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Abstract: Hormones, growth factors and cytokines produced by adipocytes are associated with cancer progression. We
suggest that chronically elevated adipokines as observed in the obese state may have profound effects locally on colon
epithelial cells through growth promotion effects, induction of autocrine signaling, angiogenesis and immune cross-talk.
This dysregulation of the local environment via a systemic signal may lead to the promotion of colon cancer via a novel
set of mechanisms. Elucidating the mechanisms by which obesity may increase cancer risk may lead to the identification
of treatment/prevention targets. The use of models of this multistage process should allow for mechanism-based
approaches to block phenotypes associated with the process of carcinogenesis. The review highlights using in vitro model
systems of these various stages to understand the molecular mechanisms of obesity and cancer risk. The advantage in
using these systems is that the response of cells possessing various transformations can be compared to “normal cells”.
The key is to identify targets that are aberrant from normal to perturb for cancer prevention strategies. This approach
would theoretically reduce the possibility of severe or unwanted side-effects when the target does not also destroy the
normal cell mechanisms. Cell models can aid in the identification of those targets and inform rationale translation to
animal and human studies.

Keywords: Obesity, adipokine, cancer, colon, prostate, breast, leptin, interleukin-6, adiponectin.
INTRODUCTION
During the past 20 years, obesity has risen at an epidemic
rate in the United States. Currently, 1 in 4 adults in the US is
considered obese, defined as having a body mass index ≥ 30
kg/m2 [1]. Morbidities associated with obesity are second
only to smoking in the US [2]. Metabolic syndrome (MS), a
constellation of risk factors associated with central adiposity,
has been hypothesized as the primary etiologic paradigm to
explain increased risk of cardiovascular disease and type-2
diabetes in those affected. The Centers for Disease Control
and Prevention estimate that approximately 47 million
Americans have this condition. The clinical presentation in
MS includes increased abdominal fat, elevated levels of
triglycerides and low-density lipoproteins, low levels of
high-density lipoprotein cholesterol, elevated blood pressure,
insulin resistance, and prothrombic and proinflammatory
states [3]. This insulin-resistant, proinflammatory state is
also associated with elevated blood insulin, insulin-like growth factors and the adipocyte-derived cytokine (adipokine)
leptin; the adipokine called adiponectin is decreased in some
of those with MS. The colon is among several sites,
including endometrium, breast, gallbladder and prostate, that
are subject to increased risk of cancer in obese individuals
[4]. Prospective epidemiologic studies have associated MS
with risk of subsequent colorectal cancer and recurrent breast
cancer [5-8]. The altered levels of hormones, growth factors
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and adipokines may be causally related to the development
of certain cancers, including colon cancer [9]. Risk of
obesity-associated cancers may be causally related to the
proinflammatory state.
Colon cancer has been causally linked to inflammatory
conditions, such as inflammatory bowel disease (IBD). As
such, it is plausible that the presence of increased serum
levels of inflammatory mediators that occurs with obesity
underlies the obesity-colon cancer association [10]. Casecontrol and cohort studies consistently show a clear positive
association between colon cancer and/or colonic polyps with
elevated levels of insulin [11, 12] and insulin like growth
factor (IGF)-1, as well as decreased levels of IGF-binding
proteins [13]; the levels of which are altered in the obese
state. However, research is lacking regarding an association
between elevated adipokines and colon cancer.
A growing body of evidence associates inflammation
with epithelial cell transformation and the process of
carcinogenesis [14, 15]. Various models describing the
process leading to colon cancer begin with an initiating
event, such as inherited or somatic mutations in the
adenomatous polyposis coli (Apc) tumor suppressor gene. If
these initiated precancerous cells (Apc+/-) survive, they
proliferate during the promotional phase of carcinogenesis.
During this phase further genetic damage can be incurred,
such as mutations in the p53 or deleted in colon cancer
(DCC) genes [16]. In inflammation-associated colorectal
cancer, such as cases associated with IBD, non-genetic
stimuli also encourage the survival and proliferation of
initiated cells [15].
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Excess adipose tissue in specific anatomical locations
may produce promotional adipokines that interact with
hormones (e.g., insulin) and growth factors (e.g., insulin-like
growth factors) that can act on initiated colon epithelial cells
and increase colon cancer risk associated with the obese
state.
It is noteworthy that loss of central adipose tissue or
enhancement of subcutaneous adipose tissue reverses the
negative metabolic syndrome profile characteristics associated with central adiposity [17, 18]. These data suggest that
adiponectin from subcutaneous white adipose tissue can
negate the effects of pathophysiologic mediators originating
from central adipose or omental adipose tissue. Leptin,
interleukin-6 (IL-6) and adiponectin play direct roles in a
variety of inflammatory situations both in vivo and in vitro.
While all of these hormones/cytokines are critical to normal
cell functioning at homeostatic concentrations, when levels
are altered from normal (as in obesity) they may become
pathologic. There is strong biological plausibility that an
imbalance in these systemic mediators is causally related to
obesity-associated cancers like colorectal cancer. The
imbalance in these systemic mediators is thought to be
involved in obesity-associated cancers. Exactly how this may
happen mechanistically is not understood but is thought to be
related to elevated systemic mediators of inflammation
released by adipocytes, specifically, increased leptin, IL-6
and decreased adiponectin.
In this article we review the molecular mechanisms that
may link obesity and cancer risk. We highlight adipokine
research in prostate, breast, and intestinal dysplastic cells
with special emphasis on colon epithelial cell lines that have
yielded important information on early phenotypic events
that may have relevance to colon carcinogenesis [19-25]. We
use data generated from this model to propose a biologically
plausible mechanism of obesity-associated cancer risk.
ADIPOKINES: A REVIEW
Historically, adipose tissue was primarily considered an
organ used to store energy in the form of triacylglycerols,
with secondary functions of insulation and shock absorption.
However, within the last several years, adipose tissue is
recognized as a functional endocrine organ with the ability to
secrete a number of cell-signaling peptides called adipokines. These adipokines act both locally and distally in
tissues, and have effects on a large number of bodily
functions. These include lipid metabolism, inflammation,
atherosclerosis, insulin resistance, reproduction, vascular
homeostasis, food intake, thermoregulation, angiogenesis
and immune function [26]. Unlike other secretory organs,
adipose tissue is located throughout the body, with the
contributions of metabolic secretions depending upon the
location and size of the adipose tissue [27]. Furthermore,
because fat cells have the ability to “network” with other
tissues and organs such as skeletal muscle and the brain via
hormone circulation and sympathetic nervous system activation, adipose tissue is highly integrated into overall metabolism and physiological processes of the body [28].
Adipocyte size and microenvironment may affect the cadre
of adipokines secreted by adipocytes.
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Intra-abdominal adipose tissue appears to produce many
of the adipokines in amounts greater than that of fat deposits
elsewhere in the body, causing android obesity to be both a
symptom of and a diagnostic indicator for MS [29]. Metabolic syndrome in turn is a risk factor for the deve-lopment
of cardiovascular disease, diabetes mellitus, peripheral vascular disease and stroke. Multiple studies have also found
circulating adipokines to be contributing factors for
increased risk of many types of cancer, including cancers of
the breast, colon, kidney and esophagus [30]. The influence
of adipokines on insulin sensitivity, glucose metabolism,
inflammation and atherosclerosis may provide the molecular
link between increased adiposity and development of obesity-related cancers [31]. Production and excretion of several
adipokines and other adipose tissue-related hormones,
including visfatin, omentin, resistin, insulin, leptin, interleukin-6 and adiponectin, are significantly altered in obesity
[32].
Several of these are pro-inflammatory cytokines that are
released from adipose tissue even in the absence of acute
injury or inflammation, supporting the characterization of
obesity as a disorder of chronic mild inflammation. Significant evidence indicates that these adipokines are associated
with the etiology of atherogenesis [33, 34]. This review will
focus on the role of adipokines in the process of
carcinogenesis.
Insulin and Cancer Risk
Insulin is a hormone produced and release by the
pancreas and is therefore not an adipokine by definition;
however, obesity is known to cause insulin resistance,
thereby leading to an increase in serum levels of insulin as a
compensatory response to the resistance [35]. As such,
insulin is included as a hormone that is markedly increased
in conditions of obesity. Chronic hyperinsulinemia and
insulin resistance increases risk for many types of cancer. It
is unclear whether this risk is due to due to the direct effect
of insulin on cell proliferation or the indirect effect of IGF
and other hormones [36]. Aside from its role in the
metabolism of glucose, insulin also increases serum levels of
the structurally similar but more potent IGF, thereby acting
indirectly through the IGF/IGFR system that is present on
most cells throughout the body, which may also explain in
part the relationship between obesity-related hyperinsulinemia and cancer risk [37]. When functioning normally, a
signal transduced through the IGF receptor leads to
activation of several intracellular pathways to maintain cell
growth and survival, and these pathways are tightly
controlled. In cancerous cells, however, IGF receptor activation may lead to neoplastic transformation, inhibition of
apoptosis, metastasis and angiogenesis, all of which are cell
alterations conducive to the development of tumors [38].
Downstream targets of IGF receptor comprise a signaling
network that regulates cell growth, proliferation, survival
and metabolism via energy availability and supply of growth
factor [36].
Increased expression of IGF/IGFR was observed in
cancers of the breast, colon, stomach, pancreas, liver, lung,
thyroid and ovaries [39]. Although the exact role of IGF in
the disease progression of some cancers (e.g. breast,
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prostate) remains controversial, multiple studies have found
that higher levels of IGF are predictive of both stage and risk
of metastasis for several types of tumors, including
colorectal, gastric, liver, lung and gallbladder [40-44]. As a
whole, these studies suggest the significance of IGF/IGFR
expression as a possible indicator of tumor progression and
outcome, although the data varies somewhat between
specific types of cancers.
Leptin and Cancer Risk
Leptin, a product of the ob gene, was discovered as a
hypothalamic regulator of body weight and energy balance
by promoting a sensation of satiety upon adequate nourishment [45]. Mice with mutations in the gene encoding leptin
become morbidly obese, infertile, hyperphagic, hypothermic
and diabetic. The mice develop an insatiable appetite caused
by a lack of leptin production [46, 47]. Although leptin may
also be secreted from other sources, such as gastric mucosa
and mammary epithelia, plasma concentrations of leptin are
primarily influenced by adipose tissue stores [48]. Increased
concentrations of leptin in obese individuals is associated
with both greater amounts of adipose tissue as well as
increased leptin release from adipocytes, these levels are
higher in women than in men, and synthesis of leptin
correlates with the presence of other hormonal factors,
including insulin.
The association between leptin and cancer risk is a
multifaceted relationship; leptin affects several tumorigenic
pathways. Leptin may play a role in vascular remodeling via
angiogenesis, both by itself and coupled with vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF), a necessary trait in the survival of tumors [49].
Leptin also increases endothelial cell hyperplasia and
suppresses apoptosis, both of which are contributing factors
in tumorigenesis [50]. The stimulation of several types of
pre-neoplastic and neoplastic cells in vitro and in animal
models appears to promote angiogenesis and tumor invasion
[22]. Leptin plays more specific roles in vitro depending on
the location of the cancer and type of tumors: increased cell
proliferation is associated with leptin in cancers of the breast,
prostate, ovary and lung; suppression of apoptosis by leptin
is seen in colorectal and prostate cancer; and, increased
pathway activation (e.g. ERK, STAT, PKC-α) in breast,
colorectal, pancreatic, ovarian and lung cancers [48].
Because leptin can be secreted by both adipose tissue as well
as tumors themselves, local concentrations of leptin are
crucial for tumor development, and may prove to become a
useful target for inhibition in cancer treatment and
prevention.
Interleukin-6 and Cancer Risk
Interlukin-6 (IL-6) is a cytokine that is produced by many
tissues in the body, including muscle and adipose tissue,
thereby also being classified as an adipokine. Previous
studies have demonstrated that IL-6 is secreted by subcutaneous adipose tissue and is therefore to trigger systemic
effects, particularly in obese subjects [51]. IL-6 is also
secreted from perivascular adipose tissue, which can
decrease protective vasodilatation of small arteries in obese
subjects [52]. Adipose tissue contributes up to 35% of
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circulating levels of IL-6, leading to systemic effects as well
as tissue-specific pleiotropic functions [53]. One of these
effects is an increase in serum C-reactive protein (CRP), a
blood protein released in response to inflammation, serving
as a further indication that obesity is a disease of chronic
inflammation. Park et al. found that IL-6 and CRP
concentrations are significantly correlated with weight, BMI,
waist/hip circumference and waist/hip ratio [54]. In addition,
IL-6 has direct central actions, as evidenced by the discovery
of IL-6 receptors on the hypothalamus, making IL-6 a
possible vehicle of information transfer from adipocytes to
the hypothalamus with respect to regulation of energy
balance [32].
The mechanism of action for IL-6 begins with binding of
the molecule to a hexametric receptor that includes an IL-6
receptor and a signal transducer; the attachment of IL-6 and
its receptor causes phosphorylation of STAT3 proteins that
directly bind to target genes, affecting translation. The link
between IL-6 and cancer tumorigenesis involves the
activation of this pathway [55-57]. A previous study of IL-6
and its implications specifically for colon cancer concluded
that tumor-infiltrating macrophages have the ability to
release IL-6, increasing levels of intratumor IL-6 that
condition the cancer cells to secrete IL-6 themselves, thereby
perpetuating a favorable environment for tumor growth and
infiltration [58]. IL-6 has also been implicated in several
other types of cancer; elevated serum IL-6 levels were found
in patients with advanced stage or metastatic cancers of the
breast, gastrointestinal tract, lymph nodes, lung, skin, ovary,
pancreas, prostate and kidney [59-68].
Adiponectin and Cancer Risk
Adiponectin is an adipocyte-derived hormone with
diverse biological functions including stimulation of glucose
utilization, fatty-acid oxidation and inhibition of gluconeogenesis [69]. Serum levels of adiponectin exceed 10 µg/ml,
representing ~0.01% of serum protein, in normal weight
individuals [71]. Adiponectin self-associates in serum into at
least three oligomeric complexes, including trimer, hexamer
and octadecamer (‘‘high molecular weight’’; HMW) forms
[71]. HMW forms of adiponectin predominate in serum of
healthy human subjects; humans with diabetes and metabolic
syndrome have a low percentage of HMW adiponectin
relative to total adiponectin [72]. However, as obesity
increases, adiponectin levels decrease and this decrease is
thought to be associated with an increased risk of diabetes
and cardiovascular disease, implying an early role for
adiponectin in disease development [73]. Notably, weight
loss in obese humans is associated with an increase in HMW
adiponectin secretion.
Adiponectin also functions as an anti-inflammatory
hormone by suppressing the migration of inflammatory
mediators, such as monocytes and macrophages, to inhibit
inflammation [74]. Adiponectin reduces plasma concentrations of triglycerides and fatty acids while increasing
expression of proteins necessary for lipid metabolism,
leading to an overall improvement of fatty acid catabolism,
particularly in skeletal muscles [75]. Adiponectin increases
insulin sensitivity, possibly as a result of its roles in
increased lipid oxidation, improvement of insulin signaling,
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inhibition of gluconeogenesis, or inhibition of TNF-α [74].
The combination of increased insulin sensitivity and improved lipid catabolism indicates that adiponectin has a strong
effect on regulation of energy balance and body weight,
similar to that of leptin. Although most other adipokines,
including leptin, are upregulated and found in increased
circulating levels in obesity, adiponectin expression and
concentration is markedly reduced in overweight and obese
subjects [76]. Therefore, the diminished synthesis of
adiponectin as a result of obesity may lead to dysregulation
of the production of pro-inflammatory cytokines, thereby
leading to increased insulin resistance and inflammation
[74]. A negative correlation between circulating levels of
adiponectin and obesity (particularly android obesity), as
well as insulin resistance and type 2 diabetes is well
established [77].
High circulating levels of adiponectin have several
protective effects against the development of cancer.
Adiponectin negatively regulates hematopoiesis, down
regulates immune system response, induces apoptosis in
certain cancer cell lines in vitro, and modulates expression of
apoptosis-related genes [78]. Adiponectin has an anti
proliferative effect by binding several mitogenic growth
factors, inhibiting superoxide production, and negatively
regulating angiogenesis [79-81]. Given these protective
effects, there are also strong indications that decreased
adiponectin may have a causal role in the development of
several types of cancer. Adiponectin levels in vivo are
inversely associated with increased risk of cancers associated
with obesity and insulin resistance, including cancers of the
endometrium, breast (particularly post-menopausal), colon,
stomach and prostate, as well as leukemia [77]. This may be
due in part to the relationship between adiponectin and
insulin. Hyperinsulinemia associated with decreased
adiponectin may lead to an increase in circulating IGF1,
which in turn promotes cellular proliferation, inhibition of
apoptosis and increased secretion of VEGF, all of which
contribute to tumorigenesis [4].
Molecular Mechanisms of Obesity and Breast Cancer
Risk
Adiposity is associated with elevated serum and plasma
levels of certain compounds that seem to modulate important
signaling pathways in mammary tumorigenesis. One
interaction involves interplay between estrogen, insulin, and
IGF-1. Obese post menopausal women have an increased
risk of developing breast cancer in comparison to lean post
menopausal women [82]. The primary site of estrogen
biosynthesis in post-menopausal women occurs in adipose
tissue of the breast, thighs, and buttocks. Circulating
estrogen levels in these women increases with BMI, supporting the hypothesis that adipocyte-derived estrogen may be a
factor in breast cancer risk [82]. Recent animal studies
further this assertion. Obese ovariectomized C57BL/6 mice
had increased mammary tumor growth in comparison with
lean ovariectomized mice. Mammary tumors were also more
prominent in obese mice regardless of ovarian hormone
status, illustrating the general adverse role of obesity in
breast cancer risk [83].
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Current studies suggest that stimulation of the estrogen
receptor (ER-alpha) is one of several mitogenic signals in
breast epithelial cells [84]. As estradiol is an obvious ligand
of the ER receptor, a second mechanism whereby IGF-1 both
induces ER transcription and binds to the receptor itself may
be equally as important. In fact, binding of ER by estradiol
and IGF-1 produced more pronounced cell proliferation than
the observed effect of each ligand alone [85]. The synergy
between IGF-1 and estrogen is further demonstrated in vitro
in both MCF-7 and T47D breast cancer cells [86]. Recent
studies draw attention to the IGF-1 receptor as another
crucial point of study. IGF-1R is over expressed in breast
cancer cells and is associated with poor prognosis [87].
Activation of IGF-IR results in a chain of events that leads to
inhibition of apoptosis and cell proliferation [88]. Interestingly, research demonstrates that estradiol can activate IGF1R, indicating that IGF-1/estrogen synergy is observed at the
level of IGF-1R as well as ER. Elevated serum levels of both
IGF-1 and insulin increase breast cancer risk [89, 90].
Insulin increases estradiol levels by inducing aromatase
expression in adipose tissue [91]. These data suggests that
hyperinsulemia, a common consequence of obesity, and
endocrine activity of adipocyte-derived estrogen produce a
cascade of events leading to dysregulation of the cell cycle
and subsequent acceleration of cell proliferation.
Leptin may also contribute to an elevated risk of breast
cancer in obese individuals. Leptin expression is found in
human breast cancer lines and mammary tumors [92, 93].
However leptin receptors are much more prominent in tumor
cells than in normal breast tissue [94]. The importance of the
leptin receptor is supported in several animal models. Obese
Zucker rats, which express a dysfunctional leptin receptor,
developed mammary carcinoma only 10% of the time when
exposed to a chemical carcinogen in contrast to 50% of their
lean counterparts [95]. In addition, MMTV-TGF- /Leprdb
Leprdb mice have mutated leptin receptors and overexpress
the oncogene TNF-alpha but do not develop mammary
tumors [96, 97]. This suggests that leptin signaling in the
presence of excess adipose tissue is pertinent to mammary
tumor development. The underlying mechanism of leptin
signaling appears to involve the ER receptor. Like insulin,
leptin induces the synthesis of estradiol via upregulation of
aromatase activity but can also directly activate the receptor
in the absence of its usual ligand in MCF-7 cells [98][99].
Leptin also acts to increase MCF-7 cell proliferation via
multiple mechanisms including regulating the cell cycle,
apoptosis, and by modulating the extracellular environment
[100]. Leptin may collaborate with IGF-1 to promote cell
proliferation through activation of ER and subsequent
stimulation of PPAR-alpha and PPAR-gamma [101,102].
Adiponectin reduces cell proliferation and induces apoptosis in both estrogen-sensitive and estrogen-insensitive
human breast cancer cells [103, 105]. This growth-inhibitory
activity may be due to adiponectin-induced expression of
certain apoptotic genes [105]. Adiponectin also attenuates
mammary tumor development in vivo [104]. Breast tumors
induced in adiponectin (APN) null transgenic mice using the
polyoma virus middle T oncogene showed increased frequency of pulmonary metastases. Tumor analyses indicated
reduced vascularization of APN null tumors along with
increased hypoxia and apoptosis [106, 107].
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Molecular Mechanisms of Obesity and Prostate Cancer
Risk
While several studies report positive associations between increased adiposity and prostate cancer risk, sparse
investigation has resulted in an ambiguous understanding of
possible biochemical links. Obesity is positively associated
with metabolic syndrome, a condition characterized by elevated levels of insulin, IGFs and cytokines. These three
factors acting alone or in concert are thought to increase the
risk of developing high-grade prostate cancer [108]. Tokuda
et al demonstrated that prostate cancer cells cultured in the
presence of adipocytes displayed abnormal differentiation
and increased cytokine production [109]. These results indicate that adipocytes may secrete compounds that act in a
paracrine manner to promote carcinogenesis in nearby
prostate cells. As in breast cancer, the development of prostate cancer seems to be correlated with hormones and
signaling molecules that are also implicated in obesity.
These biological compounds include testosterone and the
adipokines, leptin, interleukin-6 and adiponectin.
Serum testosterone levels are generally depressed in
obese individuals [108, 110]. This observation is likely due
in part to increased conversion of androgens to estrogen via
aromatase activity within the adipocytes. Thus the presence
of excess adipose tissue creates imbalanced levels of circulating androgens. Decreased testosterone may place obese
males at a reduced risk of developing prostate cancer
because androgens are potent inducers of differentiation in
prostate cells [111]. However, current research suggests the
interplay between androgens and prostate tumor cells varies
with origin and severity. High levels of testosterone are
associated with a reduced risk of developing high grade
dysplastic prostate tumors but an increased risk of low grade
tumors [112]. Furthermore, obese individuals seem to have a
reduced risk of exhibiting low grade prostate tumors but a
much greater risk of developing aggressive tumors [113,
114]. However, it is likely that multiple variables including
hereditary and age of onset influence androgen dependence
of prostate cancer cells [108].
Numerous studies assert that leptin and IL-6 may also
play key roles in the link between obesity and prostate
cancer. Leptin has been found to induce cell migration,
enhance anti-apoptotic activity and expression of growth
factors such as vascular endothelial growth factor (VEGF)
and tumor necrosis factor (TNF)-beta-1 in human prostate
cancer cells [115, 116]. Further investigation indicates that
mitogenic effects of leptin may be produced via the
phosphoinositide-3 kinase (PI3K) and MAPK pathways
[117]. Leptin also has a more pronounced proliferative effect
on androgen-independent prostate cancer cells in comparison
to cells that are androgen-dependent [118]. This finding is
especially relevant with regards to obesity because as previously stated, obese males are at greater risk of developing
cases of prostate cancer that are androgen-insensitive.
In addition to leptin, multiple in vitro and in vivo models
have demonstrated mitogenic qualities of the proinflammatory cytokine, IL-6. In LNCaP and MDA PCa 2b
prostate cancer cells, IL-6 potentiates cell proliferation [119,
120]. When mice were inoculated with LNCaP cells and
exposed to IL-6, accelerated tumor growth was observed in
comparison to mice that were inoculated with cells free of
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IL-6 exposure. These results were attributed to activation of
the MAPK pathway [121]. Transgenic murine prostate
cancer model (TRAMP) mice spontaneously develop prostate adenocarcinoma, have greater body fat composition and
increased incidence of prostate tumors in addition to
increased serum levels of leptin and decreased levels of
adiponectin [122]. Obese TRAMP mice fed a high-fat diet
exhibited more pronounced androgen-independent cell
proliferation than lean mice fed a normal diet [123]. The
study also established that greater doses of leptin administered to genetically obese leptin deficient mice were associated with enhanced stimulation of androgen-independent
proliferation.
As in breast cancer, adiponectin may play a protective
role in prostate cancer. It is not surprising that patients with
prostate cancer exhibit decreased serum levels of adiponectin
[124]. Adiponectin reduces cell proliferation in both
androgen dependent and androgen independent prostate
cancer cell lines [125, 126]. Studies aimed to elucidate the
mechanism by which adiponectin modulates tumorigenesis
in the prostate have drawn inconclusive results.
Molecular Mechanisms of Colon Cancer and Obesity
Excess adipose tissue can influence colonic dysplasia on
several planes. As in breast and prostate cancer, adipokines
such as IL-6, leptin, and adiponectin modulate tumorigenesis
in multiple models of colon cancer. Carcinogenic colon
epithelial cells cultured in the presence of adipocytes
experience increased proliferation [127]. This outcome
supports the hypothesis that adipokines secreted from
adipose tissue directly influence tumorigenesis in a paracrine
fashion.
A concrete body of evidence illustrates the role of leptin
in colon cancer. Leptin is positively associated with
increased risk of inflammation-induced colon cancer in mice
[128]. In addition, the leptin receptor is over expressed in
colon cancer cells [45]. Leptin stimulates proliferation and
anti-apoptotic activity in HT-29, Caco-2 and T-84 colon
cancer cell lines [129-131]. Leptin may also exacerbate
inflammatory response in colon cancer cells [132]. However
leptin has no effect on colon epithelial proliferation in
normal rats [133]. This indicates that adipocyte-derived
leptin is more active in modulating pro-carcinogenic activity
after epithelial cell differentiation. Leptin-mediated cell
survival is produced by nuclear penetration of NFκB [134].
Investigations have also revealed that the mechanism of
leptin signaling may involve activation of the JAK/STAT
pathway and the Rho family of GTPases [130, 135].
Obesity is associated with an elevated state of chronic
low grade inflammation. Increased production of the proinflammatory cytokine, IL-6, appears to positively regulate
cell proliferation and inhibit apoptosis of premalignant
intestinal epithelial cells [136]. Decreased levels of serum
IL-6 are associated with the reduction of colon cancer in
obese rats [137]. In addition, IL-6 seems to be required for
maintenance of inflammation and prevents the cell from
protecting itself by inhibiting entrance into oncogeneinduced senescence [138]. Thus, individuals with increased
inflammation as in obesity will have increased production of
IL-6 and greater subsequent risk of tumor development.
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As in breast and prostate cancer, reduced adiponectin
levels in obese individuals may increase cancer risk.
Adiponectin reduces cell proliferation in mice fed a high fat
diet via inhibition of the rampamycin pathway [139]. On the
contrary, adiponectin increased proliferation and cytokine
production in HT-29 colon cancer cells through upregulated
nuclear translocation of NFκB. The role of adiponectin in
colitis-associated colon cancer is controversial. Adiponectin
is protective in rats with DSS-induced colitis [140].
However, conflicting studies have shown that adiponectin
does not protect against colitis in the same model [141, 142].
Adiponectin may work to block leptin-induced signaling
pathways in colon epithelial cells [20]. Leptin does not seem
to influence normal colon epithelial cells [23]. Thus if leptin
signaling is only relevant in preneoplastic or neoplastic cells,
the proposed mechanism whereby adiponectin blocks leptin
signaling would not be expected in models of colitis where
little differentiation has occurred.
OVERVIEW OF COLON EPITHELIAL CELL (CEC)
MODELS: AN ILLUSTRATIVE EXAMPLE
Our laboratory has utilized several cell lines to unravel
molecular mechanisms that may underlie obesity and cancer
risk. These model cell lines are described below. Fig. (1)
depicts these cell lines diagrammatically in the context of
increasing neoplastic potential.
Cell Lines
This model system consists of murine colon epithelial
cell lines that can mimic a variety of genetic mutation in
cells that can represent stages of carcinogenesis. Conditionally immortal cell lines were developed in the early
1990’s from the transgenic mouse (Immorto mouse) bearing
a temperature-sensitive mutation of the simian virus 40 large
tumor antigen gene (tsA58) which was placed under the
control of the gamma interferon inducible H-2Kb promoter
(H-2Kb–tsA58)[143]. Colonic crypts were isolated from the
Immorto mouse and YAMC (Apc+/+) cells were collected as
described [144]. The IMCE (ApcMin/+) colonic epithelial cell
line was derived from an F1 hybrid between the SV 40 large
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T antigen transgenic mouse (Immorto mouse) and the
ApcMin/+ mouse [145]. The first cell line mimics normal colon
epithelial cells [Young Adult Mouse Colon cells or YAMC
(Apc+/+)] and a cell line with a mutation in the Apc tumor
suppressor gene [Immorto-Min Colonic Epithelium cells or
IMCE (ApcMin/+)] that mimics preneoplastic colon epithelial
cells. This mutation in the Apc gene is very relevant to colon
cancer research as it is considered one of the earliest events
in the initiation and progression of colorectal cancer [146].
Min mice develop intestinal adenomas similar to FAP
patients 147]. There are numerous phenotypic changes in the
IMCE (ApcMin/+) cells that are consistent with the hypothesis
that decreased wild-type Apc expression is associated with
colorectal carcinogenesis including reduced growth-factorinduced migration, reduced connexin-mediated cell–cell
communication and increased inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2) expression [16, 21,
145, 148]. These preneoplastic phenotypes are consistent
with known early phenotypes in human colorectal cancer. In
ApcMin/+ mice, a heterozygous mutation in Apc is sufficient to
reduce microtubule polymerization and Cx43 expression in
intestinal epithelial cell lines [149]. These data suggest that
the progressive loss of wild-type Apc in colorectal
carcinogenesis is associated with the acquisition of growth
promoting and apoptosis inhibitory capabilities that promote
neoplasia.
In addition, the group that derived these two cell lines
infected the YAMC and IMCE cell lines with a replicationdefective psi2-v-Ha-ras virus and derived cell lines which
over express the v-Ha-ras gene (YAMC-Ras and IMCERas). The IMCE-Ras cells are able to grow in soft agar and
form tumors in nude mice within 3 weeks and YAMC-Ras
cells form tumors after 90 days. The phenotype of the
IMCE-Ras cell line thus clearly demonstrates that a defective
Apc allele and an activated ras gene are sufficient to
transform normal colonic epithelial cells and render them
with varying tumorgenicity [150].
Other relevant pathways that are mutated in the
development of colon cancer include the TGF-β pathway
[151, 152]. Similarly, conditionally immortal colon epithelial
cells are available that carry a mutation in the Smad3
transcription factor (153). The Smad3 −/− colon epithelial

Fig. (1). Continuum of murine colon epithelial cells available for modeling molecular mechanisms of colon cancer risk. The cells to the left
represent model normal colon epithelial cells (YAMC) and progress to the right with increasing mutations culminating in an adenocarcinoma
cell line (MC-38). The IMCE cells carry one truncated copy of the tumor suppressor gene Apc (gatekeeper mutation in colon cancer). The
SMAD cells are null for the transcription factor SMAD3, involved in TGF-beta signaling. The YAMC/IMCE-Ras cells over express Ras. All
the mutations are relevant to the process of colon carcinogenesis.
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cell line was derived by crossing Smad3 −/− mice with the
immortomouse [153]. SMAD3 is a transcription factor that is
critical to transforming growth factor (TGF)-β. The phosphorylated type I receptor itself phosphorylates complexes
SMAD2, SMAD3 and SMAD4 which accumulate in the
nucleus, acting as transcription factors for the regulation of
specific gene expression in the cell. As opposed to homozygous SMAD2 or SMAD4 mice, homozygous SMAD3 -/knockout mice were found to be viable, but when exposed to
a pathogen these mice develop colitis and colon adenocarcinomas [154]. TGF-β is an important signaling pathway
in the process of tumorigenesis because it controls prolixferation, differentiation, apoptosis, homeostasis and other
functions of cells [155].
Finally, the syngenic murine colon adenocarcinoma cell
line (MC38) is also available to compare the responses of
nontumorigenic cells with varying mutations to normal and
adenocarcinoma cell lines. The murine carcinoma-38
(MC38) colon cancer cell line was derived from a murine
colon tumor, grade III carcinoma, which was chemically
induced in the C57Bl/6 female mouse [156, 157].
Properties of the Cells
YAMC (Apc+/+) and IMCE (ApcMin/+) cell lines display
epithelial morphology: they express keratin-18 (an epithelial
cell specific protein), growth in culture is contact inhibited,
and they die over 7 days [143-145]. In addition, these cell
lines are non-tumorigenic in nude mice, do not grow in soft
agar and survive in culture only on extracellular matrix
proteins such as collagen I [145]. The cells are grown on 75
cm2 culture flasks coated with 5 µg/cm2 type I collagen in
RPMI 1640 media supplemented with 5% neonatal calf
serum, insulin/transferrin/selenium (ITS), 5 IU/ml of murine
IFN-γ, and 100 000 IU/l penicillin and 100 mg/l streptomycin with 5% CO2. As described above, both YAMC
(Apc+/+) and IMCE (ApcMin/+) cells express the heat-labile
SV40 large T antigen under the control of an IFN-γinducible promoter. At 33°C with IFN-γ present in the
media, the temperature-sensitive SV40 large T antigen is
active, binds to and inactivates p53 and drives cell prolixferation. At 39°C the temperature-sensitive mutation yields
an inactive protein, and the cells behave as non-proliferating,
differentiated colonic epithelial cells. Under these nonpermissive conditions, the cell lines behave like normal cells
in that they are contact inhibited and undergo apoptosis if
they achieve maximal confluence. Therefore, conditions are
optimized for cells to proliferate slowly for 24 h at 39°C and
then undergo cell death over 5-8 days, similar to the lifecycle of a normal colonic epithelial cell. When the cell lines
are transfected with v-Ha-ras, IMCE (ApcMin/+) cells are able
to grow in soft agar and form tumors in nude mice within 3
weeks and YAMC (Apc+/+) cells form tumors after 90 days
[150].
USING CEC’S TO STUDY OBESITY AND COLON
CARCINOGENESIS
Leptin and Cell Proliferation
Our laboratory has used these cell lines as models to
understand the role adipokines and colon cancer risk. At the
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outset of this research question we assessed the effects of
leptin, IGF-1 and IGF-2 on colonic epithelial cell homeostasis using a range of physiologically relevant concentrations of these growth factors associated with human
metabolic syndrome. We identified a differential effect of
leptin on cell proliferation and apoptotic potential between
two non-tumorigenic epithelial cells with distinct Apc
genotypes. Given the "gatekeeper" role of this important
protein in colon carcinogenesis, it is highly relevant that we
identified a differential effect of leptin on cell proliferation
and apoptotic potential in YAMC (Apc+/+) colonic epithelial
cells and IMCE (ApcMin/+) colonic epithelial cell lines, both
of which are non-tumorigenic. We showed that leptin
reduced cell proliferation in YAMC (Apc+/+) cells and that
this effect was associated with an induction of caspase
activity and apoptosis. In contrast, leptin, IGF-1, and IGF-2
induced cell proliferation in colonic epithelial cells possessing one truncated copy of Apc [IMCE (ApcMin/+)]. IMCE
(ApcMin/+) cell proliferation was augmented when IMCE
(ApcMin/+) cells were treated with IGF-1 or IGF-2 in
combination with leptin [22]. The differential proliferative
responses to leptin in IMCE (ApcMin/+) and YAMC (Apc+/+)
cells cannot be explained by significant differences in
relative abundance of the leptin receptor (Ob-R). We showed
that leptin treatment of these cells induced phosphorylation
of p42/44 MAPK and p38 MAPK and activation of NF- B
as evidenced by NF- B nuclear accumulation [22].
Leptin Induces Gene Expression Changes
Microarray technology and pathway analysis revealed
that the most upregulated genes in the IMCE (ApcMin/+) cells
treated with leptin were cell cycle and proliferation genes,
whereas the most upregulated genes in the leptin-treated
YAMC (Apc+/+) cells were primarily genes involved in the
regulation of cell maintenance/homeostasis and genes related
to apoptosis [25]. Leptin induced changes in gene expression
in IMCE (ApcMin/+) cells in cell signaling pathways involved
in cell proliferation, including calcium signaling, p53, Wnt,
and IGF pathways that were not altered by leptin treatment
of YAMC (Apc+/+) cells. Genes regulating the Wnt/ catenin-mediated pathway including Mdm2, Pik3r1, and Rb1
were upregulated by leptin. Importantly, leptin induced IGFmediated pathway gene expression changes and their protein
products in IMCE (ApcMin/+) cells. In the IMCE (ApcMin/+)
cells IGFBP-6, IGF-1, and Crim1 expression was
upregulated, while IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-5,
and Nov expression was down regulated by leptin treatment.
These pathways are consistent with those implicated in colon
carcinogenesis.
Leptin Induces Self Sustained Growth Signals
We were motivated to identify a leptin-inducible factor
responsible to explain this differential proliferative response
of the two cell types. In another study we had queried the
effect of leptin exposure on the production of proinflammatory signals on these cells [158]. We characterized the
production of specific cytokines, CC and CXC chemokines
by IMCE (ApcMin/+) and YAMC cells using an antibodybased cytokine array.
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The cytokine IL-6 was increased in IMCE (ApcMin/+) cells
compared to YAMC (Apc+/+) cells and when treated with
leptin the production of IL-6 was increased in IMCE
(ApcMin/+) cells only. We established a time-dependent and
concentration-dependent increase in IL-6 secretion after
leptin treatment of IMCE (ApcMin/+) cells (23). IL-6, as a
prospective autocrine factor candidate, was concordant with
observations that intestinal epithelial cells secrete IL-6 in
response to inflammatory signals, such as those occurring in
IBD [159, 160], and that IL-6 is involved in intestinal
inflammation [161]. IL-6 treatment, in a concentrationdependent fashion, induced IMCE (ApcMin/+) but not YAMC
(Apc+/+) cell proliferation. Consistent with IL-6 signaling,
IL-6 treatment resulted in a time-dependent phosphorylation
of ERK, MEK 1/2, p38, JAK2 and STAT3. The activation of
these signaling proteins led to the phosphorylation of STAT3
and translocation of activated and functional STAT3 into the
nucleus of IMCE (ApcMin/+) cells. Upon further investigation,
dramatic differences in IL-6 receptor complex regulation
were observed between IMCE (ApcMin/+) and YAMC
(Apc+/+) cells. Untreated YAMC (Apc+/+) cells had more
membrane bound IL-6R than IMCE (ApcMin/+) cells.
However, in response to leptin treatment IMCE (ApcMin/+)
cells shed soluble IL-6R into conditioned media, while the
YAMC (Apc+/+) cells did not. The gp130 membrane receptor
was present on the membranes of both cell types. We
observed some shedding of gp130 only in IMCE (ApcMin/+)
cells in response to leptin treatment. Leptin induced IL-6
production, IL-6R membrane shedding and trans-IL-6
signaling in IMCE (ApcMin/+) colon epithelial cells [23].
Leptin Induces Chemokine Production and Immune Cell
Migration
Further, since epithelial cells are hypothesized to be
accessory to the inflammatory response [162], we assessed
the ability of supernants from leptin-exposed colon epithelial
cells to activate macrophage chemotaxis and nitric oxide
production. Both YAMC (Apc+/+) and IMCE (ApcMin/+) cells
produced the following chemokines from the CC family;
MCP-1, MIP-3alpha, TCA-3, CTACK and RANTES. These
cell lines also produced the following CXC chemokines;
MIP-2, CXCL18, KC and LIX. We described the differential
leptin-induced production of five CC chemokines and four
CXC chemokines in colon epithelial cells contrasting in Apc
genotype using a novel protein array method [158]. Based on
these results, it was logical to speculate on the specific phenotypes of immune cells activated by the pattern of
chemokines produced. We surveyed two phenotypes of macrophage function: macrophage chemotaxis and macrophage
nitric oxide production. Conditioned media from leptintreated YAMC (Apc+/+) and IMCE (ApcMin/+) cells induced
nitric oxide production by macrophages. However, only
conditioned media from leptin-treated IMCE cells induced
macrophage chemotaxis (P<0.05). These data implied that
preneoplastic but not normal cells may selectively attract
immune cells that promote their survival and transformation.

IMCE (ApcMin/+) cells. It was previously unknown whether
leptin could induce epithelial cells to produce factors that
may drive angiogenesis, vascular development, and therefore
cancer progression. Leptin treatment induced dose-dependent increases in VEGF only in IMCE cells. Conditioned
media from leptin (50 ng/ml) treated IMCE (ApcMin/+) cells
induced significant capillary formation compared to control,
which was blocked by the addition of a neutralizing antibody
against VEGF (19). Conditioned media from leptin-treated
IMCE (ApcMin/+) cells also induced human umbilical
endothelial cell (HUVEC) proliferation, chemotaxis, upregulation of adhesion proteins, and cell-signaling activation
resulting in NFκB nuclear translocation and DNA binding
due to VEGF [19]. This was the first study demonstrating
that leptin could induce preneoplastic colon epithelial cells to
orchestrate VEGF driven angiogenesis and vascular
development.
An Overarching Role for Adiponectin in Cell Number
Homeostasis
Low serum adiponectin is associated with colon, prostate
and breast cancer. Adiponectin is secreted by white adipose
tissue; the levels of adiponectin in the blood decrease as
body mass index (and leptin) increases. Adiponectin is found
in serum at very high concentrations representing 0.01% of
serum protein, in normal weight individuals [70].
Adiponectin may influence cancer risk through its wellrecognized effects on insulin resistance. Certainly, elevated
insulin and glucose intolerance are linked to colon cancer
risk [163, 164]. However, adiponectin may act on tumor
cells directly. One recent in vitro study implicated that
adiponectin may control cancer cell growth. The authors
treated MDA-MB-231 breast cancer cells with adiponectin
and induced cell growth arrest and even apoptosis [165].
We tested whether murine recombinant globular adiponectin (gArcp30) could modulate leptin-induced cell
proliferation, autocrine IL-6 production, trans-IL-6 signaling
and other leptin-induced cell signaling events previously
observed in IMCE (ApcMin/+) cells but not YAMC (Apc+/+)
cells. Physiologic amounts of adiponectin (under serum free
conditions) inhibited leptin-induced cell proliferation. The
reduction in cell proliferation was due to inhibition of the
autocrine IL-6 production, soluble IL-6 receptor shedding,
trans-IL-6 signaling and subsequent STAT3 phosphorylation
in IMCE (ApcMin/+) cells. In addition, adiponectin cotreatment with leptin in IMCE (ApcMin/+) cells was associated
with I kappa B-alpha phosphorylation, I kappa B-alpha
degradation and decreased NFκB p65 DNA activation and
binding. We hypothesize that adiponectin may be an
important regulator of colon epithelial cell homeostasis by
linking the observed reduced risk for cancer in populations
with high serum adiponectin concentrations to specific
mechanisms of cell number homeostasis in this model of
preneoplastic colon epithelial cells.
Summary

Leptin Induces
Formation

VEGF

Production

and

Capillary

Using the protein array technology, we also observed that
VEGF production was increased by leptin treatment of

Taken together,
adipokine-induced
epithelial cells and
promotional phase

these data provide a rational basis for
cross-talk
between
preneoplastic
immune cells that may influence the
of carcinogenesis. In the spirit of
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Fig. (2). Proposed model for leptin and colon cancer risk (19, 22, 23, 25, 158). Leptin exposure of IMCE (Apc +/-) cells induces a cascade of
events that may explain increased cancer risk. Compared to normal colon epithelial cells, the IMCE cells are less motile and more resistant to
apoptosis. Polyps tend to form at the growth arrest zone as shown in the figure. Upon exposure to leptin, colon epithelial cells carrying a
mutation in Apc exhibit increased cell growth and proliferation, increased VEGF, and increased cytokine and chemokine production
compared to normal cells. These promotional influences in IMCE cells result in cell number expansion, vascularization and immune cell
chemoattraction to further promote carcinogenesis.

translational research approaches, extrapolation of these data
to in vivo conditions may be hypothetically represented as in
Fig. (2). The microenvironment of colon epithelial cells is
exposed to elevated leptin via systemic circulation. If there
are cells sitting in the microenvironment possessing a muta-

tion, in Apc for example, those cells would be susceptible to
the proposed promotional influence of leptin. Exposure of
these cells to elevated leptin would result in increased
production of Il-6, VEGF, chemokines and other growth
factors. These signals would result in the phenotypic conse-

Fig. (3). Summary of “Hallmarks of Cancer” Phenotypes induced by leptin in the IMCE cells.
The Hallmarks of Cancer as defined by Hanahan and Weinburg are listed in the first column followed by levels of evidence and the
corresponding phenotype published in the IMCE cells.
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quences of increased cell survival, cell proliferation, immune
cell migration and activation, and angiogenesis. All these
changes would support the promotion and survival of these
cells so that the cell population would expand and survive to
acquire further mutations enhancing carcinogenesis. These
phenotypic changes induced in the IMCE (ApcMin/+) cells are
consistent with the necessary phenotypes acquired by cancer
cells as described in “The Hallmarks of Cancer” paper [166]
and are reviewed in Fig. (3).
Stage Specific Effects of Adipokines (Unpublished Data)
It is important to note that the genetic changes occurring
in cells across the continuum from a normal to a neoplastic
cell will influence the response of the cell to a given signal.
Summarized above is the differential response of model
normal (YAMC) and preneoplastic (IMCE) colon epithelial
cells. However, we briefly discussed several other available
colon epithelial cell lines with various other mutations
including adenocarcinoma cells. The response of these other
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cell lines to adipokines may vary substantially and provide
insight into changing promotional influences depending on
the mutations. We treated the other cell lines with these
adipokines and queried the effect on cell number homeostasis. The results for leptin and IL-6, forthcoming in subsequent publications, are summarized in Fig. (4) (unpublished
data). Leptin and IL-6 both have clear stage-dependent
effects of cell proliferation. Cell proliferation is driven by
leptin in the “transformed cell lines” (IMCE and SMAD) but
then has no effect on cell proliferation in the YAMC/IMCERas cell lines or the MC-38 cells and in fact reduces cell
proliferation in the normal (YAMC) cell line. It appears that
the overexpression of v-Ha-ras gene in these cell lines is
sufficient to drive cell growth and transformation independent of external signals [150]. The metastatic cell line MC38
did not respond to leptin, however the leptin receptor protein
was not measurable in these cells by western blot. In the
IMCE and SMAD cell lines the increase in cell proliferation
by leptin is driven by consistent pathway activation of
MAPK and NFκB (Fig. 5).

Fig. (4). Summary of stage-dependent differences in leptin receptor and cell response to leptin and IL-6 (unpublished data).

Fig. (5). The cell signaling response of colon epithelial cells to leptin depends on the stage [22, 23]. The response by cell type and phenotype
is represented.

Mechanisms of Obesity and Cancer Risk

In contrast to leptin, IL-6 drives cell proliferation in the
MC38 late stage cells as well as the IMCE and SMAD cells
(Fig. 4). Again, the v-Ha-ras transformed cell lines did not
respond to treatment with IL-6. However, these data indicate
the IL-6 may be a more non specific target and a key player
for colon tumor promotion.
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SYNOPSIS
The multistage nature of carcinogenesis and our advancing knowledge of the critical mechanisms involved at each
stage provide strategies for the prevention of cancer. The use
of models of this multistage process should allow for
mechanism-based approaches to block phenotypes associated
with the process of carcinogenesis. This approach was proposed using transgenic mouse models to develop strategies
for the nutritional modulation and chemoprevention of
cancer [167]. The focus of primary cancer prevention is to
stop carcinogenesis at the earliest possible point in the
pathway. This approach can be applied to using in vitro
model systems of these various stages to understand the
molecular mechanisms of obesity and cancer risk. The
advantage in using these systems is that the response of cells
possessing various transformations can be compared to
“normal cells”. The key is to identify targets that are aberrant
from normal to perturb for cancer prevention strategies. This
approach would theoretically reduce the possibility of severe
or unwanted side-effects when the target does not also
destroy the normal cell mechanisms. Cell models can aid in
the identification of those targets and inform rationale
translation to animal and human studies.
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