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Energy Balance, Inflammation, and Tumor Progression: The Role of
NF-кB
Publication No._____________
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Supervisor: Stephen D. Hursting
Obesity is an established risk and progression factor for many types of cancer,
including pancreatic and colon cancer, and is characterized by abnormal metabolic
hormone production and a chronic low-grade state of inflammation. However, the links
between obesity, hormones, inflammation and tumorigenesis in colon and pancreatic
tissue are poorly understood. Calorie restriction (CR), an anti-obesity dietary regimen
with potent anticancer effects, reduces serum metabolic hormones and protumorigenic
cytokines. Insulin-like growth factor (IGF)-1 is a metabolic hormone that activates NFкB, a key regulator of inflammation. NF-кB is a transcription factor that mediates
transcription of many cancer- and inflammation-related genes and is upregulated in both
colon and pancreatic cancer. We hypothesized that CR inhibits colon and pancreatic
tumor cell growth through modulation of hormone-stimulated NF-кB activation and
protumorigenic gene expression. To test this hypothesis, we used CR and ad libitum
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feeding to generate a lean and overweight (control) phenotype, respectively; in C57BL/6
mice transplanted with MC38 colon cancer cells or Panc 02 pancreatic cancer cells, and
analyzed the effect of diet on circulating hormone levels, markers of inflammation, and
tumor growth. We also investigated the in vitro effects of IGF-1 on NF-кB activation
and downstream protumorigenic gene expression in MC38 and Panc 02 cells.

CR,

relative to control diet, reduced body weight, circulating IGF-1 levels, and transplanted
MC38 and Panc 02 tumor growth, as well as protumorigenic gene expression in the
MC38 and Panc 02 tumor microenvironment. IGF-1 increased cell viability, NF-кB
nuclear translocation and DNA binding, transcriptional activation, and downstream gene
expression of inflammation and other protumorigenic genes in MC38 colon cancer cells
and Panc 02 pancreatic cancer cells in vitro. Knockdown studies of NF-kB in Panc 02
cells using si-RNA established that the IGF-1-induced increase in protumorigenic gene
expression is mediated, at least partially, through an NF-кB-dependent mechanism. In
conclusion, these findings in models of pancreatic and colon cancer help clarify the links
between obesity, IGF-1, NF-кB-mediated inflammation, and cancer. This work provides
the underpinnings for several new molecular targets and strategies to test in model
systems and translational studies for preventing or controlling obesity-related cancer.
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Chapter 1: Introduction
1.1 OBESITY DEFINED
Obesity has become an epidemic in the U.S. with over two-thirds of adults
overweight or obese and one-third of adults considered obese (1). Overweight and obese
conditions are defined by a measure of body mass index (BMI) which is calculated by
dividing mass in kilograms by height in meters squared, and are highly correlated with
percent body fat. A BMI of > 25.0 kg/m2 is considered overweight, while a BMI of >
30.0 kg/m2 is considered obese.

Obesity prevalence since the 1980s has increased

steadily; although the most recent report suggests that obesity rates stabilized between
2007 and 2008 (1). Despite what appears to be a leveling off from our steady climb
towards an obese nation, less than one-third of U.S. adults are considered a healthy
weight (2). As our waistlines have expanded, our health has deteriorated and increased
adiposity has become a serious medical risk. Obesity is associated with an increased
production of metabolic hormones coupled with a chronic low-grade state of
inflammation that are linked to various disease states, such as type II diabetes,
cardiovascular disease, and certain types of cancer (3). Data generated from the Nurses’
Health Study and the Health Professionals Follow-up Study (4) showed individuals who
gained between 11-22 lbs over a 10 year period had a 1.5-3 times higher risk of
developing type II diabetes and coronary heart disease (5). Additionally, results from the
Framingham Health Study revealed that a five pound weight gain over 16 years affected
the risk for cardiovascular and metabolic disease for both men and women (6). Until
1

recently, the magnitude of the obesity-cancer relationship was not known. Calle et al (3)
conducted a large prospective study examining the role of obesity or excess adiposity as a
risk factor for cancer mortality (overall and by specific cancer sites). Overall, men and
women with a BMI of at least 40 were found to have 52% and 62% higher death rates,
respectively, from all cancers when compared to men and women of normal weight (3).
This risk increased in women when individuals who smoke were excluded; however, due
to insufficient number of deaths among men, the relative risk could not be determined in
this group. In accordance with the similar findings from the International Agency for
Research on Cancer (IARC), Calle et al (3) determined that preventing weight gain was
an effective strategy for decreasing cancer-related mortality associated with cancers of
the breast, kidney, endometrium, esophagus, colon, and pancreas.

The study also

concluded that approximately 90,000 deaths per year could be prevented in the U.S. if
individuals maintained a normal weight. The importance of understanding how obesity is
related to cancer risk is highlighted in the work done by Calle et al (3), but the
mechanisms underlying the obesity-cancer link are poorly understood at present.
Potential mechanisms are discussed below.

2

1.2 MECHANISMS EXPLAINING THE LINK BETWEEN OBESITY AND CANCER
1.2.1 Leptin
Leptin is a peptide hormone produced by adipocytes that is positively correlated
with adipose stores and nutritional status (7). Under normal conditions, leptin functions
as an energy sensor and signals to the brain to reduce appetite; however, in the obese
state, there is an overproduction of leptin by the adipose tissue and the brain no longer
responds to the signal. Its release is stimulated by insulin, glucocorticoids, tumor
necrosis-alpha (TNF-α), and estrogens, and has direct effects on peripheral tissues, as
well as indirect effects on hypothalamic pathways (7).

Leptin also affects other

biological processes including immune function, cytokine production, angiogenesis, and
carcinogenesis (8-10). The leptin receptor bares similar homology to class I cytokines
that signal through the janus kinase and signal transducer activator of transcription
(JAK/STAT) pathway that is often dysregulated in cancer (11,12).
The findings from epidemiological studies have been inconsistent regarding the
association of leptin and cancer. While some studies have shown a positive association
between serum leptin levels and risk for prostate and breast cancers (13-15), others have
reported no association (16). In contrast, two prospective studies showed a significant
association between serum leptin levels and risk for colorectal cancer (16,17). In vitro
studies have shown that leptin has a proliferative effect on human esophageal, breast, and
prostate cancers; however, leptin decreased growth of pancreatic cancer cell lines (18).
Additionally, Jaffe et al, (19) demonstrated that leptin promoted cell motility and
invasiveness in human colon cancer cell lines.
3

1.2.2 Adiponectin
Adiponectin is a hormone mainly secreted from adipocytes in visceral adipose
tissue.

Unlike leptin, elevated levels of adiponectin are negatively correlated with

adiposity and it is believed that adiponectin may function to counter the metabolic profile
associated with obesity by modulating glucose metabolism, increasing fatty acid
oxidation and insulin sensitivity, and decreasing production of inflammatory cytokines
associated with obesity (20).

Following secretion from the adipocyte, adiponectin

undergoes posttranslational modifications to generate three different isoforms, globular,
low molecular weight (LMW), and high molecular weight (HMW) which bind to one of
two adiponectin receptors, adipo1 and adipo2 (21). While both receptors are ubiquitously
expressed, adipo1 is found mostly in skeletal muscle and adipo2 is found mostly in the
liver. In addition to its role in metabolism, adiponectin may also exert anticancer effects.
An inverse relationship between adiponectin concentrations and cancer risk has been
observed in colon, prostate, gastric, endometrial, and renal cancers in multiple casecontrolled studies (22-25). In addition, a large prospective case-controlled study, plasma
adiponectin and breast cancer risk was found to be negatively correlated in
postmenopausal women. The mechanisms through which adiponectin negatively impacts
cancer development include increasing insulin sensitivity, decreasing insulin/IGF-1
signaling, reducing proinflammatory cytokine expression, and inhibiting activity of the
cancer-related, nuclear factor nuclear factor kappa-light-chain-enhancer of activated Bcells (NF-kB) and mammalian target of rapamycin (mTOR) pathway through activation
of 5'AMP-activated protein kinase (AMPK) (26).
4

1.2.3 Insulin
Insulin is a peptide hormone produced by the beta cells of the pancreas and
released in response to elevated blood glucose. BMI is correlated with serum insulin
levels and obesity is linked to the development of insulin resistance, hyperglycemia,
hyperinsulinemia, and type II diabetes (27-29). In the obese state, blood glucose levels
increase and trigger the pancreas to increase insulin production resulting in
hyperinsulinemia and insulin resistance.

The development of insulin resistance is

associated with aberrant glucose metabolism, chronic inflammation, and production of
other metabolic hormones, such as adiponectin and insulin-like-growth-factor (IGF)-1
(30-32). Additionally, type II diabetes brought on by hyperinsulinemia, increases the risk
for colorectal, kidney, breast, endometrial, and pancreatic cancers, independent of obesity
(33-38). Insulin promotes cancer development through binding of the insulin receptor
and initiating signal transduction in extracellular-signal-regulated kinase (ERK) and
phosphtidylinsositol-3 kinase (PI-3K) pathways (39). The mitogenic effect of insulin is
thought to occur mainly at supraphysiological levels and proliferative effects of insulin
are believed to take place indirectly through increasing levels of bioavailable IGF-1 (39).
1.2.4 Insulin-like-growth-factor (IGF)-1
IGF-1 is a hormone and growth factor produced primarily by the liver following
stimulation by signals received from the central nervous system. It plays an important
role in regulating growth and development of many tissues, particularly in prenatal
growth (40). Similar to insulin, levels of IGF-1 correspond to energy status and are often
5

elevated in obese individuals (41,42). A large percentage of IGF-1 is bound to IGF
binding proteins (IGFBP) which function to stabilize free IGF-1 and mediate the
availability of IGF-1 to bind to its receptor (41). Insulin can influence IGF-1 synthesis
and reduce IGFBPs thereby increasing the amount of IGF-1 that interacts with the IGF-1
receptor (IGF-1R). Binding of IGF-1 to its receptor activates downstream signaling
pathways such as ERK and PI-3K, modulating transcription factors that control gene
expression related to cancer development. Furthermore, the role of IGF-1 as a risk factor
for cancer has been established in many cancer types (11,43-46).

Experimentally,

transactivation of the IGF-1 and leptin receptor was demonstrated in human breast cancer
cells, in addition to exerting synergistic effects on breast cancer cell proliferation (47).
This suggests that obesity is likely promoting cancer development through multiple
metabolic hormones and pathways. Additionally, in transgenic IGF-1 deficient mouse
models of colon and pancreatic cancer, tumor volume and multiplicity were decreased
compared to wild-type mice (Lashinger et al, in press;) (48). Interestingly, in both
models serum insulin and leptin levels remained high despite lower tumor volume,
highlighting the impact of decreased circulating IGF-1 in tumorigenesis.
1.2.5 Estrogen
Estrogen is a steroid hormone produced in the ovaries that binds to one of two
receptors, estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ). In addition,
androgens present in adipose are converted to estrogen by the enzyme, aromatase
(Wheatley, in press). In men and postmenopausal women, estrogen production mainly
6

comes from the adipose tissue and is positively associated with BMI (41). Furthermore,
increased insulin and IGF-1 reduces hepatic production of sex-hormone-binding globulin
(SHBG), thereby increasing the amount of estrogen. Estrogen is associated with a twofold increase risk for post-menopausal breast cancer and SHBG is inversely correlated
with breast and endometrial cancer risk. (41). Alternatively, while estrogen increases risk
for some cancers, it is thought to have a protective effect against colon cancer (49). It has
been suggested that estrogen may exert anti-cancer effects by reducing secondary bile
acid production (50), enhancing Vitamin D receptor expression (51) as well as through
direct, receptor-mediated effects in the colon mucosa (52-54). ERα and ERβ are both are
expressed in normal colon (55,56). ERβ is more predominately expressed than ERα, and
appears to have an important role in maintaining epithelial kinetics, suggesting this
isoform may protect against colon cancer (54,57). In support of this, ER-β receptor is
down-regulated in colon tumors (55,56,58,59) and inversely related to tumor
differentiation (54,60).
1.2.6 Calorie Restriction
It is estimated that over 90,000 cancer-related deaths could be prevented each
year if a normal body weight were maintained. Calorie restriction (CR) is an effective
way to increase lifespan of mammals and potentially inhibit carcinogenesis. The diet
regimen consists of reducing caloric intake 20-40% without affecting the intake of
essential nutrients and vitamins.

Among many activities, CR has been shown to

modulate hormones, increase antioxidant defense mechanisms, increase DNA repair
7

processes, and decrease expression and production of inflammatory cytokines (61). The
potent anticancer effects of CR have been observed in many cancers, and as little as 10%
CR has been shown to have a growth inhibitory effect in a chemically induced model of
pancreatic cancer (62). In a similar model of colon and mammary cancer, 30% CR was
needed to reduce tumorigenesis; this speaks to the apparent sensitivity of the pancreas to
calorie restriction (63) (64).

Furthermore, a calorie restriction mimetic, Metformin,

inhibited development of pancreatic lesions in hamsters fed a high-fat diet (65). One of
the ways CR is thought to reduce tumor growth is through modulation of various
metabolic hormones and growth factors that may mediate tumorigenesis. Energy balance
modulation impacts circulating levels of IGF-1, insulin, and leptin, all of which function
as a network of messengers to regulate metabolism and are believed to be intimately
involved with several aspects of tumor development. Calorie restriction affects levels of
circulating hormones and the expression and production of inflammatory responsive
molecules, all of which, in combination, may function to mediate tumorigenesis;
however, the signaling mechanism has not been elucidated.
1.3 INFLAMMATION
1.3.1 Etiology
Obesity is associated with a chronic low-grade state of inflammation that is
attributed to increased fatty acids, inflammatory cytokine production, and an influx of
immune cells, such as macrophages that also produce inflammatory mediators.
Interestingly, there is evidence to support that adipocytes can transdifferentiate into
8

macrophages in vivo highlighting the role of adipose tissue as more than an energy
storage depot, but an immune organ (66). Adipocytes can enlarge past the point of
effective oxygen diffusion resulting in hypoxia and leading to increased inflammation
and increased macrophage infiltration. Enlarged adipocytes produce more inflammatory
cytokines and exhibit greater insulin resistance than smaller adipocytes. Furthermore,
adipocytes have a limited amount of storage capacity and in the context of excess lipid
there are increases in circulating free fatty acids that deposit in other tissues and resulting
in diabetes, hypertension, and fatty liver disease (67). Adipose tissue can be divided into
subcutaneous and visceral adipose tissue, the latter being more predictive of obesityrelated comorbities and mortality (68). Visceral adipose tissue also exhibits increased
insulin resistance, lipolysis, and inflammatory cytokines expression relative to
subcutaneous adipose tissue. Visceral adipose tissue is in close proximity to the portal
vein, allowing drainage of excess free fatty acids and inflammatory mediators directly to
the liver creating additional inflammation and affecting metabolism (67).
1.3.2 Inflammatory Cytokines
In addition to adipokine hormones, such as leptin and adiponectin, adipose tissue
produces inflammatory cytokines, such tumor necrosis factor-alpha (TNF-α), interleukin
(IL)-6, interleukin (IL)-1β, and monocyte chemoattractant protein (MCP)-1. In acute
inflammatory conditions, these mediators are present for short periods of time, typically
in response to bacterial or viral stimuli. It is through a negative feedback loop initiated
by the production of anti-inflammatory cytokines that proinflammatory cytokine levels
9

return back to normal. In obesity, the body is in a chronic state of inflammation because
the source of production is the expanding adipose tissue and the system is overwhelmed
and fails to attenuate the inflammation. Furthermore, as a result of the inflammatory
environment present in adipose tissue, macrophages are recruited to the site and in turn
produce additional proinflammatory mediators. Adipose tissue derived macrophages are
higher in obese individuals and correlate with BMI.

Subbaramaiah and colleagues

showed that fatty acids released from adipocytes are able to stimulate release of TNF-α,
IL-1β, and the inflammatory inducible enzyme, cyclooxygenase (COX)-2 from a human
monocyte-derived cell line demonstrating the underlying complexity of diverse cell types
present in adipose tissue (69). In addition to its role in inflammation, TNF-α contributes
to insulin resistance through downregulation of insulin receptors and glucose
transporters. Recently, IL-6 has been shown to contribute to systemic insulin resistance
(70), and in obese individuals, plasma IL-6 levels are higher in the portal vein than in
peripheral artery blood suggesting that inflammatory cytokines are elevated in visceral fat
compared to subcutaneous (71). Moreover, Fenton et al (72) demonstrated that IL-6
induced proliferation of preneoplastic colon epithelial cells. Additionally, it was shown
that leptin increased cell proliferation via an IL-6 dependent mechanism and IL-6
secretion from preneoplastic colon cells was increased in a time and dose dependent
manner by leptin. These results suggest a link between adipose derived hormones and
inflammatory cytokines in cancer development.

10

1.3.3 Inflammatory Pathway: NF-кB
One possible mechanism explaining the perpetual inflammation that exists in
obesity is through the inflammatory cancer-related NF-кB pathway.

NF-кB is a

transcription factor that is activated in response to bacterial and viral stimuli, growth
factors, and inflammatory molecules, such as TNF-α, IL-6, and IL-1β. In addition, NFкB is responsible for inducing gene expression associated with cell proliferation,
apoptosis, inflammation, metastasis, and angiogenesis. The NF-kB complex is made up
of five subunits (Rel A/p65, c-Rel, Rel-B, p105/p50, and p100/p52) that have the ability
to form multiple homo- and/or heterodimers depending on the stimulus. NF-kB remains
sequestered in the cytoplasm; however, upon activation by upstream activators IкB
kinase α and β (IKK-α and IKK-β), inhibitor of kappa B-α (IкB-α) is degraded allowing
NF-кB to translocate to the nucleus and initiate gene transcription (73). Activation of
NF-кB is associated with insulin resistance as well as upregulated in many types of
cancers (39).
Furthermore, metabolic hormones, such as leptin, insulin, and IGF-1 have also
been shown to modulate NF-кB signaling at supraphysiological levels like that seen in
response to energy balance modulation. Once bound to their cognate receptor, IGF-1,
insulin, and leptin activate Akt, which is an established upstream kinase of the IKK
complex. Subsequently, the activated IKK complex targets IкB-α for degradation and
allows the p50/p65 subunits to translocate to the nucleus and initiate gene transcription.
Leptin-stimulated activation of NF-кB has been demonstrated in vitro in human
preneoplastic and neoplastic colonic epithelial cells (72,74). Recently, insulin has been
11

shown to activate NF-кB signaling in vitro and in vivo in HEK293 kidney cells and in
aged kidneys harvested from overweight rats; furthermore, this activation was attenuated
in rats administered a 40% calorie restricted (CR) diet (75). Mitsiades and colleagues
(76), showed that IGF-1 increased NF-кB DNA binding activity comparable to that of
TNF-α, and induced expression of FLIP, XIAP, cIAP-2, and Al/Bfl-1, and survivin,
downstream genes mediated by NF-кB (76).
1.3.4 Inflammation and Cancer
The link between chronic inflammation and cancer development was first noticed
over 100 years ago by Rudolph Virchow when he observed an abundance of leukocytes
in neoplastic tissue (77). Since then, the role of chronic inflammation as a precursor to
cancer development has been observed in multiple cancer types, some of which include
gastritis and gastric cancer, inflammatory bowel disease (IBD) and colon cancer, and
pancreatitis and pancreatic cancer (78,79). This suggests that inflammation plays an
important role in tumor initiation; however, in mouse models of human cancers,
inflammation has been shown to influence tumor promotion and progression (80-82).
Like adipose tissue, tumor microenvironments are composed of multiple cell
types including epithelial cells, fibroblasts, mast cells, and cells of the innate and adaptive
immune system that favor a proinflammatory, protumorigenic environment (83-85).
Furthermore, tumor cells as well as stromal cells increase expression of COX-2 in
neoplastic tissues. COX-2 is considered an indicator of poor prognosis in multiple cancer
types(86) and population-based studies have shown that long term used of non-steroidal
12

anti-inflammatories (NSAIDS) and COX-2 inhibitors decreases colon cancer risk by
50%, gastric and esophageal cancer risk by 40%, and breast cancer risk by 20% (87).
TNF-α is produced by tumor cells and stromal cells and is believed to enhance tumor
development through NF-кB induced gene transcription (88). TNF-α has been linked to
the development of skin, liver and colon cancer and treatment with a TNA-α antagonist
during the promotion stage, inhibited the progression of hepatocellular carcinoma (88).
IL-6 promotes growth and inhibits apoptosis and associated with the development of
Kaposi sarcoma, multiple myeloma, and Hodgkin’s lymphoma.

In addition, high

circulating levels of IL-6 are correlated with IBD and risk for colon carcinogenesis (89).
Contributing to the proinflammatory tumor environment is the presence of tumor
associated macrophages (TAM).

The recruitment of TAMs to the tumor

microenvironment is largely dependent on the monocyte chemoattractant protein (MCP)1 also referred to as CCL2. Levels of CCL2 in tumor tissue are highly correlated with the
accumulation of TAMs in ovarian, breast, and pancreatic cancer (90). Tumor associated
macrophages are capable of polarizing into what is known as an M1, or classically
activated cytotoxic macrophage, or an M2, or immunosuppressive macrophage, the
cytokines produced by each type of macrophage are what distinguish an M1 from an M2
and tumor tissue tyically contains a larger quantity of M2 type macrophages (90). In
addition to producing cytokines and chemokines, TAMs also produce growth factors that
enhance proliferation, angiogenesis, and contribute to deposition and dissolution of
connctive tissue (91). There is also some evidence to suggest that NF-кB plays a role in
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mediating TAM transcriptional programs and by extension, protumorigenic effects of
TAMs (91-93).
1.4 COLON CANCER
Colon cancer is the third most common non-cutaneous cancer, diagnosed in the
United States and the second leading cause of cancer-related deaths among both women
and men (94). There is a strong connection between IBD and the risk for colon cancer
development. Experimentally, obesity-associated hormones have also been shown to
play a role in colon cancer. Leptin has been shown to exert mitogenic effects on colon
cells through activation of multiple cancer-related signaling pathways (95). Insulin and
IGF-1 receptors are present in normal colonic epithelial cells, but are upregulated in
colon tumor tissue (96). IGF-1 independent of insulin exhibits proliferative effects on
both preneoplastic and neoplastic colon epithelial cells (95,97).

In addition,

hyperinsulinemia can increase the amount of unbound IGF-1 through hepatic inhibition
of IGF-1 binding proteins and upregulation of IGF-1 receptors, thereby affecting colon
cancer cell proliferation (98).
Obesity-related inflammation believed to play a pivotal role in colon cancer
development through the production of inflammatory cytokines and chemokines similar
to what is observed in IBD. Patients with colitis and colon cancer exhibit elevations in
gene and protein expression of IL-6, IL1β, MCP-1, COX-2, and tumor associated
macrophages (99-101). Moreover, in tumors taken from colorectal patients, increased
expression of MCP-1 has been shown in advancing stages of disease, along with
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increased macrophage infiltration in malignant versus normal tissue (102). Furthermore,
increased activation of NF-кB has been observed in human colon cancer cells lines, as
well as in human colonic adenomas (103,104). Calorie restriction has been shown to
inhibit the development of colon cancer in both spontaneous and transplant models
(105,106), and in IGF-1 deficient transgenic mouse models, tumor multiplicity is reduced
relative to wild-type littermates in the context of elevated insulin and leptin levels (48).
Although the mechanism through which CR exerts its anticancer effects is not entirely
understood, it is thought that CR may inhibit colon carcinogenesis through decreased
inflammation.

1.5 PANCREATIC CANCER
Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer-related
death in the United States. Pancreatic adenocarcinoma is one of the deadliest forms of
cancer, with a 5-year survival rate of only 3%; hence, identification of modifiable risk
factors is necessary in order to understand and prevent pancreatic cancer. Hereditary
pancreatitis or inflammation of the pancreas increases an individual’s risk for pancreatic
cancer 53 times, while sporadic pancreatitis increases an individual’s risk for pancreatic
cancer 17 times (107). Moreover, biopsies taken from patients with chronic pancreatitis
show increased protein expression of monocyte chemoattractants and macrophage
infiltrates compared to normal pancreatic tissue (108). In addition, tumors taken from
pancreatic cancer patients demonstrate elevated proinflammatory gene and protein
expression of IL-6, IL-1β, and COX-2, as well as increased expression of monocyte
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chemoattractants (109-111).

This relationship between inflammation and pancreatic

cancer development highlights the risk posed by obesity and the chronic state of
inflammation that is associated with it. Recent epidemiological studies suggest that
obesity is associated with a two-fold higher risk for pancreatic cancer in both males and
females (3).
The role of metabolic hormones on pancreatic cancer development is somewhat
mixed.

In contrast to other cancer models, leptin has been shown to exert

antiproliferative effects on several human pancreatic cell lines (112).

The role of

adiponectin and pancreatic risk remains unclear; however, there is a mouse model of
pancreatic cancer that found adiponectin to be negatively correlated with tumor
proliferation. (112). In addition, IGF-1R has been found to be overexpressed in human
pancreatic cancer (113). NF-кB is upregulated in over 70% of human pancreatic cancer
cell lines and primary tumors (114) and has been associated with increased angiogenic,
invasive, and metastatic capability in pancreatic cancer cells (115-117).
The anticancer effects of CR have been observed in pancreatic cancer models and
as little as 10% CR has been shown to have a growth inhibitory effect in a chemically
induced model of pancreatic cancer (62). Furthermore, we have demonstrated in our lab
that 30% CR significantly decreases pancreatic tumor growth in syngeneic transplant
models of pancreatic cancer (Lashinger et al, submitted). CR has been shown to offset
the age-induced activation of NF-кB in HEK293T cells and aged kidney (75,118) as well
as decrease production of serum inflammatory markers in response to a 40% CR diet
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(61). Nutrient availability has direct effects on NF-кB; however, a direct link has not
been made between CR, NF-кB, and pancreatic tumorigenesis.
1.6 INHIBITING INFLAMMATION AND CANCER
Current approaches to inhibit inflammation center on targeting various
intermediates of the NF-кB pathway and sensitizing tumors to chemotherapeutic agents.
Non-steroidal anti-inflammatories (NSAIDS), such as aspirin have been studied
extensively for their ability to modulate NF-кB activity and prolonged treatment of colon
cancer cells with aspirin has been shown to inhibit translocation of NF-кB to the nucleus
resulting in apoptosis (119). Experimentally, the use of COX-2 inhibitors has proven to
be effective at preventing pancreatic lesions in a mouse transgenic model of pancreatitis
and pancreatic dysplasia (120) as well as, inhibiting growth and promoting apoptosis in
pancreatic cancer cells (121); however, results from human studies suggest COX-2
inhibitors do not increase the efficacy of standard chemotherapeutic drugs, Gemcitabine
and Cisplatin when used in combination (122). Sulindac (another NSAID) has been
shown to decrease colon cancer cell proliferation and sulindac combined with
parthenolide has been demonstrated to inhibit NF-кB and pancreatic cancer cell growth
(123,124).
The proteasome inhibitor, PS-341 more commonly known as Bortezomib is
currently approved for clinical use in the treatment of mantle cell lymphoma and multiple
myeloma through increased stabilization of the IкBα subunit and decreased NF-кB
activity. It has been shown to facilitate growth arrest and apoptosis in lung cancer cells
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and has been shown to increase effectiveness of chemotherapy drugs in patients with
multiple myeloma (125). In addition to pharmacological inhibitors, dietary components
have also been studied for their ability to inhibit inflammation. Curcumin is a spice often
used in Asia that has potent antioxidant, anti-inflammatory, and anticancer effects (126).
Multiple studies have shown in vitro and in vivo that curcumin inhibits NF-кB signaling
in various cell types, and in genetically obese mice, curcumin was shown to prevent
macrophage accumulation in adipose tissue in addition to inhibiting NF-кB activation in
the liver (127). Experimentally, curcumin has been shown to decrease cancer
proliferation in breast (128) and pancreas cancer cells, as well as decrease DNA-binding
of NF-кB, reduce COX-2 protein levels, and inhibits PGE2 production in multiple
pancreatic cancer cell lines (129). In mouse models curcumin has been shown to inhibit
cancers of the skin (130), breast (131), liver (132), and colon (75). Curcumin inhibits
TNF-α induced phosphorylation and degradation of the IкBα subunit and also prevents
hydrogen-peroxide mediation activation of NF-кB activation (133).

This evidence

suggests that Curcumin is an effective anti-inflammatory, anti-cancer dietary nutrient;
however, the main obstacles that prevent its use as a standard therapeutic agent are its
low water solubility and limited bioavailability (134).

The research thus far with

curcumin underscores the apparent role that inflammation plays in cancer development
and directs us towards other methods of inhibiting inflammation and cancer development,
such as calorie restriction.
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1.7 SIGNIFICANCE, HYPOTHESIS, AND APPROACH
Colon and pancreatic cancer are the third and fourth leading causes of cancerrelated death in the U.S., respectively. Chronic inflammation is an underlying risk factor
for the development of both colon and pancreatic cancer. Obesity, which is associated
with an increased risk for colon and pancreatic cancer, is characterized by a chronic lowgrade state of inflammation. Calorie restriction has potent anticancer effects and has
been shown to inhibit tumorigenesis in mouse models of colon and pancreatic cancer;
although, the mechanism has not been elucidated. Preliminary work in aging models
suggests that CR can suppress the inflammatory, cancer-related NF-кB pathway;
however, the mechanism through which CR inhibits NF-кB has not been shown in a
cancer model. Therefore, we hypothesized that CR inhibits colon and pancreatic tumor
cell

growth

through

modulation

of

IGF-1-stimulated

NF-кB

activation

and

protumorigenic gene expression. To test this hypothesis, we used CR and ad libitum
feeding to generate a lean and overweight phenotype, respectively, in C57BL/6 mice.
We transplanted these mice with MC38 colon cancer cells (Chapter 2) or Panc 02
pancreatic cancer cells (Chapter 3), and analyzed the effect of diet on circulating
hormone levels, markers of inflammation, and tumor growth. We also investigated the in
vitro effects of IGF-1 and other obesity-related hormones on NF-кB activation and
downstream protumorigenic gene expression in MC38 and Panc 02 cells.

Finally,

knockdown studies of NF-кB in Panc 02 cells using siRNA were conducted to establish
the role of NF-кB in the effects of obesity or IGF-1 treatment on protumorigenic gene
expression. In a separate study, also using the MC38 cells in vivo and in vitro (Chapter
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4, in press in Molecular Carcinogenesis), we determined the interactive roles of obesity
and ovarian hormones on serum markers of inflammation, cell signaling, and transplanted
colon tumor growth. Finally, we discussed future direction for this work in Chapter 5.
Findings from this work in models of colon and pancreatic cancer will help clarify
the complex links between obesity, IGF-1, estrogen, NF-кB-mediated inflammation, and
cancer. This work will provide several new molecular targets and strategies to test in
model systems and translational studies for preventing or controlling obesity-related
cancer.
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Chapter 2: The anticancer effects of calorie restriction on MC38 colon
tumors are associated with decreased activation of NF-кB
2.1 INTRODUCTION
Colon cancer is the third most commonly diagnosed non-cutaneous cancer in the
United States and the second leading cause of cancer-related deaths among both women
and men (94). There is a strong connection between chronic inflammatory disease states
and risk for development of colon cancer (79,135). Obesity, defined as a body mass
index (BMI) >30 kg/m2, is also with an increased risk for colon cancer in men and
women, (136) and a chronic low-grade state of inflammation (137). Obesity leads to
perturbations in several hormones, such as insulin-like growth factor (IGF)-1, insulin,
leptin, and adiponectin that regulate metabolism and impact tumor development (138),
but the links between these hormones, chronic inflammation, and colon cancer are poorly
understood.
What we do know about these hormones is that they are linked to several aspects
of cancer development. Bioavailable IGF-1 is increased in obese humans and animals,
and activation of the IGF-1 receptor is associated with enhanced cell proliferation and
survival signaling in both preneoplastic and neoplastic colon epithelial cells (95,97). IGF
receptors are typically upregulated in cancerous (relative to normal) colonic tissue (96).
Hyperinsulinemia increases IGF-1 receptor signaling and enhances colon cancer cell
proliferation via binding of insulin to the IGF-R or by indirectly increasing the amount of
bioavailable IGF-1 and/or upregulating IGF-1 receptors through hepatic inhibition of
IGF-1 binding proteins (98). Leptin exerts mitogenic effects on colon cells through
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activation of multiple cancer-related signaling pathways, such as janus kinase signal
transducer and activator of transcription (JAK/STAT), nuclear factor kappa-light-chainenhancer of activated B-cells (NF-kB) pathway, (95,139). Elevated levels of adiponectin
are negatively correlated with adiposity and colon cancer risk and induce apoptosis and
growth arrest in normal and preneoplastic colon epithelial cells (140).
Obesity-related inflammation occurs predominantly in adipose tissue and is
characterized by elevated expression and production of proinflammatory chemokines and
cytokines such as monocyte chemoattractant protein (MCP)-1, interleukin (IL)-6, and
interleukin (IL)-1β (141).

The obese inflammatory environment also consists of

infiltrating immune cells called macrophages that function in an autocrine and paracrine
manner to perpetuate the inflammatory process through cytokine production and
prostaglandin

synthesis

catalyzed

by

the

inflammatory-inducible

enzyme,

cyclooxygenase (COX)-2 (142,143). Furthermore, patients with colitis and colon cancer
exhibit elevations in gene and protein expression of IL-6, IL1-β, MCP-1, COX-2, and
tumor associated macrophages (99-101). These same inflammatory genes and immune
cell infiltrates are also observed in colon tissue from obese individuals (144). Moreover,
in tumors taken from colorectal patients, increased expression of MCP-1 has been shown
in advancing stages of disease, along with increased macrophage infiltration in malignant
versus normal tissue (102).
Inflammation is mediated through multiple pathways, including the NF-кB
pathway. NF-kB is a transcription factor that is activated in response to various stimuli
including growth factors and inflammatory molecules, and is responsible for inducing
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gene expression associated with cell proliferation, apoptosis, angiogenesis, and
inflammation. Increased activation of NF-кB has been observed in human colon cancer
cells lines, as well as in human colonic adenomas (103,104). Furthermore, elevated
levels of metabolic hormones characteristic of obesity, such as IGF-1, insulin, and leptin
have been shown to modulate NF-кB through upregulation of the phosphatidylinositol-3
kinase (PI3K)/Akt pathway. Activation of NF-кB by Akt leads to the phosphorylation of
the NF-кB inhibitory protein IкBα, resulting in IкBα ubiquitination by the 26S
proteasome; this in turn permits the active NF-кB subunit, p65, to translocate to the
nucleus and intiate transcription of multiple genes associated with cancer development
(73). Gene products downstream of NF-кB, such as IL-6, COX-2, and IL-1β, further
enhance the inflammatory environment (145).
Calorie restriction (CR), an effective anti-obesity dietary regimen, has potent anticancer effects and reduces serum levels of IGF-1, insulin, leptin, and several
protumorigenic cytokines (61,106). In addition, CR inhibits the development of colon
cancer in both spontaneous and transplant models (105,106). Although the mechanism
through which CR exerts its anticancer effects is not entirely understood, CR may inhibit
colon carcinogenesis through decreased inflammation. Therefore, the present study tests
the hypothesis that CR inhibits colon cancer development (at least in part) through
modulation of hormone-stimulated NF-кB activation and downstream protumorigenic
gene expression.
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2.2 MATERIALS AND METHODS
2.2.1 Animals and Diets
Mice were maintained in a semibarrier facility at the University of Texas at
Austin Animal Resource Center. The institutional Animal Care and Use Committee of
the University of Texas at Austin approved all experiments involving animals. Female
C57/BL6 mice, 6-weeks-old (n=60), were purchased from Charles River Laboratories,
(Frederick, MD) and singly housed throughout the study. All mice were provided ad
libitum access to chow diet (Harlan Diets, catalog #2018, Madison, WI) for one week
upon arrival. Mice (n=30/group) were randomized to receive one of two diets (both from
Research Diets, New Brunswick, NJ) until they were euthanized: a) a control diet
(modified AIN-76A diet, catalog #D12450B) consumed ad libitum, which generates an
overweight phenotype or b) 30% calorie restriction (CR) (catalog #D0302702),
administered as a daily aliquot providing 70% of the daily energy consumption of the
control group. The CR regimen, which results in a lean phenotype, was modified to be
isonutrient relative to the control group with respect to vitamins, minerals, fatty acids,
and amino acids. Animals were weighed and food consumption was recorded weekly
throughout the study. At week 20, 15 mice per group were randomly selected and killed;
their tissues were collected for subsequent analysis by dual X-ray absorptiometry (GE
Lunar Piximus II dual-energy X-ray absorptiometer. At 21 weeks, the remaining 15
mice/group were faster for 12 hours and blood was collected via retro-orbital
venipuncture. Whole blood was centrifuged at 10,000 x g for 5 minutes and serum was
removed and stored at -80°C.
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2.2.2 MC38 Tumor Cell Injections
Mice (n=15/group) were injected subcutaneously with 50,000 mouse colon (MC)38 adenocarcinoma cells in the right flank, continued on their diet regimens, and tumor
growth was monitored for an additional 4 weeks. During that time, mice were palpated 3
times a week and the diameter of the tumors was measured in two dimensions with
Vermeer™ calipers. Tumor volume was calculated using the formula 4/3п r12r22 where
radius (r) 1 and r2 represent half of the measured diameters in two separate dimensions.
To derive a single tumor volume for each mouse with multiple tumors, volume
measurements for each single tumor were summed. Mice were killed at 4 weeks postinjection, or when tumors reached 1.5 cm in diameter, whichever came first. Tumors
were excised, measured for volume, and either flash frozen in liquid nitrogen and stored
at -80°C or fixed in 10% neutral buffered formalin overnight, then switched to ethanol
until they were processed and paraffin embedded. Carcasses underwent body
composition analysis by dual X-ray absorptiometry. In preparation for injection, mouse
colon (MC)-38 adenocarcinoma cells, derived from a grade III adenocarcinoma (Corbett
et al, 1975), were maintained in a 37°C incubator under an atmosphere of 5% CO2 with
high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS; Hyclone), 4 mM L-glutamine
(Invitrogen), and10,000 U/mL penicillin, 10,000 µg/mL of streptomycin in 37°C
humidified atmosphere with 5% CO2 .
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2.2.3 Serum Hormones
Serum insulin, leptin, and adiponectin using Lincoplex® bead-based multiplexed
assays (Millipore Corporation, Billerica, MA) on a BioRad Bioplex® 200 analyzer
(BioRad, Hercules, CA) according to manufacturer’s directions. Total mouse serum IGF1 levels were measured by radioimmunoassay per manufacturer’s instructions (DSL-2900
kit, DSL Laboratories Webster, TX).

Analysis was performed using sera collected

following 21 weeks of diet treatment, but prior to tumor injection, on 8 randomly selected
animals/group for each analyte.
2.2.4 Immunohistochemical Staining of phospho p65
Formalin-fixed tissue was embedded in paraffin and cut into 4µm thick sections
for hematoxlin and eosin (H&E) staining or immunohistochemical analysis. Slides were
deparaffinized in xylene and sequentially rehydrated in ethanol to water for
immunohistochemical analysis. Endogenous peroxide activity was blocked by incubating
slides with 3% H2O2 in water for 10 minutes. Antigen retrieval was performed with
10mM citrate buffer for 15 minutes in a microwave oven and cooled down for 20
minutes. Non-specific antibody binding was inhibited by incubating slides with Biocare
Blocking Reagent (Biocare, catalog #BS977M, Concord, CA) for 10 minutes. Slides
were then incubated with primary phospho p65 antibody (#3037, Cell Signaling, Boston,
MA) at a 1:100 dilution overnight at 4°C.

Slides were then incubated with Dako

EnVision™ labeled polymer, anti-rabbit-HRP (catalog # K400, Dako, Carpinteria, CA)
for 30 minutes at room temperature, followed by incubation with Dako diaminobenzidine
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and counterstained with hematoxylin. Images were captured using a light microscope
equipped with a Leica digital color camera (Leica Camera Inc, Allendale, NJ) and
incubated in SA-HRP (BioGenex, Fremont, CA) for 30 minutes at room temperature.
Assessment of nuclear versus cytoplasmic staining was assessed by two independent
viewers.
2.2.5 Real-time RT-PCR
Total RNA was extracted from approximately 100 mg tumor tissue or MC38 cells
using the Qiagen RNeasy Mini Kit according to the manufacturer’s protocol (Qiagen,
CA). A total of 2 µg of RNA was reversed transcribed using High-capacity cDNA
Reverse Transcription kit (Ambion, Austin, TX).
angiogenic,

and

cell

cycle

related

genes

Expression of inflammatory,

including

IL-6,

IL-1β,

COX-2,

hydroxyprostaglandin dehydrogenase (Hpdg), F4/80, S100A9,chemokine (C-C motif)
ligand (CCL) 2, VEGF, and Cyclin D1 were determined through PCR using TaqMan™
primer-probes (Ambion, Austin, TX).

Gene expression was normalized to the

housekeeping gene, β-actin and analyzed using the ΔΔCT method.
2.2.6 Cell Viability
MC-38 cells (2 x 103) in the DMEM with 10% FBS and supplements described
above were seeded in 96 well plates for 24 hours. Media was changed to serum-free
media (DMEM plus supplements but without FBS) for 4 hours, then cells were treated
with varying concentrations of IGF-1 (R&D Systems, Minneapolis, MN), leptin
(PeproTech, Rocky Hill, New Jersey), insulin (Sigma Aldrich, St. Louis, MO), or
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adiponectin (BioVendor, Chandler, NC) for 48 hours; hormone concentrations used were
based on previous findings (Harvey, Rondini et al, 2010). Cells were incubated with
Calcein AM (Biotium, Hayward, CA) and cell viability was determined by fluorescence
produced through the hydrolysis of the Calcein molecule by endogenous esterases in the
cell. Fluorescent signal was measured at a 498 nm excitation wavelength and 530 nm
emission wavelength on a Biotek Synergy 2 plate reader (Biotek, Winooski, VT).
2.2.7 Immunofluorescence of phospho p65
Approximately 1x105 MC38 cells were seeded on chamber slides (Lab-Tek™,
Rochester, NY), allowed to grow for 24 hours, then serum-starved for 4 hours and treated
with IGF-1 (400ng/mL) for 30 minutes, 1 hour, and 4 hours. IGF-1 concentration was
based on serum levels observed in overweight and obese mice from a previous study
(Wheatley, 2008). Cells were then fixed in 4% paraformaldehyde/1x PBS for 10 minutes
at room temperature, washed in 1x PBS, permeabilized in 1x PBS/0.1% triton X-100
(PBST) for 2 minutes, and washed again in 1x PBS. Formaldehyde cross-linking was
neutralized in 1x PBS/100mM glycine for 5 minutes at room temperature and cells were
washed in 1x PBS. Primary antibody was added (p65, 1:300; Cell Signaling) in blocking
buffer (5% donkey serum in PBST) for 45 minutes at 37°C, slides were washed 3 times
in PBST for 5 minutes at room temperature followed by staining with donkey anti-rabbit
secondary antibody conjugated

to

fluorescein

isothiocyanate

(1:300;

Jackson

ImmunoResearch Laboratories, Westgrove, PA) for 45 minutes at 37°C. Following 3
washes in PBST for 5 minutes at room temperature, slides were counterstained with 300
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nM 4’-6-diamidino-2-phenylindole for 5 minutes at room temperature.

Slides were

mounted with ProLong® Gold Antifade Reagent (Invitrogen, Carlsbad, CA). Slides were
viewed on a Zeis Axiovert 200M microscope with equal exposure at 60x oil or 100 x oil
magnifications with appropriate filter.

Assessment of nuclear versus cytoplasmic

staining was assessed by two independent viewers.
2.2.8 NF-кB Activation
Approximately 1x106 MC38 cells were seeded in 10cm dishes as described above.
Cells were allowed to grow in the standard DMEM + 10% FBS media for 24 hours, then
were serum starved for 4 hours. Following serum starvation, cells were treated with
DMEM plus 10% FBS, serum-free DMEM, serum-free DMEM + IGF-1 (400ng/mL) for
4, 8, and 16 hours and protein was harvested. Briefly, attached cells were washed and
collected in 1x PBS/Phosphatase inhibitors (Active Motif, Carlsbad, CA) and centrifuged
at 500 x g at 4°C. Following the removal of supernatant, the cell pellet was resuspended
in approximately 60-100 µl of protein lysis buffer (RIPA buffer, Phosphatase Inhibitor 2
and 3, Sigma; Roche MiniTab), kept on ice for 30 minutes with gentle agitation every 10
minutes, and centrifuged at 16,000 x g for 10 minutes at 4°C. Whole cell protein extracts
were quantitated by Bradford assay (Bio-Rad; Hercules, CA) and normalized to bovine
serum albumin (BSA, 1mg/mL).
A TransAM enzyme-linked immunosorbent assay (ELISA) was used to measure
activation of the NF-кB subunit, p65, in response to IGF-1 according to manufacturer’s
instructions (Active Motif, Carlsbad, CA). Briefly, 20µg of MC38 whole cell protein
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lysate was diluted in lysis buffer (as described above) and loaded in duplicate onto a 96well plate coated with an oligonucleotide containing the NF-кB consensus site (5’GGGACTTTCC-3’). NF-кB/p65 primary antibody was added to each well and used to
detect an epitope of NF-кB accessible only when activated and bound to its target DNA.
An HRP-conjugated secondary antibody was added to generate a colorimetric response
that was detected using by spectrophotometry at 450 nm with a reference wavelength of
655 nm.
2.2.9 Statistics
All values shown are mean + standard error of the mean of n= 15/group unless
otherwise indicated. All statistical analysis was conducted using SPSS with univariate
ANOVA or Students t-test, p <0.05 was considered significant.
2.3 RESULTS
2.3.1 Effects of Diet on Body Weight, Percent Body Fat, and Serum Hormones
Dietary intervention effectively generated two different weight phenotypes in
C57BL/6 mice. As early as 5 weeks on study, CR mice weighed less than control mice
(at week 21: 20.3g + 0.3 vs. 26.0g + 0.5, p<0.05, Fig. 2.1) (for clarity of presentation,
body weights were graphed every 3 weeks).

In addition, a lower percent body fat

occurred in CR compared to control mice (at week 21: 22% + 1.2 vs. 29% + 1.7,
respectively, p<0.05).
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Serum collected after 21 weeks of control or CR diet treatment was analyzed for
hormones known to respond to dietary modulation. Fasting insulin levels on average
more than 10-fold-lower in CR mice compared to control (0.04 + 0.00 and 0.66 + 0.04
ng/ml, respectively, p<0.05; Fig. 2.2A). Serum leptin levels were approximately 9-fold
lower in CR relative to control mice (0.33 + 0.03 ng/ml and 2.90 + 0.20, respectively,
p<0.05, Fig. 2.2B).

Adiponectin increased approximately 6-fold in response to CR

relative to control (158.7 + 7.6 and 26.2 + 3.8 µg/ml, respectively, p<0.05, Fig.2.2C).
Circulating levels of IGF-1 were approximately 50% less in CR than in control mice
(126.8 + 22.3 and 242.2 + 20.1ng/ml, respectively, p<0.05, Fig. 2.2D).
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Figure 2.1 Effect of diet on body weight in female C57BL/6 mice
Calorie restriction (CR) decreased body weight relative to control (CON) ad libitum fed
diet (data shown every 3 weeks for clarity purposes). Data shown are mean + SD
(n=30/group). Significance (p<0.05) is denoted by *
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Figure 2.2 Effect of diet on serum hormones
Calorie restriction (CR) decreased serum metabolic hormones relative to ad libitum
control-fed (CON) mice. Serum was collected after 21 weeks on diet treatment. All data
shown are mean + SE (n=8/group). Significance (p<0.05) between group is denoted by
*. A) Average serum insulin levels; B) Average serum leptin levels; C) Average serum
adiponectin levels; D) Average serum IGF-1 levels.
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2.3.2 Effect of Diet on MC38 Colon Tumor Growth
Diet significantly affected colon tumor growth rate in C57BL/6 mice. At study
termination, CR mice demonstrated a lower median volume of excised tumors relative to
control mice (4120 mm3 and 13,595mm3, respectively, p<0.001; Fig. 2.3). CR mice only
developed one tumor per animal in contrast to control mice that developed 1-2 tumors per
animal.
2.3.3 Effect of Diet on p65 and Inflammatory Gene Expression in MC38 Tumors
Histological analysis of the tumors excised from CR (n=8) and control mice
(n=10) (samples limited to tissue availability), revealed decreased protein expression of
the NF-кB subunit, p65, in CR tumors relative to control (data not shown). Inflammatory
genes downstream of NF-кB were analyzed to determine if diet modulated their
expression. Tumors from CR mice, relative to controls, demonstrated up to a 63%
decrease in the expression of the proinflammatory cytokines, IL-6 and IL-1β, a 50%
decrease in the inflammatory enzyme, COX-2, and a 2.5-fold increase in the antiinflammatory enzyme, Hpgd (p<0.05 for each, Fig. 2.4). Furthermore, expression of the
proinflammatory cytokine, tumor necrosis factor-α (TNF-α) showed almost a two-fold
increase in CR tumor tissue relative to control (p<0.05, Fig. 2.4). CR tumors also
exhibited a 33% decrease in expression of the chemokine, CCL2 and up to an 80%
decrease in S100A9 and F4/80, (p<0.05, Fig. 2.4).
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Figure 2.3 Effect of diet on tumor volume
Calorie restriction (CR) decreased overall tumor volume compared to control-fed (CON)
mice. Median tumor volume measured ex vivo at study termination. Significance
(p<0.05) between groups is denoted by *.
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Figure 2.4 Effect of diet on protumorigenic gene expression
Calorie restriction (CR) modulated pro-and anti-inflammatory gene expression within the
tumor microenvironment compared to control mice. Data shown represent CR gene
expression relative to control. All data shown are mean + SE. Significance (p<0.05)
between groups indicated by *
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2.3.4 Effects of Hormones on MC38 Colon Tumor Cells
MC38 colon tumor cell were treated with the same hormones that were altered by
diet treatment in the serum (Fig. 2.2) and their effect on cell viability was measured.
MC38 cell viability was not influenced by exogenous leptin up to 100 ng/ml; adiponectin
up to 5 µg/ml; or insulin up to 100 ng/ml. IGF-1 at 5, 10, 20, and 40 ng/ml significantly
increased cell viability compared to serum-free control (p<0.05, Fig. 2.5D).
Nuclear localization of the p65 subunit in MC38 cells was assessed in response to
IGF-1. Translocation of p65 began after 30 minutes of treatment with IGF-1 (optimal
dose 400 ng/ml), increased at 1 hour, and peaked at 4 hours (Fig. 2.6). In addition, IGF-1
treatment increased DNA binding of p65 at 4 hours with no differences observed at 8 or
16 hours (Fig. 2.6).
In addition to increased nuclear translocation and DNA binding of p65 in MC38
cells in response to IGF-1, several genes downstream of NF-кB were upregulated. In
response to 400 ng/ml of IGF-1, the inflammatory-associated genes COX-2 and IL-6
were increased up to 5-fold and 72-fold, respectively, and the cell cycle regulatory gene
Ccdn1 and angiogenic gene Vegfa were each increased 1.6 fold relative to serum-free
control (p<0.05, Fig. 2.7).

37

B.

140

120

120

100

Fluorescence
(% Control)

Flourescence
(% Control)

A.

100
80
60
40

80
60
40
20

20
0
SF

0.01

0.1

1

10

50

0

100

SF

C.

0.5

1

5

D.
200

120

Fluorescence
% Control

100

Fluorescence
(% Control)

0.1

Adiponectin ( g/mL)

Leptin (ng/mL)

80
60
40

*

*

150

*

*

100
50

20
0

0
SF

0.01

0.1

1

10

SF

100

5

10

20

40

IGF-1 (ng/mL)

Insulin (g/mL)

Figure 2.5 Effect of metabolic hormones on MC38 cell viability
Effects of leptin (A), adiponectin (B), insulin (C), and IGF-1 (D) on MC38 cell viability
relative to serum-free (SF) media control. All data shown are mean + SE. (n=3 separate
assays, 8 wells/treatment). Significance (p<0.05) between groups is denoted by (*) and
represents differences between IGF-1 and serum-free media.
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Figure 2.6 Effect of IGF-1 on p65 nuclear localization in MC38
colon cancer cells
IGF-1 increased nuclear localization of p65 compared to serum-free control.
Immunofluorescence images of MC38 cells stained using 300nM 4’-6-diamidino-2phenylindole (DAPI) alone, a p65 antibody alone, or p65 antibody counterstained with
DAPI (merged). Equal exposure was used for all pictures. Data representative of 4
separate assays.
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Figure 2.7 Effect of IGF-1 on p65 DNA binding and downstream gene
transcription in MC38 colon cancer cells
Effect of IGF-1 (400 ng/ml) on p65 DNA binding at 4 hours (A) and downstream NF-кB
gene transcription at 18 hours (B). Values in (B) are relative to serum-free media control.
All data shown are mean + SE. (n=3 separate assays run in duplicate and triplicate,
respectively). Significance (p<0.05) denoted by *.
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2.4 DISCUSSION
The links between CR, systemic hormones, inflammatory signals such as NF-кB,
and colon cancer have not been well established. Herein we report that CR, relative to a
control diet fed ad libitum, significantly redcues body weight and body fat (Fig. 2.1),
modulates serum metabolic hormones such as IGF-1 (Fig. 2.2), and decreases growth of
transplanted MC38 colon cancer cells in female C57BL/6 mice (Fig. 2.3), we well as
modulates protumorigenic gene expression in the MC38 tumor microenvironment (Fig.
2.4). Furthermore, IGF-1 incrases cell viability, NF-кB nuclear translocation and DNA
binding, transcriptional activation, and downstream gene expression of inflammation and
other protumorigenic genes in MC38 colon cancer cells. The ability of CR to inhibit
expression of endocrine and inflammatory markers has been demonstrated in both serum
and adipose tissue from in C57BL/6 mice (146), but not in the context of colon tumor
growth. In addition, CR has also been shown to decrease activation of the inflammatory
NF-кB pathway in aging kidney versus young kidney (147), as well as in response to
bacterial stimuli (61)
We demonstrate here that CR decreases tumor growth in part through modulation
of the inflammatory profile within the colon tumor microenvironment. Our findings also
suggest that the reductions in circulating IGF-1 in CR mice may contribute importantly to
the reductions in inflammatory signals observed in those mice. Histological evidence
revealed that CR decreased protein expression of p65 in CR tumors compared to control
(data not shown). Real-time PCR analysis of inflammatory cytokines showed mRNA
levels of IL-6 and IL-1β were significantly decreased by CR (Fig. 2.4) In contrast, TNF41

α, typically characterized as an inflammatory cytokine due to its direct activation of NFkB, was upregulated by CR, indicating CR may be priming the cell for apoptosis rather
than NF-кB activation. Future studies will focus on the impact of this interplay between
increased TNF-α and decreased IL-6 and IL-1β on tumor promotion and progression in
this model. Our observations of decreased expression of IL-1β and IL-6 in response to
CR (relative to control) are consistent with our observed decrease in NF-кB in CR mice.
IL-1β are downstream genes of NF-кB. IL-6 is an activator of the janus kinase/signal
transducers and activators of trancription (JAK/STAT) pathway, which also functions to
bolster inflammatory responses through additional inflammatory gene transcription.
(148). These cytokines are produced by many cell types located within the tumor,
including macrophages, lymphocytes, and epithelial cells and (79). One limitation of our
study is that whole tumor homogenate was used in our gene analysis, preventing us from
knowing if CR was inhibiting proinflammatory cytokine and chemokine production in
the tumor cell or in the stroma. Nevertheless, tumor growth is most likely enhanced
through an autocrine and paracrine manner and this study offers a glimpse at the global
effect of CR on the tumor microenvironment.
Because macrophages are known to infiltrate tumors and amplify the
inflammatory tumor microenvironment through production of cytokines, prostaglandins,
and angiogenic factors (79), we assessed the expression of the macrophage
chemoattracting chemokine, Ccl2 (which codes for the protein MCP-1), and two different
macrophage markers, S100A9 and F4/80. We found that CR significantly reduced all
these markers compared to control (Fig. 2.4). The effect of CR on macrophage gene
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expression in our model suggests that in addition to the inhibitory effects of CR on
circulating proinflammatory mediators (72), CR may be inhibiting tumor growth through
decreased proinflammatory cell infiltrates and altered expression of signals related to
their recrutiment. To our knowledge, this is the first study in a tumor model to show
modulation of macrophage infiltration and expression of inflammatory markers by CR.
We also assessed the effect of diet on macrophage protein expression in tumor
tissue. Quantitative analysis did not show statistically significant differences in the total
number of intratumoral macrophages between dietary groups (data not shown), however,
it was observed that the occurrence of multiple macrophage clusters or aggregates was
more frequent in the control mice than the CR mice.

These structures have been

observed by others and are often referred to as crown-like structures (CLS) (149).
Although the exact nature of their contribution to the tumor microenvironment is unclear,
the crosstalk that occurs between the macrophages and the cells they surround may help
to promote tumor growth. Subbaramaiah et al (69) showed an increased prevalence on of
CLS in visceral adipose tissue and in the stromal vascular fraction of mammary glands
harvested from high fat-fed mice. Our histologic and gene expression data suggests there
are qualitative differences in the macrophage profile between diet groups and this is
similar to what has been shown in a mouse model of colitis in which obesity worsened
disease score although it was not accompanied by increased macrophage infiltration
(150). Further analysis is warranted to determine the nature of these structures and their
effect on tumor promotion and progression in our model.
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Macrophages as well as tumor epithelial cells, produce prostaglandins which can
promote tumor growth. COX-2 is an inflammatory-inducible enzyme that catalyzes the
synthesis of PGE2 and is upregulated in marcrophages by Ccl2 (100). In addition to an
obesity-associated increase in the numbers of CLS in adipose tissue, Subbaramaiah et al
(69) showed a significant increase in inflammatory gene expression in the mammay gland
of high fat-fed mice, including COX-2, IL-1β, and PGE2. Moreover, Zhang et al (151)
demonstrated that 40% CR reduced COX-2 mRNA and protein expression in peritoneal
macrophages isolated from C57BL/6 mice. We show here that diet may be modulating
the autocrine and paracrine inflammatory crosstalk with the tumor microenvironment.
PGE2 synthesis can also be biochemically inactivated by the antiinflammatory
enzyme, hydroxyprostaglandin dehydrogenase (Hpdg). Expression of this enzyme is
down regulated in multiple colon cancer cell lines and has been found to be decreased in
a subset of colorectal carcinomas (152,153). Our study extends previous findings that
COX-2 expression is upregulated and Hpgd is downregulated in colon tumor tissue by
showing that CR can normalize their expression (reduce COX-2, increase Hpgd) in the
colon tumor microenvironment.
Results from our in vitro studies show that treatment with IGF-1 (the systemic
levels of which are reduced by CR) had a direct proliferative effect on MC38 cell growth,
and this response was not enhanced when co-treated with other hormones (data not
shown). The proliferative effects of IGF-1 are well established in both mouse and human
colon cancer cancer cell lines (154,155) (156). Also, in a chemically-induced transgenic
model of mouse colon cancer, genetic reduction of IGF-1 decreased tumor multiplicity
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compared to wild-type littermates (48). Obesity is characterized by an elevation in
circulating IGF-1, and epidemiologic studies have shown that increased levels of IGF-1
are associated with an increased risk for colon cancer (46,157). Furthermore, IGF-1 can
upregulate NF-кB through activation of PI3K/Akt (158).
Consistent with IGF-1/PI3K/NF-кB signaling, we demostrated an increase in
nuclear localization of p65 and an increase in DNA bound p65 following treatment with
IGF-1 (Fig. 2.6).

We also demonstrated that genes associated with cell survival,

angiogenesis, and inflammation were all increased in response to IGF-1 (Fig. 2.7). This
in vitro data support our in vivo tumor analysis demonstrating decreased activation of
NF-кB by CR, and suggests that the mechanism driving CR- mediated NF-кB inhibition
may involve reduced IGF-1 levels. Previous studies have demonstrated that a high fat
diet can induce NF-кB activation in various tissues and cell types (159,160). In addition,
Garrouste et al (161) and Remacle-Bonnet (162) established that IGF-1 inhibited
apoptosis in human colon carcinoma cells via a PI3K/Akt/ NF-кB dependent mechanism.
Alternatively, CR has been shown to offset the age-induced activation of NF-кB in
HEK293T cells and aged kidney (75,118) as well as, decrease production of serum
inflammatory markers in response to a 40% CR diet (61). To our knowledge, this is the
first study to show that CR decreases NF-кB activation and inflammatory gene
expression within the colon tumor microenvironmnent, and more specifically, that IGF-1
(a metabolic hormone decreased by CR) activates NF-кB and increases transcription of
genes associated with several hallmarks of cancer development.

45

IL-6 and IL-1β are inflammatory markers commonly elevated in the serum of
patients with IBD as well as colon cancer, and positively correlated with colon tumor size
(101). In addition, the macrophage chemokine, Ccl2 is elevated in the muscosa of
patients with inflammatory bowel disease (IBD) (100) while overexpression of COX-2 is
found in the majority of human colon cancers (163). Greten et al (92) showed in a mouse
model of colitis-associated cancer that deletion of a key NF-кB subunit in both
macrophages and colon epithelial cells, decreased tumor development, suggesting NF-кB
may be mediating the inflammatory profile observed in IBD. Like IBD, obesity is
associated with a state of chronic low grade inflammation characterized by increased
serum cytokines and chemokines, an effect that is reversed through calorie restriction
(164) (165).
We have shown that CR decreases growth of transplanted MC38 colon cancer
cells in female C57BL/6 mice and that this effect maybe the result of decreased
inflammtion. To our knowledge, this is the first study to show that CR may exert its
anticancer effects in part, through modulation of IGF-1-stimulated NF-кB activation and
inflammatory-responsive gene expression in vivo and in vitro. Future studies will be
aimed at establishing the mechanism through which CR is mediating inflammation, with
a particular focus on the inhibitory effects of CR and pharmacologic mimetics of CR on
componenents of the NF-кB pathway.
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Chapter 3: The anticancer effects of calorie restriction on Panc 02
pancreatic tumors are associated with decreased activation of NF-kB
3.1 INTRODUCTION
Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer-related
death in the United States. In 2011 it was predicted that 44,300 new cases of PDAC
would develop and of those, 38,300 would be terminal (ACS).

Pancreatic

adenocarcinoma is one of the deadliest forms of cancer, with a 5-year survival rate of
only 3-5% (166); hence, identification of modifiable risk factors is necessary in order to
understand and prevent pancreatic cancer. Recent epidemiological studies suggest that
obesity is associated with a 2-fold higher risk for pancreatic cancer in both males and
females (3). Moreover, 10 prospective cohort studies also report an increased risk for
pancreatic cancer for obese individuals with a body mass index (BMI) of >30 compared
to healthy weight individuals with a (BMI) of <25 kg/m2 individuals (167).

The

connection between increased cancer risk and BMI is attributed to the myriad of systemic
effects associated with increased adiposity, although the specific contribution of each is
largely unknown. Included in the effects of obesity is its association with a chronic lowgrade state of inflammation, as well as elevations in blood glucose and perturbations in
metabolic hormones such as insulin, leptin, and insulin-like-growth factor (IGF)-1.
Together these hormones provide a complex signaling network which functions to
regulate metabolism and are hypothesized to be involved with several aspects of tumor
development. Leptin exerts tissue specific effects on cell proliferation. While leptin
promotes tumor cell proliferation in vitro in multiple cancer models, including
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esophageal, lung, breast, and gastric cancer (168-170), leptin has been shown to exert
antiproliferative effects on several human pancreatic cell lines (112). In contrast to
leptin, serum levels of adiponectin are negatively correlated with obesity and induce
growth arrest and apoptosis in breast cancer cells (171). The association between
adiponectin and pancreatic cancer risk in humans is unclear; however, Zyromski et al
(2009) found that circulating adiponectin was negatively correlated with tumor
proliferation in a transplant model of mouse pancreatic cancer (112). High serum levels
of insulin and IGF-1 are associated with an increased risk for human cancers of the
breast, prostate, colon, and pancreas (172,173), and IGF-1 receptor (IGF-1R) is
overexpressed in human pancreatic cancer (113). In vitro studies show that IGF-1 and
insulin exert growth promoting effects in multiple cancer cell lines (172).
Obesity-related inflammation occurs predominantly in adipose tissue and is
characterized by elevated expression and production of proinflammatory chemokines and
cytokines such as monocyte chemoattractant protein (MCP)-1, interleukin (IL)-6, and
interleukin (IL)-β. The obese inflammatory environment also consists of infiltrating
immune cells called macrophages that function in an autocrine and paracrine manner to
perpetuate the inflammatory process through cytokine production and prostaglandin
synthesis catalyzed by the inflammatory enzyme cyclooxygenase (COX)-2 (174).
Susceptibility to pancreatic cancer is largely influenced by chronic inflammation, as
evidenced in patients with pancreatitis.

Risk for developing pancreatic cancer is

increased 53 times in those with hereditary pancreatitis relative to unaffected individuals.
In addition, patients with sporadic pancreatitis are 17 times more likely to develop
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pancreatic cancer than aged matched controls (175). Biopsies taken from patients with
chronic pancreatitis show increased protein expression of monocyte chemoattractants and
macrophage infiltrates compared to normal pancreatic tissue (108). Moreover, tumors
taken from pancreatic cancer patients demonstrate elevated proinflammatory gene and
protein expression of IL-6, IL-1β, and COX-2, as well as increased expression of
monocyte chemoattractants (109-111).
Inflammation is mediated through multiple pathways, one of which is the nuclear
factor kappa-light-chain-enhancer of activated B-cells (NF-kB) pathway. NF-kB is a
transcription factor that is activated in response to various stimuli including growth
factors and inflammatory molecules, and is responsible for inducing gene expression
associated with cell proliferation, apoptosis, angiogenesis, and inflammation. NF-кB is
upregulated in over 70% of human pancreatic cancer cell lines and primary tumors (114)
and has been associated with increased angiogenic, invasive, and metastatic capability in
pancreatic cancer cells (115-117). Furthermore, energy balance-related hormones, such as
leptin, insulin, and IGF-1 have been shown to modulate NF-кB signaling at levels
detected in obese individuals through upregulation of the PI3K/Akt pathway. Activation
of NF-кB by Akt leads to the phosphorylation of the NF-кB inhibitory protein, IкBα,
which is targeted for ubiquitination by the 26S proteasome allowing the active NF-кB
subunit, p65, to translocate to the nucleus and intiate transcription of multiple genes
associated with cancer development (73,176).

The impact of NF-кB signaling is

compounded by the fact that downstream gene products, such as IL-6, COX-2, and IL-1β,
amplify the inflammatory environment through direct and indirect mechanisms (145).
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Calorie restriction (CR), an effective anti-obesity strategy with potent anti-cancer
effects, has been shown to reduce serum levels of insulin, leptin, and IGF-1 and decrease
the expression of protumorigenic cytokines (61,106). The anticancer effects of CR have
been observed in many cancers (138), and as little as 10% CR has been shown to have a
growth inhibitory effect in a chemically induced model of pancreatic cancer (62).
Furthermore, we have demonstrated in our lab that 30% CR significantly decreases
pancreatic tumor growth in both a syngeneic transplant model and a COX-2-driven
transgenic model of pancreatic cancer (Lashinger et al, in press). CR has been shown to
offset the age-induced activation of NF-кB in HEK293T cells and aged kidney (75,118)
as well as decrease production of serum inflammatory markers in response to a 40% CR
diet (61). Nutrient availability has direct effects on NF-кB; however, a direct link has not
been made between CR, NF-кB, and pancreatic tumorigenesis. We therefore hypothesize
that calorie restriction inhibits pancreatic tumor cell growth in part through modulation of
hormone-stimulated NF-kB activation and downstream protumorigenic mRNA and
protein expression.
3.2 MATERIALS AND METHODS
3.2.1 Animal Study Design

Mice were maintained in a semibarrier facility at the University of Texas at
Austin Animal Resource Center. The institutional Animal Care and Use Committee of
the University of Texas approved all experiments involving animals. Male C57/BL6
mice, 6-weeks-old (n=30), were purchased from Charles River Laboratories, (Frederick,
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MD) were singly housed throughout the study. All mice were provided ad libitum access
to chow diet (Harlan Diets, catalog #2018, Madison, WI) for one week upon arrival.
Mice (n=30/group) were randomized to receive one of two diets (both from Research
Diets, New Brunswick, NJ) until they were euthanized: a) a control diet (modified AIN76A diet, catalog #D12450B) consumed ad libitum, which generates an overweight
phenotype or b) 30% calorie restriction (CR) (catalog #D0302702), administered as a
daily aliquot providing 70% of the daily energy consumption of the control group. The
CR regimen, which results in a lean phenotype, was modified to be isonutrient relative to
the control group with respect to vitamins, minerals, fatty acids, and amino acids.
Animals were weighed and food consumption was recorded weekly throughout the study.
At week 21, body fat was measured using EchoMRI (Echo Medical Systems, Houston,
TX) and all mice were fasted for 12 hours, anesthetized with isoflurane, bled via retroorbital venipuncture then killed by cervical dislocation. Whole blood was centrifuged at
10,000 x g for 5 minutes and serum was removed and stored at -80°C.
3.2.2 Panc 02 Tumor Cell Injections
Mice (n=15) were injected subcutaneously with 500,000 mouse pancreatic
adenocarcinoma cells (Panc 02) in the right flank and continued on their diet regimens
while tumor growth was monitored for an additional 5 weeks. During that time, mice
were palpated 3 times a week and tumors were measured with Vermeer™ calipers and
recorded. Tumor volume was calculated using the formula 4/3п r12r22 where radius (r) 1
and r2 represent half of the measured diameters in two separate dimensions. To derive a
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single tumor volume for each mouse with multiple tumors, volume measurements for
each single tumor were summed. Mice were killed at 4 weeks post-injection, or when
tumors reached 1.5 cm in diameter, whichever came first.

Tumors were excised,

measured for volume, and either flash frozen in liquid nitrogen and stored at -80°C or
fixed in 10% neutral buffered formalin overnight, then switched to ethanol until they
were processed and paraffin embedded. Carcasses underwent body composition analysis by
dual X-ray absorptiometry. In preparation for injection, Panc 02 cells, derived from a

chemically induced grade II adenocarcinoma (Corbett et al, 1984), were maintained in a
37°C incubator under an atmosphere of 5% CO2 with high glucose McCoy’s 5A
Modified Media (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum
(FBS;

Hyclone™),

2mM

glutamine

(Invitrogen),

10,000

U/mL

penicillin,

10,000units/mL of streptomycin, 1X Non Essential Amino Acids, 10mM HEPES buffer,
and 1mM sodium pyruvate. Mice were injected in the left flank with 100 µl of Panc 02
cells.
3.2.3 Serum Hormones
Serum insulin, leptin, and adiponectin using Lincoplex® bead-based multiplexed
assays (Millipore Corporation, Billerica, MA) on a BioRad Bioplex® 200 analyzer
(BioRad, Hercules, CA) according to manufacturer’s directions. Total mouse serum IGF1 levels were measured by ELISA per manufacturer’s instructions (Quantikine MG-100,
R&D Systems, Minneapolis, MN).

Analysis was performed using sera collected
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following 21 weeks of diet treatment, but prior to tumor injection, on 8 randomly selected
animals/group for each analyte.
3.2.4 Immunohistochemical Staining of phospho p65
Formalin-fixed tissue was embedded in paraffin and cut into 4µm thick sections
for hematoxlin and eosin (H&E) staining or immunohistochemical analysis. Slides were
deparaffinized in xylene and sequentially rehydrated in ethanol to water for
immunohistochemical analysis. Endogenous peroxide activity was blocked by incubating
slides with 3% H2O2 in water for 10 minutes. Antigen retrieval was performed with
10mM citrate buffer for 15 minutes in a microwave oven and cooled down for 20
minutes. Non-specific antibody binding was inhibited by incubating slides with Biocare
Blocking Reagent (Biocare, catalog #BS977M, Concord, CA) for 10 minutes. Slides
were then incubated with primary phospho p65 antibody (#3037, Cell Signaling, Boston,
MA) at a 1:100 dilution overnight at 4°C.

Slides were then incubated with Dako

EnVision™ labeled polymer, anti-rabbit-HRP (catalog # K400, Dako, Carpinteria, CA)
for 30 minutes at room temperature, followed by incubation with Dako diaminobenzidine
and counterstained with hematoxylin. Images were captured using a light microscope
equipped with a Leica digital color camera (Leica Camera Inc, Allendale, NJ) and
incubated in SA-HRP (BioGenex, Fremont, CA) for 30 minutes at room temperature.
Assessment of nuclear versus cytoplasmic staining was assessed by two independent
viewers.
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3.2.5 Real-Time RT-PCR
Total RNA was extracted from approximately 100 mg tumor tissue or MC38 cells
using the Qiagen RNeasy Mini Kit according to the manufacturer’s protocol (Qiagen,
CA). A total of 2 µg of RNA was reversed transcribed using High-capacity cDNA
Reverse Transcription kit (Ambion, Austin, TX).
angiogenic,

and

cell

cycle

related

genes

Expression of inflammatory,

including

IL-6,

COX-2,

F4/80,

S100A9,chemokine (C-C motif) ligand (CCL) 2, Vegfa, and Cyclin D1 were determined
through PCR using TaqMan™ primer-probes (Ambion, Austin, TX). Gene expression
was normalized to the housekeeping gene, β-actin and analyzed using the ΔΔCT method.
3.2.6 Cell Viability
Panc 02 cells (2 x 103) were seeded in 96 well plates in 10% FBS supplemented
media for 24 hours. Following a four hour serum starvation, cells were treated with IGF1, leptin (R&D Systems), insulin (Sigma Aldrich), or adiponectin (BioVendor) for 48
hours. Cells were incubated with Calcein AM (Biotium, Hayward, CA) and cell viability
was determined by fluorescence produced through the hydrolysis of the Calcein molecule
by endogenous esterases in the cell. Fluorescent signal was measured at a 498 nm
excitation wavelength and 530 nm emission wavelength on a Biotek Synergy 2 plate
reader (Biotek, Winooski, VT).
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3.2.7 Immunofluorescence of phospho p65
Approximately 1x105 Panc 02 cells were seeded on chamber slides (Lab-Tek™,
Rochester, NY), allowed to grow for 24 hours, then serum-starved for 4 hours and treated
with IGF-1 (400ng/mL) for 30 minutes, 1 hour, and 4 hours. IGF-1 concentration was
based on serum levels observed in overweight and obese mice from a previous study
(Wheatley, 2008). Cells were then fixed in 4% paraformaldehyde/1x PBS for 10 minutes
at room temperature, washed in 1x PBS, permeabilized in 1x PBS/0.1% triton X-100
(PBST) for 2 minutes, and washed again in 1x PBS. Formaldehyde cross-linking was
neutralized in 1x PBS/100mM glycine for 5 minutes at room temperature and cells were
washed in 1x PBS. Primary antibody was added (p65, 1:300; Cell Signaling) in blocking
buffer (5% donkey serum in PBST) for 45 minutes at 37°C, slides were washed 3 times
in PBST for 5 minutes at room temperature followed by staining with donkey anti-rabbit
secondary antibody conjugated

to

fluorescein

isothiocyanate (1:300;

Jackson

ImmunoResearch Laboratories, Westgrove, PA) for 45 minutes at 37°C. Following 3
washes in PBST for 5 minutes at room temperature, slides were counterstained with 300
nM 4’-6-diamidino-2-phenylindole for 5 minutes at room temperature.

Slides were

mounted with ProLong® Gold Antifade Reagent (Invitrogen, Carlsbad, CA). Slides were
viewed on a Zeis Axiovert 200M microscope with equal exposure at 60x oil or 100 x oil
magnifications with appropriate filter.

Assessment of nuclear versus cytoplasmic

staining was assessed by two independent viewers.
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3.2.8 NF-кB DNA Binding Assay
Approximately 1x106 Panc 02 cells were seeded in 10cm dishes as described
above. Cells were allowed to grow in the standard DMEM + 10% FBS media for 24
hours, then were serum starved for 4 hours. Following serum starvation, cells were
treated with DMEM plus 10% FBS, serum-free DMEM, serum-free DMEM + IGF-1
(400ng/mL) for 4, 8, and 16 hours and protein was harvested. Briefly, attached cells
were washed and collected in 1x PBS/Phosphatase inhibitors (Active Motif, Carlsbad,
CA) and centrifuged at 500 x g at 4°C. Following the removal of supernatant, the cell
pellet was resuspended in approximately 60-100 µl of protein lysis buffer (RIPA buffer,
Phosphatase Inhibitor 2 and 3, Sigma; Roche MiniTab), kept on ice for 30 minutes with
gentle agitation every 10 minutes, and centrifuged at 16,000 x g for 10 minutes at 4°C.
Whole cell protein extracts were quantitated by Bradford assay (Bio-Rad; Hercules, CA)
and normalized to bovine serum albumin (BSA, 1mg/mL).
A TransAM enzyme-linked immunosorbent assay (ELISA) was used to measure
activation of the NF-кB subunit, p65, in response to IGF-1 according to manufacturer’s
instructions (Active Motif, Carlsbad, CA). Briefly, 20µg of MC38 whole cell protein
lysate was diluted in lysis buffer (as described above) and loaded in duplicate onto a 96well plate coated with an oligonucleotide containing the NF-кB consensus site (5’GGGACTTTCC-3’). NF-кB/p65 primary antibody was added to each well and used to
detect an epitope of NF-кB accessible only when activated and bound to its target DNA.
An HRP-conjugated secondary antibody was added to generate a colorimetric response
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that was detected using by spectrophotometry at 450 nm with a reference wavelength of
655 nm.
3.2.11 NF-кB Transcriptional Activation
Approximately 1.8 x 105 Panc 02 cells were seeded in 6-well plates and allowed
to attach overnight at 37°C. Twenty-four hours later, cells were transfected with pNFкB/Luc and pRenilla/Luc (generously provided by Dr. Linda Degraffenried) using
FuGENE6 (Roche Applied Science, Indianapolis, IN).

Cells were incubated with

transfection agent for another 24 hours and then serum starved for four hours. Following
serum starvation, cells were treated with McCoy’s plus FBS, serum-free McCoy’s, or
IGF-1 (400ng/mL) for 6 hours and protein was harvested using Dual Luciferase Reporter
Assay System (Promega, Madison, WI) according to manufacturer’s instructions.
3.2.12 Small Interfering RNA Constructs and Transfections
NF-кB silencing was accomplished by combining siRNA constructs targeting
either p65 or a scrambled sequence (Ambion, Austin, TX) with Opti-MEM reduced
serum media (Invitrogen; Carlsbad, CA) and siPORT™ Amine transfection reagent
(Ambion, Austin, TX). The transfection complex was added to cells in a 6-well plate and
allowed to incubate overnight.

Twenty-four hours later, media containing the

transfection complex was removed and cells were serum-starved for four hours.
Following serum-starvation, cells were treated with McCoy’s supplemented with 10%
FBS, serum-free McCoy’s, or 400 ng/mL of IGF-1 for 18 hours and RNA was harvested
for NF-кB downstream gene analysis (as described previously).
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3.2.13 Statistics
All values shown are mean + standard error of the mean of n= 15/group unless
otherwise indicated. All statistical analysis was conducted using SPSS with univariate
ANOVA or Students t-test, p <0.05 was considered significant.
3.3 RESULTS
3.3.1 Effect of Diet on Body Weight, Percent Body Fat, and Serum Hormones
Dietary intervention generated two different weight phenotypes in C57BL/6 mice.
After 20 weeks on study, CR mice weighed significantly less than control mice (20.4g +
2.1 and 36.0g + 2.2, respectively, p<0.05; Fig. 3.1A) (for clarity purposes body weight
was graphed every 3 weeks). This weight difference was directly proportional to the
levels of adiposity with CR having a significantly lower percent body fat than control
mice (14% + 0.7 and 34% + 1.7, p<0.05; Fig. 3.1B).
Serum analysis of energy balance-responsive hormone levels revealed that
following 21 weeks of diet treatment, fasting insulin (post transplant serum was used due
to limited serum availability), leptin, and IGF-1 levels were lower in CR mice compared
to control (0.12 + 0.04 and 0.60 + 0.06 ng/ml, respectively; 0.76 + 0.09 ng/ml and 13.3 +
1.2, respectively; 207.3 + 5.6 and 307.6 + 13.7 ng/ml, respectively, p<0.05; Fig. 3.2).
Adiponectin increased in response to CR relative to control (20.3 + 0.8 and 14.6 + 0.8
µg/ml, respectively, p<0.05; Fig. 3.2).
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Figure 3.1 Effect of diet on body weight and % body fat in male C57BL/6 mice
Calorie restriction (CR) decreased body weight and percent body fat relative to control
(CON) ad libitum fed diet. (A) Average body weight of mice fed a CR or CON diet (body
weight graphed every 3 weeks for clarity purposes) (B) Average percent body fat of mice
fed a CR or CON diet at week 20. All data shown are mean + SD (n=15/group).
Significance (p<0.05) is denoted by *.
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Figure 3.2 Effect of diet on serum hormones
Calorie restriction (CR) decreased serum metabolic hormones relative to ad libitum
control-fed (CON) mice. Serum was collected after 21 weeks of diet treatment. All data
shown are mean + SE (n=8/group, randomly selected). Significance (p<0.05) between
groups is denoted by *. (A) Average serum insulin levels (due to sample availability, post
transplant serum was used only for insulin); (B) Average serum leptin levels; (C)
Average serum adiponectin levels; (D) Average serum IGF-1 levels.
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3.3.2 Effect of Diet on Panc 02 Pancreatic Tumor Growth
Diet significantly affected pancreatic tumor growth in C57BL/6 mice.
Measurements taken 4 weeks after injection show that CR had smaller tumors compared
(428.1 + 101.3 and 1927.7 + 380.9 mm3, respectively, p<0.05; Fig. 3.3A). To confirm
these measurements, final tumor volume was measured ex vivo and CR mice
demonstrated a lower median volume of excised tumors relative to control mice (1543
and 5567, respectively, p<0.003; Fig. 3.3B).
3.3.3 Effect of Diet on p65 and Inflammatory Gene Expression in Panc 02 Tumors
Histological analysis of the tumors harvested from CR (n=8) and control (n=10)
(samples limited to tissue availability) mice revealed decreased protein expression of the
NF-кB subunit, p65 in CR compared to control tumors, although this finding was not
significant (data not shown). However, the degree of nuclear p65 staining in stromal
cells was lower in CR tumors versus control. Analysis of inflammatory gene expression
showed tumors from CR mice, relative to controls (n=3 mice/group), demonstrated up to
a 71% decrease in the inflammatory markers, S100a9 and F4/80 (p<0.05 for each; Fig.
3.4) and a 56% decrease in the macrophage chemoattractant Ccl2 (gene that codes for the
protein,

MCP-1) (p<0.05; Fig. 3.4). CR moderately decreased inflammatory markers,

IL-6, COX-2, and IL-1β, relative to control; however, these results were not significant.
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Figure 3.3 Effect of diet on Panc 02 tumor volume
Calorie restriction (CR) decreased tumor growth and overall median tumor volume
compared to control-fed (CON) mice. (A) Average tumor volume in vivo, data shown
mean + SE, significance (p<0.05) between groups; (B) Median final tumor volume ex
vivo, significance (p<0.003) between groups.
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Figure 3.4 Effect of diet on proinflammatory gene expression in Panc 02
microenvironment
Calorie restriction (CR) modulates proinflammatory gene expression within the tumor
microenvironment compared to control (CON) mice. All data represents CR gene
expression relative to CON. Values are mean + SE (n=3/group). Significance (p<0.05)
between groups is denoted by *.
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3.3.4 Effect of Hormones on Panc 02 Pancreatic Tumor Cells
Panc 02 cells were treated with the same hormones that were altered by diet
treatment in the serum (Fig. 3.2) and their effect on cell viability was measured. Panc 02
cell viability was not influenced by exogenous leptin up to 100 ng/ml or adiponectin up
to 10 µg/ml. IGF-1 at 5, 10, 20, and 40 ng/ml significantly increased cell viability
compared to serum-free control (p<0.05; Fig. 3.5C).
Nuclear localization of the p65 subunit in Panc 02 cells was assessed in response
to IGF-1. Translocation of p65 began after 30 minutes of treatment (optimal dose 400
ng/ml), increased at 1 hour, and peaked at 4 hours (Fig. 3.6).

In addition, IGF-1

treatment increased DNA binding of p65 at 4 hours with no differences observed at 8 or
16 hours (p<0.05; Fig. 3.7A).
In addition to increased nuclear translocation and DNA binding of p65 in Panc 02
cells in response to IGF-1, we used a luciferase assay to determine the ability of IGF-1
(400ng/ml) to activate the NF-кB transcriptional machinery. Following treatment of
Panc 02 cells with IGF-1 for 6 hours, luciferase activity in Panc 02 cells was significantly
increased compard to serum-free control (p<0.05; Fig. 3.7B). Beyond this time point
there was no additional effect on luciferase activity.
downstream of NF-кB were upregulated.

In addition, several genes

In response to 400 ng/ml of IGF-1, the

inflammatory-responsive genes, COX-2 and IL-6 were increased up to 9-fold and 10fold, respectively, and the antiapoptotic gene, Birc5 (which codes for the protein
survivin) was increased 2.5-fold and angiognenic gene, Vegfa, was increased 1.7-fold
(p<0.05 for each, Fig.3.7C).
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Figure 3.5 Effect of metabolic hormones on Panc 02 cell viability
Effects of leptin (A), adiponectin (B), and IGF-1 (C) on Panc 02 cell viability relative to
serum-free (SF) media control. All data shown are mean + SE. Significance (p<0.05)
between groups denoted by *.
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Figure 3.6 Effect of IGF-1 on p65 nuclear localization in Panc 02 cells
IGF-1 increases nuclear localization of p65 compared to serum-free control.
Immunofluorescence images of Panc 02 cells stained using 300nM 4’-6-diamidino-2phenylindole (DAPI) alone, a p65 antibody alone, or p65 antibody counterstained with
DAPI (merged). Equal exposure was used for all pictures. Data representative of 4
separate assays.
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Figure 3.7 Effect of IGF-1 on p65 DNA binding NF-кB transcriptional
activation in Panc 02 cells
Effect of IGF-1 (400 ng/ml) on p65 DNA binding at 4 hours (A) NF-кB luciferase
activity at 18 hours (B) and downstream NF-кB gene transcription at 18 hours (C). All
data shown are mean + SE (n=3 separate experiments performed in triplicate for A, B,
and C. Significance (p<0.05) between groups denoted by *.
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Moreover, transfection of Panc 02 cells with siRNA specific to p65 decreased p65
gene expression by 70-80% by 48 hours in all experiments (data not shown). Confirming
what we initially found, IGF-1 treatment, relative to SF controls, increased expression of
NF-кB downstream genes when transfected with siRNA that corresponded to the
nonspecific scrambled siRNA (Ccdn1, 54%, Vegfa, 81%, Birc5, 73%, and Ptgs2, 60%,
p<0.05, Fig. 3.8). However, when expression of p65 was silenced, expression of these
genes was significantly reduced following treatment with IGF-1 (Ccnd1 decreased 8%,
Vegfa increased 55%, Birc5 increased 36%, and COX-2 increased 35%, relative to the SF
scrambled control (p<0.05 for each, Fig. 3.8). The exception to this is COX-2. In
addition, when comparing p65 knockdown cells to scrambled siRNA control, there was a
significant difference in gene expression of Ccdn1 and Birc5 between IGF-1 treatments
(p<0.05 for each, Fig. 3.8). Although there was a decrease in Vegfa and COX-2 mRNA
levels in p65 knockdown cells, the difference was not significant (Fig.3.8). Interestingly,
expression of cell survival genes, Ccdn1 and Birc5, were sensitive to p65 status in serumfree conditions and were significantly decreased in cells treated with p65 siRNA (p<0.05
for each, Fig. 3.8).

In contrast, expression of the angiogenic marker, Vegfa, and

inflammatory marker, COX-2, were not affected by p65 status in serum-free conditions
(Fig. 3.8).
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Figure 3.8 Effect of silenced p65 on IGF-1-induced NF-кB activation
in Panc 02 cells
Effect of IGF-1-induced NF-кB downstream gene expression in silenced p65 Panc 02
pancreatic tumor cells compared to serum-free (SF) media control. (A) Ccdn1; (B)
Vegfa; (C) Birc5; and (D) COX-2. All data shown are mean + SE (n=3 separate
experiments performed in triplicate for each gene). Significance (p<0.05) denoted by
different superscripts.
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3.4 DISCUSSION
The links between CR, systemic hormones, inflammatory signals such as NF-кB,
and pancreatic cancer have been well established. Herein we report that CR, relative to a
control diet fed ad libitum, significantly reduces body weight and body fat (Fig. 3.1A, B),
modulates serum metabolic hormones such as IGF-1 (Fig. 3.2A, B), and decreases
growth of transplanted Panc 02 pancreatic cancer cells in male C57BL/6 mice (Fig. 3.3A,
B), as well as modulates protumorigenic gene expression in the Panc 02 tumor
microenvironment (Fig. 3.4). Furthermore, IGF-1 increases cell viability, NF-кB nuclear
translocation, DNA binding, transcriptional activation, and downstream gene expression
of inflammation and protumorigenic genes in Panc 02 pancreatic cancer cells.

The

anticancer effects of CR have been demonstrated in chemically induced models of
pancreatic cancer(177) (178,179) (62), as well as in transplant models in our own lab
(Lashinger et al, in press).

While the ability of CR to decrease the inflammatory

pathology that typically results in pancreatic tumorigenesis has been observed (Lashinger
et al, in press), the mechanism behind this effect has not been determined. CR has been
shown to inhibit the expression of inflammatory markers in both serum and adipose
tissue in C56BL/6 mice (146), but not in the context of pancreatic tumor growth. In
addition, CR has shown to decrease activation of the inflammatory NF-кB pathway in
aging versus young kidney (147) as well as in response to bacterial stimuli (61).
We demonstrate here that CR decreases tumor growth in part through modulation
of the inflammatory profile within the pancreatic tumor microenvironment. Our findings
also suggest that the reductions in circulating IGF-1 in CR mice may contribute
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importantly to the reductions in inflammatory signals observed in those mice.

The

NF-кB subunit, p65 is phosphorylated when fully activated and histological analysis
revealed that CR decreased protein expression of phosphorylated p65 compared to
control, although this finding was not significant. There was a cell-type dependent
difference in p65 staining in CR and control tumors, showing a lower degree of p65
nuclear staining in stromal cells in CR versus control. This supports the gene expression
data demonstrating decreased macrophage expression in CR tumors compared to control
(Fig. 3.4).
Because macrophages are known to infiltrate tumors and work to amplify the
inflammatory tumor microenvironment through production of cytokines, prostaglandins,
and angiogenic factors (79), we looked at the expression of macrophage chemoattractant,
Ccl2, which codes for the protein MCP-1 and two different macrophage markers,
S100A9 and F4/80 and found that CR significantly reduced all three markers compared
to control (Fig. 3.4).

While F4/80 is recognized as a specific macrophage marker,

S100A9 is expressed by both neutrophils and monocytes, but not resident macrophages.
Macrophages located within the tumor microenvironment have been shown to be
activated by NF-кB in multiple inflammatory-associated cancer models and to enhance
cancer development through increased production of inflammatory molecules
(81,92,180,181). Proinflammatory mediators, IL-6, IL-1β, and COX-2 are downstream
genes of NF-кB, are released in an autocrine and paracrine and can help prime tumor
associated macrophages. Expression levels of these downstream genes were reduced by
CR, but were not significantly different compared to control. These findings are in
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contrast to previous studies performed with our MC38 colon cancer model; however,
differences in tumor phenotype could be attributed to the stage of tumor development,
stromal cell population, or the type of cancer.
In order to elucidate the mechanism by which CR exerts its anticancer effects, we
looked at the metabolic hormones modulated by CR. Results from our in vitro studies
show that treatment with IGF-1 had a direct proliferative effect on Panc 02 cell growth
and this response was not enhanced when co-treated with other hormones (data not
shown). IGF-1 exerts proliferative effects on human pancreatic cancer cell lines (182)
and in an orthotopic transplant model of mouse pancreatic cancer, Lashinger et al (in
press) demonstrated through genetic reduction of IGF-1, decreased tumor burden
compared to wild-type control mice. Recently, increased serum levels of IGF-1 and
insulin-like growth factor binding protein-1 and -3 (IGFBP-1, IGFBP-3) have been
observed in pancreatic cancer patients and have been associated with pancreatic cancer
death (183,184), and the IGF-1 receptor (IGF-1R) has been found to be overexpressed in
human pancreatic cancer (113). Furthermore, IGF-1 has been shown to upregulate NFкB through activation of PI3K/Akt (74). Additionally, in a model of COX-2-driven
pancreatitis and neoplasia, CR effectively decreased phosphorylated and total IGF-1R
and Akt compared to the control group (Lashinger et al, in press). Moreover, Ma et al
(185) found in multiple human pancreatic cancer cell lines, that IGF-1 treatment
decreased phosphorylation of the tumor suppressor, PTEN, leading to increased
activation of PI3K/Akt and consequently, upregulation of NF-кB.
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Consistent with IGF-1/PI3K/Akt/NF-кB signaling, we demonstrated an increase
in nuclear localization of p65, DNA bound p65, and activation of NF-кB transcriptional
machinery following treatment with IGF-1 (Fig. 3.6 and 3.7A, B). We also showed that
downstream genes associated with cell survival, angiogenesis, and inflammation were all
increased in response to IGF-1(Fig. 3.7C). The upregulation of these genes by IGF-1 has
been observed in other cancer models; however, to our knowledge, this is the first study
to show IGF-1-induced expression of these NF-кB downstream genes in a mouse model
of pancreatic cancer. This in vitro data supports our in vivo tumor analysis demonstrating
decreased activation of NF-кB by CR in the pancreatic tumor microenvironment, and
more specifically, that IGF-1 (a metabolic hormone decreased by CR) activated NF-кB
and increases transcription of genes associated with several hallmarks of cancer
development.
Because the genes used as a readout of NF-кB can be transcribed by several
different pathways, we wanted to determine the impact of NF-кB activation on their
expression.

Consistent with IGF-1 biology and our previous findings, there were

significant increases in gene expression compared to serum-free conditions.
Interestingly, there were significant decreases of these genes in cells with reduced p65
expression, suggesting that NF-кB is one of the key transcription factors responsible for
IGF-1 induced protumorigenic gene expression (Fig. 3.8). The link between pancreatitis
and pancreatic cancer underlies the importance for development a specific therapeutic
target. Future studies will focus on other molecular signaling pathways, such as the janus
kinase and signal transducer and activator of transcription (JAK/STAT), that may work
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synergistically with NF-кB to promote tumorigenesis, as well as other hormones, such as
leptin that may not have exhibited a proliferative effect on Panc 02 tumor cell growth, but
may in fact impact downstream signaling.
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Chapter 5: Concluding Remarks
Approximately 30% of U.S. adults are obese and data from the 2007-2008
NHANES study shows that approximately 16.9% children and adolescents ages 2-19 are
obese (1). As a risk factor for type II diabetes, heart disease, and many types of cancer,
specifically, colon and pancreatic, the obesity epidemic has become less of an aesthetic
social issue and more of a national health threat (186).
Obesity is associated with changes in metabolic hormones, such as leptin, insulin,
and IGF-1, all of which play pivotal roles in the growth and development of cancer
through activation of multiple molecular signal transduction pathways. Results from our
work and others demonstrate that calorie restriction consistently reduces circulating
levels of these hormones and inhibits tumorigenesis; however, it was data obtained from
IGF-1-deficient mouse colon and pancreatic transgenic models that helped direct us
towards our work showing the effects of IGF-1-induced NF-кB activation in MC38 and
Panc 02 cells, that further defined the anti-cancer effects of calorie restriction.
The effects of IGF-1 on our colon and pancreatic cancer models were impactful;
however, this is not to suggest that IGF-1 is the sole hormone responsible for cancer
development, it is more likely the combinatorial effect of multiple hormones and factors
working together to promote tumorigenesis. Although leptin did not exert a proliferative
effect on MC38 or Panc 02 cells in vitro, leptin has been shown in breast and colon
cancer, as well as in and human umbilical vein endothelia cells (HUVECs) to activate
NF-кB (187) (188) (189). Furthermore, Saxena and colleagues (47) showed in multiple
breast cancer cell lines that leptin and IGF-1 participate in bidirectional crosstalk that
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transactivates the epidermal growth factor receptor (EGFR) and promotes metastasis.
Future directions should include treating MC38 and Panc 02 cells with leptin and IGF-1
in combination to determine if there are additive or synergistic effects of these hormones
on NF-кB activation.
In addition, leptin is also known to activate the JAK/STAT pathway, which is
often dysregulated in cancer and can act independently or as a coactivator with NF-кB to
induced cancer-related gene expression (72,188) (11).

Moreover, many of the

downstream genes upregulated by NF-кB, such as IL-6 and IL-1β, directly activate
JAK/STAT and in turn, STAT3 enhances NF-кB constitutive signaling through direct
interaction of the p65 subunit in the nucleus (190). Our data demonstrated significant
decreases in IGF-1-induced NF-кB downstream gene expression when p65 was silenced;
however, gene expression data also suggests that other signal transduction pathways were
compensating for the inhibition of NF-кB. Cancer-related NF-кB genes such as, IL-6,
COX-2, Vegfa, and Ccdn1 (cyclin D1) are also downstream of STAT3; therefore, to
determine the degree to which JAK/STAT is contributing to the transcription of these
genes in our cancer models, the next step should be to silence STAT3 alone and with p65
in vitro and analyze downstream gene expression. To build on these findings, MC38 and
Panc 02 cells should be stably transfected with small hairpin (sh)RNA and injected into
mice on a calorie restricted or control, ad libitum-fed diet, to compare the effects of
p65/STAT3 knockdown with that of calorie restriction on tumor growth. Additionally,
due to the inherent aggressiveness of pancreatic cancer compared to colon cancer,
analyzing the inflammatory tumor microenvironment at different stages of development
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in contrast to only one time point would provide insight into the role and significance
inflammation plays in pancreatic tumorigenesis.
Furthermore, both colon and pancreatic cancer models showed increased
expression of the macrophage chemoattractant, Ccl2, as well as, macrophage markers,
F4/80 and S100a9 in the tumor tissue; however, these markers do not distinguish between
the M1, cytotoxic macrophage and the M2, immunosuppressive macrophage. In obesity,
there is a higher population of M1 macrophages versus M2; however, in cancer, there is a
higher population of M2 macrophages. There is a gap in the literature illustrating the
macrophage profile in the context of obesity and cancer combined. We tried to address
this question in our model system by looking at specific M1 and M2 gene expression
markers in addition to the chemokines and cytokines that direct their polarization;
however, our analysis did not show a distinct diet-induced polarization towards either an
M1 or an M2 phenotype. Antibodies for IHC indentifying M1 and M2 macrophages are
available for human cancers; unfortunately, they have not been developed yet for mouse
models.
Moreover, because both macrophages and cancer cells produce similar
proinflammatory mediators, it is difficult to determine the contribution of each cell type
to the tumor milieu.

To better elucidate this relationship and contribution to

tumorigenesis, a series of in vitro experiments could easily be conducted treating cancer
cells with conditioned media from cultured macrophages and also treating macrophages
with conditioned media from cancer cells and measuring cell viability, pathway
activation, and downstream gene transcription.
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The obesity epidemic is expanding and it is not discriminating against age;
therefore, we must development intervention strategies that help offset the cancer risk
associated with obesity. Calorie restriction is currently the best strategy for preventing or
reversing obesity, as well as, for reducing obesity-related cancer risk; however, it is
difficult to practice and maintain. Given this, it is essential that we develop additional
treatment strategies that mimic the anti-cancer effects of calorie restriction.

78

Appendix A: Energy balance modulates colon tumor growth:
Interactive roles of insulin and estrogen
A.1 INTRODUCTION
Obesity has risen dramatically over the past 25 years in the United States and
more recently in developing countries (191,192). Excess adiposity, especially in the
abdominal area is associated with a number of chronic diseases including certain cancers
(193,194). Among these, colorectal cancer (CRC) is the fourth most common cancer in
the U.S. and second leading cause of cancer related deaths (195).

Several

epidemiological studies have demonstrated that obesity increases the risk of and mortality
from CRC in males (196-198). The relationship in females is somewhat inconsistent, in
part due to methods used to assess obesity as well as to the protective effect that
reproductive hormones have on CRC (49,196,199,200). More recent data suggests that
excess abdominal adiposity is associated with elevated risk in women (200,201). In
postmenopausal women however, this effect may be limited to individuals not currently
using hormone replacement therapy (HRT) (200). These studies indicate that a women’s
risk of colon cancer are affected by hormonal status, the location of excess adipose tissue,
and/or a combination of the two factors.
The protective effect of HRT on colon cancer has been reported in several
epidemiological studies (49,202,203). Despite these findings, the mechanisms linking
estrogen and/or progestins to reduced cancer risk have not been fully elucidated. It has
been suggested that estrogen may exert anti-cancer effects by reducing secondary bile
acid production (50), enhancing Vitamin D receptor expression (51) as well as through
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direct, receptor-mediated effects in the colon mucosa (52-54). There are two types of
estrogen receptors (ER), ERα and ERβ and both are expressed in normal colon (55,56)
ERβ is more predominately expressed than ERα, and appears to have an important role in
maintaining epithelial kinetics, suggesting this isoform may protect against CRC (54,57).
In support of this, ER-β receptor is down-regulated in colon tumors (55,56,58,59) and
inversely related to tumor differentiation (54,60).
Hormone replacement therapy also has beneficial effects on glucose homeostasis
and adiposity (204). Estrogen influences adipose tissue deposition and improves insulin
sensitivity, presumably through an ER- dependent mechanism (204-206). In humans,
the decline in circulating sex hormones during menopause is associated with an increase
in visceral fat and a higher prevalence of insulin resistance and type 2 diabetes (207,208).
Hyperinsulinemia is an important metabolic abnormality linking obesity to CRC (209).
Colon epithelial cells possess insulin, insulin like growth factor (IGF)-1 and IGF-2
receptors (162,210), which are present at greater levels in tumors compared to normal
colonic epithelium (96). Insulin and IGF-1 are mitogenic to colon cancer cells in vitro
(95,211), and case-control and cohort studies consistently demonstrate a positive
association between colon cancer and/or colonic polyps with elevated levels of insulin
(212-215).
Adipose tissue is a key regulator of insulin resistance (216) and contributes to
systemic inflammation through production of a variety of proteins, hormones and
cytokines referred to collectively as “adipokines”.

These adipokines possess broad

biological activities, including homeostatic and pathologic functions. Many secretory
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products of adipocytes, including tumor necrosis factor (TNF)-, interleukin-6 (IL-6), Creactive protein, adiponectin, complement factors, and leptin, all serve dual roles in
energy homeostasis and the immune response (217).

IL-6 signaling, in particular,

supports numerous specific local functions (218-220). An increase in visceral adiposity
is associated with increased release of several pro-inflammatory adipokines (216),
whereas adiponectin levels decline. Adipokines are thought to contribute to peripheral
insulin resistance (221-223) and some have been associated with an increased risk of
CRC (24,224,225), suggesting that they may be involved directly, through receptor
mediated signaling, or indirectly through effects on glucose homeostasis, to one or more
stages in the carcinogenic process.
In a previous study, Yakar et al. (226) demonstrated enhanced colon tumor
growth in female ovariectomized mice fed a high fat diet. The purpose of this study was
to further differentiate the interactive roles of obesity and ovarian hormone status on
serum markers of inflammation in a mouse xenograph model of colon tumor growth.
Female C57BL/6 mice were either ovariectomized (OVX) or had their ovaries left intact
(NOVX) and fed one of three diets to induce varying levels of adiposity. We found that
the DIO-OVX mice had the largest tumors and CR mice the smallest tumors compared to
mice on the control diet independent of ovarian hormone status. Data from cytokine
arrays, ELISAs, and glucose tolerance tests suggested that obesity-associated levels of
metabolic hormones as well as pro-inflammatory mediators in the serum may be
modulating effects of transplanted MC38 tumor growth in vivo.
stimulated whereas estrogen inhibited MC38 proliferation.
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In vitro, insulin

These changes were

associated with activation of the MAPK p42/44 and MEK. These data indicate that
estrogen modulates the growth stimulatory effects of insulin and imply that insulin
resistance associated with obesity may adversely affect one or more processes involved in
CRC, especially in post-menopausal women.
A.2 MATERIALS AND METHODS
A.2.1 Chemicals
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise
noted.

Recombinant murine proteins were purchased from R&D Systems unless

otherwise noted (Minneapolis, MN).

Antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA).
A.2.2 Animals and Diets
Female C57/BL6 mice, 6-weeks-old was purchased from Charles River
Laboratories (National Cancer Institute, Frederick, MD) and diets from Research Diets,
Inc. (New Brunswick, NJ). To determine the effects of sex steroids on obesity and tumor
growth, both non-ovariectomized (NOVX) as well as ovariectomized (OVX) animals
were used.

For practical issues of space, manpower, and sufficient tissue availability,

two identical blocks of mice (first block, n=10; second block; n=15) were included for
NOVX mice. Only one block of 15 was included for OVX mice. Beginning at 6 weeks
of age, mice were randomized to receive one of three diets: 1) a control diet (#D12450B:
29% protein, 57% carbohydrate and 14% fat) fed ad libitum, to generate overweight
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phenotype; 2) a calorie restricted diet (70% kilocalories of control group; CR;
#D0302702: 20% protein, 70% carbohydrate and 10% fat) administered as a daily aliquot
that results in a lean phenotype; and 3) a high fat diet, (#D12492: 20% protein, 20%
carbohydrate and 60% fat) to generate an obese phenotype. The CR diet is supplemented
to achieve 100% of essential nutrients necessary for normal growth and development
(vitamins, minerals, essential fatty acids, and amino acids). Diets were purchased from
Research Diets, Inc. (New Brunswick, NJ, USA) and the diet composition was previously
published (227). All diets were designed to provide similar amounts of micronutrients
but variable amounts of calories.

Animals were singly housed in temperature and

humidity controlled rooms and administered diet for a total of 24 weeks. During that
time, animals were weighed weekly and food consumption was recorded throughout the
study. All procedures were conducted in accordance with the guidelines of the National
Cancer Institute Animal Care and Use Committee.
A.2.3 Body Composition
Mice were scanned using a GE Lunar Piximus II dual-energy X-ray
absorptometer to determine body fat and lean muscle mass.
A.2.4 Glucose and Insulin Tolerance Test
A glucose tolerance test (GTT) was conducted after 19 weeks to measure glucose
regulation in the lean, overweight, and obese animals. Animals (n=20 for NOXV groups;
n=15 for OVX) were fasted overnight (12 hours) and the GTT was performed by
intraperitoneal (i.p.) injection of 20% glucose (2g/kg) to mice. Blood was sampled from
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the tail vein and glucose was measured over a 2-hour time course using a Glucometer
Elite (Bayer, Elkhart, IN).
A.2.5 Cytokine Antibody Array and ELISAs
After 10 weeks on dietary treatment, blood samples were drawn from the
retroorbital venous plexus of anaesthetized mice. Serum from three mice in each
treatment group was pooled into one sample due to sample volume limitations (n=4 for
each treatment group). Serum was then diluted 1:10 and probed for cytokine profile
using the RayBio® Mouse Cytokine Antibody Array 3.1 kit according to the
manufacturer’s instructions (RayBiotech®; Norcross, GA). Briefly, membranes were
blocked with a blocking buffer, and then 2 ml of pooled serum sample was individually
added and incubated at 4°C overnight.

Membranes were washed; primary biotin-

conjugated antibody was added and incubated at room temperature for 2 hr.

The

membranes were then incubated with horseradish peroxidase-conjugated streptavidin at
room temperature and cytokine presence was detected by chemiluminescence. Films of
array dots were scanned with a densitometer and converted to densitometric units using
Quantity One® software (Bio-Rad Laboratories; Hercules, CA) per the manufacturer’s
instruction.

Data were analyzed according to recommendations from RayBiotech.

Briefly, autoradiography films were digitized and circles were measured using Quantity
One® software. Data were imported into an Excel® spreadsheet and normalized against
a control across membranes, and final values were calculated using the RayBio® Murine
Cytokine 3.1 Analysis Tool.
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Serum adiponectin, leptin, and insulin were also measured at 10 weeks
(n=15/group for NOVX; n=8/group for OVX animals). Adiponectin was measured using
ELISA (R&D Systems; Minneapolis, MN) with serum diluted 1:7000 according to
manufacturers’ instructions. The plate was read at 450 nm wavelength using a Synergy
HT plate reader (Bio-Tek; Winooski, VT). Serum leptin and insulin were assayed using
Multiplex Assays according to the manufacturer’s instructions and analyzed on a Bioplex
200 using Bioplex Manager 4.1 software.
A.2.6 Cells and Cell Culture Conditions
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 (228). This cell line was cultured in DMEM (Gibco; Rockville, MD)
supplemented with 10% fetal bovine serum (Gibco; Rockville, MD) and 1%
penicillin/streptomycin at 37°C with 5% CO2 (229).
A.2.7 Tumor Cell Injection and Measurement
After 20 weeks of dietary treatment (26 weeks of age), mice were injected
subcutaneously on the flank with 5 x 104 mouse colon 38 (MC38) cells (n=25/group for
NOVX; n=15/group for OVX mice). Mice were palpated 3 times a week and tumor size
was measured with Vermeer™ calipers. All mice were euthanized after 4 weeks, when
detectable tumors from animals reached approximately 2.0 cm in diameter.
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A.2.8 Cell Proliferation Assay
MC38 cells were grown in 96-well plates as described above.

Briefly,

approximately 1,500 cells/well were seeded in 96-well plates (Corning Costar; City,
State). Cells were treated (eight wells per treatment) with leptin (0.0, 0.1, 1 or 50 ng/mL;
R & D Systems), insulin (0.001, 0.01, 1, 10 or 100 µg/mL; Sigma), full length
adiponectin (1 0.001, 0.01, 0.1, 1, or 10µg/mL; Bio Vendor), and estrogen (0.01, 0.05,
0.1, 10, 50 or 100 µM; Sigma). Cell proliferation was measured after 24 hr of treatment
using the commercial CelTiter96 Aqueous kit according to manufacturer’s instructions
(Promega; Madison, WI).

Briefly, 20 µl/well of CellTiter96 Aqueous One solution

reagent was added to the 96-well plate containing the cells in 100 µl of culture media and
incubated for 1 hr at 37°C in 5% CO2. Upon completion of the assay procedure the plate
was read at 490 nm using the Synergy HT plate reader (Bio-Tek, Winooski, VT).
A.2.9 Western Blotting
Briefly, cells were washed twice with cold PBS and total cell lysate was harvested
by scraping cells into 1 ml of cold lysis buffer (30 mM Tris pH 7.2, 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanidate, 1% NP-40, and 10%
glycerol) per flask. The cell suspension was then sonicated to insure cell lysis and
centrifuged at 4°C for 15 min at 14,000 rpm. Nuclear and cytoplasmic fractions were
collected using the NE-PER® kit according to the manufacturer’s instructions (Pierce
Biotechnology Inc.; Rockford, IL). Protein content of the samples was determined by
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BCA assay (Bio-Rad Laboratories, Hercules, CA), and samples were loaded on an equal
protein basis of approximately 20 μg/lane.

Samples were subjected to SDS-

polyacrylamide gel electrophoresis and transferred to a PVDF membrane (Bio-Rad
Laboratories, Hercules, CA). Membranes were probed with primary antibodies against
insulin receptor-α, insulin receptor-β, leptin receptor (Ob-R), estrogen receptor-α,
estrogen receptor-β (Santa Cruz Biotechnology Inc., Santa Cruz; CA) or phospho-specific
pairs p-AMPK, p-ERK, p-MEK, p-insulin receptor, p-Akt (Cell Signaling Technology;
Beverly, MA) with shaking overnight at 4C. Incubation with the primary antibody was
followed by appropriate infrared-labeled second antibodies and detected using the
Odyssey Infrared Imaging System (LI-COR Biosciences; Lincoln NE).
Samples, for both cell types, for either the receptor or signaling experiments were
loaded on the same gel. They were processed as a whole for all subsequent steps for
optimal comparison. Densitometric analysis represents the signal mean ± SE for the two
repetitions. Blots shown are from one experiment representative of the two.
A.2.10 Statistical Analysis
Data for body weight and composition, tumor size, and serum glucose, insulin,
adiponectin, and leptin levels were analyzed with analysis of variance (ANOVA) using
Prism software (Graph Pad; San Diego, CA). Prior to analyses, normal distribution of the
data was tested and when appropriate, data were transformed prior to statistical analysis.
When statistical differences were detected, individual comparisons were made using
Bonferroni’s multiple comparison test. For glucose tolerance tests, the incremental area
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under the curve for glucose (AUC) was calculated and treatment differences in areas
were analyzed using ANOVA.
Response value of cytokine array were analyzed using a linear model where the
mean expression level of each gene was independently modeled as a function of a
combination of ovary status (OVX or NOVX) and dietary status (control, DIO, CR). The
models and permutation analysis used were analogous to those previously fit to logintensity data in microarray experiments (230). A set of linear contrast were used to test
several hypothesis of interest. For example simple effects of dietary status were tested
within each ovary status. Multiple test correction was applied using the false discovery
rate and q-value <0.05 was used as significance criteria (231). Additionally, hierarchical
cluster analysis of samples and genes were performed and represented using a heat map
plot. All computations were performed in R through the bioconductor suite (232).
Cell proliferation and cell proliferation inhibition data were assessed statistically
by comparing treated cell proliferation to control cell proliferation within each cell type.
The experiments were repeated three times and data shown are from one of the
experiments representative of all three. The data shown is the mean ± SEM within one
representative experiment. Differences in proliferation were compared using ANOVA.
Pair-wise differences were compared using Tukey’s multiple comparisons test. The
Prism software package (Graph Pad; San Diego, CA) was utilized for this analysis.
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A.3 RESULTS
A.3.1 Effect of Diet and Estrogen Status on Body Weight in C57BL/6 Mice
The average body weight and body composition of NOVX and OVX mice are
shown in Table A.1. Dietary treatment effectively generated three phenotypes, differing
primarily in the proportion of weight as adipose tissue. In both NOVX and OVX mice,
CR animals gained the least whereas DIO-fed animals gained the most body fat after 20
weeks when compared to controls. Ovariectomy significantly influenced body weight
and adipose tissue accumulation, with DIO-OVX mice weighing significantly more than
their NOVX counterparts and having significantly more adipose tissue (P<0.05).
Comparably, body weights of CR animals were less affected by ovarian hormone status.
The difference in body weight between NOVX and OVX animals was not likely due to
energy consumption, as total energy intake did not differ between animals on the same
dietary regime (Table A.1).
A.3.2 Diet-Induced Adiposity and Hormone Status Differentially Effect Tumor
Growth
Results of dietary treatment and ovarian hormone status on MC38 tumor growth
in vivo is presented in Table A.1.

Calorie restriction demonstrated an inhibitory effect

on tumor growth compared to control and DIO mice independent of ovarian hormone
status (P<0.05). In NOVX mice, there was no further difference in tumor size among
dietary treatments. In ovariectomized animals, there was an increase tumor size with
higher adiposity, in DIO-OVX mice (P<0.05).
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Table A.1: Characteristics of non-ovariectomized and ovariectomized mice after 20
weeks on treatment diets

90

A.3.3 Effect of Diet and Estrogen Status on Insulin Resistance in C57BL/6 Mice
Glucose metabolism was affected by dietary treatment as well as hormone status
(Fig. A.1A and A.1B). Non-ovariectomized, obese mice demonstrated impaired glucose
tolerance beginning at 30 min post ip injection (Fig. A.1A). Effects on glucose tolerance
between CR, control, and DIO mice were more pronounced in the OVX group (Fig
A.1B). Differences between all three groups peaked at 60 minutes and remained present
at 120 min post injection.
A.3.4 Effect of Diet on Metabolic Hormones After 20 Weeks on Diet
Differences in metabolic hormones were also assessed by ELISAs and results are
presented in Figure A.1. Fasting insulin levels were higher in DIO and lower in CR mice
compared to controls irrespective of estrogen status (Fig A.1C). Leptin levels followed a
similar trend; however DIO-OVX mice had levels ~4 fold higher than in DIO-NOVX
mice, suggesting leptin resistance (Fig. A.1D). Adiponectin concentration significantly
increased with caloric restriction (Fig. A.1E).
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Figure A.1 Effect of diet and estrogen status on insulin resistance and metabolic
hormones
Glucose tolerance test in (A) non-ovariectomized (NOVX) and (B) ovariectomized
(OVX) female mice fed a control, 30% calorie restricted (CR), or high fat (DIO) diet for
19 weeks (n=20/group for NOVX animals; n=15/group for OVX animals). Animals were
fasted overnight and then given an i.p injection of 20% glucose (2g/kg). Blood samples
were taken from the tail vein, and glucose was measured over a 2 hour period using a
glucometer. The incremental area under the curves (AUC) for glucose were calculated,
and asterisks (*) represent significant differences in mean AUC between diets (P<0.05).
The AUC means ± SEM are as follows: CON-NOVX, 33427±2061; CR-NOVX,
18783±1755; DIO-NOVX, 24516±1402; CON-OVX, 33427±2061; CR-OVX,
24539±1694; DIO-OVX, 48038±2239). Changes in metabolic hormones in NOVX and
OVX mice after 10 weeks on dietary treatments as detected by ELISA (n=15/group for
NOVX; n=8/group for OVX animals). (C) Insulin, (D) Leptin, and (E) Adiponectin. *,
Significant dietary differences compared to OVX or NOVX control; +, Significant
estrogen*diet interaction (P<0.05).
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A.3.5 Effect of Diet and Hormone Status on Serum Inflammatory Markers
Serum from mice in each treatment group was exposed to cytokine antibody
arrays. Of the 62 proteins present on the arrays, 61 were detectable in serum samples. A
heat map image displaying changes in intensity values between groups relative to NOVX
or OVX controls is shown in Figure 2. The hierarchical clustering method used to order
samples (columns) of the heat map was blind to treatment. Nevertheless, samples were
ordered perfectly according to the estrogen-dietary group to which they belonged (Fig.
A.2). This suggests that within group variability was considerable smaller than between
group variability and indicates the existence of a group-specific expression patterns as
confirmed by subsequent ANOVA.

In general, dietary differences were more

pronounced in the OVX group, with obese, ovariectomized animals exhibiting higher
expression of a variety of proteins compared to controls (Fig. A.2). In OVX mice, 57
proteins were significantly altered between diets, 39 of which were unique to loss of
estrogen (data not shown). In comparison, few changes were observed among NOVX
mice, with only 19 proteins altered between dietary treatments and 1 of them (eotaxin)
specific to the presence of estrogen (data not shown).
Proteins of particular interest were those that displayed differential expression
between dietary treatments and that paralleled tumor data. In non-ovariectomized mice,
adiponectin, MCP-5, and IGFBPs 3, 5, and 6 were generally higher in CR mice than
control or DIO groups; whereas leptin and IGF-1 were lower in CR mice and increased
with increasing adiposity (Fig. A.2). In ovariectomized animals, adiponectin was the
lowest and leptin the highest in DIO mice, whereas the opposite trend was observed for
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CR mice (Fig. A.2).

The only other proteins that followed a specific pattern

corresponding to tumorigenesis were those elevated in DIO mice compared to either
control-fed or CR animals. Some of these proteins include adhesion molecules (VCAM1, P-Selectin, L-selectin), chemokines (MCP-5; MIP-1; CXCL16), and cytokines (IL1, IL-2,3,9, TNF).
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Figure A.2 Heat map plots of diet and estrogen effects on serum inflammatory markers
Heat map plots of diet- and estrogen-dependent cytokine levels in the serum of mice after
10 weeks on dietary treatment constructed from Raybiotech cytokine antibody arrays
(n=4 per group).
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A.3.6 In Vitro Proliferation Studies Using MC38 Tumor Cells
MC38 colon tumor cells were treated with leptin, insulin, or adiponectin to
understand which hormones altered in the serum elicited tumor proliferation in vitro.
First we verified that the receptor protein was present by western blot for the leptin
receptor (Ob-R), insulin receptor, adiponectin receptor 1 and 2 and ER and  (data not
shown). ObR was not confirmed by western blot but the other receptors were (data not
shown). Consistent with lack of detectable levels of ObR, treatment of cells with leptin
treatment did not influence cell number at any dose tested (Fig. A.3A). Insulin induced
cell proliferation at 1, 10 and 100 µg/ml (P≤0.01, Fig. A.3B). Adiponectin had no effect
on cell number at any dose tested (Fig. A.3C). We also tested the hypothesis that
adiponectin may reduce cell number in response to insulin. However, co-treatment of
insulin at 1 or 10 µg/ml with 1 or 10 µg/ml adiponectin had no effect on the insulin
induced cell proliferation (Fig. A.3D).
Then we hypothesized that estrogen treatment may mediate the proliferative
response to insulin. Estrogen treatment alone reduced cell number at 10, 50, and 100 µM
(P≤0.05) (Fig. A.4A).

Estrogen co-treatment with insulin reduced insulin-induced

(1µg/ml) cell proliferation at 50 and 100 µM estrogen (P≤0.05) (Fig. A.4B).

We

hypothesized that the co-treatment of insulin, estrogen, and adiponectin would further
suppress the insulin induced cell proliferation. However, the co-treatment of insulin,
estrogen and adiponectin to mimic the CR NOVX mouse did not further decrease cell
proliferation induced by insulin (Fig. A.4C).
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Figure A.3 Effect metabolic hormones on MC38 cell proliferation
(A) The effect of leptin on MC38 cell proliferation. Cells were treated with leptin from
0.01 to 50 ng/ml for 48 hr. (B) The effect of insulin on MC38 cell proliferation. Cells
were treated with insulin from 0.001 to 100 µg/ml for 48 hr. (C) The effect of full length
adiponectin (f adipo) on MC38 cell proliferation. Cells were treated with fadipo from
0.001 to 10 ng/ml for 48 hr. (D) The effect of co-treatment of insulin and full length
adiponectin (10 µg/ml) on MC38 cell proliferation. Cells were treated with 1 or 10 µg/ml
insulin and/or 1 or 10 µg/ml full length adiponectin (fadipo). Con, Serum Free Control. *
= P<0.01 (compared to control); ** = P<0.001 (compared to control).
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Figure A.4 Effect of estrogen on MC38 cell proliferation
(A) The effect of estrogen on MC38 cell proliferation. Cells were treated with estrogen
from 0.01 to 100 µM for 48 hr. (B) The effect of cotreatment with estrogen (0.1, 10, 50
or 100 µM) and insulin (1 µg/ml) on MC38 cell proliferation for 48 hr. (C) The effect of
cotreatment with insulin/estrogen/fadiponectin (fadipo). Cells were treated with insulin (1
µg/ml) insulin and/or fadipo (1 µg/ml) and/or estrogen (100 µM). SF, serum free control;
CM, media with 10% serum; INS, insulin at 1 µg/ml.* = P<0.01 (compared to control);
** = P<0.001 (compared to control).
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A.3.7 Insulin and Estrogen Modulate ERK and MEK Phosphorylation in MC38
Cells
We next queried which cell signaling pathways might be responsible for the
increased cell proliferation induced by insulin and then attenuated by estrogen. We
treated cells with insulin at 1 µg/ml and the insulin + estrogen at 50 µM. Insulin induced
a peak increase in phosphorylation of ERK1/2 and MEK1/2 at 5 minutes post treatment
that was reduced by co-treatment with estrogen by 50% (Fig. A.5A and A.5B). Insulin
did not induce phosphorylation of AMPK or p38, while Akt and STAT3 phosphorylation
was induced by insulin, however there was no time dependence or alteration with
estrogen treatment (Figure A.5A).
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Figure A.5. Effect of insulin and estrogen on ERK and MEK phosphorylation
(A) Insulin treatment (1µg/ml) or co-treatment with estrogen (100 µM) of MC38 cells
and phosphorylation (activation) of ERK, MEK 1/2, p38, Akt, and AMPK and Actin
loading control. (B) Total protein control for pair matched ERK, MEK 1/2, p38, Akt and
AMPK . Cells were incubated 6 hr in serum-free medium prior to exposure. At the
indicated times post treatment, total cell lysates were collected and western-blot analysis
was performed. Blots shown are from one representative experiment of two. (C)
Densitometric analysis of p-ERK and (D) p-MEK.
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A.4 DISCUSSION
The purpose of this study was to determine the interactive roles of obesity and
female hormone status on serum markers of inflammation and colon tumor growth. Mice
were ovariectomized or ovaries left intact to model pre- and postmenopausal status. Mice
were then placed on one of three diets to induce differing levels of adiposity. Serum was
utilized from and proteins examined at a single time point with antibody arrays and
ELISAs. Using this mouse model, we sought to further differentiate how obesity and
endogenous and/or exogenous sex hormones may interact to influence colon cancer cell
growth in vivo.
We found that both diet as well as ovariectomy influenced adipose tissue
deposition. CR mice had the least and DIO mice had the most adipose tissue compared
to controls. Loss of ovarian hormones resulted in a further increase in body fat in
control-fed and DIO mice compared to non-ovariectomized animals despite similar
energy intakes. This finding is consistent with previous studies using ER knockout
(205,206), aromatase deficient (233,234), and ovariectomized animals (235,236).
Xenograph tumor growth in vivo was also influenced by dietary treatment and hormone
status. Calorie restricted animals, irrespective of hormone status had the smallest overall
tumor growth compared to controls whereas obese, ovariectomized mice had the largest
tumors. Comparably, there was no further increase in tumor size in NOVX-DIO mice,
indicating that ovariectomy potentiates tumorigenesis in obese animals.
We next assessed changes in metabolic and inflammatory parameters in the serum
from mice.

Glucose tolerance was impaired in all mice consuming the DIO diet.
101

However, ovariectomized animals fed either a control or DIO diet had even further
impairments in glucose homeostasis. Data from cytokine arrays and ELISAs indicated
unique patterns associated with diet and hormone status.

In CR-NOVX animals,

adiponectin, MCP-5, and IGFBPs 3, 5, and 6 were generally higher than in control or
DIO groups; whereas leptin, insulin, and IGF-1 were lower. Ovariectomized, obese
animals exhibited higher levels of insulin and leptin, chemokines (MIP-1, CXCL16),
cytokines (IL-1, IL-2, IL-3, IL-9), and adhesion proteins (P-selectin, L-selectin), in
addition to lower serum adiponectin. Based on these observations, we hypothesized that
tumor growth was inhibited by adiponectin and stimulated during leptin and/or insulin
resistance.
The association of adiponectin, leptin, and/or insulin to CRC has been evaluated
in several studies. Adiponectin may influence cancer risk through its well-recognized
effects on insulin sensitivity (237). However, adiponectin may also act on tumor cells
directly. Low serum adiponectin is associated with several cancers including colon
(24,224,225), prostate (238), breast (239), endometrial (240) and gastric cancer (241). In
addition, serum adiponectin levels are negatively associated with histological grade and
disease stage (238,239). Serum leptin levels correlate with body fat indices in humans
(242), however no consistent association with leptin has been observed in individuals
with CRC (243,244). Leptin receptors are present in normal and colon cancer tissue
(245) and treatment of rodents with leptin in vivo or with colon cancer cells in vitro
stimulates cell proliferation (245). Aside from direct receptor-mediated effects, a more
recent study indicates that leptin may influence carcinogenesis by stimulating cells to
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secrete growth factors that induce angiogenesis (246). The association of insulin with
CRC has been documented in several studies (29).

Epidemiology consistently

demonstrates a positive association between colon cancer and/or colonic polyps with
elevated levels of insulin.

Additionally, hyperinsulinemia has been associated with

aggressiveness of tumors as diabetics have a higher mortality from CRC (247,248) as
well as risk of more advanced colon tumors compared to non-diabetics (248).
Because levels of these adipokines were differentially expressed in our study in
vivo, we examined whether treatment of MC38 tumor cells would influence cell
proliferation and cell signaling pathways of MC38 tumor cells in vitro. MC38 tumor
cells were first cultured with leptin, insulin or adiponectin to determine the effect of each
of these adipokines on MC38 cell proliferation. Insulin significantly concentrations
increased, whereas leptin did not influence cell proliferation of MC38 cells. Adiponectin
also did not influence cell proliferation at any dose tested. We had expected a significant
decrease in cell proliferation based on observations in the literature.
We then hypothesized that in the face of a stimulus (insulin) that adiponectin
would reduce cell proliferation. However, adiponectin had no effect on insulin-induced
cell proliferation directly. This ruled out a direct role for adiponectin on MC38 cell
proliferation in vitro. These data indicated that hyperinsulinemia was likely the primary
influence on MC38 cell proliferation in our in vivo tumor model. Next we wanted to
mimic the influence of estrogen on the tumor cells. We first treated the cells with
estrogen and found that treatment reduced cell proliferation of MC38 cells at 10-100 µM.
These data were consistent from a previous study using the same cell line (249). MC38
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cells were then stimulated with insulin were then co-treated with estrogen to determine if
estrogen can reduce insulin induced cell proliferation. Estrogen was able to reduce
insulin-stimulated cell proliferation by approximately 50%.

We further examined

downstream signaling pathways influenced by insulin in this study and found that insulin
treatment activated both pAKT as well as the MEK-MAP kinase pathway. Although
pAKT regulates diverse cellular functions (survival, cell cycle, and metabolism) and is
often activated in a number of cancers (250), estrogen treatment did not influence this
pathway at the time points examined. However, insulin-induced phosphorylation of both
ERK and MEK were attenuated by estrogen, which likely mitigated some of the growthstimulatory pathways induced by insulin.
An emerging issue in the area of energy balance and cancer is the relative effects
of nature versus nurture (ie, the contributions of systemic factors (251) which have been
the focus of this paper in the context of cell autonomous effects).
observations by Kalaany et al

The recent

that cancer cells with constitutively activated PI3K

mutations are proliferative in vitro in the absence of insulin or IGF-1 and that they form
calorie restriction-resistant tumors in vivo illustrate this issue. These findings suggest that
cell autonomous alterations, such as certain types of activating PI3K mutations, may
influence the response of cells to energy balance–related host factors, additionally
illustrating the complexity of the relationships between energy balance, host factors, and
cancer progression (252).
Results from our in vitro studies suggest that the late stage MC38 tumor cells are
not responsive to growth directly by leptin or adiponectin.
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Although adiponectin

receptors were detected in this cell line, leptin receptors were below detectable levels,
consistent with lack of response. This indicated that tumor growth in our model may be
primarily influenced by the insulin resistant state. Mice lacking estrogen (OVX) with
high body fat (DIO) had increased available insulin and glucose likely contributing to
tumor growth. Caloric restriction protected mice with and without estrogen from insulin
resistance, suggesting there may be an indirect effect of adiponectin on tumor growth.
Therefore, it is likely that minimal free insulin or glucose is available as a substrate for
tumors consistent with the smallest size in these groups.
While the interaction of adiponectin, estrogen and insulin resistance is unclear,
estrogen appears to improve insulin sensitivity either directly or through negative
regulation of adipose tissue deposition. Adiponectin concentrations were not affected
either by estrogen treatment or ovariectomy in women (253). In addition, in human
adipocytes, expression and secretion of adiponectin was unaffected by sex steroid
treatment (254). However, insulin resistance is higher in postmenopausal women than in
premenopausal women (255). Additionally HRT improves metabolic markers of insulin
resistance and visceral adiposity in post-menopausal women (256). In mice, estrogen
treatment exerts anti-diabetic and anti-obesity effects by lowering lipogenic genes in
white adipose tissue as well as by suppressing hepatic glucose output (257). These
observations consistent with our data indicate that estrogen and/or reproductive status
may improve insulin sensitivity in a more indirect manner, potentially by regulating
energy balance.
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Findings from this study are consistent with a recent epidemiological study
indicating that HRT may confer protection against CRC in obese, post-menopausal
women (200). Our in vitro and in vivo data indicate female reproductive hormones exert
a modulating effect on the insulin resistant state associated with obesity in mice. In
addition, evidence is provided for a direct effect of estrogen on tumor growth by
dampening cell proliferation induced by insulin signaling.

Estrogen mediated cell

signaling events may provide cross-talk, directly or indirectly, to mitigate/modulate
insulin-insulin receptor-initiated signal transduction cascades. Putative estrogen mediated
signaling through plasma membrane and nuclear estrogen receptors may block insulin
receptor-mediated kinases and activation of transcriptional targets. The finding of
elevated levels of some pro-inflammatory proteins in DIO-OVX animals was not further
evaluated in this study but is worth future consideration.

Although we focused on

overall metabolic patterns across different groups, specific elevation of one or more
inflammatory proteins may also have influenced tumor growth in OVX-DIO mice either
directly or through immunomodulatory mechanisms. Given the lack of data supporting
the association of adipokine, cytokine and chemokine patterns with specific
anthropomorphic patterns and associated cancer risk, this study provides valuable
prospective evidence in female mice that specific adipokines are associated with
transplanted tumor growth.
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