treatment of obese mice with nonabsorbed 

antibiotics improves insulin resistance and metabolic syndrome.197

A strong demonstration of the impact of gut bacteria on malignancy is provided by infection 

with H. pylori, which is causally associated with gastric inflammation, epithelial–

mesenchymal transition, and gastric malignancies.198–200 Recent studies are suggestive of a 

link between H. pylori infections and obesity.116

Intestinal microflora may impact malignancy in multiple ways, which, in turn, may be 

further influenced by diet and obesity. Fermentation of carbohydrates and fat to generate a 

variety of short-chain fatty acids may contribute to increased availability of obesogenic 

metabolites, some of which stimulate inflammation and proinflammatory cytokines 

including IL-6, and TNF-α, which can drive inflammation and colorectal cancer.54,201 

Another potential effect of gut microflora on carcinogenesis acts through microbial 

metabolism of bile acids, mainly deoxycholic acid, which is implicated in promoting 

colorectal cancer.202 These agents are derived by intestinal bacterial metabolism of bile 

acids formed in the liver and excreted into the gut in response to dietary fat and red meat.185 

Gut microflora may also affect cancer by promoting estrogen metabolism to increase 

generation of estradiol, thereby promoting estrogen-driven malignancies such as endometrial 

cancer and post-menopausal breast cancer,185 each of which show increased risk of 

occurrence in obesity.24

An important example, implicating GI tract microflora as potential cancer promoters, is 

provided by fusobacteria, which are normal inhabitants of the oral mucosa and intestine and 

have been shown in increased abundance in saliva derived from obese women.203 Studies 

using metagenomic analysis show an increased abundance of fusobacteria in patients with 

inflammatory bowel disease (IBD) and with various stages of colorectal neoplasia including 

adenomas and adenocarcinomas.204,205 Biopsy samples of colorectal adenomas and 

adenocarcinomas show greater abundance of fusobacteria compared to normal mucosa, 

greater activation of NF-κB and greater abundance of NF-κB–associated inflammatory 

pathway components,204,205 all of which have been shown to promote intestinal cancer. In 

studies to evaluate a potential causal relation with colorectal cancer, fusobacteria feeding 

was compared with streptococcal feeding to mice with the ApcMin/+ genotype, who are 

predisposed to intestinal neoplasia due to inactivation of the Apc tumor suppressor gene. 

Compared to ApcMin/+ mice fed streptococci, the mice fed the fusobacteria showed 
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accelerated development and higher numbers of intestinal tumors. Tumors in fusobacteria-

fed ApcMin/+ mice showed more abundant infiltrates of CD11B+ myeloid cells and 

granulocytes with unchanged CD3+ CD34+ and CD3+ CD8+ T lymphocytes. The latter 

alterations provide the basis for T cell suppression activity, which could modulate anti-

tumor immunity resulting in tumor progression. In the ApcMin/+ mice, the fusobacterial 

abundance was associated with increased expression of NF-κB proinflammatory pathway 

components including IL-1β, IL-6, IL-8, TNF-α, MMP3 and PTGS2 (COX2). These 

cytokines and inflammatory mediators are correlated with colorectal cancer in humans. 

Interestingly, the effect of fusobacteria in the NF-κB inflammatory pathway was not 

associated in the mouse with development of IBD. Further insight into the potential 

mechanisms by which fusobacteria may promote colorectal cancer derives from 

demonstrations that the fusobacteria adhesin FadA mediates adherence and endocytosis of 

the bacteria by binding to E-cadherin on intestinal epithelial cells. This results in 

downstream activation of β-catenin signaling and demonstrates that NF-κB signaling is 

associated with an increase in colorectal cancer cell growth.206

The intestinal microbiome may mediate a unique aging-related contribution to obesity-

associated cancers. Recent studies show an important relationship between obesity and 

cancer mediated by associated alterations in intestinal flora that alter bile acid metabolism to 

generate cancer promoters, which together with inflammatory cytokines secreted from 

senescent cells may increase both the incidence and the rate of progression of HCC.207 

Although the experiments outlined below were conducted in mice, the described processes 

are all extant in humans and provide the basis for significant public health concerns, since, 

as noted earlier, we are at the beginning of a “public health perfect storm” with aging of the 

population in association with increasing obesity.

Senescent cells, in a state of cell cycle arrest, develop as a function of aging, replicative 

exhaustion, and/or genotoxic stress induced by radiation or chemical damage of DNA. 

These cells have been shown to develop a senescence-associated secretory phenotype 

(SASP) characterized by secretion of a common set of proteins including inflammatory and 

immune proteins, modulatory cytokines, and chemokines. Among the SASP proteins are 

IL-6, IL-7, IL-8, MCP-2, MIP3A, and growth factors such as GRO, HGF, IGFBPs, and 

CXCl3. These secretory products, derived from senescent fibroblasts, but not replicating 

fibroblasts, have been shown to promote the epithelial–mesenchymal transition and increase 

invasiveness of multiple breast cancer cell lines.208 The major factors involved in promoting 

the neoplastic properties were shown, by replacement with specific factors and by use of 

blocking antibodies, to be IL-6 and IL-8.208 The SASP phenotype is inducible in vivo in 

hepatic stellate cells by feeding neonatal mice a single dose of the chemical carcinogen 7,12-

dimethylbenz(a)anthracene (DMBA) and is demonstrable by decreased cell proliferation, 

signs of DNA damage, and increased expression of IL-6, GROα, and CXCL9. Feeding a 

HFD to produce DIO in these DMBA-treated mice resulted in development of multiple 

HCCs in all treated mice, whereas only 5% of mice undergoing the same pre-treatment and 

then fed a normal diet developed HCC. The contribution of obesity, as opposed to HFD, to 

this process was demonstrated by production of similar results obtained by DMBA treatment 

of obese, leptin-deficient ob/ob mice. Conducting the same experiments in mice lacking the 

Berger Page 17

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IL1B gene, which encodes the IL-1β protein that functions as an upstream regulator of the 

SASP response,207 confirmed the role of SASP factors in this process by showing that their 

decrease resulted in a decreased occurrence of HCC.

Previous metabolic epidemiology studies had shown an association of high dietary fat as a 

promoter of colon cancer, mediated, in part, by metabolism of bile acid–derived 

deoxycholate plus a primary mutagen, methylnitronitrosoguanidine (MNNG), and intestinal 

bacteria.202,209 One mechanism by which deoxycholic acid (DCA) promotes colon cancer 

appears to involve suppression of p53 owing to stimulation of proteosome-mediated p53 

degradation.210 In the experiments outlined above, the HFD-fed mice with DIO showed an 

elevated level of serum DCA, now known to be generated by bacterial metabolism of 

primary bile acids in a 7α-dehydroxylation reaction carried out by strains of intestinal 

clostridia. To further define the process involved, the authors showed that the HFD-fed mice 

had a relative increase in Gram+ clostridia in their feces, and that these bacteria were 

uniquely capable of metabolizing primary bile acids to DCA. Further proof of the role of 

DCA and the altered gut flora in this process was demonstrated by the use of a four 

antibiotic regimen or vancomycin alone, which suppressed the clostridia overgrowth, 

reduced the circulating concentration of DCA, and diminished both the size and number of 

HCCs. Similar metabolic processes have been identified in human cell lines and in vivo in 

humans as well, suggesting that similar processes and linkages between obesity, gut 

microflora, environmental toxins, and senescence in humans may contribute to 

hepatocellular carcinogenesis.207

The effect of HFD resulting in a change in intestinal microflora that alters primary bile acid 

metabolism and consequently affects intestinal pathology was recently shown in another 

mouse system.211,212 Mice with an IL10−/− genotype, but not wild-type mice, showed a pro-

inflammatory T helper cell–type response associated with an increased incidence of colitis 

when fed a Western-style diet high in saturated fat, 37% derived from milk (MF), but not 

with a diet high in PUFA derived from safflower oil. Both HFDs promoted a higher 

abundance of bacteroidetes and lower abundance of firmicutes compared to the low-fat diet, 

which promoted an increase in firmicutes. The saturated MF–based diet produced a selective 

overabundance of Bilophila wadsworthia capable of reducing sulfonic acid containing 

taurine-conjugated bile acids to generate H2S and other byproducts promoting colitis. 

Further support for the contribution of this pathway to the development of colitis included 

the demonstration that overgrowth of B. wadsworthia was stimulated in IL10−/− mice by 

gavage with taurine-conjugated bile acids, but not by substitution with phosphate buffered 

saline (PBS) or glycocholic acid (GC). Likewise, the taurine conjugate–fed mice, but not 

PBS- or GC-fed mice, showed an increase in colitis. It is noteworthy that an increased 

abundance of B. wadsworthia has also been identified in mice with dextran sodium sulfate–

induced colitis. Although development of cancer was not reported in these experiments, 

these colitis models of IBD are commonly used to predispose mice to carcinogen-mediated 

colonic cancer.213

These studies clearly indicate the extensive array of pathways potentially resulting from the 

interaction of gut flora, host genetics, complex immunologic systems, and environmental 

nutrients and toxins. The multitude of organisms and their different metabolic pathways 
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expand and contract in part according to the influence of different dietary components. As 

previously noted, not all HFDs are the same, as indicated by the differential colitis-

stimulating effect of an HFD derived from saturated MF compared to an HFD derived from 

safflower oil. Moreover, these experiments show that while dietary components are critically 

important, they require appropriate host genotype and immune systems to manifest 

pathology. While the intestinal flora outnumbers the number of host cells, and the genome 

of the gut flora outnumbers the host genome, the contribution of all these components in 

association with dietary differences in nutrients and toxin exposures indicate the multitude 

of possibilities that will need to be investigated to identify both common and unique 

microbiological-mediated pathways by which energy balance, diet, and obesity affect 

malignancy and how they may be targeted for both prevention and control.

Acknowledgments

During preparation of this manuscript, NAB was supported in part by NIH Grants P40 OD011069, P50 CA150964, 
and U54 CA16360

References

1. Popkin BM. Global nutrition dynamics: the world is shifting rapidly toward a diet linked with 
noncommunicable diseases. The American journal of clinical nutrition. 2006; 84(2):289–98. 
[PubMed: 16895874] 

2. Popkin BM, Slining MM. New dynamics in global obesity facing low- and middle-income 
countries. Obesity reviews : an official journal of the International Association for the Study of 
Obesity. Nov; 2013 14(Suppl 2):11–20. [PubMed: 24102717] 

3. Wang G-R, Li L, Pan Y-H, Tian G-D, Lin W-L, Li Z, Chen Z-Y, Gong Y-L, Kikano GE, Stange 
KC, Ni K-L, Berger NA. Prevalence of metabolic syndrome among urban community residents in 
China. BMC public health. 2013; 13:599–599. [PubMed: 23786855] 

4. Ogden, CL.; Carroll, MD.; Kit, BK.; Flegal, KM. NCHS data brief, no 82. Vol. 2012. National 
Center for Health Statistics; Hyattsville, MD: 2012. Prevalence of obesity in the United States, 
2009–2010; p. 1-8.

5. Ogden, CL.; Carroll, MD.; Kit, BK.; Flegal, KM. NCHS data brief, no 131. NCHS data brief, no 82. 
Vol. 2013. National Center for Health Statistics; Hyattsville, MD: 2013. Prevalence of obesity 
among adults: United States, 2011–2012; p. 1-8.

6. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of 
body mass index among US adults, 1999–2010. JAMA. 2012; 307(5):491–7. [PubMed: 22253363] 

7. Flegal KM, Carroll MD. Prevalence and trends in obesity among US adults, 1999–2008. JAMA. 
2010; 303(3):235–241. [PubMed: 20071471] 

8. Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan L, Sherry B, Dietz W. Obesity and 
severe obesity forecasts through 2030. American journal of preventive medicine. 2012; 42(6):563–
70. [PubMed: 22608371] 

9. Ballard-Barbash, R.; Berrigan, D.; Potischman, N.; Doling, E. Obesity and cancer epidemiology. 
Berger, NA., editor. Springer; New York: 2010. p. 1-45.

10. Nock, NL.; Berger, NA. Obesity and cancer: overview of mechanisms. Berger, NA., editor. 
Springer; New York: 2010. p. 129-179.

11. Nock, NL. Obesity and gastrointestinal cancers: epidemiology. Markowitz, SD.; Berger, NA., 
editors. Springer; New York: 2012. p. 1-22.

12. Handelsman Y, Leroith D, Bloomgarden ZT, Dagogo-Jack S, Einhorn D, Garber AJ, Grunberger 
G, Harrell RM, Gagel RF, Lebovitz HE, McGill JB, Hennekens CH. Diabetes and cancer–an 
AACE/ACE consensus statement. Endocrine practice : official journal of the American College of 
Endocrinology and the American Association of Clinical Endocrinologists. 2013; 19(4):675–93.

Berger Page 19

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Ma Y, Yang Y, Wang F, Zhang P, Shi C, Zou Y, Qin H. Obesity and risk of colorectal cancer: a 
systematic review of prospective studies. PloS one. 2013; 8(1):e53916–e53916. [PubMed: 
23349764] 

14. Teras, LR.; Pate, A. The epidemiology of obesity and hematologic milignancies. Mittelman, SD.; 
Berger, NA., editors. Springer; New York: 2012. p. 1-30.

15. Iyengar N, Kochhar A, Morris P, Zhou XK, Ghossein RA, Pino A, Mg F, Pfster DG, Patel SG, 
Boyle JO, Hudis CA, Dannenber AJ. Impact of obesity on survival of patients in early stage 
squamous cell carcinoma of the oral tongue. Cancer. 2014 doi: 10.1002/cncr.28532 [Epub ahead 
of print]. 

16. Berger NA. Cancer: Obesity-associated gastrointestinal tract cancer, from beginning to end. 
Cancer. 2014 doi: 10.1002/cncr.28534 [Epub ahead of print]. 

17. Calle EE, Rodriguez C, Walker-Thurmond K, Thun MJ. Overweight, Obesity, and Mortality from 
Cancer in a Prospectively Studied Cohort of U.S. Adults. NEJM. 2003; 348(17):1625–1638. 
[PubMed: 12711737] 

18. Lyman GH, Sparreboom A. Chemotherapy dosing in overweight and obese patients with cancer. 
Nature reviews. Clinical oncology. 2013; 10(8):451–9. [PubMed: 23856744] 

19. Hourdequin KC, Schpero WL, McKenna DR, Piazik BL, Larson RJ. Toxic effect of chemotherapy 
dosing using actual body weight in obese versus normal-weight patients: a systematic review and 
meta-analysis. Annals of oncology : official journal of the European Society for Medical 
Oncology / ESMO. 2013; 24(12):2952–62. [PubMed: 23965736] 

20. Griggs JJ, Sorbero MES, Lyman GH. Undertreatment of obese women receiving breast cancer 
chemotherapy. Archives of internal medicine. 2005; 165(11):1267–73. [PubMed: 15956006] 

21. Griggs JJ, Mangu PB, Temin S, Lyman GH. Appropriate Chemotherapy Dosing for Obese Adult 
Patients With Cancer: American Society of Clinical Oncology Clinical Practice Guideline. Journal 
of Oncology Practice. 2012; 8(4):e59–e61.

22. Weiss BM, Vogl DT, Berger NA, Stadtmauer EA, Lazarus HM. Trimming the fat: obesity and 
hematopoietic cell transplantation. Bone marrow transplantation. 2013; 48(9):1152–60. [PubMed: 
23103679] 

23. Tao W, Lagergren J. Clinical management of obese patients with cancer. Nature reviews. Clinical 
oncology. 2013; 10(9):519–33. [PubMed: 23856746] 

24. Calle EE, Kaaks R. Overweight, obesity and cancer: epidemiological evidence and proposed 
mechanisms. Nature reviews. Cancer. 2004; 4(8):579–91. [PubMed: 15286738] 

25. Sjöström L, Narbro K, Sjöström D, Karason K, Larsson B, Wedel H, Lystig T, Sullivan M, 
Bouchard C, Carlsson B, Bengtsson C, Dahlgren S, Gummesson A, Jacobson P, Karlsson J, 
Lindroos A-K, Lönroth H, Näslund I, Olbers T, Stenlöf K, Torgerson J, Ågren G, 
Carlsson .M.S.f.t.S.O.S.S. Effects of Bariatric Surgery on Mortality in Swedish Obese Subjects. 
The New England Journal of Medicine. 2007; 357(8):741–752. [PubMed: 17715408] 

26. Sjöström L, Gummesson A, Sjöström CD, Narbro K, Peltonen M, Wedel H, Bengtsson C, 
Bouchard C, Carlsson B, Dahlgren S, Jacobson P, Karason K, Karlsson J, Larsson B, Lindroos A-
K, Lönroth H, Näslund I, Olbers T, Stenlöf K, Torgerson J, Carlsson LMS. Effects of bariatric 
surgery on cancer incidence in obese patients in Sweden (Swedish Obese Subjects Study): a 
prospective, controlled intervention trial. The lancet oncology. 2009; 10(7):653–62. [PubMed: 
19556163] 

27. Adams TD, Gress RE, Smith SC, Halverson RC, Simper SC, Rosamond WD, Lamonte MJ, Stroup 
AM, Hunt SC. Long-term mortality after gastric bypass surgery. The New England journal of 
medicine. 2007; 357(8):753–61. [PubMed: 17715409] 

28. Nock NL, Thompson CL, Tucker TC, Berger NA, Li L. Associations between obesity and changes 
in adult BMI over time and colon cancer risk. Obesity (Silver Spring, Md.). 2008; 16(5):1099–
104.

29. Genkinger JM, Spiegelman D, Anderson KE, Bernstein L, van den Brandt P.a. Calle EE, English 
DR, Folsom AR, Freudenheim JL, Fuchs CS, Giles GG, Giovannucci E, Horn-Ross PL, Larsson 
SC, Leitzmann M, Männistö S, Marshall JR, Miller AB, Patel AV, Rohan TE, Stolzenberg-
Solomon RZ, Verhage B.a.J. Virtamo J, Willcox BJ, Wolk A, Ziegler RG, Smith-Warner S.a. A 
pooled analysis of 14 cohort studies of anthropometric factors and pancreatic cancer risk. 

Berger Page 20

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



International journal of cancer. Journal international du cancer. 2011; 129(7):1708–17. [PubMed: 
21105029] 

30. Yuan C, Bao Y, Wu C, Kraft P, Ogino S, Ng K, Qian ZR, Rubinson D.a. Stampfer MJ, 
Giovannucci EL, Wolpin BM. Prediagnostic body mass index and pancreatic cancer survival. 
Journal of clinical oncology : official journal of the American Society of Clinical Oncology. 2013; 
31(33):4229–34. [PubMed: 24145341] 

31. Berger NA, Savvides P, Koroukian SM, Kahana EF, Deimling GT, Rose JH, Bowman KF, Miller 
RH. Cancer in the elderly. Transactions of the American Clinical and Climatological Association. 
2006; 117:147–55. [PubMed: 18528470] 

32. Wang YC, Colditz GA, Kuntz KM. Forecasting the obesity epidemic in the aging US population. 
Obesity. 2007; 15(11):2855–2865. [PubMed: 18070778] 

33. Kushi LH, Byers T, Doyle C, McCoullough M, Rock CL, Demark-Wahnefrid W, Bandera EV, 
Gapstur S, Patel AV, Andrews K, Gansler T, The American Cancer Society, N.; Physical Activity 
Guidelines Advisory, C. American Cancer Society Guidelines on nutrition and physical activity 
for cancer prevention: reducing the risk of cancer with healthy food choices and physical activity. 
CA: A Cancer Journal for Clinicians. 2012; 12(1):30–67. [PubMed: 22237782] 

34. Hursting SD, Digiovanni J, Dannenberg AJ, Azrad M, Leroith D, Demark-Wahnefried W, 
Kakarala M, Brodie A, Berger NA. Obesity, energy balance, and cancer: new opportunities for 
prevention. Cancer prevention research. 2012; 5(11):1260–72. [PubMed: 23034147] 

35. Alfano CM, Molfino A, Muscaritoli M. Interventions to promote energy balance and cancer 
survivorship: priorities for research and care. Cancer. 2013; 119(Suppl):2143–50. [PubMed: 
23695926] 

36. Calle EE, Thun MJ, Petrelli JM, Rodriguez C, Heath CW. Body-mass index and mortality in a 
prospective cohort of U.S. adults. The New England journal of medicine. 1999; 341(15):1097–
105. [PubMed: 10511607] 

37. Hursting SD, Berger NA. Energy balance, host-related factors, and cancer progression. Journal of 
clinical oncology : official journal of the American Society of Clinical Oncology. 2010; 28(26):
4058–65. [PubMed: 20697088] 

38. Hursting, SD. Cancer Treatment and Research. Vol. Vol. 159. Springer Berlin Heidelberg; Berlin, 
Heidelberg: 2014. Advances in Nutrition and Cancer: A Mechanistic Perspective; p. 21-33.

39. Sharma D, Davidson NE. Obesity and breast cancer: a multipartite connection. Journal of 
mammary gland biology and neoplasia. 2013; 18(3–4):253–5. [PubMed: 24190309] 

40. Ligibel JA, Strickler HD. Obesity and Its Impact on Breast Cancer: Tumor Incidence, Recurrence, 
Survival, and Possible Interventions. ASCO Educational Book. 2013; 33:52–59. [PubMed: 
23714455] 

41. Vona-Davis L, Rose DP. The obesity-inflammation-eicosanoid axis in breast cancer. Journal of 
mammary gland biology and neoplasia. 2013; 18(3–4):291–307. [PubMed: 24170420] 

42. Strong AL, Strong TA, Rhodes LV, Semon JA, Zhang X, Shi Z, Zhang S, Gimble JM, Burow ME, 
Bunnell BA. Obesity associated alterations in the biology of adipose stem cells mediate enhanced 
tumorigenesis by estrogen dependent pathways. Breast cancer research : BCR. 2013; 15(5):R102. 
[PubMed: 24176089] 

43. Iyengar NM, Hudis CA, Gucalp A. Omega-3 fatty acids for the prevention of breast cancer: an 
update and state of the science. Current breast cancer reports. 2013; 5(3):247–254. [PubMed: 
24073296] 

44. Iyengar, NM.; Hudis, CA.; Dannenberg, AJ. Obesity and inflammation: new insights into breast 
cancer development and progression. American Society of Clinical Oncology educational book / 
ASCO. American Society of Clinical Oncology. Meeting; 2013. p. 46-51.

45. Ford, N.a.; Devlin, KL.; Lashinger, LM.; Hursting, SD. Deconvoluting the obesity and breast 
cancer link: secretome, soil and seed interactions. Journal of mammary gland biology and 
neoplasia. 2013; 18(3–4):267–75. [PubMed: 24091864] 

46. Belardi V, Gallagher EJ, Novosyadlyy R, LeRoith D. Insulin and IGFs in obesity-related breast 
cancer. Journal of mammary gland biology and neoplasia. 2013; 18(3–4):277–89. [PubMed: 
24154546] 

Berger Page 21

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Sundaram S, Johnson AR, Makowski L. Obesity, metabolism and the microenvironment: Links to 
cancer. Journal of carcinogenesis. 2013; 12:19. [PubMed: 24227994] 

48. Yehuda-Shnaidman E, Schwartz B. Mechanisms linking obesity, inflammation and altered 
metabolism to colon carcinogenesis. Obesity reviews : an official journal of the International 
Association for the Study of Obesity. 2012; 13(12):1083–95. [PubMed: 22937964] 

49. Ning Y, Wang L, Giovannucci EL. A quantitative analysis of body mass index and colorectal 
cancer: findings from 56 observational studies. Obesity reviews : an official journal of the 
International Association for the Study of Obesity. 2010; 11(1):19–30. [PubMed: 19538439] 

50. Giovannucci E. Metabolic syndrome, hyperinsulinemia, and colon cancer: a review. The American 
journal of clinical nutrition. 2007; 86(3):s836–42. [PubMed: 18265477] 

51. Gunter MJ, Leitzmann MF. Obesity and colorectal cancer: epidemiology, mechanisms and 
candidate genes. The Journal of nutritional biochemistry. 2006; 17(3):145–56. [PubMed: 
16426829] 

52. Bardou M, Barkun AN, Martel M. Obesity and colorectal cancer. Gut. 2013; 62(6):933–47. 
[PubMed: 23481261] 

53. Jain D, Nayak NC, Kumaran V, Saigal S. Steatohepatitic hepatocellular carcinoma, a morphologic 
indicator of associated metabolic risk factors: a study from India. Archives of pathology & 
laboratory medicine. 2013; 137(7):961–6. [PubMed: 23808468] 

54. Zhao J, Lawless MW. Stop feeding cancer: Pro-inflammatory role of visceral adiposity in liver 
cancer. Cytokine. 2013; 64(3):626–37. [PubMed: 24120848] 

55. Alkhouri N, Dixon LJ, Feldstein AE. Lipotoxicity in nonalcoholic fatty liver disease: not all lipids 
are created equal. Expert Rev Gastroenterol Hepatol. 2009; 3(4):445–451. [PubMed: 19673631] 

56. Wree A, Kahraman A, Gerken G, Canbay A. Obesity affects the liver - the link between adipocytes 
and hepatocytes. Digestion. 2011; 83(1–2):124–33. [PubMed: 21042023] 

57. Cohen JC, Horton JD, Hobbs HH. Human fatty liver disease: old questions and new insights. 
Science (New York, N.Y.). 2011; 332(6037):1519–23.

58. Campbell PT, Newton CC, Patel AV, Jacobs EJ, Gapstur SM. Diabetes and cause-specific 
mortality in a prospective cohort of one million U.S. adults. Diabetes care. 2012; 35(9):1835–44. 
[PubMed: 22699290] 

59. Gallagher EJ, LeRoith D. Diabetes, antihyperglycemic medications and cancer risk: smoke or fire? 
Current opinion in endocrinology, diabetes, and obesity. 2013; 20(5):485–94.

60. Gallagher EJ, LeRoith D. Epidemiology and molecular mechanisms tying obesity, diabetes, and 
the metabolic syndrome with cancer. Diabetes care. 2013; 36(Suppl 2(11)):S233–9. [PubMed: 
23882051] 

61. Sciacca L, Vigneri R, Tumminia A, Frasca F, Squatrito S, Frittitta L, Vigneri P. Clinical and 
molecular mechanisms favoring cancer initiation and progression in diabetic patients. Nutrition, 
metabolism, and cardiovascular diseases : NMCD. 2013; 23(9):808–15.

62. Kaaks R, Toniolo P, Akhmedkhanov A, Lukanova A, Biessy C, Dechaud H, Rinaldi S, Zeleniuch-
Jacquotte A, Shore RE, Elio R. Serum C-peptide, insulin-like growth factor (IGF)-I, IGF-binding 
proteins, and colorectal cancer risk in women. Journal of the National Cancer Institute. 2000; 
92(19):1592–600. [PubMed: 11018095] 

63. Fiore K. SABCS: Diabetes, Obesity Ups Risk of Breast Cancer. 2011

64. Currie CJ, Poole CD, Jenkins-Jones S, Gale EAM, Johnson JA, Morgan CL. Mortality after 
incident cancer in people with and without type 2 diabetes: impact of metformin on survival. 
Diabetes care. 2012; 35(2):299–304. [PubMed: 22266734] 

65. Phipps AI, Chlebowski RT, Prentice R, McTiernan A, Stefanick ML, Wactawski-Wende J, Kuller 
LH, Adams-Campbell LL, Lane D, Vitolins M, Kabat GC, Rohan TE, Li CI. Body size, physical 
activity, and risk of triple-negative and estrogen receptor-positive breast cancer. Cancer 
epidemiology, biomarkers & prevention. 2011; 20(3):454–63.

66. Lopez R, Agullo P, Lakshmanaswamy R. Links between obesity, diabetes and ethnic disparities in 
breast cancer among Hispanic populations. Obesity reviews : an official journal of the 
International Association for the Study of Obesity. 2013; 14(8):679–91. [PubMed: 23611507] 

67. Diagnosed diabetes. 2013. Centers for Disease Control - Diagnosed Diabetes, D.T.-D., D. D. T.. 

Berger Page 22

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



68. Siegel R, Naishadham C, Jemal A. Cancer statistics, 2012. CA cancer journal for clinicians. 2012; 
62:10–29.

69. Kasper JS, Giovannucci E. A meta-analysis of diabetes mellitus and the risk of prostate cancer. 
Cancer epidemiology, biomarkers & prevention : a publication of the American Association for 
Cancer Research, cosponsored by the American Society of Preventive Oncology. 2006; 15(11):
2056–62.

70. Barrett-Conner E, Khaw KT, Yen SS. Endogenous sex hormone levels in older adult men with 
diabetes mellitus. Am J Epidemiol. 1990; 132:895–901. [PubMed: 2239904] 

71. Frasca F, Pandini G, Scalia P, Sciacca L, Mineo R, Goldfine ID, Belfiore A, Vigneri R. Insulin 
Receptor Isoform A, a newly recognized, high-affinity insulin-like growth factor II receptor in 
fetal and cancer cells. 1999; (19):3278–3288.

72. Harrington SC, Weroha SJ, Reynolds C, Suman VJ, Lingle WL, Haluska P. Quantifying insulin 
receptor isoform expression in FFPE breast tumors. Growth hormone & IGF research : official 
journal of the Growth Hormone Research Society and the International IGF Research Society. 
2012; 22(3–4):108–15.

73. Heni M, Hennenlotter J, Scharpf M, Lutz SZ, Schwentner C, Todenhöfer T, Schilling D, Kühs U, 
Gerber V, Machicao F, Staiger H, Häring H-U, Stenzl A. Insulin receptor isoforms A and B as 
well as insulin receptor substrates-1 and -2 are differentially expressed in prostate cancer. PloS 
one. 2012; 7(12):e50953–e50953. [PubMed: 23251408] 

74. Andres SF, Simmons JG, Mah AT, Santoro MA, Van Landeghem L, Lund PK. Insulin receptor 
isoform switching in intestinal stem cells, progenitors, differentiated lineages and tumors: 
evidence that IR-B limits proliferation. Journal of cell science. 2013; 126(Pt 24):5645–56. 
[PubMed: 24127567] 

75. Del Giudice ME, Fantus IG, Ezzat S, McKeown-Eyssen G, Page D, Goodwin PJ. Insulin and 
related factors in premenopausal breast cancer risk. Breast cancer research and treatment. 1998; 
47(2):111–20. [PubMed: 9497099] 

76. Thissen J-P, Ketelslegers J-M, Underwood LE. Nutritional Regulation of the Insulin-Like Growth 
Factors. Endocrine Reviews. 1994; 15(1):80–101. [PubMed: 8156941] 

77. Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in signalling pathways: insights into insulin 
action. Nature reviews. Molecular cell biology. 2006; 7(2):85–96.

78. Taniguchi, CM.; Kahn, CR. Insulin/IGF-1 Signaling Nodes and their Role. Fantus, IG.; Berger, 
NA., editors. Springer; New York: 2011. p. 53-76.

79. Babichev, Y.; Khalid, S.; Fantus, GI. Potential Mechanisms Linking Insulin to Cancer. Fantus, IG.; 
Berger, NA., editors. Vol. Volume 2. Springer; New York: 2011. p. 159-180.

80. Othman EM, Leyh A, Stopper H. Insulin mediated DNA damage in mammalian colon cells and 
human lymphocytes in vitro. Mutation research. 2013; 745–746:34–9.

81. Pollak MN. Investigating metformin for cancer prevention and treatment: the end of the beginning. 
Cancer discovery. 2012; 2(9):778–90. [PubMed: 22926251] 

82. Chlebowski RT, McTiernan A, Wactawski-Wende J, Manson JE, Aragaki AK, Rohan T, Ipp E, 
Kaklamani VG, Vitolins M, Wallace R, Gunter M, Phillips LS, Strickler H, Margolis K, Euhus 
DM. Diabetes, metformin, and breast cancer in postmenopausal women. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2012; 30(23):2844–52. 
[PubMed: 22689798] 

83. Jiralerspong S, Palla SL, Giordano SH, Meric-Bernstam F, Liedtke C, Barnett CM, Hsu L, Hung 
M-C, Hortobagyi GN, Gonzalez-Angulo AM. Metformin and pathologic complete responses to 
neoadjuvant chemotherapy in diabetic patients with breast cancer. Journal of clinical oncology : 
official journal of the American Society of Clinical Oncology. 2009; 27(20):3297–302. [PubMed: 
19487376] 

84. Ben Sahra I, Le Marchand-Brustel Y, Tanti J-F, Bost F. Metformin in cancer therapy: a new 
perspective for an old antidiabetic drug? Molecular cancer therapeutics. 2010; 9(5):1092–9. 
[PubMed: 20442309] 

85. Niraula S, Dowling RJO, Ennis M, Chang MC, Done SJ, Hood N, Escallon J, Liang Leong W, 
McCready DR, Reedijk M, Stambolicuk V, Goodwin PJ. Metformin in early breast cancer: a 

Berger Page 23

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prospective window of opportunity neoadjuvant study. Breast cancer research and treatment. 2012; 
135(3):821–30. [PubMed: 22933030] 

86. Goodwin PJ, Stambolic V, Lemieux J, Chen BE, Parulekar WR, Gelmon K.a. Hershman DL, 
Hobday TJ, Ligibel J.a. Mayer I.a. Pritchard KI, Whelan TJ, Rastogi P, Shepherd LE. Evaluation 
of metformin in early breast cancer: a modification of the traditional paradigm for clinical testing 
of anti-cancer agents. Breast cancer research and treatment. 2011; 126(1):215–20. [PubMed: 
20976543] 

87. Sandulache, VC.; Hamblin, JS.; Skinner, HD.; Kubik, MW.; Myers, JN.; Zevallos, JP. Metformin 
use is associated with improved survival in patients with laryngeal squamous cell carcinoma. Head 
& Neck; 2013. 

88. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, Evans RM. PPARγ signaling and 
metabolism: the good, the bad and the future. Nature medicine. 2013; 19(5):557–66.

89. Niho N, Takahashi M, Shoji Y, Takeuchi Y, Matsubara S, Sugimura T, Wakabayashi K. Dose-
dependent suppression of hyperlipidemia and intestinal polyp formation in Min mice by 
pioglitazone, a PPAR gamma ligand. Cancer science. 2003; 94(11):960–4. [PubMed: 14611672] 

90. Ueno T, Teraoka N, Takasu S, Nakano K, Takahashi M, Yamamoto M, Fujii G, Komiya M, 
Yanaka A, Wakabayashi K, Mutoh M. Suppressive effect of pioglitazone, a PPAR gamma ligand, 
on azoxymethane-induced colon aberrant crypt foci in KK-Ay mice. Asian Pacific journal of 
cancer prevention : APJCP. 2012; 13(8):4067–73. [PubMed: 23098518] 

91. Warburg O. On respiratory impairment in cancer cells. Science. 1956; 123(3191):309–314. 
[PubMed: 13298683] 

92. Kim, J.-w.; Dang, CV. Cancer's molecular sweet tooth and the Warburg effect. Cancer research. 
2006; 66(18):8927–30. [PubMed: 16982728] 

93. Büsing KA, Schönberg SO, Brade J, Wasser K. Impact of blood glucose, diabetes, insulin, and 
obesity on standardized uptake values in tumors and healthy organs on 18F-FDG PET/CT. Nuclear 
medicine and biology. 2013; 40(2):206–13. [PubMed: 23228852] 

94. Meyerhardt JA, Niedzwiecki D, Hollis D, Saltz LB, Hu FB, Mayer RJ, Nelson H, Whittom R, 
Hantel A, Thomas J, Fuchs CS. Association of dietary patterns with cancer recurrence and survival 
in patients with stage III colon cancer. JAMA : the journal of the American Medical Association. 
2007; 298(7):754–64.

95. Meyerhardt JA, Sato K, Niedzwiecki D, Ye C, Saltz LB, Mayer RJ, Mowat RB, Whittom R, 
Hantel A, Benson A, Wigler DS, Venook A, Fuchs CS. Dietary glycemic load and cancer 
recurrence and survival in patients with stage III colon cancer: findings from CALGB 89803. 
Journal of the National Cancer Institute. 2012; 104(22):1702–11. [PubMed: 23136358] 

96. Jeon JY, Jeong DH, Park MG, Lee J-W, Chu SH, Park J-H, Lee MK, Sato K, Ligibel J.a. 
Meyerhardt J.a. Kim NK. Impact of diabetes on oncologic outcome of colorectal cancer patients: 
colon vs. rectal cancer. PloS one. 2013; 8(2):e55196–e55196. [PubMed: 23405123] 

97. Huffman DM, Augenlicht LH, Zhang X, Lofrese JJ, Atzmon G, Chamberland JP, Mantzoros CS. 
Abdominal obesity, independent from caloric intake, accounts for the development of intestinal 
tumors in Apc(1638N/+) female mice. Cancer prevention research (Philadelphia, Pa.). 2013; 6(3):
177–87.

98. Ignatenko NA, Gerner EW. Get the fat out! Cancer prevention research (Philadelphia, Pa.). 2013; 
6(3):161–4.

99. Tee MC, Cao Y, Warnock GL, Hu FB, Chavarro JE. Effect of bariatric surgery on oncologic 
outcomes: a systematic review and meta-analysis. Surgical endoscopy. 2013; 27(12):4449–56. 
[PubMed: 23949484] 

100. Doerner, SK.; Berger, NA. Dietary Fats as Mediators of Obesity, Inflammation and Cancer. 
Dannenberg, AJ.; Berger, NA., editors. Springer; New York: 2013. p. 99-132.

101. Su LK, Kinzler KW, Vogelstein B. Multiple intestinal neoplasia caused by a mutation in the 
murine homolog of the APC gene. Science. 1992; 256(5057):668–670. [PubMed: 1350108] 

102. Moser AR, Pitot HC, Dove WF. A dominant mutation that predisposes to multiple intestinal 
neoplasia in the mouse. Science. 1990; 247(4940):322–324. [PubMed: 2296722] 

103. Fodde R. The APC gene in colorectal cancer. European journal of cancer (Oxford, England : 
1990). 2002; 38(7):867–71.

Berger Page 24

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



104. Lefebvre AM, Chen I, Desreumaux P, Najib J, Fruchart J-C, Geboes K, Briggs M, Heyman R, 
Auwerx J. Activation of the peroxisome proliferator-activated receptor γ promotes the 
development of colon tumors in C57BL/6J-APCMin/+ mice. Nature medicine. 1998; 4(9):1053–
1057.

105. Doerner, SK.; Leung, ES.; Ko, JS.; Nadeau, JH.; Berger, NA. Differential effects of specific 
dietary fat sources on inflammation and intestinal tumorigenesis. [abstract]. Proceedings of the 
104th Annual Meeting of the American Association for Cancer Research; 2013 Apr 6–10; 
Washington, DC. Philadelphia (PA): A. Cancer research; 2013. Abstract nr 2859

106. Ferraris RP, Vinnakota RR. Intestinal nutrient transport in genetically obese mice. Am J Clin 
Nutr. 1995; 62:540–546. [PubMed: 7661115] 

107. Ealey KN, Lu S, Archer MC. Development of aberrant crypt foci in the colons of ob/ob and db/db 
mice: evidence that leptin is not a promoter. Molecular carcinogenesis. 2008; 47(9):667–77. 
[PubMed: 18240295] 

108. Hirose Y, Hata K, Kuno T, Yoshida K, Sakata K, Yamada Y, Tanaka T, Reddy BS, Mori H. 
Enhancement of development of azoxymethane-induced colonic premalignant lesions in C57BL/
KsJ-db/db mice. Carcinogenesis. 2004; 25(5):821–5. [PubMed: 14729596] 

109. Zheng Q, Dunlap SM, Zhu J, Downs-Kelly E, Rich J, Hursting SD, Berger NA, Reizes O. Leptin 
deficiency suppresses MMTV-Wnt-1 mammary tumor growth in obese mice and abrogates 
tumor initiating cell survival. Endocrine-related cancer. 2011; 18(4):491–503. [PubMed: 
21636700] 

110. Warwick BP, Romsos DR. Energy balance in adrenalectomized ob/ob mice: effects of dietary 
starch and glucose. The American journal of physiology. 1988; 255(1 Pt 2):R141–8. [PubMed: 
3293471] 

111. Tuominen I, Al-Rabadi L, Stavrakis D, Karagiannides I, Pothoulakis C, Bugni JM. Diet-induced 
obesity promotes colon tumor development in azoxymethane-treated mice. PloS one. 2013; 
8(4):e60939–e60939. [PubMed: 23560112] 

112. Newmark HL, Yang K, Lipkin M. A Western-style diet induces benign and malignant neoplasms 
in the colon of normal C57Bl/6 mice. Carcinogenesis. 2001; 22(11):1871–1875. [PubMed: 
11698351] 

113. Hill-Baskin AE, Markiewski MM, Buchner D.a. Shao H, DeSantis D, Hsiao G, Subramaniam S, 
Berger NA, Croniger C, Lambris JD, Nadeau JH. Diet-induced hepatocellular carcinoma in 
genetically predisposed mice. Human molecular genetics. 2009; 18(16):2975–88. [PubMed: 
19454484] 

114. Nishida T, Tsuneyama K, Fujimoto M, Nomoto K, Hayashi S, Miwa S, Nakajima T, Nakanishi 
Y, Sasaki Y, Suzuki W, Iizuka S, Nagata M, Shimada T, Aburada M, Shimada Y, Imura J. 
Spontaneous onset of nonalcoholic steatohepatitis and hepatocellular carcinoma in a mouse 
model of metabolic syndrome. Laboratory investigation; a journal of technical methods and 
pathology. 2013; 93(2):230–41.

115. Qian SS, Gao J, Wang JX, Liu Y, Dong HY. Establishment of a mouse forestomach carcinoma 
cell line (MFC) with spontaneous hematogenous metastasis and preliminary study of its 
biological characteristics. Zhonghua Zhong Liu Za Zhi. 1987; 9(4):261–4. [PubMed: 3678016] 

116. Li H-J, Che X-M, Zhao W, He S-C, Zhang Z-L, Chen R. Diet-induced obesity potentiates the 
growth of gastric cancer in mice. Experimental and therapeutic medicine. 2012; 4(4):615–620. 
[PubMed: 23170114] 

117. Li H-J, Che X-M, Zhao W, He S-C, Zhang Z-L, Chen R, Fan L, Jia Z-L. Diet-induced obesity 
promotes murine gastric cancer growth through a nampt/sirt1/c-myc positive feedback loop. 
Oncology reports. 2013; 30(5):2153–60. [PubMed: 23970286] 

118. Dahl TB, Holm S, Aukrust P, Halvorsen B. Visfatin/NAMPT: a multifaceted molecule with 
diverse roles in physiology and pathophysiology. Annu Rev Nutr. 2012; 32:229–43. [PubMed: 
22462624] 

119. Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, Sodir NM, Karnezis AN, Swigart LB, 
Nasi S, Evan GI. Modelling Myc inhibition as a cancer therapy. Nature. 2008; 455(7213):679–
83. [PubMed: 18716624] 

Berger Page 25

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



120. Menssen A, Hydbring P, Kapelle K, Vervoorts J, Diebold J, Lüscher B, Larsson L-G, Hermeking 
H. The c-MYC oncoprotein, the NAMPT enzyme, the SIRT1-inhibitor DBC1, and the SIRT1 
deacetylase form a positive feedback loop. Proceedings of the National Academy of Sciences of 
the United States of America. 2012; 109(4):E187–96. [PubMed: 22190494] 

121. Friedman JM. A tale of two hormones. Nature medicine. 2010; 16(10):1100–6.

122. Jung CH, Kim M-S. Molecular mechanisms of central leptin resistance in obesity. Archives of 
pharmacal research. 2013; 36(2):201–7. [PubMed: 23359004] 

123. Uddin, S.; Hussain, AR.; Khan, OS.; Al-Kuraya, KS. Role of dysregulated expression of leptin 
and leptin receptors in colorectal carcinogenesis. 2013. 

124. Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, JM. Positional cloning of 
the mouse obese gene and its human homologue. 1994. p. 425-32.

125. Barone I, Catalano S, Gelsomino L, Marsico S, Giordano C, Panza S, Bonofiglio D, Bossi G, 
Covington KR, Fuqua S.a.W. Andò S. Leptin mediates tumor-stromal interactions that promote 
the invasive growth of breast cancer cells. Cancer research. 2012; 72(6):1416–27. [PubMed: 
22282662] 

126. Saxena NK, Sharma D, Ding X, Lin S, Marra F, Merlin D, Anania F.a. Concomitant activation of 
the JAK/STAT, PI3K/AKT, and ERK signaling is involved in leptin-mediated promotion of 
invasion and migration of hepatocellular carcinoma cells. Cancer research. 2007; 67(6):2497–
507. [PubMed: 17363567] 

127. Wang D, Chen J, Chen H, Duan Z, Xu Q, Wei M, Wang L, Zhong M. Leptin regulates 
proliferation and apoptosis of colorectal carcinoma through PI3K/Akt/mTOR signalling pathway. 
Journal of Biosciences. 2011; 37(1):91–101. [PubMed: 22357207] 

128. Zheng Q, Banaszak L, Fracci S, Basali D, Dunlap SM, Hursting SD, Rich JN, Hjlemeland AB, 
Vasanji A, Berger NA, Lathia JD, Reizes O. Leptin receptor maintains cancer stem-like 
properties in triple negative breast cancer cells. Endocrine-related cancer. 2013; 20(6):797–808. 
[PubMed: 24025407] 

129. Newman G, Gonzalez-Perez RR. Leptin-cytokine crosstalk in breast cancer. Molecular and 
cellular endocrinology. 2014; 382(1):570–82. [PubMed: 23562747] 

130. Zhou J, Wulfkuhle J, Zhang H, Gu P, Yang Y, Deng J, Margolick JB, Liotta L.a. Petricoin E, 
Zhang Y. Activation of the PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells is 
required for viability and maintenance. Proceedings of the National Academy of Sciences of the 
United States of America. 2007; 104(41):16158–63. [PubMed: 17911267] 

131. Beccari S, Kovalszky I, Wade JD, Otvos L, Surmacz E. Designer peptide antagonist of the leptin 
receptor with peripheral antineoplastic activity. Peptides. 2013; 44:127–34. [PubMed: 23567149] 

132. Bitton-Worms K, Rostoker R, Braun S, Shen-Orr Z, LeRoith D. The effect of leptin 
administration on mammary tumor growth in diabetic mice. Hormone and metabolic research = 
Hormon- und Stoffwechselforschung = Hormones et métabolisme. 2013; 45(9):655–9. [PubMed: 
23700320] 

133. Vykhovanets EV, Shankar E, Vykhovanets OV, Shukla S, Gupta S. High-fat diet increases NF-
κB signaling in the prostate of reporter mice. The Prostate. 2011; 71(2):147–56. [PubMed: 
20632379] 

134. Llaverias G, Danilo C, Wang Y, Witkiewicz AK, Daumer K, Lisanti MP, Frank PG. A Western-
type diet accelerates tumor progression in an autochthonous mouse model of prostate cancer. The 
American journal of pathology. 2010; 177(6):3180–91. [PubMed: 21088217] 

135. Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley WD, Aspinall JO, Cunha GR, 
Donjacour AA, Matusik RJ, Rosen JM. Prostate cancer in a transgenic mouse. Proc Natl Acad 
Sci USA. 1995; 92(8):3439–43. [PubMed: 7724580] 

136. Cunhaii GR, Donjacourii AA, Matusik RJ, Rosen JM. Prostate cancer in a transgenic mouse 
neoplasim epithelial. Proc Natl Acad Sci USA Sci USA. 1995; 92:3439–3443.

137. Huffman DM, Johnson MS, Watts A, Elgavish A, Eltoum I.a. Nagy TR. Cancer progression in 
the transgenic adenocarcinoma of mouse prostate mouse is related to energy balance, body mass, 
and body composition, but not food intake. Cancer research. 2007; 67(1):417–24. [PubMed: 
17185379] 

Berger Page 26

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



138. Bonorden MJL, Grossmann ME, Ewing SA, Rogozina OP, Ray A, Nkhata KJ, Liao DJ, Grande 
JP, Cleary MP. Growth and Progression of TRAMP Prostate Tumors in Relationship to Diet and 
Obesity. Prostate cancer. 2012; 2012:543970–543970. [PubMed: 23304522] 

139. Grossmann ME, Mizuno NK, Bonorden MJL, Ray A, Sokolchik I, Narasimhan ML, Cleary MP. 
Role of the Adiponectin Leptin Ratio in Prostate Cance. Oncology Research Featuring 
Preclinical and Clinical Cancer Therapeutics. 2009; 18(5–6):269–277. (9). 

140. Miyazaki T, Bub JD, Iwamoto Y. c-Jun NH(2)-terminal kinase mediates leptin-stimulated 
androgen-independent prostate cancer cell proliferation via signal transducer and activator of 
transcription 3 and Akt. Biochimica et biophysica acta. 2008; 1782(10):593–604. [PubMed: 
18718531] 

141. Saw CLL, Wu T-Y, Paredes-Gonzalez X, Khor TO, Pung D, Kong A-NT. Pharmacodynamics of 
fish oil: protective effects against prostate cancer in TRAMP mice fed with a high fat western 
diet. Asian Pacific journal of cancer prevention : APJCP. 2011; 12(12):3331–4. [PubMed: 
22471475] 

142. Davis PA, Vasu VT, Gohil K, Kim H, Khan IH, Cross CE, Yokoyama W. A high-fat diet 
containing whole walnuts (Juglans regia) reduces tumour size and growth along with plasma 
insulin-like growth factor 1 in the transgenic adenocarcinoma of the mouse prostate model. The 
British journal of nutrition. 2012; 108(10):1764–72. [PubMed: 22244053] 

143. Liu K, Jiang M, Lu Y, Chen H, Sun J, Wu S, Ku W-Y, Nakagawa H, Kita Y, Natsugoe S, Peters 
JH, Rustgi A, Onaitis MW, Kiernan A, Chen X, Que J. Sox2 cooperates with inflammation-
mediated Stat3 activation in the malignant transformation of foregut basal progenitor cells. Cell 
stem cell. 2013; 12(3):304–15. [PubMed: 23472872] 

144. Fang Y, Chen X, Bajpai M, Verma A, Das KM, Souza RF, Garman KS, Donohoe CL, O'Farrell 
NJ, Reynolds JV, Dvorak K. Cellular origins and molecular mechanisms of Barrett's esophagus 
and esophageal adenocarcinoma. Annals of the New York Academy of Sciences. 2013; 
1300:187–99. [PubMed: 24117642] 

145. Duggan C, Onstad L, Hardikar S, Blount PL, Reid BJ, Vaughan TL. Association between markers 
of obesity and progression from Barrett's esophagus to esophageal adenocarcinoma. Clinical 
gastroenterology and hepatology : the official clinical practice journal of the American 
Gastroenterological Association. 2013; 11(8):934–43. [PubMed: 23466711] 

146. Michaud DS, Giovannucci E. Physical activity, obesity, height, and the risk of pancreatic cancer. 
JAMA : the journal of the American Medical Association. 2001; 286(8):921–929.

147. Michaud DS. Role of bacterial infections in pancreatic cancer. Carcinogenesis. 2013; 34(10):
2193–7. [PubMed: 23843038] 

148. Bracci PM. Obesity and pancreatic cancer: overview of epidemiologic evidence and biologic 
mechanisms. Molecular carcinogenesis. 2012; 51(1):53–63. [PubMed: 22162231] 

149. Klein AP, Lindström S, Mendelsohn JB, Steplowski E, Arslan A.a. Bueno-de-Mesquita HB, 
Fuchs CS, Gallinger S, Gross M, Helzlsouer K, Holly E.a. Jacobs EJ, Lacroix A, Li D, 
Mandelson MT, Olson SH, Petersen GM, Risch H.a. Stolzenberg-Solomon RZ, Zheng W, 
Amundadottir L, Albanes D, Allen NE, Bamlet WR, Boutron-Ruault M-C, Buring JE, Bracci 
PM, Canzian F, Clipp S, Cotterchio M, Duell EJ, Elena J, Gaziano JM, Giovannucci EL, 
Goggins M, Hallmans G, Hassan M, Hutchinson A, Hunter DJ, Kooperberg C, Kurtz RC, Liu S, 
Overvad K, Palli D, Patel AV, Rabe KG, Shu X-O, Slimani N, Tobias GS, Trichopoulos D, Van 
Den Eeden SK, Vineis P, Virtamo J, Wactawski-Wende J, Wolpin BM, Yu H, Yu K, Zeleniuch-
Jacquotte A, Chanock SJ, Hoover RN, Hartge P, Kraft P. An absolute risk model to identify 
individuals at elevated risk for pancreatic cancer in the general population. PloS one. 2013; 
8(9):e72311–e72311. [PubMed: 24058443] 

150. Tang H, Wei P, Duell EJ, Risch H.a. Olson SH, Bueno-de-Mesquita HB, Gallinger S, Holly E.a. 
Petersen GM, Bracci PM, McWilliams RR, Jenab M, Riboli E, Tjønneland A, Boutron-Ruault 
MC, Kaaks R, Trichopoulos D, Panico S, Sund M, Peeters PHM, Khaw K-T, Amos CI, Li D. 
Genes-Environment Interactions in Obesity- and Diabetes-Associated Pancreatic Cancer: A 
GWAS Data Analysis. Cancer epidemiology, biomarkers & prevention : a publication of the 
American Association for Cancer Research, cosponsored by the American Society of Preventive 
Oncology. 2013; 23(1):98–106.

Berger Page 27

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



151. Papamichael K-X. Helicobacter pylori infection and endocrine disorders: Is there a link? World 
Journal of Gastroenterology. 2009; 15(22):2701–2707. [PubMed: 19522019] 

152. Aguirre AJ, Bardeesy N, Sinha M, Lopez L, Tuveson D.a. Horner J, Redston MS, DePinho R.a. 
Activated Kras and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal 
adenocarcinoma. Genes & development. 2003; 17(24):3112–26. [PubMed: 14681207] 

153. Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King C, Jacobetz M.a. Ross S, Conrads TP, 
Veenstra TD, Hitt B.a. Kawaguchi Y, Johann D, Liotta L.a. Crawford HC, Putt ME, Jacks T, 
Wright CVE, Hruban RH, Lowy AM, Tuveson D.a. Preinvasive and invasive ductal pancreatic 
cancer and its early detection in the mouse. Cancer cell. 2003; 4(6):437–50. [PubMed: 14706336] 

154. Murtaugh, LC. Pathogenesis of Pancreatic Cancer: Lessons from Animal Models. 2013. p. 1-12.

155. Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, Reichert M, Beatty GL, 
Rustgi AK, Vonderheide RH, Leach SD, Stanger BZ. EMT and dissemination precede pancreatic 
tumor formation. Cell. 2012; 148(1–2):349–61. [PubMed: 22265420] 

156. Daniluk J, Liu Y, Deng D, Chu J, Huang H, Gaiser S, Cruz-monserrate Z, Wang H, Ji B, Logsdon 
CD. An NF- κ B pathway – mediated positive feedback loop amplifies Ras activity to 
pathological levels in mice. The Journal of Clinical Investigation. 2012; 122(4):1519–1528. 
[PubMed: 22406536] 

157. Schneider MB, Matsuzaki H, Haorah J, Ulrich A, Standop J, Ding XZ, Adrian TE, Pour PM. 
Prevention of pancreatic cancer induction in hamsters by metformin. Gastroenterology. 2001; 
120(5):1263–70. [PubMed: 11266389] 

158. Li D. Diabetes and pancreatic cancer. Molecular carcinogenesis. 2012; 51(1):64–74. [PubMed: 
22162232] 

159. Gukovsky I, Li N, Todoric J, Gukovskaya A, Karin M. Inflammation, autophagy, and obesity: 
common features in the pathogenesis of pancreatitis and pancreatic cancer. Gastroenterology. 
2013; 144(6):1199–209.e4. [PubMed: 23622129] 

160. Dawson DW, Hertzer K, Moro A, Donald G, Chang H-H, Go VL, Pandol SJ, Lugea A, 
Gukovskaya AS, Li G, Hines OJ, Rozengurt E, Eibl G. High-fat, high-calorie diet promotes early 
pancreatic neoplasia in the conditional KrasG12D mouse model. Cancer prevention research 
(Philadelphia, Pa.). 2013; 6(10):1064–73.

161. Lashinger LM, Harrison LM, Rasmussen AJ, Logsdon CD, Fischer SM, McArthur MJ, Hursting 
SD. Dietary energy balance modulation of Kras- and Ink4a/Arf+/−-driven pancreatic cancer: the 
role of insulin-like growth factor-I. Cancer prevention research (Philadelphia, Pa.). 2013; 6(10):
1046–55.

162. Kim EJ, Choi M-R, Park H, Kim M, Hong JE, Lee J-Y, Chun HS, Lee KW, Yoon Park JH. 
Dietary fat increases solid tumor growth and metastasis of 4T1 murine mammary carcinoma cells 
and mortality in obesity-resistant BALB/c mice. Breast cancer research : BCR. 2011; 13(4):R78–
R78. [PubMed: 21834963] 

163. Pelucchi C, Bosetti C, Negri E, Lipworth L, La Vecchia C. Olive oil and cancer risk: an update of 
epidemiological findings through 2010. Current pharmaceutical design. 2011; 17(8):805–12. 
[PubMed: 21443483] 

164. D'Archivio M, Scazzocchio B, Giammarioli S, Fiani ML, Varì R, Santangelo C, Veneziani A, 
Iacovelli A, Giovannini C, Gessani S, Masella R. ω3-PUFAs exert anti-inflammatory activity in 
visceral adipocytes from colorectal cancer patients. PloS one. 2013; 8(10):e77432–e77432. 
[PubMed: 24116229] 

165. Braun DA, Fribourg M, Sealfon SC. Cytokine response is determined by duration of receptor and 
signal transducers and activators of transcription 3 (STAT3) activation. The Journal of biological 
chemistry. 2013; 288(5):2986–93. [PubMed: 23166328] 

166. Turk, HF.; Monk, JM.; Hou, TY. Omega-3 fatty acids in cancer prevention and control. 
Dannenberg, AJ.; Berger, NA., editors. Springer; New York: 2013. p. 305-339.

167. Bao Y, Hu FB, Giovannucci EL, Wolpin BM, Stampfer MJ, Willett WC, Fuchs CS. Nut 
consumption and risk of pancreatic cancer in women. British journal of cancer. 2013; 109(11):
2911–6. [PubMed: 24149179] 

Berger Page 28

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



168. Bao Y, Han J, Hu FB, Giovannucci EL, Stampfer MJ, Willett WC, Fuchs CS. Association of nut 
consumption with total and cause-specific mortality. The New England journal of medicine. 
2013; 369(21):2001–11. [PubMed: 24256379] 

169. Jaceldo-Siegl K, Haddad E, Oda K, Fraser GE, Sabaté J. Tree nuts are inversely associated with 
metabolic syndrome and obesity: the adventist health study-2. PloS one. 2014; 9(1):e85133–
e85133. [PubMed: 24416351] 

170. Bjørge T, Engeland A, Tverdal A, Smith GD. Body mass index in adolescence in relation to 
cause-specific mortality: a follow-up of 230,000 Norwegian adolescents. American journal of 
epidemiology. 2008; 168(1):30–7. [PubMed: 18477652] 

171. Levi Z, Kark JD, Barchana M, Liphshitz I, Zavdi O, Tzur D, Derazne E, Furman M, Niv Y, 
Gordon B, Afek A, Shamiss A. Measured body mass index in adolescence and the incidence of 
colorectal cancer in a cohort of 1.1 million males. Cancer epidemiology, biomarkers & 
prevention : a publication of the American Association for Cancer Research, cosponsored by the 
American Society of Preventive Oncology. 2011; 20(12):2524–31.

172. Aso Y, Wakabayashi S, Yamamoto R, Matsutomo R, Kohzo T, Inukai T. Hypercholesterolemia 
Is Strongly and Impairment of Fibrinolysis in Patients With Type 2 Diabetes. Diabetes Care. 
2005; 28(9):2211–2216. [PubMed: 16123492] 

173. Ford ES. Prevalence of the Metabolic Syndrome Defined by the International Diabetes. Diabetes 
care. 2005; 28(11):2745–9. [PubMed: 16249550] 

174. Kitahara CM, Berrington de González A, Freedman ND, Huxley R, Mok Y, Jee SH, Samet JM. 
Total cholesterol and cancer risk in a large prospective study in Korea. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2011; 29(12):1592–8. 
[PubMed: 21422422] 

175. Poynter JN, Gruber SB, Higgins PD, Almog R, Bonner JD, Rennert HS, Low M, Greenson J, 
Rennert G. Statins and the risk of colorectal cancer. The New England Journal of Medicine. 
2005; 352(21):2184–2192. [PubMed: 15917383] 

176. Nielsen SF, Nordestgaard BG, Bojesen SE. Statin use and reduced cancer-related mortality. The 
New England journal of medicine. 2012; 367(19):1792–802. [PubMed: 23134381] 

177. Ahern TP, Pedersen L, Tarp M, Cronin-Fenton DP, Garne JP, Silliman R.a. Sørensen HT, Lash 
TL. Statin prescriptions and breast cancer recurrence risk: a Danish nationwide prospective 
cohort study. Journal of the National Cancer Institute. 2011; 103(19):1461–8. [PubMed: 
21813413] 

178. Graaf MR, Beiderbeck AB, Egberts ACG, Richel DJ, Guchelaar H-J. The risk of cancer in users 
of statins. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2004; 22(12):2388–94. [PubMed: 15197200] 

179. Wu Q, Ishikawa T, Sirianni R, Tang H, McDonald JG, Yuhanna IS, Thompson B, Girard L, 
Mineo C, Brekken R.a. Umetani M, Euhus DM, Xie Y, Shaul PW. 27-Hydroxycholesterol 
promotes cell-autonomous, ER-positive breast cancer growth. Cell reports. 2013; 5(3):637–45. 
[PubMed: 24210818] 

180. Nelson, ER.; Wardell, SE.; Jasper, JS.; Park, S.; Suchindran, S.; Howe, MK.; Carver, NJ.; Pillai, 
RV.; Sullivan, PM.; Sondhi, V.; Umetani, M.; Geradts, J.; McDonnell, DP. Science. Vol. 342. 
New York, N.Y; 2013. 27-Hydroxycholesterol links hypercholesterolemia and breast cancer 
pathophysiology; p. 1094-8.

181. Kaiser, J. Science. Vol. 342. New York, N.Y: 2013. Cancer. Cholesterol forges link between 
obesity and breast cancer; p. 1028-1028.

182. Tilg H, Kaser A. Review series: Gut microbiome, obesity, and metabolic dysfunction. J Clin 
Invest. 2011; 121(6):2126–32. [PubMed: 21633181] 

183. Turnbaugh PJ, Bäckhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to marked but 
reversible alterations in the mouse distal gut microbiome. Cell host & microbe. 2008; 3(4):213–
23. [PubMed: 18407065] 

184. Bäckhed, F.; Ley, RE.; Sonnenburg, JL.; Peterson, DA.; Gordon, JI. Science. Vol. 307. New 
York, N.Y: 2005. Host-bacterial mutualism in the human intestine; p. 1915-20.

185. Plottel CS, Blaser MJ. Microbiome and malignancy. Cell host & microbe. 2011; 10(4):324–35. 
[PubMed: 22018233] 

Berger Page 29

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



186. Bäckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF, Gordon JI. The 
gut microbiota as an environmental factor that regulates fat storage. Proceedings of the National 
Academy of Sciences of the United States of America. 2004; 101(44):15718–23. [PubMed: 
15505215] 

187. Russell WR, Duncan SH, Flint HJ. The gut microbial metabolome: modulation of cancer risk in 
obese individuals. The Proceedings of the Nutrition Society. 2013; 72(1):178–88. [PubMed: 
23174203] 

188. Andersson AF, Lindberg M, Jakobsson H, Bäckhed F, Nyrén P, Engstrand L. Comparative 
analysis of human gut microbiota by barcoded pyrosequencing. PloS one. 2008; 3(7):e2836–
e2836. [PubMed: 18665274] 

189. Carvalho BM, Saad MJA. Influence of gut microbiota on subclinical inflammation and insulin 
resistance. Mediators of inflammation. 2013; 2013:986734–986734. [PubMed: 23840101] 

190. Ley RE, Bäckhed F, Turnbaugh P, Lozupone C.a. Knight RD, Gordon JI. Obesity alters gut 
microbial ecology. Proceedings of the National Academy of Sciences of the United States of 
America. 2005; 102(31):11070–5. [PubMed: 16033867] 

191. Hildebrandt, M.a.; Hoffmann, C.; Sherrill-Mix, S.a.; Keilbaugh, S.a.; Hamady, M.; Chen, Y-Y.; 
Knight, R.; Ahima, RS.; Bushman, F.; Wu, GD. High-fat diet determines the composition of the 
murine gut microbiome independently of obesity. Gastroenterology. 2009; 137(5):1716–24.e1-2. 
[PubMed: 19706296] 

192. Mujico JR, Baccan GC, Gheorghe A, Díaz LE, Marcos A. Changes in gut microbiota due to 
supplemented fatty acids in diet-induced obese mice. The British journal of nutrition. 2013; 
110(4):711–20. [PubMed: 23302605] 

193. Turnbaugh PJ, Ley RE, Mahowald M.a. Magrini V, Mardis ER, Gordon JI. An obesity-associated 
gut microbiome with increased capacity for energy harvest. Nature. 2006; 444(7122):1027–31. 
[PubMed: 17183312] 

194. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, Parameswaran P, Crowell MD, 
Wing R, Rittmann BE, Krajmalnik-Brown R. Human gut microbiota in obesity and after gastric 
bypass. Proceedings of the National Academy of Sciences of the United States of America. 2009; 
106(7):2365–70. [PubMed: 19164560] 

195. Ridaura, VK.; Faith, JJ.; Rey, FE.; Cheng, J.; Duncan, AE.; Kau, AL.; Griffin, NW.; Lombard, 
V.; Henrissat, B.; Bain, JR.; Muehlbauer, MJ.; Ilkayeva, O.; Semenkovich, CF.; Funai, K.; 
Hayashi, DK.; Lyle, BJ.; Martini, MC.; Ursell, LK.; Clemente, JC.; Van Treuren, W.; Walters, 
W.a.; Knight, R.; Newgard, CB.; Heath, AC.; Gordon, JI. Science. Vol. 341. New York, N.Y: 
2013. Gut microbiota from twins discordant for obesity modulate metabolism in mice; p. 
1241214-1-1241214-10.

196. Ziebarth D, Spiegelhalder B, Bartsch H. N-nitrosation of medicinal drugs catalysed by bacteria 
from human saliva and gastro-intestinal tract, including Helicobacter pylori. Carcinogenesis. 
1997; 18(2):383–9. [PubMed: 9054633] 

197. Membrez M, Blancher F, Jaquet M, Bibiloni R, Cani PD, Burcelin RG, Corthesy I, Macé K, Chou 
CJ. Gut microbiota modulation with norfloxacin and ampicillin enhances glucose tolerance in 
mice. FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology. 2008; 22(7):2416–26. [PubMed: 18326786] 

198. Polk DB, Peek RM. Helicobacter pylori: gastric cancer and beyond. Nature reviews. Cancer. 
2010; 10(6):403–14.

199. Bessède E, Staedel C, Acuña Amador L.a. Nguyen PH, Chambonnier L, Hatakeyama M, 
Belleannée G, Mégraud F, Varon C. Helicobacter pylori generates cells with cancer stem cell 
properties via epithelial-mesenchymal transition-like changes. Oncogene. Nov.2013 :1–9. 2012. 

200. Hatakeyama M. Helicobacter pylori and gastric carcinogenesis. Journal of gastroenterology. 
2009; 44(4):239–48. [PubMed: 19271114] 

201. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420(6917):860–7. [PubMed: 
12490959] 

202. Reddy BS, Watanabe K, Weisburger JH, Wynder EL. Promoting effect of bile acids in colon 
carcinogenesis in germ-free and conventional F344 rats. Cancer Research. 1977; 3238:3242.

Berger Page 30

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



203. Goodson JM, Groppo D, Halem S, Carpino E. Is obesity an oral bacterial disease? Journal of 
dental research. 2009; 88(6):519–23. [PubMed: 19587155] 

204. McCoy AN, Araújo-Pérez F, Azcárate-Peril A, Yeh JJ, Sandler RS, Keku TO. Fusobacterium is 
associated with colorectal adenomas. PloS one. 2013; 8(1):e53653–e53653. [PubMed: 23335968] 

205. Kostic AD, Chun E, Robertson L, Glickman JN, Gallini CA, Michaud M, Clancy TE, Chung DC, 
Lochhead P, Hold GL, El-Omar EM, Brenner D, Fuchs CS, Meyerson M, Garrett WS. 
Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune 
microenvironment. Cell host & microbe. 2013; 14(2):207–15. [PubMed: 23954159] 

206. Rubinstein MR, Wang X, Liu W, Hao Y, Cai G, Han YW. Fusobacterium nucleatum promotes 
colorectal carcinogenesis by modulating E-cadherin/β-catenin signaling via its FadA adhesin. 
Cell host & microbe. 2013; 14(2):195–206. [PubMed: 23954158] 

207. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, Iwakura Y, Oshima K, 
Morita H, Hattori M, Honda K, Ishikawa Y, Hara E, Ohtani N. Obesity-induced gut microbial 
metabolite promotes liver cancer through senescence secretome. Nature. 2013; 499(7456):97–
101. [PubMed: 23803760] 

208. Coppé J-P, Patil CK, Rodier F, Sun Y, Muñoz DP, Goldstein J, Nelson PS, Desprez P-Y, Campisi 
J. Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of 
oncogenic RAS and the p53 tumor suppressor. PLoS biology. 2008; 6(12):2853–68. [PubMed: 
19053174] 

209. Reddy BS, Reddy B. Dietary Fat and Its Relationship to Large Bowel Cancer Dietary Fat and Its 
Relationship to Large Bowel Cancer1. Cancer Res. 1981; 41:3700–3705. [PubMed: 6266660] 

210. Qiao D, Gaitonde SV, Qi W, Martinez JD. Deoxycholic acid suppresses p53 by stimulating 
proteasome-mediated p53 protein degradation. Carcinogenesis. 2001; 22(6):957–64. [PubMed: 
11375905] 

211. Devkota S, Turnbaugh PJ. Cancer: An acidic link. Nature. 2013; 499:4–5.

212. Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H, Nadimpalli A, Antonopoulos D.a. 
Jabri B, Chang EB. Dietary-fat-induced taurocholic acid promotes pathobiont expansion and 
colitis in Il10−/− mice. Nature. 2012; 487(7405):104–8. [PubMed: 22722865] 

213. Clapper ML, Cooper HS, Chang W-CL. Dextran sulfate sodium-induced colitis-associated 
neoplasia: a promising model for the development of chemopreventive interventions. Acta 
pharmacologica Sinica. 2007; 28(9):1450–9. [PubMed: 17723178] 

Berger Page 31

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


