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ABSTRACT

Colorectal cancer is a significant cause of morbidity and mortality in Western

nations. Epidemiological studies have shown an inverse relationship between the

consumption of soybean and risk for chronic diseases including colon cancer.

The potential anticarcinogenic property of genistein the predominant isoflavone in

soybeans is attributed to its ability to serve as an antioxidant, an inhibitor of

tyrosine kinases and angiogenesis both rn vitro and in vivo. Studies in this

dissertation were aimed at a) assessing the effect of genistein on the multistep

process of colon carcinogenesis in a tumor stimulatory environment; and b)

investigating the modulatory effect of genistein and dietary lipids on proteins

involved in insulin and insulin like growth factor signaling and angiogenesis. This

research was based on the hypothesis that in a high risk model of colon

carcinogenesis, genistein will retard colon carcinogenesis by interfering with

tyrosine kinase receptors pivotal for tumor growth, including insulin receptor (lR),

insulin like grovuth factor-1 receptor (lGF-lR), vascular endothelial growth factor

receptors- 1 and 2 (VEGF-R1 and VEGF-R2) and their ligands insulin like growth

factor 1 (lGF-l) and vascular endothelial growth factor (VEGF). ln addition,

genistein will retard the grovrrth of advanced preneoplastic lesions and tumor

outcome in the presence of two tumor promoting lipids. Male F344 rats were

injected with azoxymethane to initiate colon carcinogenesis. Precancerous

lesions were allowed to grow for 12 weeks prior to dietary intervention.

lntervention diets included high beef tallow, high beef tallow with added

genistein, high corn oil, high corn oil with added genistein and low corn oil diets.



At specífic time points (6 weeks and 12 weeks) after intervention, anímals were

terminated and their colons assessed for preneoplastic aberrant crypt foci (ACF)

and tumors. Evaluation of morphotogical determinants of colon carcínogenesis

revealed that genistein supplementation in high fat diets stimulated the growth of

precancerous lesions and was ineffective in modulating colon tumor outcome (pS

0'05). A dominant lipid effect on receptors and their ligands was evident. Tumors

exposed to a high unsaturated lipid environment expressed higher lR protein

than IGF-IR whereas tumors exposed to a saturated fat environment exhibited

elevated IGF-IR compared to lR protein levels (Ps o.os). lmmunohistochemical

assessment demonstrated that IGF-IR protein was predominant in tumors

compared to normal appearing mucosa. Genistein added to high fat diets did not

affect lR or IGF-IR expression in colonic tumors. VEGF and VEGF-R2 proteins

were highly expressed in high corn oil fed rats while VEGF-R1 was elevated in a

high saturated fat environment (Ps 0.05). Genistein had subfle non significant

effects on VEGF and its receptor proteins. Colon tumors had notably higher

VEGF receptor expression at the molecular and cellular levels compared to

normal appearing mucosa irrespective of diet. lmmunohistochemical analyses

revealed nuclear staining of VEGF-R1 which was elevated in AcF and

moderately present in colon tumor tissue. ln contrast, VEGF-R2 protein was

predominantly expressed in epithelial cells and elevated in ACF and tumors.

These findings support the conjecture that dietary factors alter tumor phenotype

and tumors switch and adapt to favorable growth factors and receptor signaling

pathways that drive survival and growth depending on tumor microenvironment.
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GHAPTER 1

INTRODUGTION

Every year, nearly 1 million new cases of colorectal cancers are

diagnosed with half a million deaths worldwide. Colon cancer is the 4th most

common cancer worldwide, with the highest incidence rates in USA, New

Zealand and Canada (IARC, 2003). Colon cancer is the 2nd leading cause of

cancer deaths in Canada and it was estimated that 19,600 Canadians would be

diagnosed with colorectal cancer and 8,400 of those would die from the disease

in 2005 (Canadian Cancer Society, 2005). The development of colon cancer is a

multi step process in which normal epithelial are transformed to cancerous cells.

It has been viewed as an evolutionary, orderly process that begins with the clonal

selection of a single cell, caused by exposure of normal cells to chemical,

physical or microbial carcinogens consequently altering the genome of that cell.

lnitiated cells gradually defy growth regulation and apoptosis, proliferating to

malignant tumors that metastasize to other organs (Appel et al., 1990; Harris,

1991; IARC, 2003).

Several growth factors have been implicated in colon cancer including

insulin (Tran, Medline and Bruce, 1996) insulin like growth factors (Macdonald,

Thornton and Bean, 1993; Zhang, Thornton and Macdonald, 1998) and vascular

endothelial growth factors (Wong et al., 1999). Colonic crypt cells are typically at

distinct stages of proliferation and differentiation exhibiting different phenotypes.

This variety of phenotypes is determined by both inhibitory and stimulatory



growth factors and cytokines which may be differentially expressed along the

colonic crypt (Bustin and Jenkins, 2001).

It has been observed that colon cancer and insulin resistance share

common risk factors and protective factors (Giovannucci, 2001; Komninou et al.,

2003). Human studies have demonstrated that high insulin levets and high

plasma insulin-like growth factor- I (lGF-l) levels increase colon cancer risk and

that individuals with rype 2 diabetes (sandhu, Luben and Khaw, 2001) or

acromegaly (Giovannucci, 2001) have a propensity for developing colon cancer

due to elevated levels of insulin and IGF-I which are hallmarks of the two clinical

conditions respectively. Such data have supported the notion that insulin and

IGF-l signaling and metabolism have profound effects on colon tumor phenotype

that may confer tumor growth advantage and stimulate tumor progression.

It is believed that neovascularization of tumor mass is imperative for tumor

growth and metastasis. VEGF, the most potent angiogenic factor and its

receptors drive tumor angiogenesis (Folkman,2002) and insulin and IGF-1 have

been shown to induce VEGF. Majority of growth factors are modulated by diet

and the nutritional status of the host. However, gaps of knowledge exist on the

modulatory effect of dietary lipids on angiogenic molecules in colon

carcinogensis. These observations provided reason to investigate the role of

proteins involved in insulin signaling and angiogenesis at the cellular and

molecular level in the multi stage process of colon cancer.

It is widely accepted that genetic and environmentalfactors contribute to

the risk, incidence and recurrence of colon carcinogenesis. Evidence from



human, animal and cell culture studies strongly support the contention that

nutrients and dietary factors act either as protective or promoting agents.

Epidemiological studies have associated increased risk with increased total

dietary fat consumption, excessive energy intake, diets low in fruits and

vegetables, low n-3 fatty acids and diets low in folic acid, calcium, vitamin D and

selenium.

A plethora of functional foods and nutraceuticals are available to the public

and each is purported to impart health benefits either by boosting health,

preventing disease onset, reducing the risk of chronic illnesses or better

managing a clinical condition or ailment (Fitzpatrick, 2004). The global market for

functionalfoods, nutraceuticals and natural health products is presently

estimated at US $ 70 billion a year (Hawaleshka, 2005). Soy foods and isolated

soy isoflavones including genistein are examples of functional foods and

nutraceuticals promoted by the food industry as highly beneficial to health and

this is driven by the observation that soybean consumption is high in many Asian

countries where colon cancer incidence is low (Setchell, 2001).The popularity of

soy products demands studies on the efficacy and safety of isoflavones

especially in vulnerable or high risk populations for chronic illnesses. Human and

animal studies have provided evidence that soy and the soy isoflavone genistein

are lipid lowering, control blood glucose, enhance bone health and retard the

growth of breast and prostate cancers (Bhathena and Velasquez, 2002: Messina

and Bennink, 1998). However, evidence for colon cancer modulation by soy

isoflavones is limited and conflicting with some studies reporting a colon tumor



enhancing effect of genistein (Rao et al., 1997) while others show the inhibition of

early precancerous lesions (Thiagarajan et al., 1998).

Reliable and reproducible animal models have been instrumental in

advancing current knowledge of colon carcinogenesis and the effects of a

diverse affay of dietary factors and drugs at different stages of the disease.

Animal models have consistently shown that high saturated fat diets (beef tallow)

and high polyunsaturated fat diets rich in n-6 fatty acids (corn oil) promote colon

tumorigenesis and significantly increase tumor incidence (Bird, 1998; Good,

1999; Rao et al., 2001 ; Reddy, 2000). Aberrant crypt foci (ACF) putative

preneoplastic lesions of the colon, first identified by Bird (1987) provide a reliable

bioassay in assessing different stages of colon cancer morphology. Although the

ACF system has been well accepted and utilized in animal research, study

design is fundamentalwhen evaluating the efficacy of nutrients, drugs and

phytochemicals in preventing or controlling colon carcinogenesis. The choice of

study protocol will determine research outcomes and conclusions. Therefore

comparing studies that employ the ACF model requires careful attention

regarding age of the animals, when the intervention was initiated and when

animals were treated with the carcinogen and the duration of intervention (Bird

1995, Bird and Good 2000).

1.0 Study Rationale and Hypothesis

This dissertation developed from preliminary work that supported dietary

lipids as modulators of colon tumors and modulators of specific tyrosine kinase

receptors lR and VEGF receptors at the molecular level. Our study also evolved

4



from existing research by Rao et al. (1997) who reported that genistein enhanced

colon carcinogenesis. The study was performed in young rats and genistein was

fed before, during and after carcinogen exposure for duration of more than 40

weeks (Rao et al., 1997). The research provided no evidence that genistein

enhances the growth of precancerous lesions at different developmental stages.

Furthermore, the study was based on a life long exposure model of colon

carcinogenesis and raised the question: will genistein enhance the growth of

preneoplastic lesions that exist in high risk individuals? lt is probable that the

reported tumor enhancing effect could be due to the ability of genistein to alter

the effect of the carcinogen acting as a co-carcinogen and not the disease

process.

The main hypothesis for the studies presented in this dissertation was that:1)

ln a high risk model of colon carcinogenesis, genistein will inhibit or retard

tumor outcome in the presence of two tumor promoting lipids (High fat

beef tallow and high fat corn oil). 2) Genistein an inhibitor of tyrosine

kinases and angiogenesis will impede tumor growth by repressing specific

proteins involved in cell growth, insulin signaling and angiogenesis.

Our study was designed to emulate a high risk population model, whereby,

preneoplastic lesions were established and allowed to grow prior to dietary

intervention in adult rats (figure 1.1). To accomplish our objectives, five studies

were designed to systematically test the two hypotheses (figure 1.2). First a

preliminary study was conducted to investigate if dietary lipids varying in fatty

acid composition modulated the gene expression of insulin like growth factor I
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(lGF-l) and its receptor, insulin like growth factor receptor 1 (¡GF-lR), vascular

endothelial growth factor (VEGF) and it's receptors, VEGF-R1 and VEGF-R2

(Chapter 4).

The next three studies were aimed at investigating the modulatory effect of

genistein and tumor promoting dietary lipids on:

(a) precancerous lesions and tumor growth and incidence at different

stages of the disease process in a high-risk model of colon cancer

(Chapter 5);

(b) the expression of lR, IGF-I and IGF-IR proteins and gene expression in

tumors and colonic mucosae (Chapter 6);

(c) the expression of angiogenic tyrosine kinase receptors (VEGF-R1,

VEGF-R2) protein and gene expression in a tumor stimulating

environment (Chapter 7).

The fifth study was an investigation of molecular, cellular and histological lR

status in colonic tumors derived from animals fed various dietary lipids (Appendix

A).

ln this dissertation an extensive review of the literature is presented covering a

range of topics to provide a comprehensive overview of the process of colon

cancer, specific growth factors and receptor tyrosine kinases, dietary lipids, the

soy isoflavone genistein; their interrelationship and potential role in colon

carcinogenesis.



CHAPTER 2

LITERATURE REVIEW

"Hee is a better physician that keepes diseases off us, than hee that

cures them being on us. Prevention is so much better than healing,

because it saves us the labour of being sick',

-Thomas Adams, llh Century-

2.0 Cancer

Remarkable progress has been made in understanding the cellular,

morphological and molecular defects of cancer cells, and the mechanisms of

causative factors including nutrition and dietary factors. Advances in cancer

therapy and treatment abound, yet cancer incidence and mortality rates continue

to rise. ln principal, the majority of human cancers are preventable because

factors that determine incidence are largely exogenous with the exception of

hereditary predisposition (Weinstein, 1991). The challenge then is an alternative

approach based on the fact that cancer is ultimately the end stage of a chronic

disease process: carcinogenesis. Concerted efforts utilizing chemoprevention to

control carcinogenesis are required rather than attempts at curing end-stage

disease. Clearly, creative and intensive strategies for preventing, reversing or

arresting carcinogenesis are necessary to significantly reduce the incidence and

mortality rates of human cancers (Sporn and Suh, 2000).

2.0.0 Cancer Defined

All cancers are diseases of atypical cell proliferation, development and

senescence. ln early stages of human life, embryonic cells divide and



differentiate to form specific organs and tissues. As organs and tissues mature,

the level and rate of cell division slows down, with the exception of blood forming

tissues, sexual organs and glandular tissues which continue to proliferate

through out life (Cooper, 1996). Cancer has been defined as the development,

growth and metastasic spread of malignant neoplasms. Cancers can result from

abnormal proliferation of any kind of the different cell types in the body. Early

Greek physicians distinguished between benign and malignant tumors and were

the first to describe the term "carcinoma" derived from the Greek word "karkinos"

meaning "ctab" referring to the creeping crab-like behavior of a spreading tumor

(Johnson, 2003). Advances in cancer research and study have led to the present

knowledge that tumors contain cells that differ in phenotype and genome from

those of normal surrounding tissue.

A tumor or neoplasm is any abnormal proliferation of cells that is either

benign or malignant. Benign tumors remain confined to their original location,

whereas malignant tumors invade surrounding normal tissue and spread through

the circulatory or lymphatic system to distant parts of the organism. Benign

tumors are relatively slow growing, and retain the cell specialization of the tissue

from which they are derived from. ln contrast, malignant cells are characterized

by a loss of differentiation, faster growth, invasion of surrounding tissues and

migration to other organs to form secondary tumors or metastases. lt is usually

the secondary tumor that is lethal and therefore early diagnosis of primary

malignancies is critical for effective treatment (Cooper, 1992; Johnson, 2003).

Cancers are classified according to their cell of origin and organ site.
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Carcinomas; which make up approximately 90% of all human cancers are

malignancies of epithelial cells. Sarcomas are solid tumors of connective tissues

such as muscle, bone, and cartilage. Leukemias and lymphomas arise from

blood forming cells and cells of the immune system respectively. Tumors are

subdivided further depending on the organ/site, (E.9. breast, colon and lung) and

cell morphology (Cooper, 1992; Cooper, 1996). Although cancer can arise in any

body tissue, tissues that have a high cell turn over rate and are constantly

exposed to environmental agents such as the lungs and gastrointestinal tract

have a higher propensity for carcinogenesis (Johnson 2003). lncidence of most

cancers vary world wide. North America, Europe and Australia, have higher

incidences of breast, prostate and colon cancer rates than Asia, Africa and South

America (lARC, 2003),

Cancer may be initiated by environmental agents such as chemical

carcinogens, radiation, viruses and inherited genetic germ line mutations. The

major environmental factors in human carcinogenesis are cigarette smoking,

ínfection, inflammation and dietary carcinogens. Nutrition and dietary factors

include genotoxic agents defined as mutagens or carcinogens that damage DNA

resulting in gene point mutations, deletions and insertions, rearrangements,

amplifications and chromosomal aberrations. Genotoxic nutritional and dietary

factors are prevalent in cooked food, fungal products, plant and mushroom

substances, nitrite related materials, polycyclic aromatic hydrocarbons,

heterocyclic amines and oxidative agents (weisburger, 2000; IARC, 2009).
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2.0.1 Multistage Carcinogenesrs

The development of cancer is a multi step process which involves

mutation and selection of cells with progressively increasing capacity for

proliferation, survival, invasion and metastasis. Cancerogenesis has been viewed

as an evolutionary, orderly process with three main phases; tumor initiation,

promotion and progression. lnitiation is characterized by the clonal selection of a

single cell, caused by exposure of normal cells to chemical, physical or microbial

carcinogens consequently altering the genome of that cell. The clonal nature of

neoplasia is the cornerstone of the multistage carcinogenesis model (figure 2.1).

lnitiation itself may not lead to tumor formation but is assumed to be a rapid

event and a result of genotoxic effects characterized by damage to and division

of exposed cells whose growth potential is irreversibly changed. lnitiated cells

may have decreased responsiveness to inter and intracellular signals that

maintain normal tissue function and maintain homeostatic growth (Appel et al.,

1990; Harris, 1991; IARC, 2003)

Tumor promotion is the accelerated proliferation of cells changed by

initiation. The mutated cell proliferates abnormally, defying cell cycle regulation.

Promoters themselves are not carcinogens. However, promoters increase the

risk of initiated cells progressing to malignant tumors. ln contrast to initiation, the

promotion stage is a slow process that may take months, years or decades.

Promotion effects are considered reversible, providing an opportunity to
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Figure 2.1 Multistage Carcinogenesis
(lnternational Agency for Research in Cancer, WHO, 2003)
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retard, regress or inhibit the process of carcinogenesis. Promoters are

associated with hyperplasia, enzyme induction or tissue damage in a particular

organ. Promoters are organ specific, for example bile acids in the colon are

reported to play a role in the proliferation of aberrant crypts and growth of colon

tumors (Appel et al., 1990; Bird and Good, 2000).

Progression is the stage where some of these mutations confer a growth

advantage to the cells and they become dominant within the tumor population

(Leon and Percesepe, 2000). Progression has been described as an increase in

autonomous growth and malignancy, when tumors transition from benign to

malignant tumors. Ultimately malignant cells spread via blood and the lymphatic

system to different sites causing multiple tumor sites in metastasis (Appel et al.,

1990; Harris, 1991).

2.1 ColonCarcinogenesis

2.1.0 Epidemiology of Colon Cancer

Every year, nearly 1 million (>940,000) new cases of colorectal cancers

are diagnosed with half a million deaths worldwide. ln men, the highest incidence

is in the USA, Canada, Japan and New Zealand, while the lowest incidence is in

regions of Algeria and lndia. For women, the highest incidence rates are found in

New Zealand and the lowest rates in regions of lndia and Algeria. Over a third of

new colorectal cancer cases occur in non-industrialized nations. Therefore, it is a

misnomer that colon cancer is restricted to western countries. Although colon

cancer death rates have been decreasing since the 1990's for both men and
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women, total numbers of cancer deaths continue to increase due to the growing

aging population world wide (Boyle and Leon, 2002; IARC, 2003).

Colon cancer is the second leading cause of cancer death in the U.S.A.

and approximately 5"/" of the population develops the disease in later life. ln

Canada, it is estimated that 19,600 Canadians will be diagnosed with colorectal

cancer and that 8,400 will die from the disease in 2005 (Canadian Cancer

Society, 2005). When both genders are considered together, colon cancer ranks

as the second highest cause of cancer deaths in the Canadian population,

making it a significant component of the cancer burden in Canada. ln Canada,

colorectal cancer occurs most frequently in the proximal colon, followed by the

rectum and least in the distal colon. For each specific location, incidence rates

are consistently lower for women than for men and disease occurrence rates

have been declining in women but remained stable for men (Canadian Cancer

Society, 2005; Gibbons et al., 2001).

Colon cancer occurs with equal frequency in men (127%) and women

(12.4o/"), (Canadian Cancer Society, 2005), and in all ethnic and racial groups.

However, there are large disparities in cancer incidence and mortality across

racial and ethnic groups in the United States (Berg, 2001; Satia-Abouta et al.,

2004). African-American men and women experience higher incidence and poor

survival than their Caucasian counterparts. The reasons for this disparity in

ethnic incidences of colon cancer are unknown. Behavioral, cultural, genetic,

socio-economic and health care differences are contributing factors that do not

fully explain ethnic differences (Boyle and Leon, 2002; Satia-Abouta et al.,2OO4).
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Colon cancer is common among the elderly. Approximately 6% of men

and women are affected by age 75 yrs (Dixon et al., 2004). The risk increases

after the age of 40 and doubles with each decade after 50yrs of age. Although

neoplasia is prevalent in the elderly, about 3"/" of colon cancers are diagnosed in

younger people less than 40 yrs of age (Berg, 2001). Familial colon cancer

presence is a predisposing factor and it is estimated that having a history of

colorectal cancer in first degree relatives results in a twofold increase in risk and

the risk is greatest in those with relatives who are diagnosed at a younger age

(less than 50yrs) and those with more than one family member with the disease

(Slattery et al., 2003). ln the following sections, literature is reviewed to

understand key aspects of colon cancers, causes, and strategies for prevention

and control.

2.1.1 Etiology of Colon Cancer

The precise cause of colon and rectal cancers is unknown. Several related

factors have been linked with colon cancer risk and incidence. The main risk

factors identified are age and family history. Relative risk increases with

preexisting adenomatous polyps or adenomas, genetic predisposition,

inflammatory bowel disease, past history of breast, ovarian or uterine cancer.

Environmental factors such as nutrition, alcohol intake, smoking and a sedentary

lifestyle are major contributing factors (Berg, 2001; Lieberman, 1998).

Ethnic and racial differences in colon cancer incidence and studies on

immigrant populations have suggested that lifestyle and environment are key

factors to the etiology of the disease (Boyle and Leon, 2002).lt is estimated that
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up to 80% of the differences in colon cancer rates between countries may be

attributed to diet related factors such as prevalence of overweight, obesity and

physical inactivity. Evidence from prospective studies shows that smoking,

moderate to heavy alcohol intake are correlated with advanced colonic

neoplasia. Low selenium and low folic acid consumption have been shown to

increase colon cancer risk (figure 2.2). Colon cancer risk was inversely

associated with high calcium, vitamin D, cereal fiber intake and use of aspirin and

non steroidal anti-inflammatory drugs (Dixon et al., 2004; Lieberman, 1998).

90% of colon tumors arise from benign adenomatous polyps lining the wall

of the colon. Colon cancer risk and recurrence is reduced by the surgical removal

of polyps. lnflammatory bowel diseases, HNPCC and FAP syndromes produce a

high risk of colorectal cancer in affected individuals (Boyle and Leon, 2002).

lndividuals with inflammatory bowel diseases have a 30 fold increased risk for

colon cancer. Three percent of ulcerative colitis patients are diagnosed with

colorectal cancer within the first decade after diagnosis and risk increases

exponentially with each decade to more than 30% after three decades with

ulcerative colitis. Colon cancer risk is higher than normal for those with Crohn's

disease but to a lesser extent when compared with colitis (Berg, 2001).

Colonoscopy is the most reliable method of early detection and disease

management. Screening for colon cancer in asymptomatic patients beginning at

age 50 yrs is recommended by health professionals and reduces incidence and

mortality rates (IARC, 2003). Although socio economic status does not appear to

play a direct role in colon cancer risk, studies have shown that those with high
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Figure 2.2 Environmental factors that may influence the risk and development of
colon cancer (Gordon, 1999)
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incomes access screening procedures more than those with lower

incomes (Singh et al., 2004) possibly influencing risk, diagnosis and early

intervention. Survival rates for colon cancer patients receiving chemotherapy and

other treatment are poor with an overall five year survival rate in approximately

45o/" palients. Surgical resection is an effective treatment achieving a 5 year

survival rate of 90%.The stage of neoplasia and possible tumor resection are the

main prognostic indicators. ln addition, sex, age at diagnosis, tumor size and site

are other determinants of colon cancer survival (Dray et al., 2003).

2.1.2 Colon Physiology and Functional Anatomy

The human colon is a muscular organ measuring approximately 125cm

(5ft) in length and 6.6 cm (2.5 inches) in diameter (figure 2.3). Colon walls consist

of four basic layers namely the mucosa, sub mucosa, muscularis externa and

serosa (figure 2.4).The mucosa is made up of columnar epithelium, lamina

propria and muscularis mucosae (smooth muscle). The muscularis has an

external layer of longitudinal smooth muscle and an inner layer of circular smooth

muscle. The serosa is part of the visceral peritoneum (Cruz-Correa and Kalloo,

2002). Unlike the small intestine, the colon has no villous projections and

presents as a smooth surface. However, the surface of the colon is folded into

deep cavities (crypts) which are embedded in connective tissue. The cumulative

presence of these colonic crypts forms a large surface area (Lipkin, Reddy and

Newmark, 1999). Cells in the colon are similar to those in the small intestine with

a significant number of mucus secreting goblet cells in the crypts of Lieberkhun

which lubricate and protect the colon (Turnbull, Vanner and Burnstein, 2000).
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Figure 2.3 Physiology of the human colon.
(Adapted from Ganong, 1973)
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Figure 2.4 Cross section of the colon with tumor staging areas.
(Sweed,2001)
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Colon cells are in continual renewal and undergo mitotic activity at the

lower parts of the crypts of Lieberkhun. Cells migrate in a linear fashion to the

upper crypt areas as they differentiate and acquire different phenotype. Once the

cells have completed their biological functions, they become apoptotic, die and

are sloughed off in to the luminal contents where they may be excreted in fecal

matter. As aged cells die, new colonocytes are produced. The constancy of cell

number is tightly regulated to maintain an accurate balance between aged and

new cells. The human colonic epithelium is completely renewed every 3-5 days,

(Groff and Gropper, 2000) and about 3.5 days in majority of other species. lt has

been shown that colonic cells posses an inate program of self destruction, which

is activated once the colonocytes acquire the differentiated phenotype. Such

spontaneous apoptosis occurs in the upper region of the colon crypts and is

greatly influenced by dietary factors (Lipkin, Reddy and Newmark, 1999;

Turnbull, Vanner and Burnstein, 2000). The colon is innervated by an intrinsic

enteric nervous system and an external autonomic nervous system. The nerves

are organized into local neural reflex circuits which regulate motility, secretion,

blood flow and possibly sub mucosal immune function (Turnbull, Vanner and

Burnstein, 2000).

Although the colon is not essential for survival, its functions are important

for the overall health and well being of the host. The colon extends from the

ileum to the anus and can be divided through the transverse colon into the right

and left colon. The right colon extends from the cecum to ascending colon and its

main function is absorption of water and electrolytes and the fermentation of
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undigested sugars. The left colon made up of descending colon, sigmoid colon

and rectum predominantly stores and evacuates stool (Turnbull, Vanner and

Burnstein, 2000)

The colon is highly efficient in absorbing water though a large osmotic

gradient within the colonic mucosa. Under normal physiological conditions,

approximately 1.5 liters of fluid enter the colon daily but only 100-200 ml is

excreted with fecal material (Cruz-Correa and Kalloo, 2002). The maximum

absorptive capacity of the colon is about 4.5 liters/day, preventing diarrhea.

Contractile patterns within the colon are mainly dependent on the fed state. Once

food reaches the duodenum, it evokes reflex intermittent contractions that

correspond to mass movement of stool. The motility of the right colon aids in the

mixing of luminal contents and the absorption of water. Movement of fecal

material from cecum to rectum is a slow process which may take days (Turnbull,

Vanner and Burnstein, 2000).

Gram positive and gram negative bacteria strains representing well over

400 species have been isolated from human fecal matter. Such bacteria include

bacteriodes, lactobacteria, bifidobacteria, clostridía, coliforms and streptococci.

The main substrate for bacteria growth is carbohydrate and to a lesser extent

amino acids or protein. ln addition, sugar alcohols such as xylitol or indigestible

complex carbohydrates including hemicelluloses, pectins and gums may be

degraded by certain selective bacteria present in the colon (Groff and Gropper,

2000).

Complex sugars are fermented by bacteria forming the volatile short chain
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fatty acids (SCFA). SCFA include butyrate, propionate and acetate. SCFA

provide essential nutrients to the colon and may contribute up to 500 kcal/day of

overall nutritional needs (Guarner and Malagelada, 2003; Turnbull, Vanner and

Burnstein, 2000). Through The p oxidation pathway, SCFA become a source of

energy for the cell. SCFA stimulate gut cell proliferation and the presence of

SCFA lowers luminal pH which affects nutrient absorption and the growth of

certain bacteria. Fermentation of sugars by colonic bacteria is a source of gases

including hydrogen, methane and carbon dioxide. Bacterial degradation of

branched chain amino acids generates branched chain fatty acids including

isobutyrate and isovalerate. Bacterial deamination of amino acids and bacterial

action on urea, generate ammonia which may be reabsorbed in the colon and re-

circulated to the liver where it is recycled to synthesize amino acids and urea

(Groff and Gropper, 2000).

2.1.3 Histogenesís.' Adenoma to Carcinoma Sequence

Animal models of colon cancer development, where rodents are treated

with a chemical carcinogen have provided clear evidence that specific stages

occur in the colon tumor development process. One prominent prevailing theory

is that colon carcinogenesis occurs in sequence from benign adenoma,

carcinoma in situ, invasive carcinoma and finally local and distant metastasis

(Kinzler and Vogelstein, 2002; Tsongalis and Coleman, 1998). lt is estimated that

2-5% of all colorectal adenomas progress to adenocarcinomas if left untreated or

not surgically removed and that adenocarcinomas account for more than 90% of

all colon tumors (IARC, 2003).
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Although the proliferative compartment of normal colorectal mucosa in

humans and rodents is in the lower part of the colonic crypts, it has been

observed that in individuals at high risk for colon cancer, a shift of the

proliferative zone occurs towards the top of the crypts where cells are more likely

exposed to carcinogens. This abnormal growth of cells begins with a single cell in

the initiation stage, mutating and increasing cell proliferation within the epithelium

(figure 2.5 and 2.6). Colon adenomas are said to be monoclonal in contrast to

normal colonic epithelium which is polyclonal having arisen from numerous stem

cells (Fearon and Vogelstein, 1990). Further cell division causes an actively

proliferating tumor cell population. Tumor progression continues as one cell gives

rise to a small benign neoplasm. Further rounds of clonal selection lead to large

adenomas which progress to malignant carcinoma (Cooper, 1992a). During the

adenoma to carcinoma progression, initiated cells develop defects in terminal

differentiation, defects in growth control, resistance to cytotoxicity and defects in

apoptosis.

A tumor can be described as a focal accumulation of cells beyond the

numbers required for the development, repair or function of a tissue (Johnson

2003). Tumors consist of cells whose growth and morphology differ greatly from

those of normal cells and clear heterogeneity exists between tumors of the same

type. Furthermore, there is heterogeneity within a tumor. Therefore not every

tumor will exhibit all the genetic changes found in that tumor type (Fearon and

Vogelstein, 1990). Histologically, adenomas are classified as either tubular,

tubulovillous or villous (figure 2.7).The larger and more villous the adenoma, the
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Figure 2.5 Colon carcinogenesis: preneoplasia to neoplasia
Adapted from Boone et al., 1997
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Figure 2.6 Cross section of the colon depicting tumor penetration and spread
(Griffin-Sobel, 2001)
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Figure 2.7 Analomy of pedunculated and sessile colon adenomas
(Nivatvongs, 1999)
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greater it's metastatic potential (Nicum, Midgley and Kerr, 1990). Colon

tumors in humans are classified as adenocarcinoma, carcinoid or squamous cell

carcinoma, with adeocarcinoma as the most common. Adenomatous polyps may

be pedunculated polyps or sessile (papillary or villous) polyps (Griffin-Sobel,

2001).

2.1.4 Molecular Basis of Colon Tumorigenesís

Regardless of function, all cells carry a complete set of genetic

instructions for the development of the whole organism. Tumor cells contain a

number of mutations affecting the genes that control the rate cells divide,

differentiate or die or the efficiency with which DNA damage is repaired (Fearon

and Vogelstien, 1990). Colorectal tumors progress through a series of clinical

and histopathologic stages that range from single crypt lesions (aberrant crypt

foci) through small benign adenomatous polyps to malignant carcinomas (figure

2.8). Vogelstein et al. (1990), provided evidence that different stages of colon

carcinogenesis in humans could be identified with specific successive genetic

alterations. Mutations that provide a specific cell proliferative advantage in colon

carcinogenesis and other cancers occur in three classes of genes. First, proto-

oncogenes, which when mutated, become oncogenes and act to promote cell

growth. Secondly, tumor-suppresser genes, which when mutated fail to regulate

cell proliferation. Thirdly, DNA repair genes, which when mutated fail to ensure

fidelity of DNA replication, leading to mutation in proto-oncogenes and tumor

suppresser genes. Majority of the genetic mutations present in sporadic

colorectal cancer, are somatic in nature and are acquired in the tumor cell during

29



the adenoma to carcinoma process (Kinzler and Vogelstein, 2002).

The genes responsible for cancer predisposition are grouped into three

broad categories of defects: caretakers, gatekeepers and landscapers. Examples

of all three defects are present in colon cancer. Caretaker defects are typical of

the DNA mismatch repair defects observed in hereditary non polyposis colon

cancer. DNA mismatch repair genes act as caretakers reducing the mutations

that occur during normal DNA replication. Although caretaker defects do not

contribute to cell growth, defects in DNA mismatch repair genes lead to genetic

instability that accelerates the progession of colon cancers.

ln contrasl apc tumor suppressor genes function as gatekeepers directly

regulating the growth of colon epithelial cells. As a result of inheriting mutant apc

gatekeeper genes, individuals with familial adenomatous polyposis (FAP)

develop hundreds of benign colorectal tumors with some progressing to

carcinomas. Landscaper defects do not contribute directly to cancer cell growth

but influence abnormal stromal environment that leads to neoplastic

transformation of the overlying epithelium. The increased risk for colon cancer

evident in juvenile polyposis syndrome may be the result of landscapereffects

(Kinzler and Vogelstein, 2002).

Oncogenes stimulate cell proliferation and facilitate cancer onset and

progression. The non activated counterparts of oncogenes are proto-oncogenes

which are normal genes with important cellular functions controlling the signaling

of cell proliferation and differentiation, motility or survival. K-ras proto oncogene

normally codes for protein regulating cell proliferation. However, once mutated,
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K-ras is activated and abnormally expressed in approximately 50./" oÍ human

colorectal carcinomas. K-ras is an example of an oncogene believed to play a

role in insulin and IGF-l signal transduction pathways.

Tumor suppressor genes are typically inactivated by gene mutations in

one allele, followed by a loss of the intact allele during replication. This causes

loss of expression and abolishes the tumor suppressing function which is vital in

cell cycle control (IARC, 2003). The p53 protein functions as a regulator of cell

proliferation and mediates programmed cell death in response to un-repaired

DNA damage. The absence or mutation of p53 allows cells bearing other forms

of DNA damage to continue dividing rather than undergoing apoptosis (Johnson,

2003).

Fearon and Vogelstein (1990) proposed that colon cancer cells must

acquire between four and six defects including tumor suppressor gene defects

and activation of mutational oncogenes for the formation of a malignant tumor.

Fewer genetic defects may suffice for a benign tumor. One of the earliest steps in

the development of colon carcinogenesis is the loss of function of the gatekeeper

tumor suppressor apc gene. ln some rare cases, mutation of B-catenin can

substitute for apc defects. Apcgene anomalies are present in more ThanTO"/"

sporadic colon cancers. Evidence of the role of apc gene in the development of

polyps has been demonstrated in studies using a genetic mouse model for FAp,

lhe Min (multiple intestinal neoplasia) mouse (saha, Roman and Beauchamp,

2002). The resulting small polyp may stay dormant for decades. Eventually,

acquiring a K-ras mutation causing it to overgrow its' sister cells and forming a
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larger tumor. Subsequent waves of clonal expansion are driven by other

additional mutations particularly 18q and p53 tumor suppressor genes.

It is noteworthy that with the proposed genetic model, not every tumor

needs to acquire all the mutations that are indicated. lt is possible that other

unidentified genetic alterations and defects are necessary for the development of

colon cancers. Accumulation of genetic defects was thought to be very important

in colon tumor progression. However, it has since been reported that the order of

genetic defects determines the tendency for neoplasia and that only a subset of

genes that affect cell growth can initiate the neoplastic process. For instance,

over B0% of colorectal cancers harbor p53 mutations. However, patients with p53

germline mutations do not develop polyposis. Therefore, although p53 plays a

role in colon tumorigenesis it is clear that it cannot initiate the process like apc.

Genes identified in colorectal tumors affect almost all the cellular components:

The ras at the inner surface of the cell membrane, apc in the cytoplasm and p53

in the nucleus (Kinzler and Vogelstein, 2002). Almost all solid tumors are

genetically unstable at the chromosomal level and in a few tumors at the

nucleotide level as a result of faulty DNA repair. lnstability drives tumor

progression and tumor heterogeneity. Heterogeneity presents challenges to

therapy but may prove to be a point of tumor weakness when the tumor is

attacked by the right agents (Lengauer, Kinzler and Vogelstein, 1998).
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Figure 2.8 Genetic model of the adenoma to carcinoma sequence on colon
carcinogenesis (Nivatvongs, 1 ggg)
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2.1.5 Hereditary Syndromes of Colon Cancer

Mutational inactivation of suppressor genes in germ cells is the root cause

of most inherited tumor syndromes. Familial colorectal cancers can be classified

as those with multiple benign colorectal polyps and those without polyps.

lnherited hemartoma polyposis syndromes include, peutz -Jegher syndrome,

familialjuvenile polyposis and Cowden syndrome and FAP (Muller, Heinmann

and Dobbie, 2000; IARC, 2003). Genetic disposition to colorectal cancers has

been well documented in FAP and HNPCC.

2.1.5.0 Familial Adenomatous Polyposis (FAP)

Apc gene mutations are responsible for the rare FAP autosomal dominant

disorder. The apc gene plays a key role in a signaling cascade that couples cell

surface receptors, calcium-dependent adhesion molecules and transcription

factors that regulate cell proliferation. Loss of apcfunction sets these

transcription factors free favoring the formation of polyps and their transformation

into adenomas and carcinomas. FAP accounts for 1o/o of total colorectal cancer

cases (IARC, 2003). Patients develop thousands of colon adenomatous polyps

by the third decade of life. lt is estimated that there is 100% risk of developing

colorectal cancer by the age of 40 yrs in these individuals. The histology of FAP

polyps is similar to that of sporadic colon cancer; however, it is the vast number

of polyps that increases relative risk for tumor development. Patients with FAP

are also at increased risk for cancers of the thyroid, small intestine, stomach and

brain (Muller, Heinmann and Dobbie,2000; Nicum, Midgley and Kerr, 1gg0).
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2.1.5.1 Hereditary Non Polyposis Colorectal Cancer (HNPCC)

HNPCC is a hereditary colorectal cancer said to account for about 2-10%

of colon cancer cases and represents one of the most common inherited cancer

syndromes (Muller, Heinmann and Dobbie, 2000). Presently, HNPCC syndrome

is associated with germline mutations in six DNA mismatch repair genes: MSH2,

MSH3, MLH1, PMS1, PMS2 and MSH6. The proteins from these genes normally

correct mismatches that occur during DNA replication. According to the

Amsterdam HNPCC diagnostic criteria of individuals suspected to have HNPCC,

there should be at least three relatives with colorectal cancer with one being a

first degree relative of the other two. At least two successive generations should

be affected with at least one colorectal cancer diagnosed before age 50. FAP

should be ruled out and any tumors should be histologically verified (IARC,

2003). Although HNPCC occurs with no polyps, it has been associated with an

increased risk of cancers in the endometrium, ovary, stomach, urinary tract and

biliary system. HNPCC is characterized by poorly differentiated, invasive colon

tumors in the right side of the large bowel (Nicum, Midgley and Kerr, 1990).

2.2 Experimental Approaches to Colon Cancer

2.2.0 Animal models

Reliable and replicable animal models have been instrumental in

advancing current knowledge of colon carcinogenesis and the effects of a

diverse array of dietary factors and drugs at different stages of the disease.

Experimental animals rarely grow spontaneous colon lesions or tumors and it is
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not known if colon tumors are caused by viruses. This begs for an effective

animal model that closely resembles events found in the human colon. Studies of

experimental colon cancer are carried out using different inbred rodent strains.

Each rodent type may be more or less sensitive to certain colon carcinogens

(Bird and Good, 2000; Reddy 2002; Reddy, 2004).

Animal models allow researchers to manipulate various variables such as

diet, colon anatomy, microbiological and immunological factors that may be

pertinent to the etiology of colon cancer (Greene, Lamb and Ban¡uick, 1987). Al

Animal models include those experimentally induced with carcinogens,

transgenic mouse and transplantable animal models. The transgenic mouse

model extensively used in the study of hereditary/familial colon cancer is the apc

knock out Min mouse (Klurfeld and Bull, 1997). ln the study of sporadic colon

cancers, Sprague-Dawley or Fischer (F344) rats are injected with a colon specific

carcinogen. Rats are more sensitive to carcinogen than mice and require one or

two carcinogen injections. The commonly used colon specific carcinogens are

1,2, dimethylhydrazine (DMH) or azoxymethane (AOM) a derivative and

metabolite of DMH (Bird 1987; Reddy,2002).

The formulation of experimental diets in animal studies requires attention

because certain nutrients are reduced to manipulate the amount of dietary lipids.

Usually dietary lipids are added or reduced in place of carbohydrate by weight to

keep the diet isocaloric. However, in ad libitum studies, it is possible that animals

may ingest more energy in the high fat diets than in low fat diets, confounding the

dietary effect of fat with that of total energy. Therefore energy intake should be

36



kept constant when comparing low and high-fat diets. The type of animal model

may determine isoenergetic intake of diets. The rat model is appropriate because

rats appear to adjust their consumption of high fat diets to consume similar

amounts of energy as control animals in short term experiments (Birt, 1gg7).

2.2.2.0 Limitations of Animal Models

Every animal model has strengths and limitations. Some models have

been useful in the study of hereditary factors, while others have provided insights

into dietary and drug effects in the large bowel, Variations exist in sensitivity to

the carcinogen depending on carcinogen type, gender and animal strain. For

instance DMBA induced tumors in FB44 rats are largely polypoid lesions

dominant in the proximal colon while colon tumors in Sprague-Dawley rats are

flat,close to submucosal lymphoid tissue and mainly occur in the distal colon

(Klurfeld and Bull, 1997).

corpet and Pierre (2009) and Reddy (2004), systematically reviewed

animal studies that tested dietary and pharmaceutical agents for their ability to

prevent colon cancer. The AoM model and the Min mouse model clearly

illustrated that many agents inhibit colon cancer in one or both models. Even with

this strong evidence, it is difficult to extrapolate such results to humans without

generating human information on the safety and toxicity of these agents with

clinical trials' ln addition human beings are not exposed to AOM as a carcinogen,

and the AOM model relates to later stages of the disease. Furthermore, humans

eat whole meals whereas rodents nibble through the day. Such eating behavior

may influence blood nutrient levels which affect metabolic and physiologic
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responses (Bird et al., 1996). As suggested by Bruce (2009), the ideal animal

model would be a rat or mouse that develops "spontaneous" colon tumors on a

"bad western style diet" or by exposure to a "bad lifestyle". Newmark et al. (2001)

developed a "bad western lifestyle" mouse diet based on the AIN-76 sucrose-

type rodent diet. This diet was modified to mimic ceftain aspects of western diets,

The diet was reduced in calcium, cellulose, folic acid and vitamin Brz with

adequate amounts of phosphorus, high in n-6 fatty acids and low in n-3 fatty

acids' Upon feeding C57Bll6 mice with the diet, colonic hyperplasia developed at

4 months and colon tumors at 18-24 months. This was reported in a mouse that

rarely develops colon tumors and with no carcinogen treatment to the mice.

2.2.2.1 Colon Carcinogens

A number of chemical carcinogens utilized in inducing experimental colon

carcinogenesis in rodents include aromatic amines such as 3,2-dimethyl-4-

Aminobi-phenyl (DMBA), derivatives of cycasin; methyazoxymethanol (MAM),

1,2-dimethyl hydrazine (DMH) and azoxymethane (AoM). other carcinogens

include direct acting agents such as methylnitrosourea (MNU) or N-methyl-N,

nitro-N-nitrosoguanidine (MNNG) and heterocyclic amines; quinoline (le) and 2-

amino-1 methyl-6 phenylimid azol4,s-blpyridine (phlp). Although there are a

variety of carcinogens to choose from, care must be taken to choose the model

that is appropriate for preventive and therapeutic studies of colon cancer. The

carcinogen should be easily reconstituted and administered to animals. Lesions

induced by these chemical carcinogens are reported to be similar to neoplastic

lesions found in humans. Each carcinogen has strengths and limitations that
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require consideration. The drawbacks of using DMBA are that multiple injections

are needed for inducing tumors, and DMBA causes numerous neoplasms in

other organs (mammary glands, ear duct, skin and bladder) and sites other than

the colon. Compared to cycasin metabolites, DMBA is less potent in rodent

models (Reddy, 2002).

Alkylating agents such as MNU are potent carcinogens that do not require

metabolic activation. However, these agents are topical and require a highly

skilled technician to infuse the carcinogen intra-rectally. They are limited to

studies of post initiation events in the colon and are most appropriate for the

study of distal and rectal tumors. MNU also cause tumor growth in other sites

and organs other than the colon (Bird, 19gB; Reddy, 2OO4).

Heterocyclic amines formed by broiling, grilling, char-broiling or frying of

fish or meat at high temperatures are carcinogens present in human diets. The

drawbacks of using heterocyclic amines in animal studies are that they are more

expensive and less potent than other colon carcinogens. For instance Phlp may

induce only 3 to 6 ACF per colon and colon tumor incidence is very low (Corpet

et al., 2003). Furthermore, very high toxic levels are needed to induce colon

tumors in rodents while the amounts ingested by humans are very low compared

to the high doses administered in experimental studies.

2.2.2.2 Cycasin derlvatives

Lacqueur and colleagues (1963) showed that rats fed cycad flower meal

developed colon adenocarcinomas. The potent carcinogen in the cycad flower is

hydrazine. Cycasin derived carcinogens are stable hydrazines, that require
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metabolic activation and intestinal bacterial activity to release the potent initiator

of carcinogenesis (Greene, Lamb and Barwick, 1987).

DMH is effective in inducing colon tumors in mice and rats and the tumors

are similar to human colon tumors in morphology and growth characteristics. The

problems associated with the use of DMH include the fact that utmost care must

be used while handling the powder to prevent inhalation. The solvent used needs

to be chosen carefully as DMH stability is affected by the solvent and phosphate

buffers should be avoided. The use of hydrochloric acid as a solvent makes it

acidic and painful to the animal therefore the pH must be adjusted with NaOH to

pH 6.7 which is inconvenient (Bird, 1998). High doses of DMH are required to

establish ACF and colon tumors compared to AOM. To establish aberrant crypts,

DMH has to be twice the amount of AOM and for colon tumor studies DMH three

times the AOM dose with several injections is required (Reddy, 2002).

The AOM animal model has been used extensively for the last three

decades to study both preventive and therapeutic agents in colon

carcinogenesis. Bird, (1998) in a number of studies utilized a variety of AOM

doses in the study of preneoplastic olon lesions in rodents. AOM induced tumors

are histologicaly similar to human colon tumors and are distributed along the

colon in a manner similar to that of humans. AOM induced lesions and tumors

harbor genetic mutations causally related to colon tumorigenesis including

activated K- ras and H-ras proto oncogenes (Erdman et al., 1997), mutations in

B-catenin and the tumor suppressor apc genes believed to be an early event in

human colon cancers. Unlike human tumors AOM induced tumors are rarely
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mutated at the p53 gene (Greene, Lamb and Banryick, 1987). AOM induced

carcinomas are transplantable and metastasize to regional lymph nodes and to

the liver (Reddy, 2002). AOM was the carcinogen used in all the studies

described in this dissertation. AOM is prepared by dissolving the powder in sterile

saline. Animals are injected subcutaneously (s.c) or intraperitonealy (i.p)) at

different dose levels depending on the study design. The common dosage is 15-

20 mg/kg body weight. The s.c route is preferred since it yields fewer tumors in

the small intestine than the i.p route (Bird, 1998).

The pharmacology of DMH and AOM shows that these agents require

metabolic activation before carcinogenic activity is released (figure 2.9). DMH is

oxidized to azomethane which is converted to AOM. Through a process f N-

hydroxylation, AOM is converted to methylazoxymethanol which is capable of

methylating DNA, RNA and protein. The entire process depends on intestinal

bacteria which cause the release of methylazoxymethanol and the final formation

of the alkylating agent methyldiazonium, a highly reactive species that forms

methyl carbonium ions which are responsible for methylation of macromolecules

believed to be the initial steps of carcinogenesis (Fiala, 1977). Once injected,

DMH is taken up by the liver approximately t hour post exposure and by the

colonic epithelial cells 3 hours after injection. DMH is excreted mainly by the

lungs and kidneys which rid the animal oÍ 50% of the carcinogen dose (Greene,

Lamb and Barwick, 1987).

AOM is similar to DMH in colon specificity. However, AOM requires fewer

activation reactions and is closer to the ultimate carcinogen. An AOM dose as
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low as four weekly injections of 1Smg/kg of body weight is enough to induce a

high number of colon tumors in both male and female rodents without obvious

suffering and unscheduled loss of animals. One limitation of using AOM is that it

takes approximately six months for animals to develop tumors (Fiala, 1977). The

latency period for AOM to be effective was shorler in male animals than in female

rats since females showed a lower sensitivity to AOM. Conversely, both groups

yielded high colon tumor numbers irrespective of latency period illustrating that

AOM causes highly reproducible colon cancer incidence in both sexes of rats.

However, AOM treatment of BDIX rats resulted in significant secondary effects

including a high incidence of tumors in the small intestine, hepatic lesions in both

male and female rats and renal tumors in female rats only. ln Sprague Dawley

and F344 rats, tumors in the external ear ducts have been reported (Kobaek-

Larsen et al., 2004). Therefore, although AOM is claimed to be highly specific to

the colon, it exerts toxicological and pathological changes and effects on other

organs depending on sex and strain of the rodent model.

2. 3 Biomarkers in the Study of Colon Garcinogenesis

The golden standard used in assessing disease occurrence or staging in

rodent studies of colon cancer is the appearance of macroscopic tumors, colon

adenomas and adenocarcinomas induced by colon carcinogens. Although not all

adenomas progress to carcinoma, they are the intermediate phase prior to

malignancy. Colonic adenomas classified by multiplicity, size, histology, degree
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of dysplasia or with specific genetic alterations are used as the endpoint in

chemopreventive studies. Adenoma size, multiplicity and family history of colon

cancer are associated with adenoma recurrence.

Although tumor endpoints are clearly related to cancer there are

disadvantages to using them in that: Tumors require a long time to grow and

develop approximately 5-8 months in animal studies. Each tumor must be

confirmed by histological methods causing it to be time consuming and costly

Furlhermore, each animal bears few tumors and brings little to the study,

necessitating the use of large sample sizes to ensure statistical meaning and

significance. This means that typical rat studies would need an average of 30

animals per treatment group. The use of tumors as the sole biomarker or

endpoint does not provide the effects of test agents at different stages, therefore

significant agent or dietary effects are lost or missed by using tumors as the sole

endpoint in the disease process (Bird and Good, 2000).

Majority of adenomas are polypoid, protruding into the lumen

pedunculated on a stalk and readily visualized by endoscopy and may be

excised. However, the other class of "flat" or sessile adenomas, may be

overlooked in assessment, decreasing the sensitivity of adenoma detection

techniques and the use of adenomas as biomarkers (Baron,2001). At each

advancing stage of carcinogenesis, preneoplastic lesions acquire novel

genotypic and phenotypic features compatible with growth autonomy and

resistance to negative growth modulation. Macroscopic lesions eventually

emerge from their microscopic precursors. The challenge in finding the most
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effective cancer prevention strategy is to identify a system that allows

quantitative assessment of the primal and advanced preneoplastic lesions and

stepwise progression of cancer. Therefore other biomarkers have to be utilized in

chemopeventive studies.

A surrogate endpoint biomarker is defined as a "biological event which

takes place between a carcinogen or external exposure and the subsequent

development of cancer" (schatzkin et. al, 1gg0 in Einspahr et ar., 1gg7).

Biomarkers are used as short term endpoints in research aimed at early stages

of the disease prior to the full blown cancer stages. Useful biomarkers identify

individuals at high risk of developing colon cancer, diagnose the presence of

disease and act as prognostic indicators for those with malignancy and are useful

as measures of treatment effect or prevention strategy.

Surrogate biomarkers can be either quantitative evident in increased cell

proliferation or a discrete event such as the occurrence of a microadenoma. A

useful colon cancer biomarker must be detectable early in the carcinogenic

pathway, with variability in expression at different sages of colon carcinogenesis.

The biomarker must be associated with risk or recurrence of the disease and

have the potential for modulation by chemo preventive agents. Moreover, the

surrogate endpoint biomarker should be present in tissues that are accessed

easily for multiple biopsies or measurements be reliable and valid with

established adequate quality control procedures and assessment criteria

(Einspahr et al., 1997).
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2.3.0 Biomarkers with Biological Relevance to Colon Carcinogenesrs

Enhanced cellular proliferation is associated with the neoplastic process

and hyper proliferation occurs in the whole colon and is not localized in a

particular portion of the colon. Adenomas and carcinomas of the colon have

increased numbers of proliferative cells compared to normal appearing mucosa

in the same colon (Good, 1999). Measures of cellular proliferation such as

Proliferating Cell Nuclear Antigen (pcNA) and bromodeoxyuridine (BrdU)

labeling indices are used extensively in animal and human studies as an

intermediate risk assessment biomarker and treatment effect indicator (Owen,

2001).

Colonocytes are continually renewed and measures of apoptotic cells

assess cell morphology and DNA fragmentation. Other biomarkers include

metabolites that demonstrate the effects of a specific chemopreventive agent, for

example eicosanoid levels or ornithine decarboxylase enzyme activity. lt has

been proposed that metabolites of major secondary bile acids may be cancer

causing in animal studies. However studies have shown that the ratio of

lithocholic to deoxycholic acid was a better biomarker than the separate bile

acids or total fecal bile acids. DNA lesions including etheno and heterocyclic

amine adducts may be relevant biomarkers of colorectal cancer in rat studies

investigating the effects of heterocyclic amines in colon carcinogenesis.

Screening markers include the fecal occult blood test which is extensively

used even with its limitations that include non-specificity for human hemoglobin,

the antioxidant Vitamin C may interfere with the result providing a false negative
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result and majority of colon adenomas have intact epithelium that does not bleed

(Owen, 2001). Stool K-ras is a potential biomarker for the screening of colonic

neoplasia however, the technique is expensive and lacks specificity (Baron,

2001).

2.3.1 Aberrant Crypt Foci (ACF): A valuable biomarker

Colon carcinogenesis is a multi-faceted process comprised of different

genetic and phenotypic, cellular and morphological variations. Thus, a

methodology for identifying and quantifying precursor lesions of colon cancer

would be useful in the study of the disease itself and aid in testing the effect of

drugs, nutrients or other agents during the process of colon carcinogenesis. lt

would also provide a basis for investigating the role of diet on the disease

process. ACF meet the criteria and qualify as a useful biomarker of the

multistage process of colon carcinogenesis.

First described by Bird (1987), aberrant crypt foci are putative

precancerous lesions, which have since been utilized in the study of the etiology

of colon cancer, in experimental animal models targeted at identifying cancer

preventive agents and observing the role of diverse dietary nutrients and

supplements. Cancer prevention involves regressing, inhibiting or eliminating

precancerous lesions resulting in the reduction of cancer incidence (Bird and

Good, 2000). Assessment of ACF provides a unique opportunity to investigate

earlier stages with the goal of finding control strategies before the appearance of

adenomas and tumors. ACF are purported to be precursor lesions of the disease
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itself and allow stepwise assessment of the role of dietary factors in the disease

process.

2.3.1.0 Biological Properties of ACF

ACF are unusual dysplastic lesions that are morphologically distinct from

normal colonic mucosae and are present only in the colons of animals treated

with a colon carcinogen (figure 2.10). Compared to the colonic normal mucosa,

epithelial cells in ACF exhibit a high nuclear to cytoplasmic ratio, prominent

nucleoli, loss of goblet cells, loss of cell polarity and increasing cell proliferation in

the upper part of the crypt. ACF exhibit altered crypt width and height and are

two to three times larger than normal crypts, with a larger pericryptal zone. ACF

are localized towards the luminal side of the colon and can be visualized using a

light microscope at a magnification of 40 x (figure). ACF are microscopically

elevated and have a slit like opening, with a thick epithelial lining that stains

darker with methylene blue than normal crypts (Bird, Mclellan and Bruce, 1989;

Bird, 1998; Bird and Good, 2000; Corpet, 1996)

ACF are induced by colon specific carcinogens in a dose dependant

manner and each ACF evolves from a single altered crypt. Aberrant crypts

appear as single crypts within two weeks after carcinogen injection. ACF are

visualized in the whole mount of colon, topographically looking at the colonic

mucosa. Phenotypic and genotypic atypia in ACF have supported the concept

that ACF are precancerous lesions. With the passage of time, a single crypt

expands by branching or multiplying and one foci may contain many crypts. ACF

are dynamic and fluctuate in terms of number and crypt multiplicity, determined
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Figure 2.10 Methylene blue stained colonic and ACF iilustrating

topographic view of ACF (top panel) and lateral view (lower panel) of ACF (Bird

and Good, 2000).
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by the number of crypts in each foci. ACF exhibit preneoplastic features

including varying degrees of dysplasia, abnormal proliferative pattern, genetic

mutations that are present in colon carcinoma. Most ACF are hyperplastic and

positive for K-ras mutations and altered cellular localization of B-catenin

(Takayashi and Wakabayashi, 2004) while, mutations in p53 are absent or rare in

ACF and small polyps. ACF have been shown to predict tumor outcome in

animal studies although the mechanisms by which ACF regress or remodel are

presently not known (Bird and Good, 2000).

Thorup (1997) described the histomorphological and

immunohistochemical properties of ACF in relation to growth factor expression

and found that the degree of dysplasia strongly correlated with crypt multiplicity.

ACF lacked TGFcx and showed a small amount of TGFp compared to normal

crypts. The study demonstrated increased mitotic activity viewed as a biomarker

of early stages of colon cancer. A number of studies have supported the concept

that ACF are preneoplastic lesions and their number and growth features can be

used to identify initiators and modulators of colon carcinogenesis (Corpet, 2003;

Reddy, 1992). The ACF system has been used successfully to quantify

microscopic preneoplastic changes. Experimental evidence suggests that the

growth features of ACF (number of crypts in the focus) relate to their

preneoplastic state. Exposure of animals harboring ACF with varying growth

features to a cancer modulating environment, followed by sequential

enumeration of ACF, microadenomas (MA) and tumors allows assessment of the

effect on different preneoplastic states. Sequential changes in microscopic
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preneoplastic lesions; number and crypt multiplicity and the tumor size, tumor

number and ACF location before and after intervention allows further insight into

the progression of the disease. The amenability of ACF lesions to respond to a

chemopreventive agent provides greater evaluation of the disease process under

different modulating environments.

Following the methylene blue technique described by Bird (1987), ACF in

rodents are observed as early as 2 weeks after carcinogen exposure (Wargovich

et al., 1992) and for at least 9 months after a single carcinogen dose. ACF were

first described and identified in humans by Pretlow and colleagues (19g2), in

colons of individuals at high risk for developing the disease and considered

precursors to adenomas. Similar to ACF in rodents, a high percentage of human

ACF are monoclonal and neoplastic (Siu et al., 1999).

Factors that affect ACF include the age, sex and strain of the animals

model, the experimental protocol and the number and frequency of carcinogen

exposure, with higher AOM dosage increasing ACF number and size (Bird and

Lafave, 1995). Other variables that influence ACF outcome are; the time of

enumerating ACF after fixing colons because with the passage of time, ACF tend

to slough off the mucosa depending on the fixative. The colonic region examined

determines ACF number and multiplicity because differences exist in ACF

distribution along the length of the colon (Bird and Good, 2000).

2.3.1.1 Dietary Modulation of ACF

A number of test agents including nutrients, non nutrients, drugs and other

synthetic chemicals are introduced into the diet or drinking water of rodents to
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research the effects of such agents on ACF and colon tumorigenesis. The

dosage of a compound is based on its' maximum tolerated dose (MTD) or it's

LDso. Usually the test compound is incorporated into the diet at a 40 "/" and lor

80% of the MTD. Studies on nutrients are based on the level required by the

animal and the nutrient is increased two to fourfold in the test diet (Corpet et al.,

2002). The growth and number of ACF are modulated by nutrients including

dietary lipids and other bioactive nutraceuticals.

Energy restriction modulated advanced ACF (Lasko et al., 1999) while

high fat diets increased ACF size compared to low fat diets (Lafave, Kumasaran

and Bird, 1994). Dietary lipids had differential effects on ACF depending on the

fatty acid composition, duration of feeding and disease stage. Diets high in corn

oil and beef tallow induced ACF significantly more than low fat diets. The amount

and type of dietary lipid has a profound effect on the growth and induction of ACF

(Rao et al.,2001). For instance high fish oil diet increased ACF without

increasing tumor incidence and this suggested that fish oil may retard the latter

stages of microscopic lesions transitioning to macroscopic lesions such as

microadenomas or adenomas (Good et al., 1998).

The effect of calcium, soy isoflavones and pure genistein on precancerous

lesions yielded varied results. Genistein enriched soya protein and pure

genestein increased ACF in the distal colon of rats treated with DMH and

genistein promoted ACF induction (Gee et al., 2000). However, others reported

that dietary genistein, calcium, soy flour and soy flakes retarded growth and crypt

multiplicity in AOM treated rats (Thiagaralan et al., 1998).
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Treatment of rats with synbiotics composed of a prebiotic derived from

inulin and the probiotics lactobacilli and bifidobacteria significantly increased ACF

multiplicity although the animals had a lower tumor incidence compared to

controls (Cardeni et al., 2003). Clinical conditions including insulin resistance,

obesity, dyslipedimia and genetic alterations profoundly modulate ACF lesions

suggesting that colon tumor development involves complex metabolic, hormonal

and cellular activities. Koohestani et al. (1997) demonstrated that insulin resistant

animals fed high fat diets had greater crypt multiplicity than the low fat fed

counterparts.

2.3.1.2 Relevance of Experímental Design in the AOM model

The experimental protocol utilized plays an important role in ACF and

tumor outcome; therefore studies have to be carefully designed to answer the

research question. Different protocols have been employed to identify agents that

influence initiation stages and post- initiation stages of colon tumorigenesis (Bird,

1998; Bird and Good, 2000; Good, 1999; Lasko, 1997; Rao et. a|.,2001; Reddy

2002). From the emerging research, cancer preventive agents should be

classified according to how they affect preneoplastic lesions at different stages of

colon carcinogenesis.

Bird (1998), Bird and Good, (2000) clearly outlined and described different

experimental approaches used in assessing the modulatory effects of dietary

intervention in early or advanced ACF. The protocol where carcinogen exposure

and dietary intervention are initiated at the same time point, targets the earliest

events in colon carcinogenesis. Such a study design mimics a general population
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situation where the test agent's effects are assessed from initiation and early

preneoplastic stages through to advanced cancerous stages. A protocol where

the test agent is introduced after a lengthy carcinogen exposure, targets

established lesions and mimics a high risk population scenario where the disease

is at advanced stages. Studies described in this dissertation were designed to

explore the effects of dietary lipids and genistein a bioactive component of soy in

a high risk animal model of colon carcinogenesis.

2.3.1.3 Challenges to ACF as a Biomarker

The recent identification of mucin-depleted foci (MDF) challenge the view

that ACF are the sole "gold standard" precancerous colonic lesions since altered

mucin production is a prominent feature of dysplasia in the colon. Mucin depleted

foci were visible in all AOM treated, unsectioned rat colons and correlated with

tumor incidence contrary to ACF results in a particular study by Caderni et al.

(2003). Although ACF are useful short term endpoints not all ACF progress to

tumors hence the discrepancy between ACF and tumor outcome has been

observed. Cardeni and colleagues, (2003) proposed that mucin depleted foci are

a subgroup of ACF that may predict tumor outcome better than ACF.

Mori and colleagues (2004) identified B-catenin accumulated crypts

(BCAC) which exhibit different properties than ACF. BCAC display higher cell

proliferation activity and unlike ACF, BCAC are accompanied by paneth cells

which are evident in colon tumors. Paulsen et al. (2005) recently described flat

dysplastic ACF, lesions distinctly different from ACF which seem related to BCAC

and mucin depleted foci. Presently, there is no ideal biomarker for measuring
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precancerous lesions in the colon. The ACF system is limited to studies in animal

models. While ACF are present in humans, it is difficult and probably impossible

to enumerate human ACF in vivo. However, in animal models, the ACF system is

superior in that it is specific to colon carcinogenesis and the number and growth

features numerically increase with time as the disease develops. Presently, the

ACF system provides quantifiable assessment of the stepwise progression of the

disease and a preliminary endpoint in colon cancer chemo preventive studies.

ACF are a simple and economical tool for preliminary screening of potential

modulators and agents in animal studies.

2.3.2 Signal transduction in cell growth and differentiation

2.3.2.0 Growth Factors and the Cell Cycle

Growth factors represent a system of signals that co-ordinate cellular

proliferation. Growth factors mediate physiologic and pathological cellular growth

and repair processes including embryogenesis, wound healing and

carcinogensis. Systemic growth factors include growth hormone, insulin like

growth factors and transforming growth factor B's (Herndon, Nguyen and Gilpin,

1993). Most growth factors are large peptides or glycoproteins secreted by many

cell types as a basic function or in response to a challenge such as tissue injury.

Growth factors modulate normal and abnormal cell proliferation and

differentiation. Malignant cells may result from unregulated expression of growth

factors and components of their signaling pathways (Aaronson 1991). Growth

factors function by binding to specific cell surface receptors which have three
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distinct domains, namely the extra cellular ligand binding site, a transmembrane

and an intracellular domain (Herndon, Nguyen and Gilpin, 1993). These domains

have specialized functions that are triggered by the binding of a growth factor to

its receptor, causing intricate, intracellular communication pathways between

different cellular organelles that are involved in short and long term metabolic

events.

The cell cycle is fundamentally divided into four phases, during which

different cellular events occur. ln the M phase mitosis occurs where a cell divides

into two daughter cells. The cell then enters the Gl (Gap 1) stage where the cell

is metabolically active and increases in size but without replication. Following G1

the cell enters the S (synthesis) phase where DNA is replicated and genetic

material is duplicated. After S, the cell contains two copies of its' genetic

complement. For instance in humans the cell would have g6 chromosomes. ln

the next stage G2 (gap 2), the cell prepares for division, completes the cycle and

mitosis again results in the formation of two daughter cells with one copy of

genetic material (46 human chromosomes). Different cells vary widely in their

replication rate and this is determined by the length of time in G1. Therefore

slowly replicating cells may enter a quiescent state G0 awaiting a signal that

would trigger the cell to resume proliferation. Majority of cell types that progress

through G1 are committed to proceed through the rest of the cell cycle, hence

reproduction is regulated in the G1 phase of each cell cycle by the decision to

enter G0 or proceed through G1 (Cooper, 1992b).
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Growth factors act as competence factors that cause cells in the resting

(G0) phase to enter and proceed through the cell cycle. For instance, lnsulin and

IGF-I push the cell from G1 to S phase (Figure 2.11). They act as progression

factors, resulting in DNA synthesis and cell proliferation (Aaronson 1991; Jones

and Clemmons, 1995). ln cancer cells, IGF-lR possibly responds to circulating

insulin and IGF's (endocrine) or to lGFs produced locally either by neighbouring

cells (paracrine) or by IGF's released by the cancer cells in an autocrine manner

(Bjork et al., 1993; LeRoith et al.,1995). Growth factors can activate growth-

promoting pathways in cancer cells which in turn may modulate the cell

phenotype. Paracrine actions of growth factors and cytokines may also intervene

at various steps in growth factor signaling pathways (Aaronson, 1991) mediating

their effects on most tissues via receptors with tyrosine kinase activity. Such

receptors have a ligand binding extra-cellular domain and an intracellular tyrosine

kinase domain that is integral to signal transduction. Cellular signals induce

target cells to migrate, divide, or produce other factors.

Several growth factors have been implicated in colon cancer including

TGF-P, (Raju, McOarthy and Bird, 2002), epidermal growth factor (Good,1999),

insulin (Tran, Medline and Bruce, 1996) and insulin like growth factors

(Macdonald, Thornton and Bean, 1993; Zhang, Thornton and Macdonald,

1998).The colonic crypt cells are typically at distinct stages of proliferation and

differentiation exhibiting different phenotypes. This variety of phenotypes is

determined by both inhibitory and stimulatory growth factors and cytokines which

may be differentially expressed along the colonic crypt. For instance TGFB a
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Figure 2.11 Growth factor requirements during the cell cycle (Aaronson, 1991)
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mitogen with antiproliferative action is localized in non replicating cells of the

colonic crypt (Bustin and Jenkins, 2001).

2.3.2.1 Growth Factor Receptors: Receptor Tyrosine Kínases

Signals are transmitted from the cell sudace to the nucleus through intra

cellular signal transduction pathways. Signaling pathways that mediate the

normal functions of growth factors are often destabilized in cancer. Oncogenes

derived from growth factor receptors have been shown to function at critical steps

in mitogenic signaling. Progression through the cell cycle requires the

coordinated actions of two complementary classes of growth factors, and

oncogenes appear to replace the actions of one set of these growth factors

making the cells growth factor independent (Aaronson, 1991). Receptor tyrosine

kinases are vital components of the biological networks that control cellular

growth and differentiation. These molecules have dormant oncogenic potential

which when activated results in deregulation of normal signal transduction

processes.

The largest number of oncogenes is derived from growth factor receptors

that have tyrosine kinase activity. Protein tyrosine kinases (PTK) are enzymes

that catalyze the transfer of the y phosphate of ATP to tyrosine residues on

protein substrates. Tyrosine phosphorylation modulates enzyme action and

creates binding sites for the recruitment of downstream signaling molecules.

Presently, more than 40 different PTKs exist and are subdivided into receptor

tyrosine kinases and non receptor tyrosine kinases. The receptor protein tyrosine

kinases (RTKs) span the cell membrane and include insulin receptors, IGF-l
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receptors and VEGF receptors whereas non receptor protein tyrosine kinases

are located in the cytoplasm and include Janus kinases (Jaks), Abl and c-Src.

Non receptor tyrosine kinases are important components of signaling pathways

triggered by RTKs and other cell surface receptors such as G protein coupled

receptors and receptors of the immune system (Hubbard and Till, 2000).

All protein tyrosine kinases have sequence homology in a specific region

of approximately 300 amino acids defined as the catalytic kinase domain. This

domain is responsible for catalyzing the transfer of phosphate group of ATP to

tyrosine residues during trans and auto-phosphorylation. Although

phosphorylation on tyrosine is rare in normal cells, tyrosine kinases still regulate

major events in signal transduction pathways that control cell shape and growth

(Park, 2002). A large number of growth factors mediate their effects via RTKs.

These receptor tyrosine kinases have an extracellular ligand-binding domain, a

single transmembrane domain and the intracellular kinase catalytic domain

responsible for signal transduction.

Once a growth factor binds to its membrane receptor, receptor

dimerization occurs, leading to the activation of intrinsic tyrosine kinase domain

which causes phophorylation events that result in the recruitment of intracellular

signaling proteins containing src homology 2 domains (SH2). A signaling

cascade mediates the pleiotropic effects of the specific growth factor/receptor

interaction (Park, 2OO2). RTKs activate numerous pathways within cells (figure

2.12) resulting in cell proliferation, differentiation, migration or metabolic changes.

For instance the development of the vascular system is dependent on the
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Figure 2.12 Substrates and mitogenic signaling for receptor tyrosine kinases
(RTKs) (Park, 2002)
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articulate and specific activity of vascular endothelial factors and their

RTKs. The systemic hormonal effects of insulin are mediated via insulin

receptors, which are RTKs (Hubbard and Till, 2000).

The ras pathway is activated by RTKs which bind to Raf-1 regulatory

domain. Raf-1 activates MEK a kinase that phophorylates and activates the MAP

kinase pathway which is important in stimulating cell growth. ln addition, RTKs

activate the Pl3-Kinase pathway involved in cell growth, chemotaxis and cell

shape changes;and the phospholipase Cy pathway that activates protein kinase

C (Heldin, 1996).

A number of processes down regulate RTKs. Receptor mediated

endocytosis whereby receptors become internalized in endosomes where they

are degraded once endosomes fuse with lysosomes. Alternatively receptors can

be recycled to the cell membrane. RTK may be deactivated by ubiquitin directed

proteolysis where ubiquitin polypeptide becomes attached to proteins on RTKs

and marks them for degradation. RTKs are not only deactivated by degradation

but also by the action of specific protein tyrosine phosphatases (Heldin, 1996;

Hubbard and Till, 2000). The insulin receptor, IGF-l receptor family and the

angiogenic vascular endothelial growth factor receptor family are the tyrosine

kinases researched and presented in this dissertation.
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2.3.2.2 lnsulin and IGF-I receptor family

2.3.2.3 Insulin : Metabolic effects

lnsulin is a key hormone that regulates and maintains normoglycemia and

normolipidemia. ln humans, the normal response to high plasma glucose levels

is increased secretion of insulin by the pancreatic B cells (Cheatham and Khan,

1995). lnsulin is composed of 51 amino acids arranged in two polypeptide chains

A and B. The chains are linked together by two disulphide bridges. The A chain

has an intra molecular disulphide bond between amino acid 6 and 11. The

biosynthesis of insulin involves two precursors; preproinsulin and proinsulin

which are metabolized to the active hormone and C-peptide (Champe and

Harvey, 1994).

Upon secretion, insulin binds to the cx subunits of the insulin receptor (lR),

and causes conformational changes that are transduced to the /subunits. This

action produces rapid autophosphorylation of specific tyrosine residues in each B

subunit. The receptor kinase activity leads to phosphorylation of other

intracellular proteins unleashing many transient and long term metabolic events

including gene transcription, mRNA turnover and DNA synthesis. lnsulin action

plays a major role in glucose homeostasis, normal storage of ingested fuels and

normal cellular growth and differentiation (Cheatham and Khan, 1995). Transient

effects include inhibition of lypolysis by reducing hormone sensitive lipase activity

in adipose tissue .lnsulin increases cellular uptake of glucose by recruiting

intracellular glucose transporters. lt increases triacylglycerol synthesis by

elevating lipoprotein lipase activity in adipocytes and increases protein synthesis
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in other tissues (Moller and Flier, 1991 ; Siddle et al., 2001). lnsulin deficiency

leads to hyperglycemia, glucosuria, increased levels of free fatty acids,

ketoacidosis, dehydration and finally death (Froesch et al., 1996).

2.3.2.4 Insulin-like growth factor 1 (lGF-l): Biological functions

lnsulin-like growth factor 1 (lGF-l), and insulin-like growth factor ll (lGF-ll),

generically referred to as somatomedins, are growth factors structurally related to

insulin. Both polypeptides are single chains o'f 7.5 kDa. IGF-l is a 70 amino acid

peptide, while IGF-ll is a 67 amino acid peptide. These single chains have four

domains A, B, C, D. lGFs are "insulin-like" because they have similar actions to

insulin and their chemistry is similar to that of proinsulin. The A and B domains of

lGFs are homologous to the A and B insulin chains (Jones and Clemmons,

1ees).

Growth hormone releasing hormone in the hypothalamus, regulates

secretion of growth hormone from the pituitary gland. Growth hormone bound to

a protein stimulates the liver to secrete IGF-1. IGF-l therefore exerts its' effects by

an endocrine mechanism. Growth hormone also stimulates other target tissues to

secrete IGF-|. Although highly regulated, IGF-l is present in large amounts and is

expressed ubiquitously (LeRoith et al., 1995) hence the concept that IGF-l exerts

its biological effects through, a paracrine and autocrine manner. ln addition to

growth hormone, nutritional status is a critical regulator of IGF-l secretion,

primarily supply of dietary protein and energy (Clark, 1997).

Although the liver is the principle source of circulating IGF-|, other organs

and cells produce and secrete IGF-l. ln circulation, IGF-l is complexed to binding
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prote¡ns. There are six distinct insulin-like growth factor binding proteins (lGFBp).

Less than 5% of IGF-l is free in circulation, while g0% is bound to IGFBp-3.

IGFBP's are regulated differently depending on their size, the plasma levels of

IGF-|, insulin levels in circulation and nutrition status (Bustin and Jenkins,2001).

Biological functions of IGF-l are mediated by a family of trans-membrane

receptors' IGF-l receptor (lGF-lR) is the specific and primary mediator for IGF-l

action. The cytoplasmic signal after IGF-l binds to its' receptor, causes

autophosphorylation of p subunits and tyrosine phosphorylation mediates

mitogenic and metabolic responses. The IGF-l signaling pathway stimulates cell

division, proliferation, transcription and DNA synthesis. Brief periods of exercise

increase levels of IGF-|. However sustained exercise, such as running a

marathon decreases the level of IGF-l for several days. IGF-l deficiency causes

minor disturbances to glucose homeostasis and prolonged IGF-l deficiency

results in severe growth retardation and dwarfism (Froesch et al., 19g6).

2.3.2.5 lR and IGF-IR structure and lntracellular signaling

The physiological roles of insulin and lGFs are distinct, with insulin

regulating cellular uptake and metabolism of fuels and lGFs promoting cell

growth, survival and differentiation. The signaling components unique to insulin

and lGFs are their respective receptors. The lR family consists of the insulin

receptor, insulin-like growth factor 1 receptor and the insulin related receptor

whose function is not known. IGF-lR and lR aß a2þ2heterotetramers with

subunits of almost identical size, sharing a high degree of structural homology.

They have 50-60"/" overall sequence identity and 84"/o similarity in the tyrosine
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kinase domains. Despite similarities in structure, both receptors bind specifically

to their ligands although at high concentrations insulin cross reacts with IGF-lR

and IGFs with lR (Siddle et al., 2001). IGF-lR has a hierarchy of binding and

favors IGF-l>lGF-|1>>insulin, while lR binds insulin > IGF-l>>lGF-|. lGFs have

very low affinity for lR and bind to lR with only 1"/" Ihe affinity of insulin (Jones

and Clemmons, 1995).

Humans and mice lacking lR are born at term but do not survive long,

suggesting that insulin receptors are essential for post natal growth and fuel

metabolism. Both receptors are widely expressed in mammalian tissues with lR

predominant in hepatocytes, adipocytes and skeletal muscle cells, whereas IGF-

lR are expressed in most cells. The signal transduction pathways of lR and IGF-

lR are presently not fully mapped out and it is not known at what point IGF-l and

insulin signaling diverge (figures 2.13 and 2.14). The extent to which the

receptors differ in intra cellular signaling capacity remains unclear. However, it is

generally believed that lR and IGF-lR mediate intracellular signaling through the

insulin receptor substrates (lRS). The IRS family is composed of four proteins

IRS-1- IRS-4 and each IRS protein serves specific and overlapping functions in

lR and IGF-lR signaling. IRS-1 to IRS-4 act as docking proteins which after

phosphorylation form a large protein complex that activates multiple signaling

cascades. The presence of multiple insulin regulated IRS and PlP3dependent

kinases is consistent with the notion that different pathways are required to

regulate the biological action of insulin (Kido, Nakai and Accili, 2001) and IGF-l

(Siddle et a|,,2001).
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lnsulin and IGF signaling is complicated by the increased formatíon of

hybrid receptors that result from dimerization of IGF-lR and IR hemireceptors.

When either receptor is in excess, the less abundant receptor is almost entirely

formed into hybrids. Thus, in skeletal muscle, IGF-lR present mainly as hybrids

together with an excess of lR. Hybrid receptors retain a high affinity for IGF-I but

have a significantly decreased affinity for insulin (LeRoith and Roberts, 2003;

Siddle et al.,2001). The presence of hybrid receptors whose functions are not

clearly understood may inhibit or confound insulin activity, magnify IGF-l

signaling having a possible impact on the insulin resistance state and

malignancies linked to both hormones.

2.3.2.6 The insulin, IGF-I and colon cancer hypothesis

McKeown-Eyssen (1994) and Giovannucci (1995) obserued that proposed

environmental determinants of insulin resistance and type-2 diabetes were

similar to the risk factors emerging for colon cancer (figure 2.15). Colorectal

cancer risk and insulin resistance were associated with diets high in fat and

energy, low in dietary fibre and a sedentary lifestyle. Physical inactivity, high

body mass index (BMl) and central adiposity were associated with increased risk

for both clinical conditions. Both appear to be inhibited by the use of antioxidants,

non steroidal anti inflammatory drugs and dietary n-3 fatty acids (Komninou et al.,

2003). McKeown-Eyssen (1994) and Giovannucci (199s) proposed that the

resulting insulin resistance and hyperinsulinemia, possibly increased colon

cancer risk and promoted colon tumor growth. This hypothesis would partly

explain the observation that obesity and insulin resistance, conditions often
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associated with type-2 diabetes have reached alarming rates in the Western

world where colon cancer still remains the second leading cause of cancer death.

The percentage of aging people is increasing and the elderly are more insulin

resistant and at higher risk for colon cancers (Komninou et al., 2003).

lnsulin resistance defined as an impaired biological response to insulin, is

characterized by hyperinsulinemia. The syndrome includes various metabolic

aberrations such as impaired glucose tolerance, central obesity, hypertension

and dyslipidemia, with diminished responsiveness to insulin action in target

organs (Komninou et al., 2003). lt has been suggested that low insulin response

may be caused by lR down regulation, either by decreased lR number and

concentration at the cell membrane or increased degradation of lR. ln addition,

other downstream molecules in the lR signaling pathways may be down

regulated or disrupted. For instance, lR tyrosine kinase activity was reduced in

obese and insulin resistant mice and in Type 2 diabetic patients (Pirola, Johnston

and Van Obberghen,2004). Although it is not yet proven that insulin stimulates

the growth of colon tumors in humans, several studies have provided supporting

evidence for a strong association between insulin, IGF-l and colon cancer, while

others have shown no association.

2.3.2.7 Epidemiological studies

From the Nurses Health Study, a large prospective study where nurses

were followed for 18 years, Hu et al. (1999) showed a significant and positive

association between history of diabetes and the risk of colon cancer. Nilsen and

Vaten, (2001) reported that the risk for colon cancer was significantly increased
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in women but not in men with a history of diabetes. ln a study of individuals with

sigmoid colon adenomas, Kono et al. (1998) reported that colon adenomas were

positively related to type-2 diabetes. A large case control study conducted in ltaly

showed that subjects diagnosed with diabetes at 40 yrs of age or older had a

modest increase in colon cancer risk. However, this association was stronger for

subjects who were 60 yrs or older, with a history of diabetes for 10 or more

years. There was no association of colon cancer risk with BMl, physical activity,

energy or fiber intake in the ltalian study (La Vecchia et al., 1997). Human

studies have not consistently supported the colon cancer- insulin hypothesis

because some case control studies found a modest positive association between

diabetes and colon cancer for men and much weaker associations for women.

Conversely, other prospective studies comparing the incidence of, and mortality

from colon cancer in diabetic patients found no significant associations (Young-

ln, 1998).

It is assumed that insulin has direct metabolic effects on IGF-l because

prolonged fasting and low insulin levels decrease the synthesis of IGF-l (Froesch

et al., 1996). High levels of insulin evident in type-2 diabetes increase IGF-l and

lower IGF binding proteins leading to high IGF-l levels in circulation, which are

believed to increase risk for colon cancer. ln patients already diagnosed with

colon cancer, Manousos et al. (1999), found that elevated levels of IGF-|, IGF-ll

and lower levels of IGFBP, were positively associated with colon cancer. ln the

Nurses Health Study, Giovannuci et al. (2000), assessed baseline plasma levels

of IGF-l and IGFBP-3 and the risk of adenoma or colon cancer and found no
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association between IGF-l or IGFBP-3 with early stage adenoma in women.

However, high levels of IGF-I and low levels of IGFBP-3 were associated with an

increased risk of large or tubulovillious or villous colorectal adenoma and cancer.

ln the Physicians Health study, men with higher plasma IGF-l levels had a higher

relative risk for colon cancer, while men with higher plasma IGFBP-3 showed

reduced risk for colon cancer. IGF-Zlevels were not associated with increased

risk (Ma et al., 1999). Giovannuc¡, (2001), reported that high circulating levels of

IGF-l and a tall stature were positively associated with a high risk for colon

cancer. Acromegaly, characterized by excessive production of growth hormone

and elevated IGF-l in circulation was positively associated with elevated risk of

benign and malignant colorectal tumors.

2.3.2.8 Animal studies

It has been postulated that insulin resistance exposes colonocytes to high

levels of insulin, glucose, triglycerides, non esterified fatty acids and IGF-l for

long periods of time, and that such exposure could affect the growth,

development and homeostasis of colonocytes. Moreover, hyperglycemia and

hyperinsulinemia deter intra cellular insulin signaling in target tissues (Pirola,

Johnston and Van Obberghen,2004). Normal and neoplastic colon tissue

express lR (Kiunga et al., 2004) IGF-I and IGF-IR (Freier et al., 1999). Results

from animal studies suggest that insulin is an important growth factor of the

colonic mucosa and a promoter of colon tumors. lnsulin injections promoted the

growth (size) and multiplicity of tumors in rats, indicating a possible role for high

insulin levels in the progression of colon tumors (Tran, Medline and Bruce, 1996).
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Energy restriction in animal models retards the growth of ACF and it is

evident that many metabolic effects of energy restriction result from the lowered

insulin and IGF-l levels in circulation. Energy restriction and increased n-3 fatty

acid intake improved insulin sensitivity, glucose tolerance and decreased ACF

growth (Giovannucci, 2001). Koohestani et al. (1997) demonstrated that insulin

resistance preceded colon cancer promotion. A high fat diet increased

postprandial insulin and caused impaired insulin resistance and increased ACF in

rats. ln the insulin resistant state, insulin may act as a growth factor by binding to

and activating IGF-l Rs.

Blood and tissue concentration of insulin, IGF-l, IGF-lR and IGF-l binding

proteins are modulated by energy balance and nutritional status. Dietary lipids

significantly increased IGF-lR mRNA and protein levels in colons of rats fed

different lipid amounts of beef tallow and corn oil diets, IGF-lR mRNA increased

significantly as the percentage of corn oil increased suggesting that dietary fat

plays a role in endocrine regulation of colon cell cycle events (Zhang, Thornton

and MacDonald, 1998). Colon tumors expressed significantly higher lR protein

and mRNA transcripts with lR significantly present in the nucleus of colonocytes

compared to normal appearing mucosa (Kiunga et al., 2004).

The insulin signal transduction pathway involved in regulating gene

expression and mitogenicity is mediated by ras activation. For rasTo function

optimally, farnesylation of ras catalysed by farnesyl transferase must occur.

lnsulin increases the pool of farnesylated ras, thus priming the cellular response

of growth factors that utilize the ras signaling pathway including IGF-l
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(Giovannuci, 2001). ras mutations are prevalent in colon tumors and it is possible

that over expression of lR and IGF-lR in neoplastic cells provide for over

activation ol ras proto-oncogenes, facilitating colon tumorigenesis.

2.3.2.9 In vitro evidence

lnsulin binding in normal and neoplastic colon tissue was measured in

surgically resected colon carcinomas. lnsulin binding sites were detected in colon

tumors, normal colon and mesenteric fat tissue, suggesting that insulin is a

growth factor for normal colon and neoplastic cells (Wong and Holdaway, 1gB5)

ln colon cancer cell lines insulin stimulated DNA synthesis and growth in a dose

dependent manner illustrating that insulin is a growth factor for colonic mucosa

cells and a mitogen of colonic carcinoma cells rn vitro (Bjorket al., 1gg3; Tricoli et

al., 1986)

To determine a role for IGF-l in colon cancer, several human colon cancer

cell lines were screened for specific binding to iodinated IGF-I. Approximately

half of the cancer cell lines exhibited significant growth response to IGF-¡. ln the

Exogenous IGF-l stimulated the growth of human Colo 20S cancer cells dose

dependently and colon cancer cells with metastatic potential express higher

levels of lGF-l (Bustin et al., 2002).IGF-l increased the cellular content of

angiogenic vascular endothelial growth factor indicating a complimentary role of

IGF-l in colon tumor growth and metastasis (Bustin et al.,2OO2; Warren et al.,

1996). The hypothesis linking insulin resistance and hyperinsulinemia to

colorectal cancer provides a possible unifying mechanism for majority of the

dietary and lifestyle factors that promote the development of colon cancers.
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Although epidemiological studies are not consistent in supporting this hypoihesis,

animal and rn vrTro studies have provided some evidence that insulin and IGF-l

are mitogens of tumor cell growth. This necessitates further research to qualify

and confirm the roles of high insulin levels, IGF-l and their receptors in colon

cancer.

2.3.3 Tumor Angiogenesis

Angiogenesis is the process by which new vasculature is established from

preexisting blood vessels, whereas vasculogenesis is the embryonic

development of a blood supply from mesodermal precursors such as angioblasts

or hemangioblasts. Angiogenesis is a highly regulated fundamental process that

is essential to reproduction, growth, and wound healing. ln homeostasis

angiogenesis is turned on for a period of time depending on the host tissue or

organ requirement and switched off when new blood vessels are established.

However, many pathological conditions including diabetic retinopathy, psoriasis,

endometriosis and colon cancers are driven by persistent angiogenesis (Folkman

and Shing, 1992; Reinmuth et al., 2003).

It is postulated that tumor angiogenesis is a combination of angiogenesis

and vasculogenesis where the main blood supply to a tumor is derived from

preexisting blood vessels but circulating endothelial cell precursors contribute to

the new growing vascular system (Reinmuth et al., 2003). Neovascularization

permits rapid tumor growth by temporarily solving the problem of nutrient, oxygen

and waste exchange, by a crowded three dimensional tumor cell population for
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which simple diffusion is inadequate. Proangiogenic factor expression may be

increased by hypoxia, low pH , cytokines, growth factors, tumor size, activated

oncogenes, signal transduction pathways or loss of tumor suppressor gene

function. Mediators of angiogenesis are produced by various cell types including

tumor cells, endothelial cells, stroma cells and inflammatory cells. The process of

tumor angiogenesis is a sequence of events that result in new vascularization in

the tumor mass. Basically, angiogenic factors bind to specific endothelial cell

receptors causing endothelial cells to proliferate and invade the basement

membrane, migrate and differentiate and eventually form new capillary tubes that

are later refined by attachment to pericytes and vascular smooth muscle cells

(Reinmuth et al., 2003).

Experimental and clinical data indicates that most tumors arise with no

angiogenic activity, exist in the in situ stage without neovascularization for

extended time periods, becoming neovascularised when a subset of cells within

the tumor switches to the angiogenic phenotype. The "angiogenic switch" implies

that angiogenic activity in a tumor is usually focal in nature and relatively sudden.

The Angiogenic switch is mediated by a balance between positive and negative

regulators of microvessel growth. The switch follows a series of steps beginning

with vessel dilation and detachment of pericytes in pre existing vessels, followed

by angiogenic sprouting and proliferating endothelial cells, new vessel formation

and recruitment of perivascular cells (Guba et al., 2004). Depending on the tumor

type, the switch to angiogenic phenotype may occur in the early prenoplastic, pre

invasive stages before the full development of the tumor or at the same time with
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neoplatic transformation. During the prevascular stage when angiogenic activity

is absent, tumors remain small and growth is slow. However, this does not mean

that tumor cells are in slow proliferation but rather, the prevascular tumor has

reached a steady state whereby new tumor cell growth is balanced by tumor cell

death (Folkman, 1995).

Positive angiogenic regulators that have been extensively studied in

animal and human tumors include basic fibroblast growth factors and vascular

endothelial growth factors. Angiogensis is not a simple process explained by the

sole increase, expression or mobilization of positive factors. Angiogenic

mediators must overcome a variety of negative inhibitors that under normal

circumstances defend vascular endothelium from stimulation. Negative inhibitors

include circulating proteins such as platelet factor 4, and angiostatic steroids

(Folkman, 1995; Liotta, Steeg and Stetler-Stevenson, 1991)'

Angiogenesis is necessary but not sufficient for continued tumor growth'

Large highly neovascularized benign adrenal tumors lack the growth potential,

illustrating that angiogenesis does not always correlate with malignancy.

However, tumors that are neovascularized typically exhibit rapid growth,

intensified invasion and increased metastatic potential. Such vascularized tumors

in humans are the major cause of accumulating symptoms in cancer patients'

Metastasis is an angiogenesis dependant process, whereby a tumor successfully

overcomes several barriers and responds to specific growth factors. Tumor cells

must gain access to the vasculature in the primary tumor, survive the circulation,

engage in the microvasculature of the target organ, exit from this vasculature,
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grow in the target organ and induce angiogenesis to become detectable

metastasis. Thus, angiogenesis is essential at the beginning and at the end of

the metastatic cascade (Folkman, 1995; Folkman, 2002).

2.3.3.0 Vascular Endothelial Growth Factor (VEGF) family

Of the many regulators of angiogenesis, VEGF is predominantly the best

described angiogenic factor. The VEGF family presently consists of six VEGF

molecules designated A,B,C,D,E and the placenta growth factor (PGF). The best

characterized of these factors is VEGF-A (usually referred to as VEGF) which is

expressed as different isoforms derived by alternate splicing of mRNA in a single

gene. The smaller isoforms VEGF-1 21 , VEGF-145 and VEGF-165 (numbers

denote number of amino acids) are secreted in a soluble form while the larger

isoforms, VEGF-189 and VEGF-205 are bound to extra cellular proteoglycans.

These longer isoforms, may serve as a reservoir of growth factors that can be

released into a diffusible form exerting mitogenic effects when needed (Amoroso

et al., 1997; Reinmuth et a|.,2003). ln normal colon tissue VEGF 121 and 165

mRNA transcripts are highly expressed while the VEGF 189 isoform is weakly

present. VEGF 121 and 165 gene expression are predominantly up regulated in

colon tumor cell lines (Cheung et al., 1998).

VEGF was originally described as a permeability factor because it

increased permeability of the endothelium by forming intra cellular gaps,

vacuoles and fenestrations. Blood vessels in tumors are disorganized and leaky

causing slow and sluggish blood flow with increased interstitial fluid pressure.

This results in hypoxic regions that stimulate VEGF production. VEGF binds
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VEGF receptor 1 (VEGF-R1) and VEGF receptor 2 (VEGF-R2). VEGF is atso a

ligand for neuropilin-1 and neuroplin-2 receptors involved in neuronal

development. VEGF/receptor interactions cause receptor autophosphorylation,

resulting in proliferation, sprouting, migration and tube formation of endothelial

cells. VEGF induces vasodilatation, inhibits apoptosis and is a survival factor for

endothelial cells in normal physiological function and tumor angiogenesis

(Zachary and Gliki, 2001). VEGF is involved in bone formation, neuronal

protection and the recruitment of inflammatory cells (Tammela et al., 2005).

Many cytokines including platelet-derived growth factor, transforming growth

factors (Breier et al., 2002) and insulin like growth factors (Bustin et al., 2002)

induce VEGF expression in cells.

2.3.3.1 VEGF Tyrosine Kinase Receptors

Biological effects of VEGF are mediated via cytokine receptor interaction

with VEGF receptors (figure 2.16 and 2.17). VEGF-R1 also known as fms-like

tyrosine kinase (Flt 1) consists of seven extracellular immunoglobulin homology

domains, one transmembrane region and an intracellular split tyrosine kinase

domain. VEGF-R1 binds to VEGF, VEGF-B and PIGF with high affinity,

transmitting weak mitogenic signals by itself in endothelial cells. However it can

form heterodimers with vEGF-R2 forming a complex capable of stronger

signaling than VEGF-R1 or VEGF-R2 homodimers. vEGF-R1 is expressed in

various cell types including endothelial cells, osteoblasts, pericytes and

colonocytes (Tammela et al., 2005).

VEGF-R2 also designated kinase-insert domain receptor (KDR) or fetal
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liver kinase (Flk-1) is similar in structure to VEGF-R1. VEGF-R2 binds VEGF,

VEGF-C and VEGF-D. VEGF-R2 is the primary receptor that transmits VEGF

signals and is auto regulated by the availability of free VEGFS. When VEGF is

cell bound, VEGF-R2 is down regulated resulting in the apoptosis of capillary

endothelial cells in vivo. VEGF-R2 is expressed in osteoblasts, neuronal cells

and colon cells (McMahon, 2000; Tammela et al., 2005). For purposes of clarity

and consistency, VEGF-R1 and VEGF-R2 are the descriptive terms used for the

two receptors in this dissertation.

VEGF-R3 also described as fms-like tyrosine kinase 4, (Flt 4) differs from

the other two receptors and binds VEGF-C and VEGF-D. During early

development, VEGF-R3 is present in all epithilia but restricted to lymphatic

endothelial cells in the adult. VEGF-R3 is expressed in tumors, and receptor

signaling contributes to lymph angiogenesis and lymph node metastasis

(Tammela et al., 2005).

2.3.3.2 VEGF and VEGF Receptors in Colon Carcinogenesis

Colorectal cancer represents one of the best studied models of tumor

angiogenesis. A large number of angiogenic factors have been identified in colon

tumors including VEGF, VEGF receptors, b-FGF, angiogenin, TGFq and TGFB

(Reinmuth et al., 2003). Clinical studies show that VEGF levels are significantly

high in colonic tumors and up regulated in non malignant to malignant colon

cancers (Wong et al., 1999), Thus VEGF may be activated in the early stages of

colon tumorigenesis and is important in both tumor progression and metastases.

Takahashi et al. (1997) reported that in colon cancer patients who underwent
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surgery, those with high vessel counts or high VEGF in resected tumors

had a worse prognosis than those with low vessel counts or low VEGF

expression.

Tumors appear to secrete angiogenic factors in an autocrine manner and

in turn promote self growth by establishing a highly developed vascular system

that continues receiving nutrients and growth factors. Studies have shown that in

the adenoma to carcinoma sequence of colon tumorigenesis, angiogenic

potential in tumors increases with progression of the disease. Mutations in apc,

p53 genes and activation of K-ras stimulate VEGF expression (Breier et al.,

2002; Enholm et al., 1997). Prostaglandin E 2, induces VEGF gene expression in

cultured human colon carcinoma cells (Fukuda, Kelly and Semenza,2003). lt is

possible that modulation of VEGF by prostaglandins produced by

cyclooxygenase-2 may explain the tumor promoting effects of n-6 fatty acids that

are precursors of prostaglandin Ez.

The development of liver metastasis in colon cancers was found to be

dependent on the expression of VEGF in tumor cells, VEGF-R1 and VEGF-R2 in

tumor endothelium (Warren et al., 1996). The direct inhibition of VEGF-R2 by a

tyrosine kinase inhibitor (SU5416) caused tumor endothelial cell apoptosis and

inhibited metastasis in a colon cancer model (Giles, 2001).

Studies have shown that angiogenic factors may be utilized as diagnostic

screening markers where microvessel counts of a biopsy could be obtained and

at follow-up, blood, urine or cerebrospinal fluid could be assessed for angiogenic

peptides, creating an angiogenic profile to determine the effectiveness of therapy
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or relapse in a patient. Akbulut et al., (2002) demonstrated that high serum VEGF

levels in colorectal cancer patients with stage I to lV disease, correlated with poor

patient survival.

Presently several angiogenic inhibitors have been identified and

developed for colon tumor therapy. lt has been proposed that angiogenic

inhibitors have potential as adjunct treatment to chemotherapy, radiotherapy or

surgery. Such inhibitors would contribute to extended dormancy of micro

metastasis and stabilize any residual primary tumor and down regulate

neovascularization without cytotoxic effects on endothelial cells (Folkman, 1995).

Although anti-VEGF mono therapies are unlikely to cure patients, targeting and

blocking the VEGF signaling pathways may provide a number of more effective

strategies in retarding the growth and spread of colon cancers. Currently,

antibodies against the VEGF-R2, selective inhibitors of VEGF-R2 tyrosine kinase

and VEGF pathway inhibitors are under study in a number of colorectal clinical

trials (Guba et al., 2004). One anti VEGF blocking antibody Avastatin/

Bevacizumab (Genentech, USA) recently approved by the FDA, showed

remarkable results in treating metastatic colorectal cancer in the first large

randomized phase lll survival trial (lqbal and Lenz, 2004)

The vascular endothelial growth factors and their receptors play a

fundamental role in the development and maturation of the vascular system

through vasculogenesis and angiogenesis and in the formation of the lymphatic

vascular system. ln later life these molecules are required for tissue repair and in

the cyclic formation of the female endometrium. Aberrant angiogenesis is evident
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in tumor growth and metastasis. Controlling these mechanisms would impede

colon tumor growth and metastasis. Pharmacologic small molecules are currently

under investigation. Dietary factors on the other hand may directly or indirectly

modulate angiogenic factors and provide an adjunct therapy to colon cancer

management.

2.3.3.3 lnterrelationship between insulin, IGF-l and VEGF signaling

Growth factors have been found to play a complimentary role in sustaining

neoplastic cells. Several cytokines have been shown to mediate angiogenesis by

increasing cellular VEGF expression. lt has been demonstrated that VEGF

production is regulated by steroid hormones and growth factors such as IGF-l

and TGF-B (Harmey et al., 1998). TGF-P1 down regulated VEGF-R2 in vascular

endothelial cells (Mandriota, Menoud and Pepper, 1996). Treatment of fibroblast

cells with insulin or IGF-I increased the abundance of VEGF mRNA in vitro (Miele

et al., 2000) and IGF-l increased the expression of VEGF mRNA in colon

carcinoma cells (Warren et al., 1996). IGF-l increased the cellular content of

VEGF by increasing the rate of transcription and the half life of VEGF in human

colon carcinomas (Nilsson et al., 1992).

It was observed that VEGF signaling via VEGF-R2 involved the

recruitment of IRS-1 (Senthil et al., 2002) which is the primary docking protein for

activated lR and IGF-lR. Such evidence suggests that VEGF may be involved in

down stream lR and IGF-lR events or that VEGF regulates phosphorylation of

IRS-1 activating insulin/lGF-l signaling pathways. Furthermore, VEGF bound to

VEGF-R2 mediates intracellular action through the Map-K pathway which is
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related to activated oncogenes (Neufeld et al., 1999) common in colon tumors

and associated to lR signaling pathway. Moreover, Reinmuth et al. (2002)

illustrated that blocking IGF-lR function resulted in decreased tumor cell

proliferation, VEGF expression and significantly retarded the growth of colon

tumors in transfected HT29 colon cancer cells.

2.4 Nutritional Factors in Colon Cancer

It is estimated that up to 30"/o of human cancers are probably associated

with diet and nutrition (IARC, 2003). Although, epidemiological studies indicate

important roles for energy balance in body mass index and exercise

(Giovannucci, 2003), dietary factors are said to be the most important risk factors

for colon cancer development (Reddy 2000) and may have stage specific effects

(figure 2.18). A diet high in fat specifically saturated fat, cooked red meat and

alcohol intake coupled with a sedentary lifestyle and smoking are factors strongly

associated with increased risk for developing colon cancer (Le Marchand et al.,

1997). On the contrary, diets high in fruits and vegetables, folic acid, selenium

and calcium lower risk significantly. ln addition, physical activity and regular

aspirin intake have been shown to be protective (Giovannucci, 2003; Nicum,

Midgley and Kerr, 2003).

2.4.0 Macronutrients

A long standing hypothesis on the etiology of colon cancers is that dietary

fat increases risk. Epidemiological studies have not supported the notion that

dietary fat increases rísk independent of its overall contribution to total energy
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l]gYt" 2.18 Dietary factors influence various stages of colon carcinogenesis
(Shike, 1999)
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intake. Therefore, replacing fat with carbohydrate in the diet is unlikely to

reduce colon cancer risk (Giovannucci, 2003; Lipkin, Reddy and Newmark,

1999). ln majority of epidemiological studies it is difficult to separate the effect of

energy intake from that of dietary fat intake. ls the effect of fat in colon

carcinogenesis one caused by the fat per se or by the associated caloric effect of

fat? lt is likely that different types of fat (saturated, monounsaturated,

polyunsaturated, omega-3 fatty acids) may influence risk differentially, but

presently there is no conclusive human evidence available.

The effects of total energy intake provide a different view. Excess energy

intakes leading to obesity clearly increase colon cancer risk (Giovannucci and

Goldin, 1997). ln animal studies, a30"/" caloric restriction during post initiation

stages resulted in fewer colon tumors and lower tumor incidence (Lasko et al.,

1999). The pattern emerging for the consumption of carbohydrate is that simple

sugars such as sucrose and high sugar desserts, and intakes of refined starches

are associated with increased risk. A high glycemic index diet has been

associated with increased risk in some studies, while consumption of the more

complex carbohydrates such as fiber are associated with reduced colon cancer

risk (Giovannucci, 2003; IARC, 2003).

Three decades ago, Burkitt (1976), proposed that a diet high in fiber may

protect against colon cancer. He observed that Africans consuming high fiber,

low fat foods had lower death rates due to colon cancer than their white

counterparts who consumed low fiber, high fat diets (Hill, 2003). Controversy

over the role of dietary fiber, fruits and vegetables in colon cancers continues to
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date. A pooled analysis of case control studies demonstrated that high intakes of

vegetables decreased the risk of colon cancer by half and high intakes of dietary

fiber reduced risk by 40% (Trock, Lanzaand Greenwald, 1990). However, recent

prospective studies; the Nurses health study and the health professionals study

have shown equivocal results with fruits and vegetables conferring no protective

effect from colon cancer (Michels et al., 2000). ln contrast, the European

Prospective lnvestigation into Cancer and Nutrition, (EPIC) study preliminary

results suggested that a daily consumption of 5009 of fruits and vegetables could

decrease incidence of cancers of the digestive tract by as much as 251". Fruits

and vegetables are major contributors of dietary fiber, several micronutrients and

some vitamins as well as other bioactive compounds. Proposed mechanisms by

which fruits and vegetables confer protective benefit include providing

antioxidants, protecting DNA integrity and other intercellular communication

pathways (IARC, 2003). Many different nutrients and dietary factors make

contact with epithelial cells in the colonic crypts both from the lumen and the

basolateral epithelial cell membranes. This interaction may influence the

metabolism in both normal and transformed cells. Fiber is presumed to dilute bile

acids and fecal carcinogens, reduce transit time and therefore limit exposure of

colonic mucosa to luminal carcinogens (Giovannucci, 2001).

Epidemiological studies support an association of animal protein

consumption with increased risk for colorectal cancer. The risk is more consistent

with consumption of red meats: lamb, beef, pork and processed meats such as

salami, bacon and ham. Potential carcinogenic substances derived from cooked
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meat include heterocylic amines and polycyclic aromatic hydrocarbons by

products of amino acid pyrolysis and cooked proteins like meat and fish. Grilling,

prolonged stewing of meat; charred or blackened protein food and meats cooked

over naked flame contain very high levels of these carcinogens (Lipkin, Reddy

and Newmark, 1999).

Conversely, consumption of dairy products has been associated with

reduced colon cancer risk. Limited data from cohort studies shows that milk and

total dairy product intake confer a protective effect against colon cancer. Milk is a

rich source of calcium, vitamin D and conjugated linoleic acid (CLA), a group of

naturally occurring isomers of linoleic acid found mostly in beef and dairy

products. Milk fat is the richest source of CLA (Norat and Riboli, 2003). CLA had

inhibitory effects on the growth of HT-29 colon cancer cell lines and decreased

the number of ACF in rat colons (Lipkin, Reddy and Newmark., 1999).

2.4.1 Micronutrients

Dietary calcium and vitamin D have been found to reduce colon cancer

risk. lt is possible that dietary calcium and vitamin D form insoluble bile and fatty

acid complexes (soaps) that protect the colon from the irritation caused by

unconjugated bile acids. lt has been shown that calcium induces apoptosis in a

number of cells and that Vitamin D retards proliferation and augments

differentiation and apoptosis both in normal and colon cancer cells. (Harris and

Go, 2004). High dietary intakes and high blood levels of folate may be associated

with reduced risk for adenomatous polyps of the colon. Folate and vitamin 86 are

involved in the synthesis of methionine and choline as methyl donors. lt is
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speculated that folate deficiency may cause DNA hypomethylation or lead to high

homocysteine levels which have been correlated with increased colon cancer risk

(Giovannucci, 2003). Dietary selenium has been associated with reduced risk

and selenium supplementation was reported to significantly reduce the formation

of ACF in rats in a dose dependant manner (Feng et al., 1999; Mclntosh, Scherer

and Royle,2004)

2.4.2 Dietary Lipids in Colon Carcinogenesrs

2.4.2.0 Lipids

Lipids are composed of fats that are solid at room temperature and oils

that are liquid at room temperature. Dietary fats or lipids include triacylglycerols,

phospholipids, sterols and waxes. Lipids are organic, insoluble in water and

soluble in organic solvents. Approximately 95% of all dietary fats, oils and most

body fat stores are in the form of triacylglycerols (TAG). TAG are composed of

three fatty acids attached to a simple three carbon glycerol moiety. A basic TAG

may have three similar fatty acids whereas a mixed TAG usually has different

fatty acids. lf the third fatty acid is replaced by phosphoric acid, such as

phosphotadic acid, a phospholipid is formed (Webb, 2002).

Lipids can be classified as simple lipids which include fatty acids,

triacylglycerols, diacylglycerols and monoacylglycerols. Simple lipids also include

waxes, sterol esters (cholesterol fatty acid esters) and nonsterol esters for

example vitamin A esters. Compound lipids cover phospholipids such as

phosphotadic acids, glycolipids which contain carbohydrates and lipoproteins

which are lipids with a protein moiety attached. The third group of lipids are
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termed derived lipids, which may be produced through the hydrolysis of simple or

compound lipids. Examples include cholesterol found only in animal tissues and

plant sterols (Groff and Gropper, 2000).

2.4.2.1 Types of Dietary Fatty Acids

All fatty acids are composed of a hydrocarbon chain varying in length with

a carboxyl or acid group at one end (figure 2.20). Fatty acid molecules have a

polar hydrophilic end and a non polar hydrophobic end. Fatty acids commonly

found in food and animal tissues vary in length from 4 carbons to 24 carbon.

There are three major types of fatty acids. Saturated, monounsaturated and

polyunsaturated fatty acids. The difference between saturated, mono and poly

unsaturated fatty acids is determined by the number of carbon to carbon double

bonds present in the hydrocarbon chain. Each angle represents a carbon atom.

Carbon atoms are numbered starting with the carbon farthest from the carboxylic

end (Groff and Gropper, 2000),

Saturated fatty acids (SFA) have all the carbon atoms occupied or

"saturated" with hydrogen atoms and no more hydrogen atoms can be added to

the hydrocarbon chain. For example palmitic acid has 16 carbons with no double

bonds. The shorthand notation for palmitic acid is 16:0. Monounsaturated fatty

acids (MUFA) have one unsaturated bond. Where the carbons are joined by a

double bond and so this fatty acid has two carbons less than a saturated fatty

acid of the same length. Oleic acid is an 18 carbon MUFA, the main fatty acid in

olive oil. The notation for oleic acid 18:1r¡ 9 meaning 18 carbons, 1 double bond

and omega -9; the double bond is between carbon 9 and 10 from the methyl end.
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Figure 2.19 Schematic representation of various dietary lipid structures

(Webb,2000)
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Sometimes the Greek letter omega is replaced by "n" and oleic acid is

referred to as 18:1n-9 (Webb, 2002).

Geometric isomers exist where a carbon to carbon bond is present in a

fatty acid chain. The presence of either a cis or trans isomer affects the

properties of the fatty acid and the structure and function of cell membranes. The

cis transformation kinks the fatty acid and tends to form a "LJ" like orientation

while a trans configuration provides a more linear form similar to that found in

SFA (Bartsch, Nair and Owen, 1999). Trans fatty acids may occur naturally or

through the process of hydrogenating oil, making it more solid and this is evident

in partially hydrogenated tub margarines. lt has been reported that trans fatty

acids are detrimental to health and linked to premature deaths due to coronary

artery disease (Ascherio and Willet, 1997; Groff and Gropper, 2000). ln Europe,

and North America, concerted efforts are unden¡rray to eliminate and reduce

arTificial trans fatty acids in the diet and inform the public on the trans fatty acid

content of foods on food labels. The major saturated fatty acids in the diet are

first, palmitic acid (C16:0) found in all edible oils and particularly in palm oil,

butter, milk, cheese and meats. Second, stearic acid (C1B:0) found

predominantly in cocoa butter, chocolates and cow and sheep fat. Third, myristic

(C1a:0) and lauric (C12:0) acids derived from dairy fats, coconut and palm kernel

oils. Lastly short and medium chain fatty acids (C4:0-C10:0) which occur mainly

in dairy fat, palm and coconut oils (Bartsch, Nair and Owen, 1999).

2.4.2.2 Essentialfatty Acids and Derived Eicosanoids

Certain fatty acids cannot be synthesized in animal cells and therefore
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have to be derived from the diet. Oleic acid (18:1n-9) is not an essential fatty acid

since animals possess the A 9 desaturase and can synthesize the n-9 series by

elongation and desaturation (Rose, 1997). The two essential fatty acids are

linoleic (18:2 n-6) and q linolenic acid (18:3 n-3). Animals, including humans lack

A 12 and Â 15 desaturase enzymes found only in plants that are necessary for

the synthesis of these fatty acids. Linoleic acid and q linolenic acid are essential

precursors for longer, highly unsaturated fatty acids which form cell membranes

and are metabolized to dieonic and trienoic eicosanoids and leukotrienes.

Linoleic acid is metabolized to arachidonic acid (AA) (20:a n-6) which through

oxygenation reactions with either cyclooxygenase or lipoxygenase enzymes

produces an array of eicosanoids; 20 carbon containing fatty acids including

prostaglandins, thromboxanes and leukotrienes. q linolenic acid is the precursor

of eicosapentanoic acid (EPA) (20:5 n-3) an important precursor of eicosanoids

(Groff and Gropper, 2000).

Human diets have evolved from being low in linoleic acid, and having a 2-

1:1 ratio of n-6 to n-3 fatty acids. Presently, in Western diets, the ratio of n-6 to n-

3 fatty acid is very high. This is crucial physiologically because linoleic acid and

linolenic acid and theír long chain derivatives are important components of

phospholipids. Although enzyme substrate affinities are in the order, q linolenic>

linoleic acid> oleic acid (Rose 1997), there is competitive inhibition for the A 6

desaturase enzyme where large amounts of linoleic acid contribute to larger

amounts of arachidonic acid and it's eicosanoids, while suppressing the o

linolenic acid derived eicosanoids (Simopoulos, 1999, Simopoulos,2001). ln
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Table 2.1 Formulae and dietary sources of saturated and unsaturated fatty acids
(Groff and Gropper, 2000)
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Notarion Common Name Formula

Sarllrated Farry Acids

f.i:0

l6:0 '

l8:0

20:0
21:O

Unsaturated Fatty acids

trfvristic acid

Palmitic acid

Stearic acid

A¡rchidic acid
Lignoceric acid

cHr-(cH,)r,-cooH

cHl-(cH,)ri-cooH

cHj-(cH,)r6-cooH

cHj-(cH2)r8-cooH
cHj-(CHz)",-COOH

Coconut and palm

nur oils, most
animrl and plant
fars

À¡imal and planc

fats

.Â¡imal futs, some
plant frts

Peanut oil
Nfost naturaf fats,

peanut oil in
imail amounts

16:l Ae Palmi¡oleic acid CHI-(CH,)¡-CH=CH-(CH2)7-COOH Nfarine animal
oils, small(n-Ð 
amount irl
plant and

^nimal 
frts

l8:t ¿\e Olcic acid CH¡-(CH2)?-CH=CH-(CH:)--COOH Planta¡d

1n-9) animal fats

t8:2 Aer2 linote ic acid CHi-(cHz){-CH=CH-CHz-CH=CH-(CH')7-COoH .rîî;liÍ"*t.

cottonseed,
sunflower
seed, and
pernut oil

18:3 i\e't:.r5 a-Li¡olenic acicl CH3-(CH2-CH=CÐ¡-(CH2)7-COOH Ligseed,

(n-3) soYbean, and
other seed oils

20.4 458'rr,t4 Arachidonic acid CHI-(CH2)l-(CH2-CH=Cþ*-(CHr)r-COÒH Srnall amoun[s

(n6) animal fats

20'i At8,rt,I4'r7 Eicosapentaenoic acid CHt-(CH,-CH=CÐs-(CH2)j-COOH Marine algae,

(n-3) hsh oils

22'6 A4'7'to.t3.t6'te Docosahexrenoic acid CHI-(CHz-CH=CÐc-(CH2)z-COOH Animal fats as

(n-3) PhosPholiPid
comPonent,
fish oils



addition, the n-3 fatty acid EPA competes with AA for the cyclooxygenase

(COX) and lipooxygense (LOX) enzymes. EPA is preferentially metabolized. EPA

therefore inhibits and displaces AA from cell membrane phospholipids ultimately

reducing the generation of AA derived eicosanoids including prostaglandin series

2 which mediate blood platelet aggregation, inflammation, fever and lowers blood

pressure.

Studies have shown that high intakes of n-6 fatty acids shift the

physiologic state to one that increases blood viscosity, vasospasm, aggregation

and thrombosis. ln contrast, n-3 fatty acids have anti inflammatory, anti

thrombotic, hypolipidemic and vasodilatory properties (Rose, 1997; Roynette et

al,2OO4). Most of the studies used fish oils as a source of n-3 fatty acids.

However, q linolenic acid present in green leafy vegetables, flax seed, rapeseed

and walnuts, desaturates to the longer eicosapentanoic acid and

docosahexanoic acid which are beneficial for growth, visual acuity and neural

development (Simopoulos, 1999). Fatty acids once released from cellular

membranes by phospholipases, act as secondary messengers of cyclic AMP

signal transduction pathways, mediate cell responses to extra cellular signals

and rapidly alter transcription of certain genes (Nunez, 1997). These properties

of essential fatty acids have been shown to play a vital role in chronic diseases,

including colon cancer (figure 2.21).

2.4.2.3 Epidemiological Studies

High correlations between national per capita fat disappearance data and

national incidence of colon cancer led to the hypothesis that fat consumption
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especially animal fat intake increased risk for colon cancer . Although this

hypothesis has been tested extensively through case control and cohort studies,

majority of these studies do not find a relationship between total fat composition

of the diet and increased colon cancer risk. Case control studies usually report

total energy consumption as related to high colon cancer risk (Giovannucci and

Goldin, 1997). Fat intake is regarded as the most important nutrient influencing

colon cancer. Population studies and case control studies have demonstrated

that diets particularly high in total fat are strongly associated with an increased

risk for colon cancer (Lipkin, Reddy and Newmark, 1999).

lncreased risk in Japanese populations migrating from low incidence

areas to high-risk areas suggest environmental factors as important in the

etiology of colon cancer and supported the hypothesis that colon cancer is mainly

associated with dietary high fat intake. Seventh Day Adventists who usually

consume less animal fat than the U.S national average intake have lower rates of

colon cancer (Giovannucci and Goldin, 1997). The difficulty with ecological data

is that there is no precise accurate measurement of the type and amount of fat in

mixed diets of the populations studied and other confounding factors such as

physical inactivity, obesity, tobacco use, and other dietary factors are difficult to

control for. Case control studies and cohort studies may control for some of these

confounders better than ecological studies. There is strong evidence suppofting

an association between saturated and animal fat with colon cancer risk. An

ecological study using mortality data of colorectal cancer for 22 European

countries, the United States, and Canada, correlated mortality with animal fat
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consumption (Caygill, Charlett and Hill, 1996). Saturated fats and animalfats

were seen to increase the risk of colorectal cancer with odds ratios ranging from

1.5 to 2.6. ln a separate study of morlality data in 24 European countries, Caygill

and Hill (1995) reported that n-3 fatty acids from fish were associated with

protection in the later stages of colon carcinogeness but not in the earlier

initiation stages.

To add to the fat debate, others have suggested that the ratio of n-6 to n-3

fatty acids may be the critical factor that influences cancer risk and incidence

(Chajes and Bougnoux, 2003). The incidence of heart disease and cancer is very

low in Greece and this has been attributed to the dietary patterns of Greeks.

Western diets are depleted in n-3 PUFA and the ratio of n-6 to n-3 is 15 to 1 in

United Kingdom and North Europe and 1674 To 1 in the United States, compared

to 4 to 1 in Japan and 1 to 1 in Greece (Simopoulos, 2001).

The EURAMIC ecological study conducted in 11 centers in 8 European

countries and lsrael assessed the levels of fatty acids in adipose tissue and

found that n-6 fatty acid levels were not significantly associated with colon, breast

or prostate cancers. Further more colon cancer incidence was inversely

associated with crs MUFA and positively associated with trans fatty acids.

However, in the EURAMIC study, no data was reported on the association of n-6

to n-3 fatty acid ratio and the effect on colon cancer incidence'

ln a prospective study among women, Willet et al. (1990), reported that

intake of processed meats was associated with increased colon cancer risk while

fish intake was related to reduced risk. The ratio of red meat intake to fish and
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chicken intake was significantly related to increased risk for colon cancer' Such

data support the recommendations to reduce intake of meat high in SFA and

substitute with fish high in n-3 PUFA.

Very few human studies have investigated the effects of the balance

between different types of fats, PUFA, MUFA and SFA and colon cancer risk'

The only moderate consistent result seem to be a positive association of

colorectal cancer and consumption of animal fats, with the exception of fish and

fish oil rich in n-3 fatty acids (Bakker et al', 1997).

2.4.2.4 Experimental and Animal studies

Strong evidence from animal studies shows that rats and mice fed high

levels of fat have higher tumor incidence and multiplicity than those fed control or

low fat diets. High fat diets augment ACF growth and multiplicity than low fat

diets (Good et al., 1999; Rao et al., 2001; Reddy, 2004). The type of dietary fat

varying in fatty acid composition enhances or inhibits ACF and tumor growth.

Animal studies have provided evidence that n-6 fatty acids mainly from corn and

other oil seeds are tumor promoting in different cancers and that n-3 fatty acids

provided from fish oils appear protective. Good et al., (1998) demonstrated that

diets high in corn oil and high in beef tallow (23.5%) promoted the number of

ACF and the growth of colon tumors in F344 rats injected with azoxymethane

compared to rats fed the control low corn oil diet. A study by Nutter et al. (1990)

demonstrated that rats fed a beef fat diet had higher colon tumors than rats fed a

corn oil diet. Animals treated with DMH were more prone to tumorigesesis when

fed diets containing 2O"/o lard or 20o/o corn oil compared to those fed 5% lard or
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S7o corn oil diets. High beef fat, corn oil or lard diets had tumor enhancing effects

irrespective of carcinogen type compared to low fat diets (Reddy, 2004).

Dietary lipids appear to have differential effect in the initial and late phases

of colon carcinogenesis. Animals fed high fat corn oil diets during the initiation

stage did not show increased colon tumor incidence. However, when high fat

corn oil diets were fed post initiation, there was significant increase in tumor

incidence, suggesting that a high fat corn oil diet has major effects once

precancerous lesions are established (Bird and Good 2000). ln contrast animals

fed a high (28.S%) fat lard diet showed increase in tumor incidence both at

initiation and post initiation (Rao et al., 2OO1). However, a diet high in fish oils rich

in omega B fatty acids (EPA and DHA) had a protective effect at both initiation

and promotion stages of carcinogenesis (Dommels et al', 2003).

A significant reduction in colon tumors was observed in animals fed high

fish oil diets compared to those fed high fat corn oil and high fat beef tallow diets,

at initiation stages (Good et al., 1998). Such varied effects of different fatty acids

demonstrate that fatty acid composition is a determining factor in colon tumor

promotion.

The effects of different amounts of corn oil, olive oil, safflower oil, and fish

oil was investigated in the post initiation phase of colon carcinogenesis. High fat

corn oil and safflower oil diets (23.5%) were tumor promoting while diets high in

olive oil and menhaden fish oil had no colon tumor promoting effect. Fish oil

added at various levels to corn oil, in a high fat diet had a significant inhibitory

effect on colon tumor promotion compared to a diet with only high fat corn oil'
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Therefore a mixture of oils was protective while corn oil promoted the disease

process (Rao et al., 2001). Experimental studies on the effect of PUFA on colon

cancer cell lines show no apparent differences between n-6 and n-3 fatty acids

on cell proliferation. The essential fatty acids show no effect on tumor cell

proliferation; however the longer chain AA, EPA and DHA decreased cell

proliferation and increased apoptosis (Chajes and Bougnoux, 2003).

2.4.2.5 Possible Mechanísms: Dietary lipids influence Colon

Carcinogenesís

Dietary fat influences gut microflora making it favorable for pathogenesis

of colon cancer. Diets high in beef tallow, lard or corn oil increase colonic luminal

secondary bile acids; lithocholic and deoxycholic acids. lt is postulated that these

secondary bile acids induce cell proliferation and act as promoters in colon

carcinogenesis. Metabolic epidemiological studies have shown that populations

at high risk for colon cancer excrete high levels of secondary bile acids and have

abnormal patterns of cell proliferation and higher rates of DNA synthesis in

normal appearing colonic mucosa changes that precede tumor development. ln

addition secondary bile acids are said to stimulate the membrane phospholipid

turnover and the synthesis of prostaglandins, by activating phospholipases

specifically PLA2 which releases AA (Lipkin, Reddy and Newmark, 1999).

It is hypothesized that the modulation of AA derived prostaglandins which

is directly related to both essential fatty acids may be a possible pathway by

which colon tumors progress. Lipids acting as second messengers influence the

expression of ras proteins and the activity of protein kinase C which may explain
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the varying lipid effects on the disease process. As a result n-3 PUFA hinder

tumor cell proliferation, increase apoptosis along the crypt axis, promote cell

differentiation and probably limit angiogenesis. The anti inflammatory effects of n-

3 PUFA may also contribute to retarding colon carcinogenesis (Roynette et al.,

2004).

The effect of dietary fat on colon cancer may be mediated systemically.

Studies have shown that high insulin concentrations increase colon cancer risk.

Secondly high SFA in the diet increase colon cancer risk and enhance colon

tumor growth in rodents. Therefore, increasing SFA in the diet in place of PUFA

decreases membrane fluidity and the number and activity of insulin receptors,

contributing to reduced insulin sensitivity. Beef fat is low in PUFA and a low

PUFA diet may contribute to increased colon cancer risk by decreasing insulin

sensitivity (Giovannucci and Colditz, 1997)

2.4.2.6 Lipids and Cell Signaling

Cell signaling proteins and metabolites are profoundly regulated by

various nutrients including dietary fat. High protein intakes increase IGF-l levels

and caloric restriction depresses both insulin and IGF-l levels. Epidemiological

data showed that serum levels of IGF-l were positively associated with red meat,

fat and oil consumption and overall energy intake (Kaklamani et al., 1999).

Research in cell signaling pathways has revealed the possibility that different

types of fatty acids can modulate receptor mediated signal transduction

pathways. ln addition to their role as structural components of membrane lipids

and as precursors of eicosanoids, lipids can act as second messengers or
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regulators of signal transduction molecules including growth factors and

receptors (Hwang and Rhee, 1999; Nunez, 1997)'

COX 2, an enzyme that facilitates fatty acid metabolism is induced by

growth factors including IGF-|, cytokines, tumor promoters and inflammation.

Over expression of COX-2 may be a factor in enhancing tumorigenesis in colonic

epithelial cells (Bustin and Jenkins, 2001). Dietary n-6 fatty acids, induced IGF

binding protein-1 in rat livers (Goshal et a|.,2000) and IGF-lR gene expression

and protein levels increased in rat colons as dietary corn oil increased (Zhang,

Thornton and MacDonald, 1998), illustrating that dietary lipids influence the

endocrine regulation of colon cell proliferation and growth. ln prostate tumor

models, 30% energy restriction implemented by total dietary restriction,

carbohydrate or lipid restricted diets reduced tumor microvessel density, VEGF

expression and the growth of transplanted tumors (Mukherjee et al., 1999). lt is

probable that dietary lipids modulate tumor growth in part by regulating

angiogenic and neovascularization processes'

2.5 Functional Foods and Nutraceuticals

Functional foods may be defined as edible foods that are inherently

enhanced with one or more compounds that have biochemical and physiological

health benefit to the consumer (Ferrari, 2004). Functional foods include whole,

fortified, enriched or enhanced foods that are purported to provide therapeutic

benefits beyond that of essential nutrients (Hasler, 2002). The concept of

functional foods is said to have originated from the healthy dietary practices of
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ancient Oriental peoples. Nutrition traditions of other world regions including the

Mediterranean, lndia and Japan have contributed significantly to the present use

and research of various functional foods and food components. Nutraceuticals

are healthful nutrients isolated from plant or marine sources, and sold as pills,

capsules or ingredients added to foods to make them "functional". Examples

include bioactive compounds from tomato (lycopene), nuts, grains, tea, soy,

garlic and wine phytosterols, Soy isoflavones including genisten are available in

pure form to consumers as dietary supplements and are promoted as poteni

nutraceuticals.

2.5.0 Soy lsoflavones

The consumption of foods of plant origin by the general population has

gained momentum due to their purported therapeutic benefits. ln this regard,

soybean and its constituents, isoflavones, especially genistein, have received

great publicity and immense research. Eastern and Western diets vary greatly

particularly in the source of dietary protein. Animal protein is prominent in

Western diets while vegetarian sources including soybeans dominate typical

Asian diets. Asian consumption of soy foods average 20-80 g/day. ln contrast

Americans consume 1-3 g/ day of soy from soy foods including soy milk, soy

burgers, soy cheese slices and soy yoguft. Examples of commonly consumed

soy foods in Asia include soy milk, and soy foods that are either aged or

fermented with other cereals like rice or millet; tofu, miso, yuba, tempeh and nato

to name a few (Table 2.2).Typical isoflavone intakes in Asia are substantial
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averaging 100m9/day while isoflavone intakes in Western countries average

<2mglday (Munro et al., 2003).

The macronutrient profile of soybeans (figure 2.21) shows high levels of

protein and fat. Soybeans are composed of 37"/" fal,37"/" protein and 26"/"

carbohydrate (United Soybean Board, 2003). The isoflavones are tightly

associated with the protein in soybeans, which is of high biological value and is

comparable to animal protein. lsolated soy protein has a protein digestibility-

corrected amino acid score of 1.0, similar to that of casein and egg protein

(Young, 1991 ; Bhathena and Velasquez, 2002).

Compelling evidence shows that soy phytoestrogens improved bone mass

in peri- and postmenopausal women and decreased menopausal symptoms such

as hot flushes and significantly reduced cholesterol levels in hyperlipidemic

subjects (Dijsselbloem et al., 2004). Soybean consumption has been associated

with reduced risk of several types of chronic illnesses including cancers of the

breast, prostate and colon in Asian countries. ln contrast diets high in casein,

animal fat and calories common in Western countries are directly related with

increased colon cancer incidence (Fournier, Erdman and Gordon, 1998).

Protective soy bioactive compounds consist of isoflavones, protease

inhibitors (Bowman-Birk inhibitor), saponins and phytic acid. Soy isoflavones are

naturally occurring heterocyclic phenols in soybeans and forage. lsoflavones are

diaphenols, which include diadzein, glycitein and genistein. The principal

isoflavones are genistein and diadzein which contribute 90% of the isoflavone

content of soy beans. lsoflavones including genistein exist in plants as glucose
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conjugates or gylcones (Anderson and Garner, 1997; Messina et al.,

1ee4).

2.5.1 Genistein a Phytoestrogen,

Genistein (4',5,7-lrihydroxyisoflavone) is biosynthetically the simplest of

the isoflavonoid compounds (figure 2.22).ln native whole foods, genistein is

present as genistin the glycone form, but in fermented soy foods such as miso,

the aglycone form is abundant (Messina, 1998). Once ingested, hydrolytic

enzymes in gut bacteria (bacterial B-glucosidases) calalyze the removal of the

glucose molecule from the precursor genistin and release genistein the aglycone

form of the isoflavone. Genistein is further metabolized to p-ethylphenol. Only the

aglycone form or p-ethylphenol or equol from diadzein are absorbed across the

epithelial gut barrier. These molecules are largely fat soluble and are absorbed

through the intestinal mucosa via micelles by passive diffusion. lsoflavones

become inco-orporated into chylomicrons which are transferred to the lymphatic

circulation before entering the blood. Chylomicrons deliver isoflavones to all

extrahepatic tissues and return them to the liver in chylomicron remnants.

lsoflavones are either re-excreted through bile and reabsorbed by enterohepatic

recycling or excreted intact in urine (Anderson and Garner, 1997; Bhathena and

Velasquez,2002).lsoflavones released from tissue stores are possibly bound to

albumin or other binding proteins, and an estimated minimal 1"/" of isoflavones

are free in circulation. Blood concentrations of these compounds in high soy

consuming populations correlate well with intakes. Similarly, isoflavone fractions
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Figure 2.22 Chemical structures of daidzein, genistein and equol illustrating
similarities with estradiol (Messina, 1994)
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are excreted by kidneys and measurement of urinary isoflavones also

correlate well with intake patterns (Anderson and Garner, 1997).

2.5.2 Biological effects of Genistein

Genistein is an important nutraceutical molecule with a wide variety of

pharmacological effects in animal cells. Genistein is considered a phytoestrogen

because of structural similarity with the potent human estrogen; 17B- estradiol.

Genistein has the ability to bind estrogen receptors and sex hormone binding

proteins due to its structural features that are estrogen like. Thus, genistein can

exert weak estrogenic and anti estrogenic activity (mainly by competing for

receptor binding with estradiol) or acts as a selective estrogen receptor

modulator depending on the tissue, cell type, isoflavone concentration or age

(Badger, Ronis and Fang, 2003; Setchell, 1998; Setchell, 2001). Genistein binds

differentially to human o and B estrogen receptors with a preferential binding for

B estrogen receptor. The prevailing assumption is that isoflavones exert anti

estrogenic effects in a high estrogen milieu such as found in premenopausal

women and estrogenic effects when in a low estrogen environment such as is

present in post menopausal women (Dixon and Ferreira,2002; Messina, 1999).

ln isolated cell systems, genistein acts as a tyrosine kinase inhibitor (Akiyama et

al., 1987), an inhibitor of DNA topoisomerase I and ll activity (Okura et al., 1988)

and arrests cell growth by interfering with signal transduction pathways

(Traganos et al., 1992). ln addition, genistein exhibits antioxidant activity (Wei et

al., 1995) and suppresses angiogenesis in vitro (Fostis et al., 1993, Su et al.,

2005). Genistein inhibits and enhances the expression of cytokines and growth
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factors (Kim, Patterson and Barnes, 1998). Most of these in vitro actions

of genistein contribute to its role as a potential anticancer agent.

2.5.3 Modulating effect of Genistein ín Colon cancer

2.5.3.0 EPidemiological Evidence

Epidemiological studies have limited evidence showing an inverse

relationship between soy consumption and colon cancer risk. Case control

studies generally report a modest inverse relationship. Studies focusing on

adenoma outcome found an inverse correlation with intake of unfermented soy

foods (Spector et al., 2003). Asian epidemiological studies provide little support

for a protective effect of soy on the colon. Concerns about completeness of soy

intake data have been raised. ln a cross cultural study there was no association

of soybean intake and colon cancer risk (Mckeown-Eyssen and Bright-See,

1gB4). However, a significant increased risk was reported in those who ingested

fermented soybeans (Haenszel et al., 1973). The limitations of most human

studies assessing soy and its effect on health are that different soy preparations

and food products are investigated and these vary in isoflavone content

depending on the food processing and preparation methods. Secondly, human

studies have observed or assessed whole soy foods and not the isolated

components of soy. Therefore, the discreet actions of specific relevant soy

components are difficult to evaluate. Thirdly no epidemiology studies have

investigated the role of soy phytoestrogens (Erdman et al., 2004). Studies on

separate isoflavone supplement use (genistein) among individuals at high risk for

115



colon cancer would yield a better understanding of the role of genistein in

mitigating or increasing colon cancer risk.

2.5.3.1 Experimental Studies

The role of soy products and genistein in colon cancer models is not clear

and results are equivocal. Pereira et al. (1994) found that genistein fed to AOM

treated rats for 35 days was the most potent agent that retarded ACF growth and

multiplicity. Similarly, dietary genistein administered for 5 weeks decreased

aberrant crypts in F344 rats (Steele et al., 1995). ln a study comparing the effects

of soy flakes, soy flour, genistein and calcium on colon carcinogenesis in AOM

treated rats; genistein was shown to significantly retard the growth of ACF as

strongly as calcium (Thiagarajan et al., 1998). ln contrast, Rao et al. (1997)

reported that dietary genistein (250 mg/kg) significantly enhanced AOM-induced

colon tumors in male F344 rats after 32 weeks of feeding. ln another study,

Davies et al. (1999) found that genistein enhanced the growth of ACF after 13

weeks of dietary intervention but showed no significant effects afher 32 weeks.

Furthermore, Gee et al, (2000) found no significant anticarcinogenic effects of

genistein in DMH treated rats. The exact mechanism(s) of action(s) of genistein

on colon tumors remains elusive. lt has been suggested that genistein may

mediate biological responses as an inhibitor of tyrosine kinases, as an

antioxidant or as an anti-angiogenic factor. lt is feasible that genistein exerts

variable responses depending on its dose, the target tissue and physiologic

conditions.

Genistein is considered an ideal candidate for human intervention trials,
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as a chemopreventive agent. The tumor enhancing effect of genistein in male

rats brings into question the safety of genistein as a cancer preventive agent in

the general population or in subjects who may be at high risk for developing

colon cancer. The study by Rao et al. (1997) was conducted in young rats, which

were fed genistein before, during and after carcinogen administration. Therefore

genistein may have potentially affected the very early events crucial to the

carcinogenic process. Thus, the study did not provide any evidence that

genistein is capable of enhancing the growth of precancerous lesions that are

already at different developmental stages and exist in high-risk. Pool-Zobel et al.

(2000) questioned the safety of genistein and demonstrated it to be genotoxic

even at lower levels. Therefore, genistein may be classified as a tumor enhancer

or a cancer preventive agent. The limitation in most of the studies where

beneficial effects of soy or genistein are noted is that the amount of genistein

used supersedes the amounts that are typically ingested by high soy consuming

populations.

2.5.4 Genistein, growth factors and receptors

Genistein has been known to inhibit specific to tyrosine kinases such as

epidermal growth factor receptor (EGFR) which mediates TGFPl signaling rn

vitro. Other isoflavones do not inhibit tyrosine kinase activity (Dixon and Ferreira,

2002).lt is speculated that genistein inhibits cell growth by down regulating

TGFBl post receptor signal transduction pathways (Kim, Patterson and Barnes,

1998). ln a Singapore Chinese cohort, serum levels of IGF-l were positively

associated with urinary levels of soy isoflavones and soy isoflavone intakes in
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men (Probst-Hensch et al., 2003). However, in a transgenic prostrate cancer

model, genistein down regulated cell proliferation, EGFR, IGF-lR and VEGF-R2

but had no such effect on IGF-l or VEGF (Wang, Eltoum and Lamartiniere,

2004). Thus, genistein has been shown to have an effect on signal transduction

pathways by up-regulating or depressing receptors involved in these pathways.

Dietary phytoestrogens are reported to play a beneficial role in obesity and

diabetes, two conditions associated with elevated colon cancer risk. ln both

animal and human studies, soy protein was found to lower serum insulin, insulin

resistance, body weight, hyperlipidemia and hyperglycemia. However, in these

studies it was not clear if these effects were due to genistein or daidzein or

another component of soy (Bhathena and Velasquez, 2002). Estrogens are

known to increase the cell proliferative effects of IGF-l (Murphy, Murphy and

Friesen, 1987). Estrogens also induce IGF-l expression and promote IGF-lR

production in breast cancer cell lines. Furthermore, IGF-l can strongly stimulate

estrogen receptor expression in estrogen receptor positive breast cancer cell

lines. Since genistein is estrogenic, it may enhance the proliferative effects of

IGF-l and promote IGF-lR expression, thereby enhancing IGF-l signal

transduction pathways which may facilitate colon carcinogenesis in a high risk

model such as the one utilized in our studies.

2.6 Summary

Colon cancer is a multi stage disease process modulated by genetic and

epigenetic factors. Dietary intake is a major environmental risk factor for colon

carcinogenesis and dietary lipids predominantly modulate risk and disease
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progression depending on the amount and type of fatty acid composition. On the

one hand, high risk and high incidence populations ingest high saturated fat diets

while areas of low prevalence and risk have low intakes of saturated animal fat

with high vegetarian and marine based diets. The consumption of vegetables and

fruit are associated with reduced risk for colon cancers. Antioxidants and

micronutrient vitamins such as folate are mainly derived from vegetables,

legumes and fruits. Plant based diets are rich sources of bioactive compounds

such as genistein speculated as having anticancer effects. Animal models of

colon cancer have greatly enhanced our present knowledge of how dietary

factors affect different phases of colon carcinogenesis and ACF continue to be a

valuable assessment biomarker of such effects in vivo. The mechanisms by

which dietary constituents influence different stages of colon tumorigenesis are

largely unknown and many theories abound. The prevalence of overweight and

obesity linked to high fat and energy consumption is associated with diabetes

and insulin resistance. High insulin levels have profound effects on IGF-l levels

and both hormones are speculated as important growth factors and cytokines for

colon tumors. Different nutrients modulate the expression and activity of insulin,

IGF-¡, and their respective receptors. Thus dietary factors indirectly influence the

systemic effects of IGF-l which may influence colon cancers at different stages of

development.

Angiogenesis and tumor neovascularisation are necessary for the

progression of colon tumor growth and for metastasis to occur. Growth factors

including IGF-l facilitate the angiogenic process by inducing VEGF and iis
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receptors. ln addition, VEGF may play a role in insulin and IGF-l signal

transduction pathways since VEGF recruits IRS-1 when mediating systemic

effects via VEGF R2. Thus it is reasonable to expect that these tyrosine kinases

(lR, IGF-lR, VEGF-R1 and VEGF-R2) may each influence the distinct signaling

pathways of either receptor or that signaling pathways may converge at a point

or be interrelated. lt is probable that dietary inhibitors and promoters of colon

cancer would modulate these molecules since growth factors and angiogenic

factors facilitate the disease process. Available evidence shows that the soy

isoflavone genistein is protective in prostate and breast cancers but data is

limited and conflicting on the effects of genistein on colon cancer. lt is probable

that genistein being a tyrosine kinase inhibitor and an anti angiogenic factor

would regulate lR, IGF-lR and angiogenic receptors.

ln the last century, the focus was on a cure for mature cancers and

development of drug therapies for healing the disease. Today, chemoprevention,

inhibition and early detection take center stage in colon cancer research. lndeed

individuals are more health conscious, pursuing lifestyles that boost longevity,

health and vitality. Along with the scientific breakthroughs in colon cancer

research is the renewed belief in the medicinal power of foods.

"Let food be thy medicine and medicine be thy food"

-Hippocrates,400 B.C'
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CHAPTER 3

MATERIALS AND METHODS

The following materials and methods described are common to all the

studies in this dissertation. Most chemicals were purchased from Sigma

Chemical Co., Mississauga, ON, Canada or Bio Rad laboratories, Hercules,

California, USA unless othenruise specified.

3.1 Colon Carcinogen

The colon specific carcinogen used was azoxymethane (AOM). AOM was

dissolved in 0.9% saline and used in all experiments. Animals were injected s.c

once weekly for three weeks at a concentration of 15mg/kg of body weight.

3.2 Animals

Male weanling Fisch er 344 (F344) rats were purchased f rom the central

animal care facility (University of Manitoba). Animals were housed in a climate-

controlled room with 12 h lighVl2 h dark cycle in stainless steel cages with wire

mesh bottoms, and acclimatized for one week prior to carcinogen injection.

Animals were fed rodent lab chow during the injection period. Temperature and

relative humidity were maintaine d al22 0C and 55% respectively. All animals

were cared for according to the guidelines of the Canadian Council on Animal

Care. One week after the third injection, all animals were placed on the low fat

corn oil (LFC) control diet. Animals were fed ad libitum and food cups were

replenished everyday. Ten weeks later, the rats were randomly allocated to five

diet groups; a high beef tallow (HFB), high beef tallow and genistein (HFBG),
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high corn oil (HFC), high corn oil and genistein (HFCG) and a low fat corn oil

(LFC) diet for 16 weeks

3.3 Experimental Diets

Experimental diets were based on AIN-764 isocaloric diets (American

lnstitute of Nutrition, 1977) with modified lipid levels. The LFC diet was 5% total

lipid and all high fat diets were 23.5% total lipids. A description of the diets and

the fatty acid composition are described in tables 3.1 to 3.3. The composition of

AlN76A vitamin and mineral mix is provided in appendix B. Diets were prepared

twice weekly. Prepared diets and diet ingredients were stored at 40 C. Pure

genistein was added to the diets at a level of 250 ppm (250 mg/kg of diet).

3.4 Scoring of Colons and Quantification of AGF

All rats were killed by COz asphyxiation. Colons were removed flushed

with cold phosphate-buffered saline (PBS), slit from cecum to anus and fixed flat

on filter paper in 70% ethanol or formalin and stored at 4 0C. All filter papers were

coded and colons were scored blindly. Colons were stained with 02% methylene

blue in PBS for 5 minutes. ACF were quantified using light microscopy, and

scoring of ACF was completed using the method first described by Bird (1987).

The whole mount of colon was placed on a glass slide and viewed mucosa side

up, under 10X magnification. ACF were distinguished from normal crypts by their

increased size, elongated luminal opening, increased thickness of the epithelial

lining and increased pericryptal zone (Bird 1989, Bird 1gg5, Bird and Good

2000).
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Table 3.1 Composition of experimental dietsl

cornoonent l-pe- Hre HFC HFBG HFCG-- |

Corn starch 52.0 33.8 33.8 33.8 33'B

Casein

Dextrose

Cellufil

13.0 8.5

5.0 5.9

20.0 23.0 23.0

8.5

5.9

4.1

1.2

0.3

0.2

0
23.0

0

23.0

8.5

5.9

4.1

1.2

0.3

0.2

250
5.0

18.0

23.0

8.5

5.9

4.1

1.2

0.3

0.2

250
23.0

0

AIN-764 Mineral mix 3.5 4.1

AIN-764 vitamin mix 1.0 1.2

DL- Methionine 0.3 0.3

Choline Bitartrate 0.2 0.2

Genistein (ppm) 0 0
Corn Oil 5.0 5.0

Test Oil 0 18.0

1. Values are represented aS percentage of component in the diet
2. Abbreviations are as follows LFC, low fat corn oil; HFB, high fat beef tallow;
HFC, high fat corn oil; HFBG, high fat beef tallow with added genistein; HFCG,

high corn oil with added genistein
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Fatty Acid Corn Oil

16:0

16:1

18:0

18:1 n-9

18:2n-6

18:3n-3

20:5n-3

22:5n3

22:6n-3

Beef
tallow 2

20.6

1.8

16.0

34.9

14.3

2.6

ND

ND

ND

10.6

0.1

2.2

25.5

57.8

2.4

ND

ND

ND

1. Values are represented as percentage composition

2 FalTy acid composition assessed by gas chromatography

3 ND, non detectable
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Table 3.3 Fattv Acid Composition of experimental lipidsr'2

Fatty Acid Beef Corn Oil
tallow 2

14:0

16:0

16:1

18:0

18:1n-9

18:2n-6

18:3n-3

20:5n-3

22:5n3

22:6n-3

3.1

23.0

2.2

19.4

38.6

3.4

1.0

ND

ND

ND

NDU

10.1

ND

1.7

26.5

59.2

0.8

ND

ND

ND

1. Values are represented as percentage of fatty acid in the lipid
2 Fatty acid composition assessed by gas chromatography
3 ND, non detectable
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Thenumber,distributionandmultiplicityofAcFweredeterminedalong

the entire colon. To determine distribution, the number of ACF in every 2cm

section of the colon starting at the rectal end was recorded' The number of crypts

in each foci was recorded and analyzed to determine crypt multiplicity' Average

crypt multiplicity representing the average number of crypts in a focus per colon

or per diet group were recorded. ACF with different growth features were

categorized based on their crypt multiplicity as hav¡ng small (1-3 crypts/focus)'

medium (4-6) crypts/focus) or large ACF (> 7 crypts/focus)'

3.5 Tumor Assessment

The location, appearance and dimensions of all lesions were recorded'

suspected tumors and micro adenomas were dissected out and fixed in 4"/" para

formaldehyde or 70"/o elhanol for immunohistochemical staining' Alternatively'

tumors were dissected without attached mucosa and immediately frozen in liquid

nitrogen for the isolation of RNA and protein. Tumor assessment was determined

usingthemethoddefinedbyBirdetal(1996).TumorparametersWerecalculated

and recorded as follows:

1. Tumor incidence: The percentage of total animals with tumors'

2. Totat tumors per group.' Total number of tumors in each diet group

3. Tumor muttipticit¡¡The average number of tumors per tumor-bearing rat'

Total number of tumor-bearing rats in the group

126



4. Average tumor size per tumor-bearing rat:

Number of tumor-bearing rats in the group

5. Average tumor size/group:

Total tumor area (mm2l of all tumors in a qroup

Total number of tumors in that group

6. Tumor burden:

Total tumor area (mm2 ) of each tumor-bearinq rat in the oroup

Total number of tumor-bearing rats in the group

7. Tumor size

Tumors were classified according to size and defined as: Small, <10 mm2 ;

Medium, 11-20 mm2; Large, 21-30 mm2; Extra large >30mm2

8. Distribution of tumors

Distribution of tumors along the length of the colon were categorized into

sections measured in cm from the rectal end to the cecal end as 0-4 (A), 4-B (B),

B-12 (C), >12 (D)

3.6 lmmunohistochemistry Procedures

lmmunohistochemistry was completed using a histostain kit (Zymed

laboratories, South San Francisco, CA, USA) To detect antigens for lR, IGF-1R,

VEGF-R1 and VEGFR2. Detection of antigens to lR is outlined as an example.

Ethanol fixed, paraffin embedded colonic mucosa and tumor sections were

randomly selected for immunoperoxidase staining. Sections were incubated in

1% hydrogen peroxide in 1x PBS for 30 minutes to block endogenous
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peroxidase reaction, Tissue sections were extensively washed in l XPBS then

incubated with blocking serum in l XPBS tor 40 minutes at room temperature to

block non specific binding. Sections were washed again in lXPBS and then

incubated in a humid chamber with 50 ul diluted rabbit polyclonal anti-lR-q

antibody (Santa Cruz Biotechnology, Santa Cruz, CA., USA) at a 1 :40 dilution for

t hour at room temperature. Slides were immersed in 0.06% 3,3'-

diaminobenzidine tetrahydrochloride (Sigma Chemicals, St. Louis, MA, USA) in

lXPBS to which 0.03% HzOz had been added immediately before use. Slides

were lightly counterstained with giesma (Sigma Chemicals, St. Louis, MA, USA)

dehydrated and mounted with permount (Fischer Scientific, Ottawa, ON,

Canada). Two negative control slides (minus primary or secondary antibody)

were processed simultaneously to confirm specificity of the antibodies.

3.7 Extraction of Whole Cell Lysates for Protein Analysis

Colonic tumors were excised and adjacent normal-appearing mucosae

were scraped, frozen in liquid Nz, âfld stored in -80 
0C until further analyses.

Whole homogenates of colonic tumors and mucosae were prepared with

protease inhibitors and the total proteins were quantified using a Coomassie

protein assay reagent (Pierce, Rockford, lL, USA) by a modified microassay of

the Bradford method (1976). Bovine serum albumin was used as the standard.

Standard and experimental samples were analyzed in duplicate using a Spectra

Max 3000 (Molecular Devices, Sunnyvale, CA, USA).
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3.8 Detection of Antigens by Western Blotting

Mucosal and tumor cell lysates were extracted and protein concentrations

determined as stated previously. All recipes for gels and buffers used for western

blotting techniques are described in Appendix C. Detection of lR". will be used as

an example for western blotting. Experimental conditions for the detection of

other proteins by western bllotting are summarized in table 3.4. An equal amount

of protein from each sample was combined with an equal volume of 2X sodium

dodecyl sulphate (SDS) sample buffer and boiled for 5 minutes at 950C.

Samples were separated on a discontinuous denaturing gel system using

5% stacking and a 10"/. separating SDS-PAGE (polyacrylamide) gels as per the

method of Laemmli (1970). Electrophoresis was run at 170 volts for 60 minutes

using a molecular weight standard (Gibco BRL) to track sample separation.

The 0.45-micron nitrocellulose hybond-C membrane (Amersham Life Sciences,

Arlington Heights, lL, USA) was soaked for t hour in distilled HzO and in transfer

buffer for 10 minutes prior to transfer. The transfer of proteins from gel to

membrane was performed in a 20"/" methanol buffer aÏ 120 volts for 150 minutes

at 40C using a BIO-RAD miniprotein cell (Mississauga, ON, Canada).

To ensure equal loads and even transfer of proteins the gels were stained with

Coomassie blue for t hour on a rocker at room temperature with at least three

washes with destaining solution. The membrane was blocked with 5% skim milk

powder in Tris buffered saline with 0.1% Tween 20 (TBS-T) on a rocker, for 1

hour at room temperature. The membranes were then washed for 30 minutes

with 3 changes of TBS-T (50 ml/membrane). Membranes were then probed with
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Protein

dilution dilution

IGF-1 R3 Q5 20 10 1:2OO 1 :1000

lR4 130 20 10 1'.200 1:2ooo

VEGF5 21,42 20 10 1:200 1:2000

vEGF-R2u 195 20 10 1:2OO 1 :5000
(Frk-1) -VEGF-R1' 180 20 10 1:200 1:2000
(Flt-1)

Molecular Protein amount Primary Secondary Positive
Weight loaded (pg)1 Gel % Antibody Antibody Control

1. The amount of protein loaded for both mucosaland tumor samples
2. Cat# sc-7144, Santa Cruz Biotechnology, CA., USA
3. Cal# sc-712, Santa Cruz Biotechnology, CA., USA
4. Cat # sc-710, Santa Cruz Biotechnology, CA., USA
5. Cat # sc-152, Santa Cruz Biotechnology, CA., USA
6. Cat# sc-315, Santa Cruz Biotechnology, CA., USA
7. Cat # sc-316, Santa Cruz Biotechnology, CA., USA
L Cat# 0ô-182, Upstate Biotechnology, Lake Placid, NY, USA
9. Cat # sc-4060 WB, Santa Cruz Biotechnology, CA., USA
10. Cat#12-309, Upstate Biotechnology, Lake Placid, NY, USA

130

cell lvsate
N¡rH-ärs8
cell lvsate
r{rH-ärs8
cell lvsate
vrcÊn
control
NIH-3T38
cell lvsate
Helalo
cell lysate



primary antibody (polyclonal anti-lR-* rabbit, Santa Cruz Biotechnology, Santa

cruz, cA., usA). The primary antibody was diruted 1:100 in sro sMp+TBS-T

overnight on a rocker al4oC.

After incubation with the primary antibody, membranes were washed for

30 minutes as described previously. lncubation with the secondary anti-rabbit

horseradish peroxidase (HRP) conjugated lgG (Santa Cruz Biotechnology, Santa

Cruz, CA., USA) was performed at a dilution of 1:1000 in 5"/" SMp+TBS-T for 1

hour, on a rocker at room temperature. The membrane was given a final wash in

TBS-T. lmmunoreactivity was detected by soaking the membranes in equal parts

of Chemi GlowrM West stable peroxide buffer and luminol/enhancer solution

(Alpha lnnotech Corporation, San Laendro, CA, USA) for S minutes. Membranes

were then exposed to the Fluorchem Bo00 advanced Fluorescence,

chemiluminescence visible light imaging (Alpha lnnotech Corporation, San

Laendro, CA, USA) for a maximum of 30 minutes to ensure adequate exposure

time' Densitometric analysis of bands was completed using Fluorchem version

2.2 Software. lnitial trials were conducted to ensure that detected proteins were

linear by utilizing increasing amounts of protein for each antibody (5-100g). The

amount of protein loaded for each antibody was determined based on the median

of the linear range. An equal number of samples from each diet group were

loaded per gel to control for gel-to-gel variations and a control sample was

included in each gel, to allow comparison from membrane to membrane for the

same antibody.
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3.9 RNA Extraction

colonic mucosal scrapings and tumor sampres were treated with

RNAguard (Pharmacia, Montreal, QU, Canada), and collected under RNAse free

conditions using autoclaved solutions and instruments. Samples were placed

immediately in liquid nitrogen and stored at -800 C until fur-ther processing. All

reagents and enzymes were obtained from Gibco BRL( Burlington, ON, Canada)

unless otheruvise indicated. RNA extraction was based on the method developed

by chomczynski and Sacchi (1987). Tumor samples and mucosal scrapings

were placed in 500p1 denaturation solution (4M guanidine thiocyanate, 2SmM

sodium citrate, pH 7.0, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) The samples

were power homogenized in 1.5 ml conical microcentrifuge tubes with a tissue

grinder pestle (Kontes #749515-000) at room temperature for 30 seconds. 1/10

volume 2M sodium acetate pH 5.2 and 1 volume water saturated phenol with

0.1% hydroxyquinoline (w/w) were added, vortexed then incubated at 600 C for

10 minutes. 1/5 volume of chloroform-isoamyl alcohol (4g:1, v/v) was added,

vodexed then incubated on ice for 30 minutes. During this incubation, the

suspension separated into the top aquase phase and the bottom organic phase.

The suspension was centrifuged 30 minutes at 16,000 g at 4 0C.

The aquase phase was transferred to a new tube with an equal volume of

chloroform-isoamyl alcohol (29:1), vortexed then centrifuged 1o minutes at

16,0009 at 4 oC.

The aquase phase was transferred to a fresh tube and mixed with 2

volumes absolute ethanol and placed at -80 
0C overnight to precipitate the RNA.
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The RNA was recovered by centrifuging at 16,0009 for 30 minutes at 4 oc.

The RNA pellets were washed by adding 400u1 80% ethanol, centrifuging 10

minutes at 16,000 g at 4C.

Ethanol was removed and the pellets were air-dried at room temperature

for 15 minutes. The pellets were resuspended in 33ul autoclaved ultra pure

deionized filtered water. 37u DNase 1 (pharm acia 27-0514) and gg.gu RNA

guard (Pharmacia 27-0815-01) were added to a solution consisting of 40mM Tris

pH 7.5,6mM Mgcl2, added to the RNA samples and incubated aT 37 oc for 60

minutes in a volume of 50ul per sample. The DNase was inactivated by adding

100mM EDTA, phenol extracted and ethanol precipitated as described above.

The RNA pellet was resususpended in 15-30 ul autoclaved, ultra pure deionized

water and the concentration and purity was determined by spectrophotometry by

absorbance at 260 nm and 2g0 nm respectively.

3.10 cDNA Sythesis by Reverse Transcription

Colonic tumors and mucosa cDNA was synthesized and processed for

semi quantitative RT-PCR. cDNA was synthesized by reverse transcription (RT)

of 1 ug total RNA in a 20 ul reaction volume according to the Gibco BRL protocol.

lnitially, 1 ug of RNA, I ul of water and 1 ul of oligo DT (sOo ug/ml) were

combined and heated at 65 oC for 10 minutes, and placed immediately on ice for

5 minutes. After cooling, 1 ul (s9u) of RNA Guard (pharmacia),2 ul of 100 mM

DTT, 2 ul of 5mM dNTP and 5X first strand buffer were added and vortexed

briefly' Reverse transcription was performed by the addition of 1 ul (200U/ul) of

M-MLV (Moloney Murine Leukaemia virus) at 420c for 2 hours.
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3.11 Polymerase Chain Reaction

The PCR conditions, size and sources of primer sequences are described

in table 3.5' PCR reactions were carried out using a PTC-100 Thermocycler (MJ

Research lnc.,watertown Mass., usA). Following cDNA synthesis, 0.5-s ul of

10X diluted CDNA was amplifíed in a 50 ul PCR reaction mixture. The pCR

reaction mixture contained c-DNA , 18-29.2 ul H2o, 20 ul pcR master mix

(Appendix), 0.2s ul su/ul raq DNA polymerase and 0.s pmol/ul 3'and s,primers

for either lR, IGF-1, IGF-1R, vEGF, vEGF-R1, vEGFR2 or B-actin. The reaction

was vortexed genfly and overlayed with mineral oil (sigma), preheat ed for 2

minutes at94 0C and then for the appropriate number of cycles depending on the

primer. All samples were subjected to a final elongation period of 10 minutes at

720C. At the end of the PCR reaction, 5 ul of 1OX PCR sample loading buffer

(appendix E) was added and all samples were stored at-20 oC until further

analysis.

3.12 visualization and euantification of pcR products

PCR products were separated on a 2/o agarose gel containing 3 ml 10X

TBE and 4.5 ul ethidium bromide in TBE buffer using the Gibco BRL Horizon 1 1-

14 gel electrophoresis apparatus. lnitially electrophoresis was started at 200 volts

for 5 minutes and then at 1s0 vorts tor 20 minutes. Equal volumes of each

sample were loaded and all primers of interest for one sample were loaded on a

single gel to reduce variation within samples. PCR products were visualized

using the Fluorchem 8000 advanced Fluorescence, chemiluminescence visible
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Primer

B-Actin

IGF-12

IGF-1R3

lR4

Product Size

541

245

364

331

GTGGGGCGCCCCAGGCACCA
CTC CTTAATGTCAC G CAC GATTTC

CTACCTGGCACTCTGCTTGC
CTTGGGCATGTCAGTGTGGC

ATGAGTACAACTACCGCTGC
TACATGCTCTGGGTGCTGTT

ATCTG GATC C C C CTGATAACTGTC
ATGTGGGTGTAGG GGATGTGTGTTCA

C CATGAACTTTCTG CTCTCTTG
GGTGAGAGGTCTAGTTCCCGA

AG GAGAGGACCTGAAACTGTCCT
GTTCCTGGCTCTGCAGGCATAG

GTGCTTTGTGTGTTGGGATG
GTGAGAGCAAGCAACCTTCC

VEGFs

Primer Sequence

VEGF-R1U 214

699
622
495

VEGF-R2U 254

Temp.'C/
Time lmin

1.

2.
3.
4.
5.

6.

94 5272
111

94 55 72
111

Cell Growth Differentiation, 6: 1625-1642, iggí
Journal Neuroscience research, 42:516-827, 1g
Journal Nutrition, 128:158-165, 1998
Diabetes, 45: , 1996
Biochemica et Biophysica Acta, 1401:1BT-194, 19gg
Genebank

Cycles

135

23

946072 35
111

32

96 61 72
1 1 1.5

94 61 72
111

28

94 5572 32
111

94 55 72
111



Iight imaging apparatus (Alpha lnnotech corporation, san Laendro, cA, usA)

for a maximum of 15 minutes to ensure adequate exposure time. Densitometric

analysis of illuminated bands was completed using Fluorchem version 2.0

Software (Alpha lnnotech Corporation, San Laendro, cA, USA). The area of the

band corresponding to the particular primer was expressed as a ratio relative to

the area of the band corresponding to p-actin. B -actin is present in equal

amounts in all cells and has been used previously to quantify PCR products from

rat colonic neoplasms.

3.13 Statistical Analysis

All statistical analysis was carried out using Statistical Analysis System

(SAS) for microcomputers, version 8.0e for windows. (SAS lnstitute lnc. Cary,

NC, USA) Specific tests are described for each study. A p< 0.0S was considered

significant unless otheruise noted,
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CHAPTER 4

PRELIMINARY sruDY: MODULATTON oF tcF-l REcEproR AND vEcF

RECEPTOR GENE EXPRESSION BY DIETARY LIPIDS IN RAT COLON

TUMORS

4.1 lntroduction

Hígh intakes of dietary fat and calories have been associated with

increased risk for colorectal cancer (Lipkin, Reddy and Newmark, l ggg).

Growth factors modulate normal and abnormal cell proliferation and

differentiation (Aaronson, 1gg1). lnsulin-like growth factor 1 (lGF-l), and

insulin-like growth factor ll (lGF-ll), are growth factors structurally related to

insulin. IGF-l stimulates cell division, proliferation, DNA synthesis and

transcription. IGF-l functions as a survival anti-apoptosis factor, has a role

in glucose metabolism and promotes cell migration (Bustin and Jenkins,

2001).

The presence of IGF and their receptors along the gastrointestinal tract

indicates an important role in the growth and function of this organ and several

studies have reported a role for IGF-I in colon cancer. Human colon cancer cell

lines exhibited significant growth response to IGF-l (Bjork et al., 1993). IGF-l was

present in normal and malignant tissue and IGF-lR was elevated in colon

carcinomas (Freier et al., 1gg9; weber et al., 2oo2). High IGF-l serum levels

were associated with increased risk for colon cancer (Kaaks et al., 2000). IGF-l

increased the cellular content of anqiogenic vascular endothelial growth factor
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indicating a complimentary role in sustaining neoplastic cells and inducing

angiogenesis (Warren et al., lgg6; Miele et al.,2000).

Neovascularization has been associated with tumor growth and

metastasis. VEGF and VEGF receptors are key angiogenic molecules that

facilitate the process of growing new vasculature in tumors (Folkman,

2002). Clinical studies have shown that VEGF levels are significantly high

in colonic tumors and positively correlated with poor prognosis and survival

(Akbulut et al., 2002). VEGF is a multifunctional cytokine that is important

in regulating the growth of new blood vessels, such as found in tumors and

adenocarcinomas. vEGF 121 and 16s are predominanfly up regulated in

human colon carcinomas (Cheung et al., lgg8).

Biological effects of vEGF are mediated via cytokine receptor

interaction with vEGF receptors; trans membrane proteins with a split

tyrosine kinase domain and include VEGF-R1 and vEGF-R2. These

receptors are highly expressed in colon tumors (Amoroso et al., 1gg7).

vEGF/receptor interaction result in cellular events including cell

proliferation, migration and cell survival (petrova, Makinen and Alitalo,

1999). lt is well accepted that dietary constituents including dietary lipids in

turn regulate these growth factors (Thissen, Ketelslegers and Unden¡vood,

1994) and that dietary fat composition affects the biological function of cell

membranes. Changes in membrane lipid composition affect membrane

associated receptor activity and cell proliferation (Zhang, Thornton and

MacDonald, 1998).
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We proposed that dietary lipids in part may mediate their tumor

enhancing effects, by modulating IGF-|, IGF-lR as well as VEGF, VEGF-R1

and VEGF-R2. The first step in testing this hypothesis was to investigate

the expression of genes encoding these molecules. The purpose of the

present preliminary study was to investigate, if IGF-1, IGF-lR, VEGF,

VEGF-R1 and VEGF-R2 gene expression are modulated by dietary lipids

varying in fatty acid composition. Secondly we investigated if tumors which

appear under different nutritional state, express differing transcriptional

activity encoding IGF-1, IGF-lR, VEGF and VEGF-R1 and VEGF-R2 genes

than adjacent mucosa

4.2 Materials and Methods

Animals and diets:

Weanling male Fischer 344 rats were purchased from Charles

River Breeding Laboratories (Montreal, QC, Canada). Animals were

housed in wire mesh stainless steel cages and acclimatized for one week

prior to carcinogen injection. Rats were injected subcutaneously three

times with AOM in fresh saline at a dose level of 15 mg/kg/wk. Animals

were fed rodent lab chow during the injection period. One week after the

third injection, all animals were placed on a low fat corn oil (LFC) control

diet. Ten weeks later, rats were randomly allocated to four diet groups; A

high beef tallow (HFB), high corn oil (HFC), high fish oil (HFF) and a low fat

corn oil (LFC) diet for 16 weeks (Figure 4.1). All diets were based on AIN-

764 diets with modified lipid levels. The LFC diet was 5% total
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Table 4.1 Composition of experimental dietsl

HFB HFC HFF
Corn starch
Casein
Dextrose
Cellufil
AIN-764 Mineral mix
AIN-764 vitamin mix
DL- Methionine
Choline Bitartrate
Corn Oil
Test Oil

52.0
20.0
13.0
5.0
3.5
1.0
0.3
0.2
5.0
0

33.8
23.0
8.5
Ão
4.1
1.2
0.3
0.2
5.0
18.0

33.8
23.0
8.5
Ão
4.1
1.2
0.3
0.2
5.0
18.0

33.8
23.0
8.5
5.9
4.1
1.2
0.3
0.2
5.0
18.0

1. Values are represented as percentage of component in the diet
2' Abbreviations are as follows LFC, low fat corn oil; HFB, high fat beef tallow;
HFC, high fat corn oil; HFF, high fat fish oil
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lipid and all high fat diets were 28.s"/"total lipids (Table 4.1).

Analysis of tissue gene expression using semi quantítative RT-

PCR

After 16 weeks, animals were terminated by coz asphyxiation.

Colon tumors and mucosa were frozen in RNAse free conditions at 
-BOoC.

RNA was isolated using TRlZol, according to the Gibco BRL procedures.

Colonic tumors and mucosa cDNA was synthesized and processed for

semi quantitative RT-PCR. Gene expression was analyzed using designed

primers and optimized cycles for each morecure: IGF-|, IGF-lR, vEGF,

VEGF-R1 and vEGF-R2 (chapter 3; table g.s). A ftactin primer was

included; gels were photographed under UV illumination with Polaroid film

and scanned using a Hewlett packard ScanJet 4c scanner. The areas of

the bands detected on film were carculated using the scion image 3.08

program. The area of the band corresponding to IGF-|, IGF-lR, vEGF,

VEGF-R1 and vEGF-R2 was expressed as a ratio relative to the B-actin

band.

Statistical Analysis:

Data was analyzed using SAS statistical package for

microcomputers. Differences in gene expression between diet groups were

analyzed using analysis of variance (ANovA) for IGF-l, IGF-lR and vEGF

and vEGF receptor. A Duncan's multiple range test was used as a means

separation test. Differences between mucosa and tumors were analyzed

using a student t test (p<0.0S).
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4.3 Results

Expression of IGF-I nRNA

IGF-l mRNA transcripts were expressed in colonic tumors and

normal appearing mucosa (Figure 4.2). ln mucosa, HFF fed rats had

significantly lower IGF-l mRNA than the HFB and HFC diet groups.

However in tumors no dietary lipid effects were noted for IGF-I and all

groups had similar IGF-l gene expression. overall, IGF-l mRNA transcripts

were significantly higher in tumors than adjacent mucosa. (Tumors:

0.791.0.44, N=18, Mucosa: 0.22!0.06, N=1S; p< 0.0S).

Expression of IGF-IR nRNA

IGF-lR mRNA was expressed in both tumors and normal appearing

mucosa. ln tumors, IGF-lR gene expression was significantly elevated in

the HFB group. ln mucosa, IGF-lR mRNA expression was differentiaily

expressed across diet groups. The HFB group expressed higher IGF-lR

transcripts than the HFF and LFC diet groups (Figure 4.0). overall, IGF-rR

mRNA transcripts were significantly elevated in mucosa compared to

tumors. (Mucosa: 2.32+0.9, N=15; Tumors: 1.1610.49, N=24). ln both

tumors and mucosa, IGF-lR mRNA transcripts were highly expressed in

HFB fed animals (ps 0.05).

Expression of VEGF isoforms

Two isoforms of VEGF mRNA were expressed in colonic tumors

and normal appearing mucosa VEGF 121 and VEGF 165 (Figure 4.4).ln

tumors, vEGF 121 mRNA transcripts were significantly higher in the HFF
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group compared to the HFB group. ln adjacent mucosa, the LFC diet

significantly elevated VEGF 121 transcripts in comparison to the HFB diet.

No significant differences were noted between tumors or normal appearing

mucosa in VEGF 121 gene expression (Figure 4.5).

Expression of VEGF-RI nRNA

ln tumors, HFB diet group had significantly higher vEGF-R1 mRNA

than the LFC diet (Figure 4.6). VEGF-R1 mRNA expression was similar

across diet groups in mucosa. Overall, VEGF-R1 mRNA transcripts were

significantly elevated in tumors; (Tumors, 1.87 ! 0.1 n =17, Mucosa, 0'32 +

0.2 n=13),

Expression of VEGF-R2 nRNA

ln colon tumors, VEGF-R2 gene was significantly elevated in the

HFB diet (ps 0.05). VEGF-R2 mRNA expression was similar across diet

groups in mucosa (Figure 4.7). Overall, VEGF-R2 transcripts were

significantly elevated in tumors than adjacent mucosa. (Tumors: 1.64 t 1'2

n=16, Mucosa: 0.33 t 0.2 n=14). For both receptors, tumors exhibited

distinctly higher VEGF-R2 mRNA transcripts (Figure 4'8).
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4.5 Discussion

Majority of the studies on nutritional factors and IGF-r or rGF-rR

have assessed the effects of total energy intakes (Straus, 1gg4), caloric

restriction (Bornfeldt et al., 1989), starvation and over feeding effects

(Thissen, Undenruood and Ketelslegers, 1g99) and protein energy

malnutrition (Thissen, Ketelslegers and Undenrvood 1gg4) on the level of

IGF-l and to a lesser degree IGF-lR expression. Data is limited on the

impact dietary fats have on IGF-I or IGF-IR gene expression and protein

levels in normal and neoplastíc colon tissues, The effects of different types

of fatty acids on the expression of IGF-I and IGF-lR are not fully

understood or documented. lt is evident that dietary lipids modulate

different stages of colon tumorigenesis (Good et al., l gg8; Rao et ar.,

2001). However the mechanisms by which dietary lipids exert their effects

on different phases of the disease are presently unknown. our study was

aimed at assessing the modulatory effect of dietary lipids with different fatty

acid profiles on IGF-I and IGF-lR gene expression since IGF-l levels are

strongly associated with colon cancer risk. ln the present study, dietary

lipids exerted noticeable effects on IGF-l and IGF-lR gene expression in

colonic tissue. However, colonic tumors had elevated IGF-l than colonic

mucosa. This finding suggests that lipids may direcfly affect the

transcriptional activity of the cell. Kaklamani et al. (1999) demonstrated that

consumption of fats and oils were positively associated with serum IGF-l in
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normal subjects, illustrating that dietary lipids have a modulatory effect on

circulating IGF-l in healthy adults.

Changes in gene expression related to IGF-l were affected by

neoplastic state. The elevated IGF-I transcripts could be due to adaptive

responses of the developing preneoplastic lesions to the surrounding lipid

milieu. Tricoli et al. (1986) reported increased levels of IGF-l mRNA in

human colon carcinomas. Nilsson et al. (1992) demonstrated that IGF-l

was produced by all human mid gut carcinoid tumors assayed while IGF-lR

was presentin 40"/" of the tumors assayed. Elevated levels of IGF-l gene

transcripts in tumors, suggest an autocrine role for this growth factor but

possibly only in those tumors that exhibit IGF-lR.

A significantly lower expression of IGF-l in HFF mucosa indicates a

possible effect of n-3 versus n-6 dietary lipids on the regulation of IGF-l

gene. Dietary fish oils are believed to inhibit preneoplastic lesions and curb

tumor growth due to the high content of long n-3 fatty acids. lt is probable

that the growth limiting n-3 fatty acid effect is via growth factor regulation

as demonstrated in the present study.

Although others have reported that IGF-lR gene is over expressed in

colon cancer cells and correlates with grade and stage of disease (Moschos and

Mantzoros,2002), our results show IGF-lR gene expression was lower in colon

tumors. IGF-lR expression in colonic mucosa compared to tumors was opposite

to the changes seen in IGF-l expression. Similar to our results, Zenilman and

Graham, (1997) found that IGF-lR gene expression as measured by mRNA
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transcripts was unchanged in human colon tumors and in human breast tumor

tissue, IGF-lR gene expression was lower compared to normal breast tissue

(Nardon et al., 2003)

IGF-IR mRNA transcripts were up regulated by HFC in both the

mucosa and the tumors. However, overall gene expression of IGF-lR was

higher in mucosa than in tumors. Dietary lipids significantly increased IGF-

lR mRNA and protein levels in colons of rats fed different lipid amounts of

beef tallow and corn oil diets. ln a study of normal rat colon, IGF-IR mRNA

increased significantly, as the percentage of corn oil increased (Zhang,

Thornton and MacDonald, 1998). Diets high in n-6 fatty acids have been

associated with increased tumor growth and disease progression in the

post initiation stages of colon neoplasia. The effects of corn oil on IGF-l

and IGF-lR reported here supports the notion that n-6 fatty acids may

augment colon tumors by activating IGF-l and IGF-lR.

The level of fat in itself may be a significant variable in regulating

IGF-lR. For example, the HFC diet which is similar in fatty acid composition

to that of LFC contained a higher amount of fat and exhibited consistently

higher mRNA transcripts for IGF-lR in tumors and surrounding mucosa.

This finding emphasizes the complexity of the disease and the impoñance

of nutritional factors in colon tumorigenesis.

Angiogenesis the process by which new capillaries sprout from

preexisting vasculature is highly regulated by the balance of pro angiogenic

and anti angiogenic factors. vEGF and its receptors are vital to tumor
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survival and growth and drive the angiogenic process (Neufeld et al.,

1 eee).

Nutrition regulates tumor angiogenesis as demonstrated by

Murkherjee et al. (1999), who found that dietary restriction inhibited

prostate tumor angiogenesis and depressed VEGF expression and tumor

microvessel density. ln our study, VEGF receptor genes were differentially

expressed in colonic tissue. For example, colonic tumors displayed

significantly high vEGF-R1 and VEGF-R2 mRNA. However this was not

the case with vEGF. The highly saturated beef tallow diet caused a

marked increase in both receptors gene expression. changes in gene

expression related to VEGF-Rl and R2 was affected by neoplastic state.

Both VEGF receptors mRNA transcripts were elevated in tumors and the

level depended on the type of dietary lipids suggesting that dietary lipids

are modulators of the transcriptional activity of the receptors specifically.

Human studies have found increased vEGF in colon tumors with some

tumors expressing three vEGF isoforms in different combinations

(Tokunaga et al., l gg8). ln our study, two vEGF isoforms were expressed

in tumor and mucosa tissue and the difference between both tissues was

insignificant. lt is probable that autocrine stimulation of VEGF by tumors is

similar to paracrine stimulation of VEGF by the host colon tissue causing a

non significant result in VEGF gene expression.

The most novel finding of this study was that, a highly saturated lipid

nutrition led to elevated levels of VEGF-R1 and VEGF-R2 mRNA transcripts
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compared to the highly unsaturated diets. High saturated fat diets are strongly

associated with increased colon cancer risk and animal studies have

demonstrated a tumor enhancing effect of beef tallow diets (Reddy et al.,2002).

The level of fat may be an imporlant variable in regulating VEGF-R1 and VEGF-

R2. For instance, the LFC diet which is similar in fatty acid composition to that of

HFC contained a lower amount of fat and exhibited consistently lower mRNA

transcripts for both vEGF-R1 and vEGF-R2. Tevar et al. (2002) found that

supplemental eicosapentanoic acid, an n-3 fatty acid significantly reduced VEGF

mRNA levels compared to a corn oil diet in F344 rats. lt is evident that dietary

lipids may stimulate or inhibit tumor growth via the neovascularization process.

Therefore the mechanism/s by which dietary lipids contribute to colon tumor

angiogenesis require further study.

We have demonstrated that type and amount of dietary lipids

modulate IGF-l and vEGF receptors gene expression. lt is important to

explore the protein levels of these molecules because translational rate

may exceed transcription and activity, resulting in divergent gene

expression and protein levels. we propose that these findings are

important and present a preliminary view as to the importance of dietary

lipids on IGF-l, IGF-lR, vEGF-R1 and vEGF-R2 gene expression. ln order

to assert the importance of lipids on colon tumor growth and angiogenesis,

the level and activity of these proteins merits further investigation and

provided the basis for the following studies described in this disserlation.
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CHAPTER 5

GENISTEIN SUPPLEMENTATION IN HIGH FAT DIETS DOES NOT ENHANCE

COLON TUMOR OUTCOME

5.1 lntroduction

Plant based diets have been associated with lower incidences of colon

cancer. Evidence of the protective role of dietary fiber on colon cancer is

inconclusive. Therefore it is speculated that other components present in

vegetables and whole grains may be protective. Soy isoflavones are among the

many bioactive compounds present in plants that have been extensively

researched for therapeutic purposes.

lsoflavones are a sub group of flavonoids composed mainly of genistein,

diadzein and glycitein. lsoflavones are phytoestrogens known to have structural

similarity to estrogen and are predominanily found in soy beans. Soy beans

contribute significantly to the diet of populations in Asian countries including

Japan, Korea, china and lndonesia (Adlercreutz, 2oo2). Genistein (4',s,7-

trihydroxyisoflavone) is the major isoflavone which interacts with mammalian

estrogen receptors at concentrations that occur naturally in human tissues.

Genistein is a potent inhibitor of enzymes involved in cell proliferation including

protein tyrosine kinases (Akiyama et al., 1987), and exhibits antioxidant activity in

experimental colon cancer (Rao et al., 1997). lt is well established that genistein

has anti proliferative effects on a variety of tumor cells in vitro. For instance
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genistein has been shown to block mitosis and increase apoptosis in prostate

carcinoma and inhibit tumor angiogenesis in mice (Zhou et al., 1999). Genistien

was protective in a dose dependent manner against development of mammary

tumors in rats exposed to genistein perinatally (Fritz et al., 1998).

Although genistein is presumed to be a chemopreventive agent, animal

studies on the effects of genistein or soy on colon cancer have yielded

contradictory results. Thiagarajan et al. (1998) reported a protective effect of soy

flakes and genistein in rats treated with AOM. However, soy supplementation of

high fat diets did not inhibit precancerous aberrant crypt foci (ACF) and tumor

growth in AOM treated rats (Davies et al., 1999; Rao et al., 1997). Furthermore,

genistein enriched soy protein increased the total number of ACF in 1,2-

dimethylhydrazine (DMH) treated rats (Gee et al., 2000). lt is well recognized that

colon cancer is a multistep process with a complex arruy of morphological and

cellular events. To better understand preventive measures, it is relevant to study

the effects of test agents at different precancerous stages.

The main objective of the present study was to investigate the effects of

genistein on precancerous lesions and tumor outcome in a high-risk model of

colon cancer. Diets high in beef tallow and corn oil promote chemically induced

colon tumors (Bird et al., 1996; Good et al., 1998; Rao et aJ.,2001; Reddy,

1992). ln contrast, diets high in fish oil, coconut oil or trans fat had no tumor

enhancing effect (Reddy, 1992). ln the present study, a high fat beef tallow diet

and a high fat corn oil diet were supplemented with genistein at a level of 250

mg/kg of diet to investigate possible tumor inhibition by genistein in the presence
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of tumor promoting lipids. Growth features of ACF, microadenoma (MA), tumor

incidence and multiplicity were assessed before and after dietary intervention as

outlined in figure 5.1

5.2 Materials and methods

Animal care and experimental diets

Weanling male Fischer 344 rats were purchased from Charles River

Breeding Laboratories (Montreal, QC, Canada) and acclimatized for two weeks.

At the time of carcinogen treatment, all animals were approximately 120 g body

weight. Animals were housed in wire mesh stainless steel cages (3 rats/cage)

and had free access to food and water at all times. Temperature and humidity

were kept constant at 22o C and 55% respectively. Animals were cared for

according to the Canadian Council of Animal Care guidelines (1993) as

described in chapter 3. Experimental diets were formulated on the basis of the

Al N-764 semi-synthetic diet (American lnstitute of Nutritio n, 1977). The

description of the diets and the fatty acid composition are documented in chapter

3 (tables 3.1,3.2 and 3.3). The high fat diets had an additional 187" faT by weight

added as corn oil (HFC, HFCG, Mazola brand, Canada Safeway); beef tallow

(HFB, HFBG, Maple Leaf Foods, lnc., Winnipeg, MB, Canada) at the expense of

an isocaloric amount of carbohydrate. The LFC diet contained 5% corn oil and

was used as the control diet. The supply of corn oil and beef tallow, along with

the prepared diets were stored at 40 C, and diets were prepared twice a week.

Food cups were cleaned and weighed once a week and replenished everyday.
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Experímental design

Male F344 rats were injected three times with AOM, a colon specific

carcinogen dissolved in fresh saline (15 mg/kg body wt). During the injection

period of three weeks, animals were gíven free access to laboratory chow. One

week after the third injection all rats were placed on the LFC control diet. After 12

weeks of feeding the LFC diet, 1O animals were terminated by COz asphyxiation

and their colons were assessed for ACF, MA and tumorous lesions. This was

considered the baseline group that represented baseline values of ACF and

tumors before dietary intervention with high fat diets supplemented with

genistein.

The remaining animals were randomly subdivided into five diet groups.

One group continued on the control LFC diet, while the other four groups were

fed HFB, HFBG, HFC and HFCG respectively. After six weeks of feeding the

experimental diets, 8 rats per group were terminated and their colons assessed

for ACF, MA and tumors. The remaining animals were terminated after 12 weeks

of feeding the experimental diets (24 weeks after the last carcinogen injection)

(figure 5'1). Tumor parameters were assessed for all animals in each group.

Colons from 8-10 animals per group were designated for enumeration of ACF.

Quantífication of ACF and Assessment of tumors

Enumeration of the total number of ACF and crypt multiplicity per colon

was performed as outlined in chapter 3. Tumor parameters were assessed

according to the methods described in chapter 3.
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Figure 5.1 Experimental Design: Modulation of the Multi-step Process of Colon
Carcinogenesis by Dietary Lipids and Genistein

3WK

f nOU injection
I l5mglkg/wk

I f"r-lnation of animals

' LFC Low fat corn oil
HFC High fat corn oil
HFC+GEN High fat corn oil with genisrein 250mg/kg
HFB High far beef tallow
HFB+GEN High fat beef rallow with genisrein 250mglkg
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Statistical Analysis

SAS statistical software for microcomputers was used for all data

analysis. Differences among the groups were determined by analysis of variance.

The means separation test used was the Duncan's Multiple Range test (p-<0.05).

5.3 Results

Animalweights

After 12 weeks of dietary intervention, animals fed the high fat diets had

significantly higher body weights (p< 0.001) than those fed the LFC diet (Table

5.1).

Aberrant crypt foci

Six weeks of feeding high fat diets had a significant effect on ACF. Total

ACF were highest in the groups fed high fat corn oil diets and lowest in the

animals fed a LFC control diet. When the intervention with genistein begun,

animal colons had a large number of ACF with different growth features (crypt

multiplicity) and 40% of the animals had tumors and MA. There was no

significant difference in the groups supplemented with genistein in total ACF or

CM after 6 weeks of intervention. ACF with 1-3 crypts were highest in the HFC

and HFCG fed groups. ACF with 4-6 crypts were significantly elevated in the

HFC fed rats and lowest in the LFC fed groups. There was no difference in

ACF>7 across diet groups. However, compared to the baseline, an increase in

the number was noted in all groups. The values for HFB, HFBG and HFC were

significantly different from the baseline values. The presence of MA was noted in

all groups with the exception of the HFB group (Table 5.2).
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After 12 weeks on the diets, there were no significant differences in total

ACF, ACF with 1-3 crypts or 4-6 crypts. However, larger ACF>7 were

significantly elevated in the HFBG fed animals and lowest in the HFCG fed rats

and the number of the HFCG group was comparable to the LFC fed group (Table

5.3). The total number of MA in decreasing order was as follows:

H FB=H FC>HFBG>H FCG>LFC.

Tumor parameters

At baseline, before dietary intervention, less than 50% of the animals

harbored tumors and had ACF. After 6 weeks on experimental diets, animals

were terminated and colon tumors excised. Tumor incidence was highest in

HFCG fed animals and lowest in HFBG fed rats. The HFBG fed group had

significantly elevated tumor multiplicity while the LFC fed rats had the lowest

tumor multiplicity. There were no significant differences in tumor burden or the

average tumor size/group across all diet groups. However, the average tumor

size per tumor-bearing rat was largest in the LFC diet group than the high fat fed

groups (Table 5.4).

After 12 weeks on experimental diets, tumor incidence was highest in

the HFCG fed animals and lowest in the LFC fed rats. There were no statistically

significant differences in tumor burden or average tumor size across diet groups.

However, tumor multiplicity was highest in the high fat fed rats and lowest in the

LFC fed rats (Table 5.5).

Animals fed the HFC and HFCG diets had the highest total number of

tumors while the lowest number was in the LFC fed rats. Over 50% of the tumors
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in the HFBG and HFCG fed animals were small in size. Extra large tumors were

present in all the diet groups in similar percentages (Table s.6).

The distribution of tumors along the length of the colon varied in number in all

diet groups. The highest numbers of tumors were present in the 4cm-12cm

segment of the colon (Table 5.7). The fewest tumors were found in the proximal

colon (>12 cm) in all diet groups.
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Table 5'1 Body weights (g) of AoM-treated F344 rats after 6 and t2 weeks of dietary intervention with LFc,HFC, HFCG, HFB and HFBG dietsl'2

12 weekso gg5.1t4.2b 417.4+6.5u 40g.5+5.3a' 414.4+4.5a 420.g+4.0u

1.
2.
3.
4.

Values are expressed as MeantsEM
Means in the same row with different superscripts are significanily different (p < 0.05)
Animals were terminated after 6 weeks of dietary interveîtion or i I weeks afier the lást AoM injection
Animals were terminated after 12 weeks of dietary intervention or 24 weeks after the last AoM injection

Experimental Diets

HFC HFCG HFB HFBG
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Table 5.2 Enumeration of ACF growth characteristics in Male F344 rats after
6 weeks of dietary intervention with LFc, HFc, HFCG, HFB, HFBG dietsl'2,3,4

roup

HFB

HFBG 314.1+17 3ub 221 .g+ïîb 82.9+1O.Oab 10.0+2.3a

HFc 964.2+27 sa 252.2+16.2a 86J+7.0a 1 1.0+0.8a

HFCG 974.3+4'.ga 287.9+97.6a 7g.g+g.7ao g.0+1.0ub

LFC 216.3+23.6c 167.3t19.9b 43.3+4.4c 6.0+1 .4ub

Total ACF

250.3126.1

ACF 1-3

180.3r18.5b

1.

2.
3.
4.

Values are expressed as Mean+ SE
Values in the same column not sharing similar superscript are significanily different (p< 0.0S)
Animals were terminated after 6 weeks of dietary intervention or 16 weeks after the last AOM injection
Abbreviations are as follows ACF: aberrant crypt foci, CM: average crypt multiplicity/group, MA: microadenomas
representing microscopic lesions< 1mm2, LFC: Low fat corn oil, HFB: High fat Oeeitáttow, HFBG: High fat beef
tallow with added genistein, HFC: High fat corn oil, HFCG: High fat corn oil with added genistein, Baséline; levels
before diet intervention

ACF 4-6

60.5r8.1

766

ACF>7

9.7+2.64

CM

2.89+0.14

2.94x0.1u 1

2.87!0.1u 3

2.78t0.O34 7

2.72!O.O7a 4

MA



Table 5.3 Enumeration of ACF growth characteristics in Mate Fg44 rats after 12 weeks of dietary intervention with
LFC, HFC, HFCG, HFB, HFBG dietsl'2'3'4

Group

HFBG 470.6x50.7 9g8.1196.6 110.4+1g.5a 2g.g+2.7a 2.g7x}.O6a 1g

HFc 479.0!68.4 357.91s0.9 102.9+16.04 1g.1+2.zab 2.74+o.1gab 16

HFGG 330.3131.1 241.6t24.9 7s.g+6.sab 1 s.4+2.gb 2.Bg+0.07ab 11

LFC 393.0169.9 294.9+49.8 83.4+17.2"b 14.6+3.8b 2.69r0.08b 4

Total ACF ACF 1-3

Baseline 330.8126.1 273+29.9 54

1.

2.
3.
4.

Values are expressed as Mean+ SE
Values in the same column not sharing similar superscript are significantly different (p< O.0S)
Animals were terminated after 6 weeks of dietary intervention or 16 weekô after the iast AOM injection
Abbreviations are as follows ACF: aberrant crypt foci, CM: average crypt multiplicity/group, MA: microadenomas
representing microscopic lesions< 1mm2, LFC: Low fat corn oil, HFB: Hign tat beefltãllow, HFBG: High fat beef
tallow with added genistein, HFC: High fat corn oil, HFCG: High fat corn-oil with added genistein, Baõeline; levels
before diet intervention

ACF 4-6 ACF>7 CM MA/
32-40
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Table 5.4 Tumor parameters in male F344 rats fed LFC, HFC, HFCG, HFB and HFBG
intervention

Total number of rats

Tumor incidence (%)

Tumor multiplicity

Average tumor size
(mm2/group
Average tumor size
1mm2)/ tumor-bearing rat
Tumor Burden

Baseline

10

40.o%

2.O+O.7ub

17.5!4.1

25.0+2.1b

58.3123.1

LFC

1.

2.
3.

I
50.0%

1.0r0.0b

34.9r14.0

69.8+10.4

69.8+10.5

Values are expressed as mean+SE
Values in the same row not sharing a common superscript are significantly different (p< 0.05)
Animals were terminated after 6 weeks of dietary intervention, or 16 weeks post AOM injection

HFC

I

55.6%

1.4+O.2ab

25.2+Z.l

32.4+6.9b

45.4t12.8

HFCG

I

66.7%

1.2t0.2b

14.6t7.2

18.7+3.90

21.8110.0

168

1'2'3 atter 6 weeks of dietary

HFB

B

50%

1.3r0.3b

20.3+10.1

39.0+15.6b

40.5130.5

HFBG

8

25%

2.5+0.54

11.4x6.7

18.2+9.7b

45.5114.5



Table 5.5 Tumor parameters in male F344 rats fed LFo, HFc, HFCG, HFB and HFBG 1,2,3 atter 12 weeks of dietary
intervention

Total number of rats

Tumor incidence (%)

Tumor mult¡pl¡c¡ty

Average tumor size
(mm2)/group

Average tumor size
(mm2¡/ tumor-beari ng rat

Tumor Burden

32

59.4%

1.16r0.08b

19.4!6.2

28.2!7.9

32.619.4

Experimental Diets

HFC HFCG

40 39

1.

2.
3.

Values are expressed as mean+SEM
values in the same row not sharing a common superscript are significanily different (p< 0.05)
Animals were terminated after 6 weeks of dietary intervention, or-24 weekl post AOù injection

67.5%

1.70+O.14ab

24.4x4.3

21.2t3.4

36.2r5.0

169

76.9%

1.57+O.12ab

23.8!4.7

19.8+3.3

31.0+5.4

HFB

38

60.5%

1.70+O.3ab

21.1!4.7

20.5r3.1

34.816.3

HFBG

39

69.2%

1 .56+0.12ub

22.8!4.7

21.2t3.9

33.0r5.8



Table 5.6 Classification of tumor size (%) in male F344 rats after 12 weeks of intervention with LFC, HFC, HFCG,
HFB and HFBG dietsl'2

Tumor size

Smal

Medium

Large

Extra Large

LFC

1.

2.
3.

4.

40.e (e)

27.3 (6)

e.1 (2)

22.7 (5)

Experimental Diets

Values are expressed as: percentage of total tumors (actual number)

Total 22
Tumorsa

Animals were terminated after 12 weeks of diet intervention, or 24 weeks post AOM iniection.
Categories are defined as follows: Small, < 10 mm2; Medium, 11-20 mm2; Large, Zl-SO mm2; Extra large >
30mm2
Values represent the total number of tumors /group (n= 32-40 rats/group); tumors represent macroscopic lesions >
1 mm"

HFC

41.3 (1e)

21.7 (10)

HFCG

19.6

17.4

46

51.1 (24)

17.0 (8)

10.6 (5)

21.3 (10)

47

(e)

(8)

Ll0

HFB

41.0 (16)

25.6 (10)

10.3 (4)

23.1 (e)

39

HFBG

57.1 (24)

11.s (5)

s.5 (4)

21.4 (e)
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Table 5.7 Distribution of tumors3 along the length of the colon in male Fg44 rats as affected by LFG, HFC, HFCG,
HFB and HFBG dietsl

Diet

LFC

HFC

HFCG

HFB

HFBG

Colon

18.2 (4)

13.0 (6)

14.e (7)

10.3 (4)

16.7 (7)

Segme

1.

2.
3.

Values are expressed as percentages (actual numbers)
Location from the rectal end in cm: 0-4 (A),4-B (B), g-12 (C), >12 (D)
Total number of tumors in each group were: LFC, 22 HFc, 46; HFCG , 47; HFB,39; HFBG, 42

31.8 (7)

43.5 (20)

40.4 (1e)

30.8 (12)

42.e (18)

fl1

36.4 (8)

37.0 (17)

36.2 (17)

48.7 (1e)

31 .0 (13)

13.6 (3)

6.5 (3)

8.5 (4)

10.3 (4)

e.5 (4)



5.4 Discussion

The main objective of the present study was to investigate the effect of

genistein on the early and late phases of colon cancer in adult rats bearing

preneoplastic lesions of varying growth dimensions and tumors; thus,

representing the situation present in the colons of individuals at high risk for the

disease. The main findings of the present study were: 1) Pure genistein added to

high fat diets at a dose level of 250m9/kg of diet had no significant inhibitory or

stimulatory effect on ACF or tumor growth. 2) During the initial stages of colon

tumorigensesis, supplemental genistein in a highly saturated lipid milieu (HFBG)

retarded primal lesions, MA and tumor incidence. However, in contrast, genistein

in a highly unsaturated lipid environment (HFCG) stimulated ACF growth and MA

at early time point, suggesting that early stages of the disease are sensitive to

dietary manipulation. 3) High fat diets significantly enhanced ACF growth and

tumor incidence and ACF with different growth features demonstrated lipid

specific effects 4) Overall, a high fat diet rich in linoleic acid promoted the growth

of preneoplastic lesions, MA and tumors during the initial and latter stages of

colon carcinogenesis in AOM treated male rats.

As expected, animals fed high fat diets were higher in body weight than

those fed the low fat diet by the end of the study. Dietary lipids had profound

effect on the induction of ACF and tumors because rats fed high fat diets,

harbored significantly higher ACF than animals fed the low fat control diet.

Enumerating the growth features of ACF, MA and tumors at the same time

illustrates the responses of preexisting lesions to the specific intervention. This
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allows us to asses the differences among the responses in these stages to the

same environment. For example, the HFB diet within six weeks increased the

number of advanced ACF only, whereas the HFC diet stimulated the growth of all

ACF. By week 12, the HFB and HFC groups had similar numbers of ACF and

tumor outcome, suggesting that a limited number of lesions were able to respond

to the HFB diet while a larger number of ACF benefited from the HFC diet. This

lipid specific effect appears to be more prominent during pre-adenomatous

stages. Once lesions reach the MA stage, they become autonomous and appear

as tumors. Alternatively genistien appears to be more effective at the post-MA

stage as evidenced by a larger proportion of small tumors in the genistein fed

groups. This genistein effect was also present in the pre-MA stages in the HFCG

group only. These findings support the concept that colonic preneoplastic and

neoplastic lesions represent different biological states and their ability to progress

to the next stage may differ under he same environmental condition.

The HFC and HFCG diets, rich in linoleic acid (n-6), significantly

stimulated ACF growth and MA at the early stages of colon carcinogenesis. lt is

probable that primal lesions require or utilize linoleic acid more efficiently at the

very early stages of the disease process. Linoleic acid may promote the

genotypic changes that occur and sustain the altered phenotype of initial ACF

causing the appearance of MA at early stages. Total ACF was not significantly

influenced by fatty acid composition, amount of fat or addition of genistein after

12 weeks of dietary intervention. However, ACF > 7 crypts were higher in the

HFBG group and lowest in the HFCG group, lower than the LFC fed rats. CM
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was highest in the HFBG group and MA were higher in the HFBG group than the

HFCG group. As the disease progresses it is probable that genistein retards the

growth of large clusters of ACF and crypt multiplicity in the presence of high

linoleic acid and stimulates the growth of such lesions in a saturated fatty acid

milieu as provided in the HFBG group. The HFCG diet retarded the development

of MA during the later stages of the disease. lt is likely that genistein's bioactivity

is influenced by the fatty acid composition of the diet and the stage of colon

carcinogenesis.

ln a study where rats were fed diets containing pure genistein at 250m9/kg of

diet, or genistein rich soy protein, before carcinogen exposure, there was a three

fold and two fold increase in ACF in the distal colon respectively. However,

neither genistein nor genistein enriched soy protein had any effect on ACF when

consumed after carcinogen treatment (Gee et al., 2000).

Tumor incidence at the early stages was highest in the HFCG group and

lowest in the HFBG group. The HFB group had a two-fold higher tumor incidence

than the HFBG group. Although fewer animals in the HFBG group had tumors,

tumor-bearing rats in this group had the highest tumor multiplicity. lt is possible

that in a highly saturated lipid environment, genistein temporarily retards the

growth of primal lesions from progressing to tumors at early stages. Conversely,

genistein in the presence of a highly unsaturated (n-6 fatty acid) diet accelerated

the growth of tumors during the early and advanced stages of the disease, since

tumor incidence in the HFCG group was higher than the HFC group after 6

weeks of dietary intervention and higher than all groups at the end of the study.
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The LFC group had the largest average tumor size in tumor bearing rats

compared to the high fat groups. Although the low fat diet retarded tumor

incidence, primal lesions that survived and exceeded the low fat inhibition, may

have gained autonomy and grown larger in the early stages.

We demonstrate that tumor incidence was high in both the HFCG and

the HFBG groups by the end of the study. Genistein had no inhibitory effect on

tumor multiplicity, average tumor size or tumor burden in the later stages

implying that the tumor promoting effects of a saturated high fat diet exceeded

the initial inhibitory effects of genistein on ACF, MA and tumor incidence in the

HFBG group. Davies et al. (1999), reported that soy supplementation of high fat

diets had no effect on colon tumor multiplicity or total ACF during initial stages or

advanced phases of the disease. Genistein fed to rats prior to AOM treatment

significantly enhanced colon tumor multiplicity, total adenocarcinomas and non-

invasive adenocarcinomas (Rao et al., 1997). Contrary to our results,

Thiagarajan et al. (1998) reported that ACF were significantly lower in male F344

rats fed diets supplemented with pure genistein, full fat soy flakes and soy flour.

Studies on the role of genistein in breast cancer also have yielded

conflicting results, Soy diets containing varying amounts of genistein stimulated

the growth of estrogen dependent tumors in athymic mice and ovariectomised

rats (Allred et al., 2001; Allred et al., 2004). However, genistein fed to rats at 25

and 250 mg/kg diets (AlN-764) reduced the number of mammary tumorsby 20%

and 50% respectively (Lamartiniere, 2000). lt is possible that genistein has organ

specific effects and these effects are highlighted by the disease stage and level
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or number of genetic alterations. lt is also plausible that genistein may not

overcome certain phenotypic changes in advanced preneoplastic lesions.

The distribution of tumors and tumor size were parameters useful in

investigating the sensitivity of colon regions to carcinogen and diet treatment.

Different regions of the colon had varying numbers of tumors with tumors

concentrated in the A and B regions (4-12 cm), These results suppoft the

concept that colon regions respond differently to carcinogen exposure and diet

as described in a number of studies (Bird et al., 1996; Gee et a|.,2000; Good et

al., 1998; Zhang, Thornton and MacDonald, 1998).

Previous studies have demonstrated that a high fat corn oil diet

increased ACF and caused the highest number of tumors compared to a low fat

corn oil diet after 12 weeks of feeding. A similar distribution of tumors along the

length of the colon was reported in HFC and LFC fed rats (Good et al., 1998). A

high fat diet rich in saturated fatty acids markedly increased ACF with

accelerated growth characteristics (Lafave, Kumarathasan and Bird, 1994;

Koohestani et al., 1997). High corn oil and high olive oil diets were found to

produce ACF with similar growth characteristics and promote ACF in the early

phases of the disease (Bird and Lafave, 1995) and male F344 rats fed a high fat

diet containing mixed lipids, greatly promoted tumor incidence and tumor

multiplicity (Rao et a|.,2001).

Genistein did not increase the numbers of large tumors in adult rats. lt is

probable that genistein effects are age specific, such that genistein ingestion by

adults or the elderly may not have a significant effect in retarding or stimulating
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the growth of tumors. ln contrast, introduction of genistein at an early age may

have profound effects on growth of tumors since younger animals appear

sensitive to dietary modulation with genistein ( Rao et al, 1997) and other dietary

interventions such as energy restriction ( Lasko et al, i999).

The present study illustrates that genistein supplemented to diets high in

beef tallow or corn oil had no protective effect on the late stages of colon

carcinogenesis and most importantly it did not enhance colon carcinogenesis.

Bird et al. (1996) reported that feeding rats a low or high fat beef tallow diet failed

to affect tumor outcome in later phases and that early preneoplastic stages were

more sensitive to a low or high fat diet. Similarly, high corn oil and high fish oil

diets were reported to have both growth enhancing and inhibiting effects on

different preneoplastic stages in a selective manner (Good et al., 1998). Data

from the present study supports the proposal that colonic preneoplastic lesions

exhibit an established phenotype that resists dietary modulation (Bird et al.,

1 ee6).

Our results imply that complex interactions occur with experimental

variables and therefore, the timing of dietary intervention after carcinogen

treatment may influence the disease outcome. A vast number of

chemopreventive studies using animal models expose the animals to the test diet

or agent during or soon after carcinogen treatment. The test agent or diet is

continued through out the duration of the study ranging from a few weeks to

several months until tumor outcome and ACF parameters are assessed. For

example one study investigated the effects of genistein in young male animals
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and employed a protocol where animals were chronically exposed to genistein

before, during and after carcinogen administration (Rao et al., 1997). ln such a

design, newly initiated preneoplastic lesions exposed to the test agent may

interact with or confound the effects of carcinogen treatment. lt has been

proposed that a test agent may inhibit or promote cancer depending on the

timing of intervention. Consequently, the tumor outcome resulting from studies

using such a protocol is due to the alteration of very early events of colon

carcinogenesis (Bird and Good, 2000). This concept is well documented in a

study where early intervention with cholic acid for two weeks was as effective in

enhancing tumor outcome as intervention throughout the experimental duration.

ln contrast, cholic acid supplemented to the diet 2 weeks after carcinogen

injection did not enhance tumor outcome (Baijal et al., 1998).

Extensive studies on the cellular and molecular activities of genistein in a

variety of disease states have been reviewed and show genistein as beneficial to

the host (Sarkar and Li, 2003). However, in the case of colon cancer emerging

data demonstrates negative effects or no effects of genistein. This brings to

question the safety of genistein. Pool-Zobel at al. (2000) reported that gensitein

was ineffective in reducing oxidative DNA damage and did not protect against

HzOz induced genotoxicity in human colon cells. Moreover, genistien induced

DNA strand breaks and the damaging effects were evident with low

concentrations of genistein. Although it is difficult to compare findings from rn

wTro studies to those of in vivo studies, it is apparent that genistein was not

effective in stimulating or retarding the number of large tumors. A randomized,
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placebo controlled trial in humans with recent adenomatous polyps reported that

subjects fed soy protein containing isoflavones for a duration of 12 months, did

not decrease colorectal epithelial cell proliferation, an intermediate biomarker of

dietary interventions (Adams et al., 2005).

Our study showed no protective effect of genistein in a high risk model of

colon carcinogenesis. Davies et al. (1999) demonstrated that soy isoflavones

exerted no differences in tumor outcome, size or multiplicity. Further more,

Sorensen et al. (1998) reported that mice fed a western{ype high risk diet, with

soy isoflavones at minimal or high doses did not protect against intestinal tumor

development. lt is possible that genistein may not retard already established

preneoplastic lesions and may not overcome the growth stimulating environment

provided by high fat diets. Whereas in our study overall tumor outcome was

similar in all high fat diets groups, the relative proportion of small tumors was

higher in the genistein fed groups compared to lipid fed groups. This increase in

small tumors alludes to the possibility that genistein was retarding the growth of

early lesions. We propose that the dose level of genistein used in the present

study may not be sufficient to exert a significant effect in a 12 week feeding study

especially once the tumors are of sufficient size. Whether a higher dose of

genistein would affect the growth of advanced preneoplastic lesions and tumor

outcome is presently unknown.

Since genistein is purported to have an array of health benefits, studies

of different stages of colon tumorigenesis with genistein fed at different dose

levels, would further clarify the role of genistein in colon cancer. ln our study of
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feeding genistein for 12 weeks, genistein was not beneficial in retarding colon

tumors in the presence of high fat diets in a animal model emulating high risk for

developing colon cancer. The observation of Rao et al. (1997) that genistein

feeding to young rats during initiation and post initiation stages of colon

carcinogenesis increased tumor multiplicity also suggests that age and duration

of genistein feeding could be important variables affecting tumorigenesis.

The implications of our study on dietary intervention with genistein are

that; consumption of genistein rich foods early in life may deter the disease

process more so than intervention later in life. From this study, we conclude that

genistein has no long{erm protective effect in this model on the basis of ACF or

colon tumor parameters.
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CHAPTER 6

EXPRESS¡ON OF IGF.1 RECEPTOR AND INSULIN RECEPTOR PROTEIN IN

RAT COLONIC TUMORS IS DEPENDENT ON THE FATTY ACID

COMPOSITION OF TUMOR PROMOTING DIETARY LIPIDS SUPPLEMENTED

WITH GENISTEIN

6.1 lntroduction

Genistein is a bioactive compound in soybean that exhibits several

biological activities at the cellular and molecular levels. Soybean intake is

associated with many health benefits including reduced hyperlipidemia, obesity

and hyperglycemia (Bathena and Velasquez, 2001). ln Asian countries, the

incidence of colon cancer is low and epidemiological studies have suggested a

protective role of soy isoflavone intake as an explanation for the divergent

incidence and risk of colon cancer in Asia compared to Western countries

(Toyomura and Kono, 2002). Genistein, the predominant soy isoflavone has

received a great deal of attention as a phytoestrogen enhancing bone health in

post menopausal women as well as a potential cancer preventive agent

(Setchell, 2001).

Experimental studies in animals have shown genistein as an inhibitor of

colonic tumors and preneoplastic lesions (ACF) (Thiagarajan et al., 1998).

Conversely, genistein increased induction of ACF (Gee et al., 2000) and

promoted non-invasive colon tumors (Rao et al., 1997). Genistein is available
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commercially in capsulated form to health conscious and older individuals for

consumption. Therefore the safety and cancer preventive effect of genistein

needs to be assessed. The biological activities of genistein as an antioxidant, a

phytoestrogen and as an inhibitor of tyrosine kinases make it an ideal and

relevant candidate to investigate its cancer modulating ability in a model

emulating high risk for colon cancer.

Receptors exhibiting tyrosine kinases are important in carcinogenesis

and include insulin and insulin like growth factor receptors as well as vascular

endothelial growth factor receptors. These receptors are expressed in colonic

tumors and previous studies have shown that normal and neoplastic colon tissue

and colon cancer cell lines, express lR (MacDonald, Thornton and Bean, 1993;

Wong and Holdway, 1985) and IGF-IR (Guo et al., 1992). Both receptors have

intrinsic tyrosine kinase activity responsible for transducing mitogenic signals

(Nakae, Kido and Accili, 2001)therefore, stimulation of both receptors by either

insulin or IGF-l may be vital in augmenting colon carcinogenesis. Since genistein

is a known tyrosine kinase inhibitor ((Akiyama et al., 1987)), we hypothesized

that dietary genistein may modulate both lR and IGF-lR expression in animals

emulating a high risk model of colon tumorigenesis exposed to high fat diets.

Dietary lipids modulate experimentally induced colon cancer. A high

saturated fat diet such as beef tallow as well as a high unsaturated fat diet such

as corn oil promotes colon tumorigenesis (Bird et al, 1996; Koohestani et al.,

1997; Rao et al., 2001). These findings support the epidemiological evidence that

dietary fats affect colonic tumor incidence in human populations (IARC, 2003).
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The mechanism/s by which these fats augment colon tumor development

remains open to suggestions (Bruce, Giacca and Medline, 2000; Giovannucci,

2OO1; Reddy, 2000). Fatty acid compositions of dietary lipids exert profound

effects on cell membrane structure and function including the level and activity of

membrane associated hormone and growth factor receptors (Clandinin et. al.,

1993; MacDonald and Thornton, 1993). Recently we demonstrated that lR

receptor is elevated in colonic tumors and that the expression level of lR in

colonic mucosae exhibited differences depending on the level of unsaturated

lipids in the diet (Kiunga et al., 2004).

Dietary lipids positively associated with increased colon cancers

significantly influence insulin metabolism (Giovannucci,2001;Yam, 1992). lt has

been postulated that high blood insulin levels evident in type 2 diabetes and high

serum IGF-l levels such as found in obese individuals or acromegaly patients are

risk factors for colon cancer (Giovannucci, 1995; MacKeown-Eyssen, 1984). The

insulin, IGF-l and colon cancer hypothesis has drawn great attention and is

extensively reviewed (Bustin and Jenkins 2001; Durai et al., 2005; Giovannucci

2OO1; Moschos and Mantzoros 2002; Sandhu, Dunger and Giovannucci, 2002;

Yam, 1992).

IGF-l mRNA (Tricoli et al., 1986) and serum levels (Cohen, Clemmons

and Rosenfeld, 2000) are elevated in colon cancer patients. IGF-l and IGF-lR

indirectly enhance angiogenesis in tumors by inducing the expression of vascular

endothelial growth factor (Bustin, et al., 2002; Miele et al., 2000; Warren et al.,

1996). Biological functions of insulin and IGF-l are mediated by a family of
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transmembrane receptors. Despite similarities in structure, both receptors bind

specifically to their ligands. lnsulin and IGF-l may also bind to lF/lGF-lR hybrid

receptors present in target tissues (Nakae, Kido and Accili, 2001; Siddle et al.,

2001). Both hormone receptors activate insulin like receptor substrates 1 to 4

(lRS-1 to IRS-4). There are currently four distinct IRS docking proteins which

when phosphorylated form large protein complexes that activate multiple

intracellular signaling cascades that unleash many short and long term metabolic

events. These include gene transcription, mRNA turnover and DNA synthesis'

lnsulin action plays a major role in glucose homeostasis, lipogenesis and normal

cellular growth and differentiation (Leroith et al., 1995; Nakae, Kido and Accili,

2001).

Results from animal studies suggest that insulin is an important growth

factor of colonic mucosa and a promoter of colon tumors. lnsulin injections

promoted the growth, size and multiplicity of rat colon tumors (Corpet et al.,

1gg7), and insulin receptor tyrosine kinase activity was significantly elevated in

colon carcinoma (Corleta, Capp and Corleta, 1996) strongly indicating a possible

role for insulin and lR in the progression of colon tumorigenesis.

Due to the similarity between lR and IGF-lR and their hypothesized

importance in colon tumorigenesis it is crucial to determine if both of these

receptors are elevated in colonic tumors and if their expression level could be

altered by tumor promoting dietary lipids. ln addition it is important to determine if

genistein would affect expression of these receptors in colonic tumors. We

hypothesized that lR and IGF-lR are important in colon carcinogenesis and that
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geniste¡n would affect the growth of colonic tumors by acting as the inhibitor of

tyrosine kinases. We speculated that genistein would affect the steady state

levels of their mRNA transcripts and protein levels

The main purpose of this study was to determine if groups of tumors

growing under different lipid environments with added tyrosine kinase inhibitor

(genistein) differed from each other with respect to expression of lR, IGF-l and

IGF-lR. Animal studies have shown that lR tyrosine kinase activity is altered by

dietary fat (Watari et al., 1988) and that IGF-|, IGF-lR and lR respond to the

nutritional factors.

ln this study we demonstrate that tumors exposed to a high unsaturated

lipid environment have higher expression of lR than IGF-lR whereas the tumors

exposed to a saturated fat environment had higher IGF-lR than lR protein levels.

Histological staining of colonic tumors and mucosa for IGF-lR indicated that IGF-

lR protein was elevated in tumors compared to normal appearing mucosa.

Genistein added to high fat diets, did not affect lR or IGF-IR expression in the

colonic tumors. These findings support the conjecture that tumor

microenvironment affects tumor phenoptype and that genistein does not affect

tumor phenotype.

6.2 Materials and methods

Animals

Weanling male F344 rats, purchased from Charles River Breeding

Laboratories (Montreal, QC, Canada) were housed in a climate-controlled room

with 12 h lighVl 2 h dark cycles in stainless steel cages with wire mesh bottoms.
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Temperature and relative humidity were maintained aT220C and 55%

respectively. Animals were fed ad libitum. The food cups were replenished

everyday. All animals were cared for according to the guidelines of the Canadian

Council on Animal Care.

Study design and diets

Details of the study design are outlined in chapter 5 and the

compositions of experimental diets are described in chapter 3 in tables 3.1 to 3.3.

Tissue collection, protein and gene expression determination

All rats were killed by COz asphyxiation. Colons were removed, flushed

with cold phosphate-buffered saline (PBS), slit from cecum to anus and spread

on a cold plate. Colon tumors were excised and adjacent normal-appearing

mucosae was Scraped, frozen in liquid N2, ârìd stored in -800C until further

analyses. Western immunoblotting, immunohistochemistry, RNA extraction and

reverse transcriptase polymerase chain reaction procedures and statistical

analysis are described in detail in chapter 3.

6.3 Results

Diets, body weight and tumors

The five diet groups represented different lipid environments (Table 3.1).

The HFC and HFCG diets (23% corn oil) contained a higher level of linoleic acid

(18:2 n-6 fatty acid), than the LFC, HFB and HFBG diets. The HFB and HFBG

diets were different from the other diets in having higher levels of oleic acid (18:1

n-9 fatty acid) and saturated fatty acids (14:0, 16:0 and 18:0 fatty acids) (Table

3.2). There were no significant differences in the final tumor incidence or total
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number of tumors per group among the high fat diet groups. The low fat group

had the lowest tumor incidence. At termination, there were no significant

differences in the mean body weights of animals across diet groups.

lnsulin receptor protein and gene expression

The lR protein level was assessed by Western blot analysis using an

antibody raised in rabbit, which recognized the cr chain of lR a 95 kDa molecular

wt protein fragment. lR protein was expressed in both colonic tumors and

normal-appearing mucosae. lR protein was significantly elevated in tumors than

normal-appearing mucosae in all diet groups (Figure 6.1). Dietary lipids

significantly modulated the lR protein levels in the tumors of all diet groups,

which were in the order LFC=HFC=HFCG>HFBG=HFB. There was significantly

lower lR protein levels in the colonic mucosae compared to tumor tissue (Figure

6.2).

Tumors and colonic mucosa expressed lR mRNA transcripts in all diet groups

(Figure 6.3). The LFC tumors formed significantly higher lR mRNA transcripts

than the HFC group. Dietary lipids modulated the lR mRNA transcripts

differentially in colon mucosa (Figure 6.4).

IGF-IR Protein and gene expression

The IGF-lR protein level was assessed by western blot analysis using an

antibody raised in rabbit, which recognized the cr chain of IGF-lR a 90 kDa

protein fragment. The mature form of IGF-lR cr subunit with a molecular mass of

140 kDa was not evident in our study. IGF-lR protein fragments were expressed
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in both colonic tumors and normal-appearing mucosae. Tumor tissue had

significantly higher IGF-lR than normal appearing mucosa (Figure 6.5).

Dietary lipids with genistein significantly altered IGF-lR protein in tumors.

The HFBG diet group exhibited the highest IGF-lR protein level and the

lowest was evident in the HFCG diet group. The order of IGF-IR protein level

across the diet groups was HFBG=HFB>HFC=LFC=HFCG. ln normal appearing

mucosa there were no significant dietary effects of either lipid on IGF-lR protein

level (Figure 6.6). IGF-lR mRNA transcripts were detected in all diet groups and

no significant difference was noted between tumor or mucosae (Figure 6.3 There

was no significant dietary lipid or genistein effect in tumors or normal appearing

mucosa on IGF-lR mRNA concentration (Figure 6.7).

lmmunohistochemical analysís of IGF-IR in colonic tumors and mucosae

Spatial expression of the IGF-lR protein in colonic mucosa and tumors was

determined by immunohistochemical staining using IGF-lR antibody. Colonic

tumors exhibited higher reactivity compared to adjacent mocosae. IGF-lR was

predominant in stromal cells within the inter-cryptal zone.lGF-lR was expressed

in epithelial cells and lymphocytes (Figure 6.8).

IGF-I protein and gene exPression

IGF-l is a small protein of - 7.5 kDa. ln the present study, the polyclonal

IGF-I antibody cross reacted with a protein band of (- 25 kDa). This IGF-I protein

fragment was expressed in both colonic tumors and normal-appearing mucosae

(Figures 6.3 and 6.9). There were no significant differences between tumors and
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mucosa in IGF-I protein levels. However, in the LFC diet group, mucosae

evidently had higher protein levels than LFC tumors. There were no significant

differences in IGF-l protein level across diet groups in tumors or normal

appearing mucosae (Figure 6.10). Tumors had significantly elevated IGF-l mRNA

transcripts than normal appearing mucosa. Dietary lipid with genistein had no

significant effect on IGF-l mRNA transcripts in tumors or normal appearing

mucosa (Figure 6.11).
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Figure 6.2 Density of lR protein levels in colon tumors and mucosae from

nOn¡ treated male Fg44 rats fed dietary lipids with added genistein. All values

are means + SE of pixels (arbitrary units), n=5-6 tumors or mucosae from each

diet group. Bars with different letters are significantly different (p< 0.05)
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Figure 6.3 Agarose gel analysis of PCR products for IGF-IR

(left), IGF-I and lR (right) in rat colon tumor and mucosae
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Figure 6.4 Densitometric analysis of lR mRNA products in colon and mucosae
of AOM treated male F344 rats fed dietary lipids supplemented with genistein. All
values are means + SE of pixels (arbitrary units), rì=5-6 tumors or mucosae from each
diet group. Bars with different letters are significantly different (ps 0.05)
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lysates f rom AOM treated male F344 rats fed dietary lipids with added

genistein. All values are means t SE of pixels (arbitrary units), n=5-6 tumors

mucosae from each diet group. Bars with different letters are significantly

different (p< 0.05)
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Figure 6.7 Densitometric analysis of IGF-IR mRNA levels in colon and tumor
f ractions of AOM treated male F344 rats fed lipids with added genistein. All values

are means + SE of pixels (arbitrary units), rì=5-6 tumors or mucosae from each

diet group. Bars with different letters are significantly different (p< 0.05)
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Figure 6.9 Representative IGF-l protein bands in rat colonic tumor and mucosae
identified by western immunoblotting.

198

úo

úo Èçe

*tçgG

*{É

Y\ço \\ç9 *{É



3.5

3

P 2.s

Þ¿
,Ë 1.s

€'l

0.5

0

Figure 6.10 Density of IGF-1 protein levels in colon tumor and mucosae
fractions from AOM treated male F344 rats fed dietary lipids with supplemental genistein.
All values are means + SE of pixels (arbitrary units), rì=5-6 tumors or mucosae from each
diet group. Bars with different letters are significantly different (p< 0.0S)
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Figure 6.11 Densitometric analysis of IGF-1 mRNA levels in colon tumors and mucosa of
male F344 rats fed dietary lipids with added genistein. All values are means + SE of pixels
(arbitrary units), h=5-6 tumors or mucosae from each diet group. Bars with different letters
are significantly different (p< 0.05)
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6.3 Discussion

The main findings of the present study were 1) lR and IGF-lR protein

levels were significantly increased in tumors compared to mucosa; 2)

unsaturated dietary lipid, HFC favored increased lR in tumors compared to the

saturated high fat diet, HFB. ln contrast IGF-lR was more abundant in tumors

growing in high saturated fat diets compared to those growing in high

unsaturated fat diets; and immunohistostaining assessment showed that IGF-lR

protein was predominantly expressed in tumors compared to mucosae. 3) the

steady state levels of mRNA transcripts for lR and IGF-1R gene did not always

corroborate the findings at the protein levels; 4) Genistein did not exert a

significant effect on any of the parameters assessed in the present study.

ln a previous study we reported that lR protein was elevated in colonic

tumors. Immunohistostaining showed that lR in tumors were present in the

epithelial as well as stromal cells and most importantly also present in the

nucleus (Kiunga et. al., 2004). The present study supports previous findings and

suggests that lR plays a complex role in tumorigenesis and could have an effect

on transcriptional activity of the cells. lR mRNA concentration was significantly

suppressed in hepatic and adipose tissues of rats fed dietary polyunsaturated fat

with soybean protein in comparison to those fed saturated fat with soybean

protein (lritani et al., 1997). Studies investigating lR or IGF-lR protein expression

in colonic mucosae or tumors are minimal. However, a number of studies have

assessed the level and activity of lR in a variety of tissues as affected by dietary

lipids. Taouis et al. (2002) found that high fat diets containing n-3 or n-6 fatty
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ac¡ds significantly reduced lR number, lR protein level and lR tyrosine

phosphorylation in rat liver while diets containing n-6 fatty acids had no effect on

lR proteins in leg muscle.

Kim et al. (1996) fed rats high fat (45%) safflower and beef tallow diets

and reported that the level of lR mRNA and receptor protein were not affected by

the composition of dietary fatty acids in skeletal muscle. However, insulin signal

transduction intermediates; IRS-1 and phosphotadylinositol 3-kinase (Pl-3K)

gene and protein levels were significantly elevated in the unsaturated (safflower)

diet group than the highly saturated beef tallow group. The effect of high

safflower oil feeding seen in insulin signaling metabolites was parallel to the

effect of high fat corn oil on lR protein level reported in our study. ln rat intestine,

insulin binding to receptors was significantly decreased by a saturated relative to

a polyunsaturated diet (MacDonald and Thornton, 1993) suggesting that

intestinal lR are responsive to dietary lipid amount and fatty acid composition.

Unsaturated lipids favor lR activity and the number of lR in a variety of tissues,

whereas saturated fat exerts an opposite effect. ln this study we noted a similar

trend with respect to expression of lR protein especially in the tumors. We

demonstrate that saturated and polyunsaturated dietary lipids had no effect on lR

at the transcriptional level, supporting our previous findings and suggest that

dietary effects on lR are mainly exerted at the post-transcriptional events.

Our results show that high corn oil diets elevated lR protein levels

significantly in colonic tumors than the high beef tallow diets. ln normal mucosae

the effect of lipids was not as evident as in tumors. Generally, polyunsaturated fat
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diets enhance insulin receptor activity and/or down stream events associated

with lR signaling and saturated fat diets may have an opposite effect.

IGF-lR protein was elevated in tumors compared to surrounding normal

appearing mucosae suggesting that possibly lR and IGF-lR cooperate in

augmenting tumor growth and survival. Weber et al. (2002) perfomed

immunohistochemistry and receptor binding assays on human colon carcinomas

and found over expression of IGF-lR proteins in tumors compared to normal

mucosa. lmmunoreactivity for IGF-lR was evident in 91"/" of all human tumors

(Weber et al., 2002).

Our results corroborated the human study (Weber et a|.2002) because

IGF-lR protein immunostaining was intense in colonic tumors compared to

mucosae, indicative of a significant role for IGF-lR in tumor growth or

maintenance. ln addition, IGF-lR protein level in tumors was significantly higher

in a HFBG dietary environment while the lowest IGF-lR proteins were detected in

the HFCG fed group.

ln the present study, IGF-lR gene expression was not significantly

different in tumors or mucosa . Zhang, Thornton and MacDonald, (1998)

demonstrated that different levels of corn oil and beef tallow diets modulated

IGF-lR protein and mRNA transcripts in different regions of rat colon mucosa.

However, in our study we did not see a significant effect of dietary lipid on IGF-IR

protein or gene expression in normal appearing mucosa possibly due to the fact

that our rats were older than those used by Zhang, Thornton and MacDonald,

(1998) and the whole colon was scraped for analysis and no attempt was made
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to discern the differences between colonic regions.

We reported no significant difference between IGF-lR gene expression in

tumors and normal appearing mucosa. Consistent with our result, Zenilman and

Graham (1997) reported no difference in IGF-lR gene expression in colonic

tumors and mucosa of patients who had tumor resection suggesting that IGF-1R

gene expression is unchanged in neoplastic cells.

Our results showed that IGF-l mRNA levels were higher in neoplastic

tissue than normal appearing mucosa. IGF-l levels are influenced by fat

consumption and in humans plasma IGF-l increased with increasing total dietary

fat and energy intake (Heald et. al., 2003). Furthermore, Kaklamani et. al. (1999)

demonstrated that serum IGF-l was positively associated with consumption of

red meats, fats and oils. However, we observed no significant effects of dietary

lipid type or amount on IGF-l or IGF-lR gene expression in colon tumors or

normal appearing mucosa. Similarly, Ghoshal et al. (2000) reported that IGF-l

and IGF-IR mRNA levels were not altered by the amount of dietary corn oil in rat

liver. However, insulin like growth factor binding protein -l (IGFBP-I) was

significantly elevated by a high corn oil diet rich in n-6 fatty acids. IGFBP-I binds

to free IGF-l suggesting an alternate route by which IGF-l is regulated.

Experimental studies in rats have provided evidence that dietary lipids

alter insulin sensitivity in different tissues. The effect of dietary lipids on insulin

sensitivity and signaling in target tissues is dependent on the fatty acid

composition and quantity of dietary fat (Patti, 1999). Although lR and IGF-lR

proteins and genes are expressed in rat colon tumors, the functional importance
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of both receptors in tumors remains unexplained. The present study illustrates

that high polyunsaturated fat diets (HFC and HFCG) elevated lR protein levels

while depressing IGF-lR protein levels. ln contrast, high saturated fat diets (HFB

and HFBG) elevated IGF-lR protein levels and decreased lR protein levels.

These results suggest that tumors utilize alternate pathways to survive and thrive

in either lipid environment. lt is possible that tumors switch to specific growth

factors and/or receptors that trigger "survival and growth" signaling pathways that

sustain tumors, supporting the notion that dietary lipids may target receptors and

growth factors directly or indirectly at different levels in signaling pathways

(Hwang and Rhee, 1999).

The effect of genistein on IGF-lR protein levels was dependent on the

fatty acid composition of diet. ln the present study it was postulated that genistein

would modulate the expression of IGF-lR and lR gene expression and protein

level as a possible explanation of it's inhibition of lR and IGF-lR tyrosine kinase

activity. We demonstrate that genistein had no significant effect on lR or IGF-lR.

Abler et al. (1992) found that genistein did not inhibit lR tyrosine kinase activity

but genistein blocked the effects of insulin stimulated glucose oxidation, a post

receptor event. lt is possible that genistein may alter lR and IGF-lR post receptor

effects via alternate pathways without modulating the receptors or growth factors

per se. Further studies would clarify the mechanism by which lR and IGF-IR play

a role in early and late stages of colon carcinogenesis.
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7,1

CHAPTER 7

HEIGHTENED EXPRESSION OF VEGF, VEGF.Rl AND VEGF.R2 PROTEIN IN

COLONIC TUMORS BY DIETARY LIPIDS IN RATS TREATED WITH

AZOXYMETHANE

lntroduction

Angiogenesis is the generation of new capillaries from pre-existing blood

vessels. Angiogenesis is normally restricted to a few conditions including wound

healing, formation of corpus luteum, endometrium and placenta. These normal

physiological conditions are tightly regulated orderly processes. However, in

pathological conditions including cancer, angiogenesis speeds tumor growth and

the spread of malignant disease. Only well vascularized tumors expand both

locally and by metastasis while avascular tumors do not grow beyond 1-2 mm in

diameter. The mechanisms for persistent angiogenesis in chronic illnesses are

still unclear, and not the same in each disease. Such mechanisms, lead to an

imbalance between angiogenic factors and inhibitors favoring the creation and

maintenance of new vasculature in tumors (Folkman, 2002).

VEGF is a multifunctional cytokine that is important in regulating the

growth of new blood vessels, such as found in tumors and adenocarcinomas.

Clinical studies have shown that VEGF levels are significantly high in early pre-

malignant stages of colon cancer (Wong et al., 1999) and in colonic tumors

(Reinmuth et al,, 2003).
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Biological effects of VEGF are mediated via cytokine receptor interaction

with VEGF receptors. These receptors are transmembrane proteins with a split

tyrosine kinase domain. They include VEGF-R1 and VEGF-R2 predominantly

found in endothelial cells of blood vessels. VEGF receptors are highly expressed

in colon tumors and adenocarcinomas (Tammela et al,, 2005). VEGF/receptor

interaction initiate receptor autophosphorylation, effecting a signaling cascade of

cellular events that result in endothelial cell survival, inhibition of apoptosis,

stimulation of DNA synthesis, cell proliferation and cell migration (Zachary and

Gliki, 2001). VEGF production is induced by eicosanoids and other growth

factors such as IGF-1 and TGF-81 (Neufeld et al., 1999).

It is postulated that dietary factors contribute to one{hird of the

potentiaily preventable cancers (Adlercruelz, 2002; IARC, 2003). Dietary

constituents including dietary lipids modulate growth factors and hormones

(Straus, 1994) and may also regulate angiogenic factors and their receptors.

Genistein a naturally occurring isoflavonoid present in soy is reported to have

multiple effects on malignant cell growth including the induction of apoptosis and

inhibition of cell proliferation (Buchler et al., 2003). Genistein has been

demonstrated to inhibit in vitro angiogenesis in vascular endothelial cells (Fotsis

et al., 1998) and in vivo by down regulating VEGF gene expression and inhibiting

pancreatic tumor growth in mice injected with genistien (Buchler et al.,2004)

The purpose of the present study was to investigate the effects of high

fat diets supplemented with genistein on VEGF, VEGF-R1 and VEGF-R2 gene

expression and protein levels. Since genistein is a known tyrosine kinase
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inhibitor with anti angiogenic properties, we investigated the modulatory effect of

genistein on tyrosine kinase receptors (VEGF-R1, VEGF-R2) in a tumor

stimulating environment. Since tumors require vascularization for survival and

growth, it was reasonable to investigate if colon tumors express higher

transcriptional activity encoding VEGF, VEGF-R1 and VEGF-R2 mRNA and

protein levels compared to adjacent mucosa.

7.2 Methods

Materials and methods

Animals

Weanling male F344 rats, purchased from Charles River Breeding

Laboratories (Montreal, QC, Canada) were housed in a climate-controlled room

with 12 h lighVl2 h dark cycles in stainless steel cages with wire mesh bottoms.

Temperature and relative humidity were maintained at 22 0C and 55%

respectively. Animals were fed ad libitum. The food cups were replenished

everyday. All animals were cared for according to the guidelines of the Canadian

Council on Animal Care.

Study design and diets

Details of the study design are outlined in chapter 5. The composition of

experimental diets is described in chapter 3 (tables 3.1 to 3.3).

Tissue col lection, i mmu nohistochemístry and dete rmi natio n of p rotein

and gene expression

All rats were killed by COz asphyxiation. Colons were removed, flushed with cold

phosphate-buffered saline (PBS), slit from cecum to anus and spread on a cold
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plate. Colon tumours were excised and adjacent normal-appearing mucosae was

scraped, frozen in liquid N2, âr'ìd stored in -800C until further analyses. Western

immunoblotting, immunohistochemistry, RNA extraction and reverse

transcriptase polymerase chain reaction procedures and statistical analysis are

described in detail in chapter 3.

7.3 Results

VEGF protein levels

The mature form of VEGF monomer (21 kDa) was identified in tumors

and mucosa by western blot and quantified using densitometric analysis. Overall,

tumour tissue expressed significantly higher VEGF protein than normal

appearing mucosa (Figure 7.1). A significant effect of dietary lipids in tumors was

evident. Rats fed a high unsaturated lipid diet (HFC) exhibited significantly higher

VEGF protein than those fed high saturated lipid diets (HFB, HFBG) and low

levels of dietary fat, in tumor tissue. However, supplemental genistein had no

significant effects on VEGF protein in colon tumors.

ln normal appearing mucosa, there was a contrasting significant effect of

dietary lipids with animals fed a high corn oil diet expressing lower VEGF protein

than those fed high beef tallow diets (Figure7.2).

VEGF Gene expression

Two isoforms of VEGF mRNA were identified in colonic tumors and

normal appearing mucosa: VEGF rzr âÍìd VEGF ros.

There were no significant differences between tumors and mucosa in the

expression of VEGFrzr âfld VEGFros mRNA transcripts. There was a significant
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dietary lipid effect on VEGF 121 gêrìê expression in tumor tissues, with the HFB

diet (Figure7.3) and this was not evident in the VEGFros mRNA transcripts.

However, in mucosa, lipid composition modulated VEGFr65 gêrìê expression and

the HFCG fed group had elevated transcripts than the HFBG fed group (Figure

7.4).

VEGF-RI (Flt-l) protein level

VEGF-R1 protein fragment was identified at 49 kDa in both tumors and

mucosa. VEGF-R1 protein was significantly higher in colon tumors than in normal

appearing colon mucosa. ln colonic mucosa, the HFCG diet significantly elevated

VEGF-R1 proteins. There was a significant lipid effect on VEGF-R1 protein in

tumours. Rats fed the HFB diet expressed the highest protein levels and the HFC

fed group displayed the lowest VEGF-R1 protein levels (figures 7.5 and 7.6).

VEGF-RI (FIt-1) gene expression

VEGF-R1 mRNA transcripts were fourfold higher in tumor tissue than in

normal appearing mucosa. ln tumors there were no significant dietary lipid effects

on gene expression of VEGF-R1. However, in mucosa, high fat diets had

significantly lower VEGF-R1 gene expression than the low fat diet (fígure 7.7).

VEG F-R 1 (Flt- 1 ) I mmunohistochemistry

Spatial expression of VEGF-R1 protein in paraffin embedded ethanol-

fixed sections of colonic tumours and mucosa was determined. VEGF-R1 was

moderately increased in ACF and tumours compared to normal appearing

mucosa. Nuclear staining was evident in epithelial cells of colon tumours and

mucosa (figure 7.8).
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VEGF-R2 (FIk-1) protein level

VEGF-R2 protein band of - 60 kDa was identified in both tumor and

normal appearing mucosa, There were no significant dietary lipid or genistein

effects in tumors or mucosa for VEGF-R2 al the protein level (figures 7.9).

However, colonic tumors expressed significantly higher VEGF-R2 proteins than

normal appearing mucosa (figure 7.10).

VEGF-R2 (Flk-1) gene expression

Tumors had significantly elevated VEGF-R2 mRNA transcripts than

normal appearing mucosa. Dietary lipids modulated VEGF-R2 gene expression

in rat colon tumors. The high saturated fat diet (HFB) increased VEGF-R2

transcripts considerably. The amount of dietary lipid affected the VEGF-R2

transcript levels since the LFC group had the lowest VEGF-R2 gene expression

in tumors. On the contrary, in mucosa, the LFC group expressed notably higher

VEGF-R2 mRNA transcripts while the high fat diets had lower VEGF-R2

transcripts (figure 7.1 1).

V EG F-R2 (Flk- 1 ) I mmunohistochemístry

Spatial expression of the VEGF-R2 protein in colonic mucosa and

tumours was determined by immunohistochemical staining using VEGF-R2

antibody. Colon tumours and ACF exhibited higher reactivity compared to

adjacent mucosa. VEGF-R2 was predominant in epithelial cells (figure 7.12)
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21 kDa

Figure 7.1 Densitometric analysis of VEGF protein in rat colon tumors
and mucosae lysates by Western immunobloting.
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Figure 7.4 Densitometric analysis of VEGF(165) mRNA products in

HFC

colon and mucosae of AOM treated male F344
supplemented with genistein
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Figure 7.6 Representative VEGF-R1 protein bands in colonic tumor and
mucosae of rats fed high beef tallow (HFB) and high corn oil (HFC) diets.
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Figure 7.7 Densitometric analysis of VEGF-R1
tumor and mucosa fractions from AOM treated
lipids with supplemental genistein
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Figure 7.9 Density of VEGF-R2 protein levels in colon tumor and mucosa
fractions from AOM treated male F344 rats fed dietary lipids with supplemental
genistein
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Figure 7.11 Densitometric analysis of VEGF-R2 mRNA levels
tumor and mucosa fractions from AOM treated male F344 rats
lipids with supplemental genistein
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7.4 Discussion

The main findings of the present study were that: 1) VEGF protein

expression in colon tumors was modulated by dietary lipids differing in fatty acid

composition. 2) Dietary lipids supplemented with genistein had no significant

effects on either of the two identified VEGF isoforms at the molecular level. 3)

VEGF-R1 and VEGF-R2 were elevated in tumours both at the genetic and

protein levels regardless of lipid saturation. 4) VEGF-R1 protein was significantly

elevated in tumours of animals fed a high saturated fat diet (HFB). On the

contrary, VEGF protein was significantly higher in tumours of animals fed a high

unsaturated fat diet rich in n-6 fatty acids. 5) Spatial expression of both VEGF-R1

and VEGF-R2 proteins depicted different patterns in tumour and colon mucosa.

VEGF-R2 protein staining was intense in dysplastic epithelial cells of tumours

compared to weaker staining for VEGF-R1.

Although the purpose was to investigate the effect of genistein, results

from our tumor and ACF study (chapter 5) showed that genistein had no

significant effect on total tumor outcome. Moreover, genistein exhibited subtle

changes in angiogenic proteins, but the dietary lipid effect on VEGF and VEGF

receptors was significant and consistent. Animals fed diets high in unsaturated

linoleic acid enhanced VEGF protein levels compared to those fed a diet high in

saturated fatty acids.

Kimura, (2002) demonstrated that feeding carp oil rich in oleic and palmitic fatty

acid, inhibited tumor growth and angiogenesis in lung carcinoma bearing mice,

however linoleic acid did not retard tumor angiogenesis or metastatic spread.
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Palmitic fatty acid is a saturated fatty acid and the present study shows that

VEGF protein was down regulated in tumors of animals fed high levels of

saturated beef fat suggesting that VEGF function is regulated by fatty acid type in

tumour tissue. ln normal appearing mucosa VEGF proteins were significantly

increased by the HFB diet while HFC increased VEGF proteins in tumours. ln a

HFB environment, mucosa may secrete more VEGF to meet the demands of

tumors around that environment thus tumor tissue may not need to secrete as

much VEGF.

Genistien had no significant effects on VEGF transcripts. Likewise, in a

transgenic prostate carcinoma mouse model, genistein fed to animals at

250m9/kg of AlN76 diet had no significant effect on VEGF gene expression

(Wang et al., 2004). Human studies demonstrated increased VEGF in colon

tumors with some tumors expressing three VEGF isoforms in different

combinations (Tokunaga et al., 1998)). Tevar et al. (2002), reported that dietary

linoleic acid did not inhibit VEGF mRNA while eicosapentanoic acid significantly

decreased VEGF gene expression, demonstrating that linoleic fatty acids may be

angiogenic at the transcriptional level while our study shows linoleic acid having

a specific proangiogenic effect on VEGF at the protein level.

Two VEGF isoforms (VEGFrzr, VEGFros) were identified in the present study.

VEGFros mRNA corroborated VEGF monomer protein levels. VEGF is secreted

by intact tumour cells and is vital for tumour survival. Various VEGF isoforms

have been shown to enhance tumour growth differentially. VEGF121 is readily

available because it is secreted and highly diffusible. Unlike other VEGF
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isoforms, it is not sequestered within the cellular matrix of the cells. VEGFros

protein was reported to be the most abundantly expressed isoform, biologically

available as a precursor and after signal sequence cleavage (Uthoff et al., 2002).

Furthermore, the VEGFros isomer caused significant in vívo growth of colon

tumours exposed to VEGFro5 transfectant (Tomii et al., 2002). ln the present

study, VEGFrzr and VEGFros mRNA were not significantly elevated in tumour

tissue compared to normal appearing mucosa. Parallel to this result, Andre et al.

(2000) found that in colon adenomas, VEGF mRNA levels were not significantly

elevated compared to normal colon mucosa suggesting that VEGF is not

regulated at the transcriptional level, but more so at the protein level.

ln the present study, VEGF proteins and VEGF mRNA (both isoforms)

were elevated by high n-6 fatty acid feeding. lt is reported that human colorectal

tumors produce VEGF that is up-regulated by cyclooxygenase 2 and

prostaglandin Ez, both of which utilize n-6 fatty acids as precursor molecules.

Moreover, dietary n-3 fatty acids decreased microvessel density, and depressed

COX-2 and PGE2levels in tumors obtained by inoculating HT-29 cells in nude

mice (Calviello et a|.,2004) suggesting that VEGF is responsive to linoleic acid

and it's derived eicosanoids and metabolites which facilitate colon tumor growth.

VEGF-R1 and VEGF-R2 protein was elevated in colon tumours

compared to adjacent mucosa. However, VEGF-R1 and VEGF-R2 displayed

different immunohistostaining patterns in tumours, ACF and mucosa.

lmmunoreactivity to VEGF-R1 antibody showed nuclear staining and mild

staining in ACF and tumour tissue whereas VEGF-R2 protein was intense in
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tumours and present in epithelial cells. These different histology patterns suggest

that VEGF-R2 is the predominant receptor that drives tumour neovascularization

and that heightened co-expression of VEGF and VEGF-R2 in tumours supporls

the notion of an autocrine VEGFA/EGF-R2 mediated pathway within solid

tumours (Kim et al., 2005). Similar to our results, Escribano et al. (2004) found

that VEGF-R1 protein was unchanged in colon tissues of AOM treated rats.

However, immunohistochemical analysis showed that VEGF-R2 expression was

increased markedly and localized mainly in epithelial cells in the lower part of

colon crypts. lt is possible that VEGF-R2 may induce the release of

vacularization mediators that propagate tumour growth and stability. The fact that

VEGF-R1 and R2 are both elevated in colonic tumours suggests a heightened

need for neovascularization in tumour mass. Some tumours produce elevated

VEGF whereas other tumours may derive VEGF from the surrounding tissue.

Alternatively, such tumours are more responsive to the existíng VEGF levels in

the tissue.

VEGF-R1 protein was modulated by dietary lipids in tumor tissue. A high

saturated fatty acid diet enhanced VEGF-R1 protein level much more than a diet

high in unsaturated fatty acids. A high saturated fat diet considerably increased

VEGF-R2 gene expression in rat colon tumors. These results corroborate our

preliminary study on the lipid effects of VEGF and VEGF receptors gene

expression (Chapter 4).

VEGF-R1, protein levels corroborated VEGF-R1 gene expression results. On the

contrary VEGF-R2 gene expression did not corroborate VEGF-R2 protein levels.

227



We demonstrate that both fat types influenced VEGF, VEGF-R1 and VEGF-R2

differentially and that growth factors and receptors are responsive to dietary

factors. Therefore, it is probable that tumor enhancing dietary lipids modulate

tumor growth in part by regulating proteins and molecules involved in

neovascularization. lt is possible that dietary lipids influence tumor growth in

divergent ways yet the outcome is similar, that of maintaining and promoting

colon tumor growth and spread. These findings imply that many pathways work

synergistically to promote and maintain colon tumor growth.

The mechanisms by which dietary lipids regulate neovascularzation are

unknown. Studies on the impact of dietary lipids on colon tumor angiogenesis,

using animal models of colon tumor metastasis would expand knowledge on the

effect of dietary lipids on advanced stages of colon cancer and provide insights to

incorporate diet as an adjuvant to medical therapy in advanced cases of colon

cancer. New therapies that inhibit tumour angiogenesis and tyrosine kinases

relevant to tumour growth are presently being developed and tested. A better

understanding of the balance between positive and negative angiogenic factors

offers potential for therapeutic strategies aimed at regressing or retarding

advanced colon cancers.
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CHAPTER 8

GENERAL DISCUSSION AND SUMMARY

The main objective of this research was to assess the cancer preventive

effect of genistein in a high risk model of colon carcinogenesis. We hypothesized

that genistein an inhibitor of tyrosine kinases will modify tumour outcome and affect

the level of receptor tyrosine kinases such as lR, IGF-IR, and VEGF receptors in

colon tumours and mucosae. These receptors, especially IGF-lR and VEGF-R's are

reported to play a pivotal role in cancer cell survival and growth by inducing a

complex array of signalling net works (described previously in literature review).

Our interest in exploring lR was based on results from our preliminary study

that colonic tumors exhibited elevated levels of lR protein compared to surrounding

normal mucosae (Kiunga et al., 2004) and the fact that there is considerable interest

in exploring the role of insulin and IGF-l signalling in colon carcinogenesis. The

metabolic connection between diabetes and risk of colon cancer has become an

important area of research. lR and IGF-lR possess structural and functional

similarities and drive insulin and IGF-l physiological functions.

The model we used has been described by us previously (Bird and Good,

2000; Good et al., 1998; Good, 1999). Male F344 rats were injected with

azoxymethane to initiate the colon carcinogenic process in a model emulating a

population with high risk for developing colon cancer. Rats consumed a basal diet

Íor 12 weeks. This time period was sufficient to allow the preneoplastic lesions to
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appear in the colon and acquire specific growth features. The preneoplastic stages

were monitored by quantifying the number and growth features of aberrant crypt foci

at week 12 (baseline) the time when intervention with genistien began and at 6 and

12 week time points after the intervention.

The high-risk condition was further exacerbated by feeding rats two tumour

promoting high fat diets. The rationale for studying the genistein effect in a high risk

model was based on the premise that the population most likely to consume

genistein as a supplement would be the health conscious adult population segment

who may harbour preneoplastic lesions in the colon. The fact that a few studies have

reported a colon tumour enhancing activity of genistein, prompted us to determine if

genistein would enhance the risk of colon cancer among those who possess

precancerous lesions in their colons.

The findings of the present study did not completely support our hypothesis in

that genistein did not inhibit the appearance of advanced lesions. Even if genistein

was acting as a tyrosine kinase inhibitor in vivo, tumours were able to adapt and

overcome the genistein effect. The effect of genistein was subtle and alluded to the

possibility that genistein may have retarded the growth of advanced microscopic

ACF, microadenomas and small tumors. However, genistien did not lower total

tumour outcome.

As expected the high fat diets increased tumour incidence and tumour multiplicity

compared to the group fed the basal diet (LFC). Even among the two tumour

promoting diets differences were noted in their ability to affect the growth of ACF and

tumors. The HFC diet stimulated the growth of ACF within six weeks and increased
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the number of MA. ln the case of HFB, the most significant effect on ACF was noted

by week 12. However, the tumour number, multiplicity and the number of small,

medium or large tumors were similar in both HFC and HFB groups. These findings

demonstrated that ACF and MA responded to these two diets differentially as

reported previously (Bird and Good, 2000).

Based on results from the present study we propose that genistien inhibits the

growth of MA and small tumors. This proposal is based on the following rationale:

The genistein supplemented HFC or HFB groups had higher number of ACF with 4

or more crypts after six or 12 weeks of feeding compared to the non-genistein

groups. This increase due to genistein feeding could be interpreted as genistein

exerting a promoting effect (figure 8.1a). However, if we pay attention to the overall

tumour outcome in the genistein as opposed to non-genistein groups, one factor was

conspicuous; that genistein treated groups had few large tumours and a relatively

higher proportion of small tumors compared to HFC or HFB fed groups as illustrated

in figure 8.1b. lf genistein was promoting the growth of existing lesions then we

would have expected either increased tumour multiplicity or an increased number of

medium or large tumours as depicted in figure 8.1a. However, this was not evident in

our study.

We speculate that the increased number of advanced ACF or increased

proportion of small tumors noted in the genistein groups was due to genistein

retarding the progression of these lesions to the next stage. There appears to be a

lag period, whereby tumours adjust to genistein inhibition in a high lipid environment,

resulting in many small tumours and few medium or large tumours (figure 8.1b). The
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Fioure 8.1 Postulated effects of supplemental dietarv oenistein on colon tumor outcome
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most important finding was that genistein did not enhance colonic tumour

incidence, tumour multiplicity or tumour size. This finding suggests and supports the

contention that experimental protocol and the biological state of the target

preneoplastic lesions must be considered during the evaluation of a compound for

its cancer preventive efficacy.

There are a number of differences between the experimental protocol of this

study and the study by Rao et al. (1997) where genistein enhanced colon tumours.

ln our study we had genistein supplemented to high fat diets, the intervention began

12 weeks after AOM injections and the duration of intervention was Íor 12 weeks in

adult rats. ln the study by Rao and colleagues (1997), the intervention was initiated

before AOM injection and was continued for an additional 40 weeks or more.

The differences between the findings of the two studies also suggest that genistein

may exert different effects in young as opposed to adult rats. One would wonder if

longer feeding with genistein using the high risk protocol of the present study could

have affected tumour outcome.

The dose level of genistein used in the present study was similar to that used

by Rao et al. (1997) at 250 ppm. Whether higher doses of genistein would have

been more effective in retarding the growth of tumors than the dose used in the

present study needs further investigation. Furthermore, animals were given genistein

in the diet and plasma levels of genistein may have risen slowly. Whether taking

pure genistein as a supplement in pill form would affect the tissues and disease

process in a different manner requires furlher investigation.
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Table 8.1 Dietary lipid and genistein effects on lR and IGF-IR
proteins in rat colon tumors

DIETS' IR IGF.IR
HFB l.* 1*
HFBG l* 1*
HFC 1 J

HFCG 1* l_*

LFC 1* L*

Table 8.2 Dietary lipid effects on VEGF, VEGF-Rl, and VEGF-R2
proteins in rat colon tumors

* Significant dietary effect. Either significantly elevating or decreasing receptor
and/or growth factor protein level in colon tumors compared across diet groups.

Arrows depict general effect of dietary lipids and genistein on protein levels
where:

f Diet effect: increase in protein of interest

J Diet effect: decrease in protein of interest

1. Diets: HFB, high fat beef tallow; HFBG, high fat beef tallow and added
genistein; HFC, high fat corn oil; HFCG high fat corn oil with added genistein;
LCF, low fat corn oil (control)
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lndividuals interested in supplements and alternative remedies often times

think more is better. Dose response studies in a high risk model for colon cancer,

would determine cut off points or minimum genistein levels that confer benefit or

harm. Such research would provide reason to include or preclude genistein in

strategies for prevention or management of colon cancer. Difficulty exists in

differentiating between the health effects of isolated bioactive compounds of soy and

whole soy foods. ln addition, the use of isolated pure genistein in animal studies is

limiting. A study where different soy components and common whole soy foods

supplement high fat diets may provide stronger evidence for a function of soy in

colon cancer.

Based on the results of the tumorigenesis study in which genistein did not

significantly change tumour outcome, we realized that any changes noted at the

molecular level in tumors growing in a genistein rich environment may not shed

much light on the biological activity of genistein. This view was strengthened by the

fact that lR and IGF-lR gene and protein expression were significantly affected by

the lipid type but not by genistein. All tumors investigated exhibited the presence of a

higher level of lR or IGF-lR protein compared to corresponding normal appearing

mucosae. However, tumour microenvironment affected by dietary lipid had profound

effect in altering the tumour phenotype; a preferential expression of IGF-lR in a

saturated fat diet relative to the expression of lR was noted whereas an unsaturated

fat diet favoured the expression of lR and not IGF-IR (Table 8.1). To our knowledge

this is the first study to report that dietary lipids affect tumour phenotype and possibly

sensitivity of tumors to the microenvironment following a drug or therapeutic

235



intervention. The cross talk between lR and IGF-lR is well known and it is possible

that lR and IGF-lR co-operate in sustaining a specific physiological function in

tumour mass. lt is worth noting that lR expression is favoured by polyunsaturated

lipids than saturated lipids in a number of tissues (Taouis et al., 2002).ln the present

study, we observed that tumours are highly responsive to dietary lipid fatty acid

composition than the normal appearing mucosae.

Genistein was not effective in modulating the expression of VEGF receptors 1

and 2 in tumors. All tumors had increased levels of these two receptors compared to

normal appearing mucosae. lncreased expression of VEGF-R1 and VEGF-R2 is

implicated in neovascularization and cell growth. Therefore, the finding was not

totally unexpected. However, dominant effects of lipids on VEGF, VEGF-R1 and

VEGF-R2 were evident. Tumour phenotype was affected by the fat type in VEGF-R1

whereas VEGF-R2 was increased in high fat diet groups (Table 8.2). Both receptors

vary from each other with respect to their spatial expression in normal mucosae,

ACF and tumours. VEGF-R2 immunostaining was predominant in tumour tissue and

present in epithelial cells. However, VEGF-R1 displayed nuclear and mild staining in

tumours. lt is probable that both receptors differ in biological potency and one would

speculate that VEGF-R2 is probably more important for tumour growth because

VEGF-R2 is believed to drive angiogenesis because it's the preferred receptor for

VEGF ligand binding. The measurement of proteins at a given time point reflects

changes that may be due to a direct treatment effect. The level of proteins may also

reflect changes to the adaptive mechanism or steady state levels of proteins during

the disease process. Nevertheless, it is important to determine if tumour biology and
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its ability to sustain or resist negative growth environment is affected by the

expression pattern of VEGF-R1 and VEGF-R2. For instance tumours with

considerably higher levels of both receptors such as in HFC tumours than those with

lower levels such as HFB tumours remain open for future investigation.

ln conclusion, we have demonstrated that dietary lipids affect tumour

phenotype with respect to the expression of lR, IGF-lR, and VEGF receptors. This

study is the first to demonstrate a profound effect of dietary lipid type on these

receptors. Genistein did not enhance tumour growth or multiplicity in rats emulating

a high risk for developing colon cancer. However, genistein displayed stage specific

effects. This study provides impetus to further explore the role of genistein in colon

carcinogenesis. lt remains to be seen if genistein's biological activity is affected by

the age and gender of the animals as well as different levels of genistein. Moreover,

it clearly demonstrates that physiological milieu as affected by dietary lipids

surrounding the tumours influence tumour phenotype. Whether these tumours will

respond differentially to growth modulation by exogenous chemopreventive agents

remains to be seen. Based on the results of this study, the implications for the use of

genistein as a supplement is that moderate intake of genistein as a health

supplement would not benefit a population at high risk for developing colon cancer.
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Äbstract

Insulin is associated with augniented colon carcinogenesis in vivo, but the mechanism(s) ofgrowth promotion is not known.

This study investigates the expression profile of a key component of the insulin signaling pathway, the insulin receptor (IR), in

colonic tumors in comparison to normal colonic mucosa and the effects of dietary lipids. Male F344 rats harboring preneoplastic

lesions were randomly allocated to three high fat diet groups: beef tallow (HFB), corn oil (HFC), fish oil (HFF) or a low fat com
oil (LFC) diet for 16 weeks. Colonic tumors and mucosae were analyzed for IR protein by Western blot and

immunohistochemical analyses. IR mRNA expression was also analyzed by semi-quantitative RT-PCR. Western blot analysis

demonstrated that IR protein level was significantly greater (P < 0.001) in tumors than in normal-appearing mucosae in each

diet group, and varied (P < 0.001) among the tumors in the order HFF > LFC > HFB > HFC. Immunohistochemical
assessment of the tumors as compared to the normal mucosa confirmed the elevated expression of IR protein in the tumor cells

compared to normal mucosae. Immunoreactivity was noted in the nuclear compartment. In normal colonic mucosae, IR protein

levels were lower (P < 0.001) in the saturated fat diet group (HFB) than the three unsaturated fat diet groups (LFC, HFC and

HFF). IR mRNA transcript levels did not differ between colonic tumors and mucosae, and no significant diet effect was

observed. These results demonstrate that steady state levels of IR are elevated in colonic tumors above that of normal mucosae

in vivo irrespective of the dietary lipid environment. However, the IR mRNA transcript levels did not reflect any significant diet
effect and remained relatively steady between the tumor and normal mucosa, indicating altered post transcriptional regulation

of IR in tumor tissues compared to normal mucosâe.

@ 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Colon carcinogenesis is a multifactorial disease

involving complex multistep events at the molecular
and cellular levels [1,2]. Hyperinsulinemia and the

resultant insulin resistant state have been linked to
increased risk for colon cancer [3]. Experimental
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and epidemiological studies have implicated insuün
as a modulating factor for colon cancer progression

[3,4]. Insulin plays a major role in glucose homeo-
stasis, normal storage of ingested fuels, cellular
growth and differentiation in various tissues [5,6].
Insulin signalling [7-9] is mediated via the insulin
receptor (IR), a transmembrane protein consisting of
two subunits, c. and B. Insulin docking to the IR-a
triggers IR-B autophosphorylation activating a series

of signalling cascades, involving autophosphorylation
and activation of tyrosine kinases and phosphotyr-
osine proteins, including insulin receptor substrate-l/
2, D-3 phosphorylated phosphoinositides 3-kinase,
mitogen activated protein kinase-l/2 and ras/raf
kinase. These cytoplasmic signals are further trans-
ferred to the nucleus, thus controlling gene expression
of important regulatory effectors that influence long-
term intracellular events. Furthermore, IR-related
events may also be mediated via molecules other
than insulin such as insulin-like growth factor-1 [9].

The colon is profoundly influenced by diet [10] and
high fat diets have been implicated in the pathogen-
esis of colon cancer [10-13]. The composition and
amounts of dietary lipids have been shown to
differentially modulate colon carcinogenesis under
experimental conditions [14,15]. Colonic tumors
display a characteristic phenotype and are subject to
spatial and temporal regulation specific to their
growth environment, particularly diet. The relation-
ship between dietary lipid composition and insulin
function has been studied extensively. Dietary lipids
are known modulators of IR status and sensitivity in
several organs actively engaged in glucose metab-

olism and storage of energy [7,16-18]. It could be
proposed that dietary lipids modulate tumor growth in
part by affecting IR status of the colonic tissue and its
sensitivity to insulin. Whether dietary lipids modulate
IR status of the normal or neoplastic colonic tissue is

not known.
The present study's objective was to determine the

IR status of colonic tumors and mucosae derived from
animals fed various dietary lipids by use of Western
blot and immunohistochemical analyses. In this study
rats were injected with azoxymethane to initiate
carcinogenesis and fed a low fat diet for l0 weeks

to allow the disease to progress. After l0 weeks rats

were subjected to different high fat diets varying in
fatty acid composition for 16 weeks, emulating an

intervention strategy in a population with high-risk for
developing colon cancer [l4,16,181.

The main findings of the present study were that
colonic tumors exhibited significantly higher levels of
IR proteins than normal mucosae in all diet groups.

The composition of the diets affected the basal

expression levels of IR protein in the normal colonic
mucosa for instance, colonic mucosae of rats fed
unsaturated lipid diets (corn oil and fish oil) exhibited
significantly higher IR levels than those fed saturated
lipid diets (beef tallow). The marked deregulation of
IR protein expression in tumors regardless of the IR
status of the surrounding normal mucosa suggests an

important role for IR in colon carcinogenesis.

2. Materials and methods

2.1. Animals

Weanling male F344 rats purchased from Charles
River Breeding Laboratories (Montreal, QC, Canada)
were housed in a climate-controlled room with 12 h

lighrJl2 h dark cycle in stainless steel cages with wire
mesh bottoms. Temperature and relative humidity
were maintained at 22oC and 5570 respectively.
Animals were fed ad libitum. The food cups were
replenished everyday. All animals were cared for
according to the guidelines of the Canadian Council
on Animal Care.

2.2. Study design, diets

The tumor induction protocol was similar to those

described previously [6,14,15]. Briefly, animals were
acclimatized for 2 weeks and then injected three
times, once a week, with azoxymethane (AOM), a
carcinogen known to preferentially induce colon
cancer, at a dose of 15 mg/kg dissolved in 0.9Vo

saline. Following the injections with AOM, all rats
were fed a low fat corn oil diet (LFC, 5Vo by weight)
for 10 weeks. This duration allowed the preneoplastic
lesions to develop, progress, and acquire specific
phenotypes. At week 10, the rats were randomly
assigned (N : 30) to one of the following four diets:
high fat corn oil (HFC), high fat frsh oil (HFF), high
fat beef tallow (HFB), or low fat corn oil (LFC). The
composition of the experimental diets is presented in
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Table I

Composition of experimental diets

HFF

Casein

Corn starch

Dextrose

Corn oil
Cellufil
DL-Methionine
Choline bitartrate
AIN-764 mineral mix
AIN-76A' vitamin mix
Additional high fat"

LFC, low fat corn oil; HFC, high fat corn oil; HFF, high fat ñsh

oil; and HFB, high fat beef tallow. All values represent the

percentage (7o) composition unless mentioned. All diets inespective
of their fat content were isocaloric.

" Additional high fat ( I 87o by weight) consists of com oil in HFC,
fish oil in HFF and beef tallow in HFB diets.

Table l. All high fat diets contained 187o experimen-
tal fat and 5Vo corn oil by weight, while the low fat
diet contained only 5Vo corn oil by weight. The fatty
acid composition of the experimental diets is
presented in Table 2. Animals remained on the

experimental diets for sixteen weeks. All experimen-
tal diets were based on AIN-764 semi-synthetic diet

[l9]. Stocks of corn oil (Bestfoods Canada Inc.,
Toronto, ON, Canada) along with the prepared diets

were stored at 4"C. Fish oil stock (gifted by Zapata
Protein Inc., Reedville, VA, USA) and Beef Tallow
stock (Maple Leaf Foods, Winnipeg, MB, Canada)

were stored at -20 
oC in amber bottles and the HFF

and HFB diets were prepared fresh on a daily basis.

Body weights of all animals were noted prior to
administration of the experimental diets and at

termination of the study.

2.3. AnaLysis of fatty acid compositiotts of diets

Total lipids were extracted from the diets by the

methods of Folch et al. [20] using chloroform/
methanol (2:1, YN) and fatty acids analyzed as

described previously I I 3].

2.4. Termination and tissue collection

All rats were killed by CO2 asphyxiation. Dissected
colons were flushed with cold phosphate-buffered

saline (PBS) and slit lengthwise. Colonic tumors
> 5 x 5 mm in size were excised and adjacent normal

mucosae were scraped, frozen in liquid N2, and stored
in - 80 "C until further analyses. Whole colons were

fixed flat in 7O7o ethanol for 48 h prior to the
preparation of serial sections for immunohisto-
chemistry.

2.5. Western blot analyses

Whole homogenates of colonic tumors and muco-
sae were prepared with protein inhibitors and the total
proteins were quantified using a Coomassie protein
assay reagent (Pierce, IL, USA) by a modified
microassay of the B¡adford method t211. A positive
control was included in all the gels to minimize
background and gel-to-gel variability. Tumor or
mucosae homogenates equivalent of 20 pg protein/
lane were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on

l07o acrylamide separating gels, with equivalent
loading of protein onto each gel lane. The resolved
proteins were transferred to Hybond-ECL nitrocellu-
lose membranes (Amersham Life Technologies, IL,
USA). Membranes were blocked for I h at room
temperature with 5Vo skim milk powder and then
probed with rabbit polyclonal anti-IR-ct antibody
(SantaCruz Biotechnologies, CA, USA) (l:100
dilution) at 4"C ovemight. Blots were washed and

incubated with secondary anti-rabbit antibody con-
jugated with horse radish peroxidase (SantaCruz

Biotechnologies, CA, USA) (1:1000 dilution) for I h

'îable 2
Percentage fatty acid composition ofexperimental diets

Fatty acid Corn oil Beef tallow Fish oil

Diet Ingredients LFC

20.0 23.0 23.0 23.0

52.0 33.8 33.8 33.8

13.0 8.s 8.s 8.5

5.0 5.0 5.0 5.0

5.0 5.9 5.9 5.9

0.3 0.3 0.3 0.3

0.2 0.2 0.2 0.2
3.5 4.t 4.t 4.1

1.0 t.2 t.2 t.2

- 18.0 r8.0 r8.0

l4:0
l6:0
l6: I
t 8:0
l8:ln-9
I 8:2n-6
I 8:3n-3
20:5n-3
22:5n-3
22:6n-3

2.4

20.6

1.8

16.0

34.9

t4.3
2.6

ND
ND
ND

ND
10.6

0.1

2.2

25.5

57.8

2.4

ND
ND
ND

8.2

14.8

9.9

3.2

12.2

tz.3
2.3

t2.8
2.3

6.2

The fatty acid composition was analysed by gas chromatog-

raphy. ND, non-detectable
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at room tempefature. After washing, the blots were

incubated with ECL chemiluminiscence substrate
(Amersham Life Technologies, IL, USA) for I min,
and the immuno reactivity was visualized by exposing
a BIOMAX ML (Eastman Kodak Company, CT,
USA) for 5 min at room temperature. Densitometric
analysis was conducted using Scion Image for
Windows software.

2. 6. I mtnuno lti s t o c he mis t ry

Colonic tumors and corresponding adjacent muco-
sae sections @: 12) from 6 rats of the LFC group
were randomly chosen for immunohistochemistry.
Ethanol ñxed, paraffin-embedded mucosae and tumor
(5 pm) sections were processed for immunoperoxi-
dase staining. Endogenous peroxidase reaction was

blocked by 30 min incubation in l% hydrogen
peroxide in lX PBS. After extensive washing in lX
PBS, the tissue sections were incubated with blocking
serum in lX PBS for 40 min at room temperature to
block non-specific binding. Tissue sections were
washed again with 1X PBS and then incubated with
50 pl diluted rabbit polyclonal anti-IR-cr antibody
(SantaCruz Biotechnologies, CA, USA) ( 1 :40
dilution) for I h at room temperature in a humid
chamber. Each tissue section was then incubated with
anti-rabbit IgG conjugated with horseradish peroxi-
dase. The peroxidase reaction was initiated by
immersing the slides 1n 0.067o 3,3/-diaminobenzidine
tetrahydrochloride (Sigma Chemicals, St Louis, MA,
USA) in lX PBS to which 0.03% HzOz had been

added immediately before use. Finally, the slides were
lightly counterstained with giemsa (Sigma Chemicals,
St Louis, MA, USA), dehydrated and mounted with
Permount (Fisher Scientific, Ottawa, ON, Canada). To
confirm the specificity of the antibodies, two negative
control slides were simultaneously processed in a

similar manner as mentioned earlier for the test slides

except for the omission of either primary or secondary

antibodies, respectively.

2.7. RNA extractiott

All reagents and enzymes were obtained from
Gibco BRL (Burlington, ON) unless otherwise
specified. Extraction of total RNA was based on the

method developed by Chomczynski and Sacchi [22].

2.8. Reverse transcription

cDNA was synthesized by reverse transcription
from I pg total RNA primed with 500 ng of oligo dT
at 65 oC for 10 min, and chilled for 5 min. Each 20 pl
cDNA synthesis reaction contained I pg of total RNA
from tumour and normal tissues, buffer (50 mM Tris-
HCI (pH 8.3), 75 mM KCl, 3 mM MgCl2), 0.5 mM
dNTPs, 39 units of RNA Guard ribonuclease inhibitor
(Pharmacia), l0 mM DTT, 200 units of M-MLV
reverse transcriptase (Life Technologies) and was

incubated at 42"C for 2 h as detailed by Gibco BRL.

2.9. Polymerase chain reacÍiotx

PCR was carried out using a PTC-100 Thermo-
cycler (MJ Research Inc.). 0.5-5 pl of l0 x -diluted
cDNA was amplified in a 50 pl PCR reaction mixture.
The PCR reaction mixture contained 1.87 U Taq DNA
polymerase,0.2 mM dNTP, 1.50 mM MgCl2,20 mM
Tris (pH 8.4), 50 mM KCI and 0.5 pM 5/ and 3/

primers for either IR or B-actin (Gibco BRL, Life
Technologies Inc.). The p-actin primer sequence were

sense: 5/-GTG GGG CGC CCC AGG CAC CA-3/and
ANIi-SENSE: s/-CTC CTT AAT GTC ACG CAC GAT
TTC-3/; and the IR primer sequence were sense:

s/-ATC TGG ATC CCC CTG ATA ACT GTC-3/and
ANIi-SCNSC: -s/ATG TGG GTG TAG GGG ATG TGT
TCA-3/. The reaction was preheated for 2 min at

94 oC and then 23 cycles for B-actin and 28 cycles for
IR were performed at94oC for I min, 52 oC for 2 min
and 72"C for 3 min and a final elongation period of
10 min at 72 "C.

2.10. Visualization and quantifcation of PCR
products

PCR products were resolved on a2Vo agarose gel in
lX TBE with 0.5 pg/ml ethidium bromide. Equal
volumes of each sample were loaded (15 ¡.rl), and

resulting gels were photographed under UV illumina-
tion on polaroid film. The photographs were scanned

using Corel PhotoPaint (version 5.0) software. Scion
Image software (version 2.0) was used to estimate the

area of the product bands in pixels. Area of the band

corresponding to the IR primer was expressed as a

ratio relative to the area of the band corresponding to

þ-actin 1231.
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TUmOfS 
--- la-\t

HFF HFB

LFC HFC HFF HFB previously [15]. The low fat group had the lowest
tumor incidence [l4,15]. At termination, there were
no significant differences in the mean body weights of
animals among diet groups (378.2 -r 9.9-
396.3 t ll.9 within the respective diet groups).

3.2. Insulin receptor protein level

The IR protein level was assessed by Western blot
analysis using an antibody raised in rabbit, which
recognizes the ct chain of IR. IR protein was expressed
in both colonic tumors and normal mucosae (Fig. l).
IR protein was higher (P < 0.001) in tumors than
normal mucosae in all diet groups (Fig. 2). Dietary
lipids significantly (P < 0.001) modulated the IR
protein levels in the tumors of all diet groups, which
were in the order HFF > LFC > HFB > HFC (Fig.
2). The IR protein level in the colonic mucosae was
lower (P < 0.001) in the HFB diet group than levels
in the LFC, HFC or HFF diet groups (Fig. 2).

3.3. Immunohistochemical analysis of insulin receptor
in colonic mucosae and tumors

Spatial expression of the IR protein in
colonic mucosae and tumors were determined by

2000

1800

1600

1400

1200

1000

800

600

400

200

0

i

LFC HFC HFF HFB

Diet grqJps

Fig. 2. Densitometric analyses of IR protein levels in colonic tumors
and mucosae as evaluated by Western blot analyses. All values are

mean t SE of pixels (arbitrary units), tr > 6 tumors or mucosae

from each diet group. Superscripts a-d indicates significantly
diferent (P = 0.001) values between tumors of different diet
groups. Superscripts indicates significantly different (P = 0.001)
values between mucosae of different diet groups. All values of
tumors and mucosae in each diet group were significantly different
(P < 0.001) from each other. LFC, low fat corn oil; HFC, high fat
com oil; HFF, high fat fish oil; and HFB, high fat beef tallow.

LFC HFC

Mucosae

Fig. l. lR protein expression in colonic mucosae and tumors by
Western blot analyses. Note the 125-kDa IR protein expression is
lower in mucosa than in tumors. HFB, high fat beef tallow; LFC,
low fat corn oil; HFC, high fat corn oil; and HFF, high fat fish oil.

2. I 1. Statistical analyses

Data was analysed using SAS statistical software
for microcomputers. Differences in IR gene

expression among the four diet groups were deter-
mined by analysis of variance combined with the
Duncan's multiple range test atp < 0.001.

3. Results

3.1. Diets, body weight and tumors

The four diet groups represented different lipid
environments (Table l). The diets differed from each
other as follows: the HFC diet (23Vo corn oil)
contained a higher level of linoleic acid (18:2 o-6
fatty acid), while HFF diet had eicosapentaenoic acid
(20:5 ro-3 fatty acid) and docosahexaenoic acid (22:6
co-3 fatty acid); and the HFB diet had higher levels of
oleic acid (18:l o-9 fatty acid) and saturated fatty
acids (14:0, 16:0 and 18:0 fatty acids) (Table 2). At
the time of diet intervention, l0 weeks after the last

AOM injection, the colons of all animals had a large
population of preneoplastic aberrant crypt foci (ACF)

[14,15]. The tumor outcome among different diet
groups was very similar to what has been reported
previously from another study [14,15] with a minor
difference in intervention protocol to this one [15].
There were no differences in the final tumor incidence
or total number of tumors per group among the high
fat diet groups [4,l5], although the number of tumors
was lower in the HFF than the HFB or HFC groups.

The size of the tumors in the HFF group was larger
(P < 0.05) than that in the other groups as stated

cl

o
b
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õ
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Fig. 3. IR protein expression in paraffin-embedded, ethanol-fixed sections ( x 400) ofcolonic mucosa and tumor derived from colon ofthe low
fat com oil diet group by immunohistochemical staining. (a) Normal colonic mucosa depicted ìntense staining ofstromal cells in the intercryptal
zone and diffuse staining in the epithelial cells of the crypts for IR immunoreactivity. (b) Colonic tumor depicted intense staining in the

dysplastic epithelial cells and the stromal cells for IR ¡mmunoreactivity. Note the nuclear staining in the epithelial cells (white anow) of the

colonic tumor.

immunohistochemical staining using IR antibody.
Colonic tumors (Fig. 3b) exhibited higher reactivity to
the IR antibody compared to the adjacent colonic
mucosae (Fig. 3a) of the same rat. IR antibody-
reactive staining was localized to the inter-cryptal
zone in the normal mucosae and to the outer lining of
the crypts. However, in the tumors (Fig. 3b), IR
antibody reactive staining was diffused over the tumor
mass with prominent staining within the cells of the

distorted crypts. The staining also depicted marked
dysplasia of the tumor cells that were epithelial as

well as mesenchymal cells. Scattered nuclear staining

l{ll¡i ---},

was observed within the tumor mass in the epithelial
cells (Fig. 3b). The nuclear staining varied in
intensity. The section of the tumor presented in Fig.
3b captures the nuclear staining as well as staining in
the cytoplasm and mesenchymal cells.

3.4. Insulin receptor gene expression

Tumors and colonic mucosa expressed IR mRNA
transcripts in all diet groups (Fig. 4) with no

significant difference in expression among the diet
groups (data not shown).
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Fig.4. Insulin receptor mRNA transcript expression in colonic mucosae and tumors by semiquantitative RT-PCR analyses. The 331-bp band

conesponds to IR and the 541-bp band corresponds to B-actin mRNA transcripts respectively. HFC, high fat corn oil; LFC, low fat corn oil;
HFB, high fat beef tallow; and HFF, high fat frsh oil.
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4. Discussion

Epidemiological studies and experimental findings
suggest that hyperinsulinemia or insulin resistance
may enhance the risk of developing colon cancer

[24,25]. Insulin is a well known growth factor to a

variety of cell types and has been associated with
enhancing experimentally induced colonic tumors.
Exogenous injections ofinsulin to rats result in a higher
incidence of colonic tumors [24,25]. Insulin receptor
(IR) plays an important role in communicating insulin
responses; however IR may also transmit growth
signals initiated by the closely related Insulinlike
growth factors (IGFs). The recent queries about the
potential role of insulin in colon tumorigenesis
prompted us to explore the IR status of colonic tissue

as affected by carcinogenesis and by dietary lipids,
known modulators of IR status and colon
tumorigenesis.

This manuscript attempts to answer two funda-
mental questions to further understand the influence
insulin signaling holds over cancer progression in the

colon: do colonic tumors differ from colonic mucosa

with respect to IR status and whether differences in the

fatty acid composition of the dietary environment
affect the IR status in both tissues. In the present study,
IR mRNA and protein expression levels were com-
pared in both colonic tumors and mucosae in all diet
groups; In addition, immunohistochemical analysis of
IR protein was also carried out in order to visualize the

expression profile of the IR in tumors vs. mucosa. The
main findings are that (l) IR protein levels are elevated
(between 1.6-12.1 fold within the respective diet
groups) in the tumors as compared to the normal
mucosa. (2) Immunoreactivity of the IR protein is

localized to the nuclei of epithelial cells within the

tumor mass. (3) IR protein levels were affected by the

dietary lipid environment, though the colonic mucosa

and tumor groups did not appear to follow the same

trends. For example, though the HFB diet minimized
the IR expression in the mucosa, IR status in the tumors
from HFB group weren't as drastically affected. (4) IR
mRNA expression levels in colon remained unaffected
by the disease state or the dietary lipids.

The significantly elevated levels of IR protein in
the colonic tumors suggest that IR may be playing
an important role during tumorigenesis. Higher
levels of IR in tumors may serve to prime

the tumor tissues to be more responsive to insulin
or other IR ligands than normal mucosae. Absence
of any marked changes in the mRNA levels due to
the disease state reflects that the regulatory influ-
ences may be exerted at the post-transcriptional
stages. It is not known whether IR protein over-
expression is necessary for the vital point of
transition from a preneoplastic stage to neoplasia.

Colonic mucosa as well as tumor mass are made up
of a number of cell types and it is important to
demonstrate whether the IR expression originates
from the epithelial cells and./or other cell types.
Immunohistochemical analysis gave us an important
insight into the spatial expression of the IR protein.
Our observation of the abundant expression of IR in
the nuclear compartment of the epithelial cells within
the tumor mass raises an important question as to the
mechanism by which IR is affecting tumorigenesis
and warrants further investigation in future studies.
An earlier attempt to evaluate IR expression in
surgically resected human colonic tumors [4] had

shown lower levels of insulin binding to the
microsomal fractions, possibly overlooking the dis-
carded nuclear fraction in the purification process.

This is the first report on nuclear expression of IR in
tumor tissue. The accumulation of activated IR in
nuclei of adipocytes [26] and hepatocytes [27] has
previously been reported. The tyrosine kinase activity
of IR translocated to the nucleus has been implicated
in activation of transcription factors involved in
regulation of lipogenic gene expression in mouse
hepatocytes l27l.The presence of IR in colonic tumor
nuclei provides impetus to explore its role in colon
tumorigenesis.

Very little is known about the IR-mediated
signaling pathway in colonic tissue. It is worth noting
that diet specific changes with regard to the satura-
tion/unsaturation state of dietary lipids are evident in
colonic mucosae but not as apparent in tumors. HFB
diet, a rich source of saturated fatty acids, may induce
a hyperinsulinemic state by down regulating IR
activity in peripheral tissues [28,29]. In the present

study, colonic mucosae from diet groups with high
percentage of unsaturated fatty acids (LFC, HFC, and
HFF) had higher levels of IR protein than the mucosae

of the saturated (HFB) diet group. These findings
demonstrate that the IR status in the colonic mucosae

is modulated by dietary lipids, as previously observed
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in insulin responsive tissues [7,29-31]. Irrespective
of the diet groups, upregulated IR status appears to be

favored and maintained by the colonic tumors for their
growth and development.

We have shown previously that colonic tumors
in HFF fed rats were highly vascular and larger
than the tumors appearing in HFC, HFB and LFC
fed rats [14,15]. The IR status of the colonic
tumors observed in this study was in order of
HFF > LFC > HFB > HFC. Whether the increased

IR status of the tissue contributes to this effect
remains to be evaluated. The response of preneo-

plastic or neoplastic lesions to growth modulators
such as HFF may depend on their developmental
states [5]. The HFF diet, which is suppressive to
growth of primal preneoplastic lesions, may favor
growth of advanced preneoplastic lesions [5] and

has been shown to enhance the metastasis of
implanted cancer cells [32].

Recently, Menard et al. [33] found that insulin
stimulated the proliferation of colonic epithelial cells,
suggesting that insulin is an important growth factor
for colonic mucosae. The present study is the first to
demonstrate that colonic tumors are associated with
elevated steady state expression of IR protein
compared to normal-appearing mucosae in vivo. The
response exhibited by emerging colonic tumors to
dietary lipids did not follow the trend shown by the

colonic mucosae with respect to IR status, implying a

difference in the molecular makeup of each subset.

The exact mechanism(s) by which IR mediates
responses in the colon is presently unknown. It
remains to be established whether elevated IR leveì
in colonic tumors reflects a heightened activity of the

receptor and if insulin, or insulin-like growth factor,
are the main ligands for this receptor during the

pathogenesis of colon cancer. Our study conclusively
demonstrates that colonic tumors have elevated IR
level irrespective of dietary lipid interventions and

also documents the nuclear localization of the IR
protein in colonic tumors.
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APPENDIX B

COMPOSITION OF AIN.76A VITAMIN AND MINERAL MIX

Vitamin Mix, AIN-764

Thaimin HCL
Riboflavin
Pyridoxin HCL
Niacin
Calcium pantothenate
Folic Acid
Biotin
Vitamin 812

Dry Vitamin A palmitate
Dry Vitamin E acetate
Vitamin Dg titration
Menadione sodium bisulphate complex
Sucrose, fine powder

Mineral Mix. AIN-764

Calcium
Phosphorus
Potassium
Sodium
Chloride
Sulphur
Magnesium
lodine
lron
Copper
Manganese
Zinc

q/kq

0.6
0.6
0.7
3.0
1.6
0.2
0.02
1.0
0.8
10.0
0.25
0.15
981.08

q/kq at 3.5% of diet

5.1 55
3.984
3.602
1.019
1.571
0.337
0.507
0.0002
0.0351
0.0056
0.0585
0.0314



APPENDIX C

WESTERN BLOTTING BUFFERS AND ACRYLAMIDE GEL REAGENTS AND
PREPARATION METHODS

All reagents were purchased from Bio Rad or Sigma Chemicals.
Based on the method developed by Laemmli, U.K (1970).

10% Sodium Dodecvl Sulphate (SDS)

10 g SDS dissolved in 90 ml H2O
Stirred gently, brought to 100 ml volume and stored at room temperature.

1 0% Ammonium Persulfate

100 mg ammonium persulfate dissolved in 'l ml deionized H2O, stored at
40C.

30% Acrvlamide/bis mix

Purchased from Bio Rad as 30% acrylamide/bis solution, 29 1 (3.3% C),
stored at 4oC.

Moleeular weiqht standard marker

BenchMark Prestained Protein Ladder, purchased from Gibco, BRL, Life
Technologies, Cat. No. 10748-010
Range between (9 - 200 kDa)

2 X SDS Sample buffer (50 ml)

4% SDS 20 ml
20% glycerol (w/v) 10 ml
10o/o 2-mercaptoethanol 5 ml
0.05% bromophenol blue 0.5 ml
0.5 M Tris HCL (ph 6.8) 6.25 ml

Measure glycerol in a 50 ml tube. Add other reagents and mix. Bring up to
50 ml volume with distilled, deionised H2O. Aliquot in 1 ml eppendorf
tubes and store at room temperature. Store extra aliquots at - 70 0 C.

4X Tris. CL/SDS (ph 8.8)
(0.5M Tris.CL with 0.4% SDS)



Tris Base
HzO
SDS

Dissolve tris base in 300 ml deionized HzO. Using ph meter, adjust to ph

8.8 with 'lN HCL drop by drop. Add deionized HzO to 500 ml volume. Add
SDS and store al40 C up to 1 month.
(Current protocols in Molecular Biology)

4X Tris. GL/SDS (ph 6.8)
(0.5M Tris.CL with 0.4% SDS)

91 g

300 ml
2g

Tris Base
HzO
SDS

5% SDS-PAGE (stackinq qel)

HzO
30% Acrylamide /bis mix
4X Tris. CL/SDS (ph 6.8)
1O% APS

HzO
30% Acrylamide /bis mix
4X Tris. CL/SDS (ph 8.8)
1O% APS
TEMED

Dissolve tris base in 40 ml deionized HzO. Using ph meter, adjust to ph
6.8 with 1 N HCL drop by drop. Add deionized HzO to 100 ml volume. Add
SDS and store at 40 C up to 1 month.

6.05 g

40 ml
0.4 g

3.4 ml
0.83 ml
0.68 ml
0.05 ml

TEMED (N, N, N-tetramethylethyl-
enediamine) 0.005 ml

5.0 ml

10% SDS-PAGE (separatinq qel)

4.0 ml
3.3 ml
2.6 ml
0.1 ml
0.004 ml
10.0 ml

n-Butanol
For leveling the SDS-PAGE separating gel



5X SDS Electrode Runninq buffer (lL)

Tris Base
Glycine
SDS

Dissolve reagents in 600 ml deionized HzO. Bring
with deionized HzO, store at room temperature.

1X SDS Electrode Runnins buffer

Dilute 60 ml 5X SDS electrode running buffer with
for one electrophoretic run.

15 g

779
5g

volume up to 1000 ml

240 ml deionized HzO

Transfer Buffer (1L)

Tris Base
Glycine
Methanol

Tris Base
NaCl

Tris Buffer Saline - Tween (TBS-T)

5X TBS buffer
Tween-20

3.03 g
14.4 g

200 ml

Mix tris and glycine in 300 ml deionized HzO first, then add methanol and
bring up to '1000 ml with deionized HzO. Store at 40C.

5X Tris Buffer Saline (TBS. ph 7.6/1L)

Dissolve reagents in 500 ml deionized H2O, adjustph, bring upto 1000 ml
volume with deionized HzO, store at room temperature.

12.1 g
40.0 g

200 ml
1ml

Tween-2O is viscous, therefore, cut pipette tip and slowly pipette in and
out. Make final volume up to 1000 ml with deionized HzO, store at room
temperature.

Coomassie Blue Stain

Coomassie Blue R-250
Acetic Acid
Methanol

0.25 g
9ml
45 ml



Mix reagents and bring to 100 ml volume with deionized HzO. Store at
room temperature.
Stain gel in 10 ml Coomassie stain for lz hour with gentle rocking at room
temperature.

Destain Solution (100 ml)

Methanol 40 ml
Acetic Acid 10 ml
Deionized HzO 50 ml

Destain gel with at least three changes in one hour.

lndia lnk stain
10ul lndia ink dissolved in 10 ml TBST-T



SOLUTIONS AND BUFFERS FOR SAMPLE COLLECTION AND
HOMOGENIZATION OF MUCOSAL AND TUMOR WHOLE CELL LYSATES

RIPA Buffer (100 ML)

50 mM Tris-HCL (ph 7.4)
(1M stock)

1.0% NP-40
0.25% Sod ium deoxycholate
'150 mM NaCl

1 mM EDTA
(500 mM stock)

lmMNaF
(100 mM stock)

1 ug/mlAprotinin
(0.8 mg/ml stock)

1ug/ml Leupeptin
(0.2 mg/ml stock)
Make volume up to 100 ml with deionized HzO,

Homoqenizinq Buffer (25 ml)

ml

1ml
250 mg
0.876 g

200 ul

125 ul

500 ul

25 ml
31.25 ul
125 ul
6.25 ul
250 ul

250 ul

store at4oC.

ml

RIPA buffer
Aprotinin
Leupeptin
Trypsin lnhibitor
Sodium ofthovanadate (SOV)
(100 mM stock)

NaF

0.9% Saline

0.9 g of NaCl dissolved in 100 ml deionized HzO, stored at 40 C.



APPENDIX D

SOLUTIONS AND BUFFERS FOR TISSUE IMMUNOHISTOCHEMISTRY

Phosphate Buffered Saline (PBS)

120 mM NaCl 70.128 g

2.7 mM KCL 2.01 g

8.5 mM NazHPO¿ 12.07 g

1.5 mM KHzPO¿ 2.61 g

Bring up to 800 ml volume with deionized HzO. Adjust to ph 7 .4. Top up to
1000 ml with deionized HzO and store at room temperature.

100o/o Xylene
Ethanol (Serial dilutions of (200 ml each)

100%
95%
90%
80%
70%
600/o

50%
PBS
2N HCL
dd H2o
30% Hydrogen peroxide
Primary Antibody
DAB
Histomount

A Histostain kit with the following reagents purchased from Zymed laboratories,
inc., San Francisco, CA., USA.

Serum Blocking solution
Biotinylated secondary Antibody
Enzyme Conjugate



APPENDIX E

RT.PCR BUFFERS

Based on the methods detailed in Current Protocols in Molecular Biology, volume
1, chapter 2.5 (Aussubel et al., (eds). 1995). All reagents were purchased from
Gibco BRL.

PCR Master mix

Autoclaved ddH2O 2620 ul
100 mM dTTP 20 ul
100 mM dATP 20 ul
100 mM dGTP 20 ul
100 mM dCTP 20 ul
10X PCR buffer 1000 ul
50 mM MgClz 300 ul

4000 ul

Prepare on ice and store at -200C

PCR sample reaction mix

cDNA 2.0 ul
HzO 26.75 ul
PCR master mix 20.0 ul
25 pmol/ul primers 1.0 ul
5 U/ul Taq DNA polymerase 0.25 ul

Prepare on ice and vortex samples, overlay with mineral oil, and proceed with
PCR reaction on thermal cycler.

10X PGR Sample loadinq buffer

20% Ficoll 400
0.1 % SDS
0.25% Bromophenol blue or
0.25% Xylene cyanol

Add 5 ul to 50 ul PCR sample reaction mix



l OX TBE

Tris HCL
Boric acid
0.5 M EDTA

Bring up to'l litre volume with deionized water

10 g

559
40 ml

2% Aqarose Gel

Hzo
Agarose
1OX TBE
Ethidium Bromide

135 ml
3g
15 ml
4.5 ul
150 ml



APPENDIX F

SIGNS AND SYMPTOMS OF COLON CANCER
Griffin-Sobel, 2001
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