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ABSTRACT OF THE THESIS
A Novel Model of Small Intestine Cancer in hCYP1A-db/db Mice and the Inhibitory
Effect of !-Tocopherol on Colorectal Cancer in hCYP1A Mice
By YING-YI KUO
Thesis Director:
Dr. Chung S. Yang

In the digestive tract, cancer is common in colon and rectum but rare in small
intestine. However, during the last 30 years, small intestine cancer has increased from
1% to 3% in the newly diagnosed digestive tract cancers for unknown reasons,
whereas colorectal cancer has dropped by about 10%. In our experimental study, we
used a humanized mouse model by replacing the mouse Cyp1a with human CYP1A to
mimic human metabolism of the dietary carcinogen, 2-amino-1-methyl-6phenylimidazo [4,5-b] pyridine (PhIP) to study PhIP-induced carcinogenesis. We bred
hCYP1A mice with db/+ mice to investigate cancer promotion by obesity.
Remarkably, we found that all PhIP-treated hCYP1A-db/db mice develop tumors in
small intestine at the ages of Week 28-44. The tumor region of small intestine showed
overexpression of COX-2 and nitrotyrosine. In contrast, we have not observed tumor
in small intestine in PhIP-treated hCYP1A mice. This result strongly suggests the
promotion of small intestine cancer by obesity. Our finding provides a model for
further exploration of small intestine carcinogenesis and related preventive studies.
Many chemoprevention studies of colorectal cancer have been done. However, the
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results of the inhibitory effect of α -tocopherol on carcinogenesis were inconsistent.
Our recent studies showed δ-tocopherol has strong inhibitory effect on different type
of cancer such as lung and prostate cancer. In my experiment, hCYP1A mice were fed
AIN93M (control) diet or diet supplement with 0.3% δ-tocopherol. All mice were
administrated 200 mg/kg PhIP by oral gavage and one week later, administered 1.5%
DSS in drinking water for 4 days. All mice were sacrificed 8 week after PhIP
administration. The results showed decreased tumor multiplicity, tumor volume,
expression of COX-2 and 8-oxo-dG, and increased expression of cleaved caspase-3,
in the 0.3% δ-tocopherol treated group. Our findings suggest that δ-tocopherol
inhibits tumorigenesis by decreasing inflammation and increasing cell apoptosis in
colorectal cancer in hCYP1A mice.
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INTRODUCTION
1. Cancer
Cancer is the second most common cause of death in the United States. 1 The
American Cancer Society estimated that over 1.6 million new cancer cases would be
diagnosed this year, and half of all men and one-third of women will develop some
form of cancer during their lifetime. Cancer is characterized by loss of functions of
cellular regulation resulting in uncontrolled cell growth and accelerated proliferation.
Most of the cases are caused by lifestyle and environmental factors such as smoking,
unhealthy dietary habits, alcohol consumption, sunlight exposure, and infection by
virus or bacteria.1
There are over one hundred types of cancers. The National Cancer Institute
divided these cancer types into five main groups: carcinoma, sarcoma, leukemia,
lymphoma and myeloma, and central nervous system cancer.2 Briefly, carcinoma is
the most common type of cancer. Initiated from epithelial cells such as skin and
lining of internal organs, carcinoma can be classified into several subtypes,
including adenocarcinoma, basal cell carcinoma, squamous carcinoma, and
transitional cell carcinoma.2 Sarcoma is the type of cancer that arises from
connective or supportive tissue such as muscle, bone, and cartilage whereas
leukemia is the cancer that occurs in bone marrow and results in an abnormal
increase of immature white blood cells. 2 Lymphoma and myeloma are the types of
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cancer that arise from the immune system.2 Finally, central nervous system cancers
mainly occur in brain tissue or spinal cord and are considered as some of the most
life threatening forms of cancer.2
Cancer formation is a complicated multi-step process. The three major stages
of carcinogenesis are initiation, promotion and progression.3 In the first step of
cancer development, cells undergo initiation, in which a single cell is altered.
Initiators can cause mutation by reacting with DNA directly or after metabolic
activation of a procarcinogen to an ultimate carcinogen. The damages caused by
initiators are irreversible.4,5 In the stage of promotion, the initiated cells are
subjected to the effects of promoters. Several environmental and endogenous factors
such as nutrients, hormone, growth factors, and cell growth could promote the
carcinogenesis process.3 Tumor progression is the last phase of cancer development
and characterized by accelerated growth speed and invasiveness of tumors.
Malignant tumor cells have several properties: insensitivity to inhibitory growth
signals, tissue invasion and metastasis, self-sufficiency in growth signals, limitless
potential for replication, sustained angiogenesis, evading apoptosis.7 These
characteristics make the cancerous cell grow and develop uncontrollably in our
body.
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2. Colorectal Cancer
2.1 Pathological Progression
Colorectal cancer is the cancer that occurs at colon and rectum. The
development of colorectal cancer initiates from a benign adenomatous polyp, a
growth of tissue on the surface of colon. In general, adenomatous polyps or
adenomas are the precursors of colorectal cancer, and the process from adenoma to
adenocarcinoma can be affected by environmental factors or genetic alteration.2
The whole process of colorectal carcinogenesis was separated into five stages:
Stage 0, also known as carcinoma in situ, is characterized by abnormal cells in the
mucosa of the colon wall. Once the cancerous cells spread to the submucosa, the
cancer is referred to as stage I. When colorectal cancer spread through the muscle
layer of the colon wall to the serosa of the colon wall and from the serosa to the
nearby organs, it is considered stage II. At stage III, cancer has spread to the lymph
nodes. Finally when colorectal cancer invades other organ, such as lung, liver, or
ovary, it is a stage IV colorectal cancer.2

2.2 Epidemiology
American Cancer Society estimated over 130,000 new cases of colorectal
cancer and 50,310 deaths in 2014. For both men and women, colorectal cancer is the
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third most diagnosed cancer and the second leading cancer-related death in the
United State.1 While men get colorectal cancer slightly higher than women, over
90% of the cases occur in individuals over 50 years of age.1 Some ethnic and
geographical studies reported that enviromental factor might be an important
concern to colorectal cancer. Western countries such as the United States and
Australia have higher incidence of colorectal cancer.8

2.3 Etiology
While the exact origin of colorectal cancer is unclear, there are several risk
factors demonstrated to increase the incidence of the disease significantly, as
discussed below.

2.3.1 Genetic Risk Factors
Inflammatory bowel disease (IBD) is considered a major risk factor for colorectal
cancer.25 Ulcerative colitis (UC) and Crohn’s disease (CD) are the two main forms
in IBD. Several epidimiology studies reported that the incidence of colorectal cancer
in patients with IBD is 2-3 fold higher than patients without IBD. Colitis-related
colon cancer usually occurs in the younger populations. Therefore, to detect early
mucosal dysplasia, patients with IBD are suggested to have earlier screening for
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colorectal cancer.14
Family adenomatuos polyposis (FAP) is an inherited disease that affects 1 out
of 8000 individuals. FAP is characterized by the development of over 100 benign
colon/rectum polyps. Most FAP patients are asymptomatic for years until the polyps
are numerous and large, and result in rectal bleeding or even developed cancer. This
disease accounts for less than 1% of colorectal cancer. The mutations in
adenomatous polyposis coli (APC) gene are consider as the main cause of FAP. 15
Lynch Syndrome is also called hereditary nonpolyposis colon cancer
(HNPCC). HNPCC is an inherited cancer predisposition disease that accounts for
2-4 % of colorectal cancer. Inactivating mutations in DNA mismatch repair (MMR)
gene is thought to be the cause of this disease.16

2.3.2 Dietary Factors
Epidemiology of colorectal cancer showed population variation in colorectal
cancer incidence which suggests that environmental factors, especailly dietary
patterns, play an important role in colorectal cancer. As mentioned previously,
colorectal cancer incidence is much higher in western societies such as North
America and Europe than Asian area such as Japan and China. Epidemiological
studies showed that the “Western-style diet” which usually consists of high fat, low
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fiber, and low vitamin D and calcium are some main dietary factors involved in the
development of different types of cancer, especially colorectal cancer.1 Several
animal studies demostrated positive correlation between “Western-style diet” and
colorectal cancer. Mice that were fed a “ Western-style diet” have increased
oxidative stress and developed benign and malignant neoplasms in the colon of
mice.17,18 High consumption of red meat has been also suggested to increase the risk
for developing colorectal cancer.19 The positive correlation may be due to the
cooking of red meat which generates heterocyclic aromatic amines (HAAs), dietary
chemicals demonstrated to be carcinogenic in animal studies.19
A high level of alcohol intake (two or more drinks per day) has been
suggested to increase the risk of colorectal cancer both in men and women.20,21
Alcohol may interfere with folate absorption and reduce folate bioavailability. In
addition, alcohol may also cause abnormal DNA methylation changes. However,
there are also some epidemiology showed that moderate alcohol ingestion ,
specifically wines, have inhibitory effect on carcinogenesis including colon.22

2.4 Animal Models of Colorectal Cancer
The animal models of colorectal cancer have been generated by gene
modification or carcinogen induction to mimic mutations and pathologic progression
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of human colorectal cancer. The most common colorectal cancer rodent model is the
azoxymethane (AOM)-induced model. AOM is a potent carcinogen derived from
1, 2-dimethylhydrazine (DMH), and it is injected intraperitoneally or
subcutaneously to induce and promote colorectal cancer in rats and mice.52 AOM is
commonly administered to Sprauge-Dawley, Wistar, and F344 rats and ApcMin/+
mice, and it can cause mutations in the β-catenin gene (Ctnnb1), increasing Wnt
signaling that drives colon turmorigenesis.52 AOM is also used in combination with
dextran sodium sulfate (DSS), which is a potent inducer of colitis to promote
colorectal carcinogenesis in a shorter time period. The AOM/DSS model mimics
conditions of human colorectal cancer that is promoted by inflammation such as
IBD and colitis. A study reported that a single injection of AOM followed by
one-week treatment of 1% DSS could induce colonic tumor 20 weeks earlier than
AOM alone.53
2-Amino-1-methyl-6-phenylimidazol [4,5-b] pyridine (PhIP) is the most
abundant heterocyclic amine found in cooked meat and fish.82 PhIP-treated rat
produce colorectal cancer.54 In mouse model, PhIP can only induce formation of
aberrant crypt foci in colon.55 This suggests a weak colorectal cancer promoting
capability of PhIP in mice. Studies demonstrated the metabolic pathways of PhIP in
humans and rodents are different.55, 56 In humans, the metabolic pathway of PhIP
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predominantly goes through N2-hydroxylation mediated by the hepatic cytochrome
P450 1A2.58 N2-hydroxy-PhIP is the major metabolite of PhIP and the active form
that cause DNA mutations72 (Figure 2). However, in mice, PhIP is converted into
4’-hydroxy-PhIP which is a less toxic form.83 Our recent studies used humanized
CYP1A (hCYP1A) mice that contain the human CYP1A1 and CYP1A2 genes but
missing mouse orthologs Cyp1a1 and Cyp1a2 for colorectal cancer studies. The
hCYP1A mice were administered 200 mg/ kg PhIP by oral gavage and 1.5% DSS in
drinking water for 7 days. Colon tumors were observed in week 6 with 100% tumor
incidence after the PhIP treatment.57 The colon tumors were analyzed by Western
blot and showed overexpression of COX-2 and c-Myc (a cell proliferation marker).
Strong nuclear localization of !-catenin staining was observed in colon tumors, but
not in normal colonic tissue.57 This animal model is an effective model that can
induce colorectal in a short time period, and it is highly relevant to human colorectal
cancer by carrying human genes, mimicking the inflammation condition and using
the dietary carcinogen.

3. Small Intestine Cancer
Small intestine cancer is the cancer that occurs at small intestine. Although
small intestine accounts for most of length (≈ 75%)!and surface (≈ 90%)!of the
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gastrointestinal tract, it is a rare site to develop cancer.25 Only 1 to 2 % primary
gastrointestinal tumors occur in small intestine.25 Several theories explain the
scarcity of small intestine tumor, including dilution of carcinogens in chyme, rapid
intestinal transit time, rapid turnover of the epithelium of small intestine, reduced
bacterial load limiting conversion of bile acids to carcinogens, and protection by
high levels of secretory IgA.24 Small intestine tumors are usually asymptomatic in
the early stage, but in the advanced stage, symptoms include unusual weight loss, a
lump in the abdomen, abdominal pain, obstruction or blood in the stool. 23
The exact cause of small intestine cancer is unclear. However, several risk
factors are considered related to small intestine tumor incidence such as age,
inflammatory bowel disease, hereditary nonpolyposis colorectal cancer, and
unhealthy dietary patterns.25 Screening such as videocapsule endoscopy (VCE) and
double-balloon enteroscopy (DBE) can detect small intestine tumor and allow for
tissue sampling, tumor marking and endoscopic resection. Depending on the stage of
small intestine cancer, surgery to remove the tumor, chemotherapy, radiation, or any
combination of these treatments could be introduced.23

3.1 Pathogenesis of Small Intestine Cancer
There are five types of small intestine cancer. The most common type of primary

!

10

small intestine cancer is adenocarcinoma that arises from glandular cells in the
lining of the small intestine. Over 70% adenocarcinoma occurs in the duodenum, the
part of small intestine near stomach.24 The development of the adenocarcinoma in
small intestine is in the same sequence as in the colon with mutations in KRAS, p53,
and mismatch repair proteins.25 Carcinoid tumors begin in argentaffin cells and
usually induce a fibrotic reaction in the surrounding tissue that can cause vascular
compromise or functional obstruction.25 Gastrointestinal stromal tumors (GISTs)
originate from the interstitial cell of Cajal, an intestinal pacemaker cell in the normal
myenteric plexus.25 Studies showed that mutations in the KIT gene (CD117) result
in overexpression of the tyrosine kinase KIT protein, which seems to drive the
tumorigenesis. 25 Sarcoma begins in the connective tissue of the small intestine and
often occurs in ileum.23 Lymphoma usually occurs in the jejunum and arises from
the lymph tissue of the small intestine.23

3.2 Epidemiology
National Cancer Institute estimated that there would be 9,160 new cases of
small intestine cancer and 1,210 deaths in 2014. Small intestine cancer is rare and
only account for 0.5 % of all new cancer cases and 0.2% of all cancer deaths in the
United States. The incidence of small intestine cancer is slightly higher in male and
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African American population. In addition, the incidence increases along with age.
Generally, risk for small intestine cancer begins around age 45 with a median age of
presentation occurring around 65.26 The initial incidence is less than 1 per 1,000,000
person yearly at the ages of 35-44, but increase to over 20 per 1,000,000 at the age
of 60-70. The global small intestine cancer incidence is highly variable with the
highest rate in North America and Western Europe. According to the National
Cancer Institute’s Surveillance Epidemiology and End Results (SEER), the average
annual age-adjusted incidence of small intestine cancer nearly doubled in the United
States from 1973 to 2004. The greatest increases were seen in adenocarcinomas and
carcinoids cancers.27

3.3 Risk Factors
3.3.1 Genetic Risk Factors
The causes of small intestine cancer are still unclear. However, there are
several risk factors considered associated with small intestine cancer and its increase
in last 30 years. Small intestine cancer has been diagnosed more common in people
with predisposing genetic factors and medical conditions including Crohn’s disease,
celiac disease, FAP, and hereditary nonpolyposis colorectal cancer.
Crohn’s disease is associated with increased risk for adenocarcinoma in small
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intestine. Particularly in male gender, extended duration of disease, fistulas, early
age at diagnosis, and location in the small intestine.28 Celiac disease patients have an
increased risk for small intestine adenocarcinoma and lymphoma with the relative
risk be between 60 to 80 compared with general population.29 Patients with the first
3 to 4 years of diagnosis and with poor compliance to a gluten-free diet are reported
to have increased risk for small intestine malignancy.25
Peutz Jeghers syndrome, also called hereditary intestinal polyposis syndrome,
is characterized by the presence of small intestine polyps, most commonly detected
in the jejunum. The disease is caused by a mutation on the serine/threonine kinase
11 (STK11) gene, a risk factor for several cancer, including breast, pancreas, ovarian,
testicular, stomach, and small intestine cancer. According to a meta-analysis in 2000,
Peutz Jeghers syndrome carries a relative risk for small intestine cancer of 520
compared with normal population.30

3.3.2 Behavioral and Environmental Risk Factors
The diet-related risk factors of small intestine and colorectal cancer are similar,
including high consumption of animal fat, red meat, and processed meat.25
In addition, the intake of the heterocyclic aromatic amines from the meat that is
cooked to well done stage is also an important risk factor to small intestine tumor.31
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A case-control study with 430 cases and 921 controls reported positive correlations
between the risk for small intestine cancer and the frequency of red and processed
meat consumption.32 Another case-control study showed a significant increase in
risk related to high ingestion of food rich in heterocyclic aromatic amines.33

Another risk factor of small intestine is obesity. Several studies have examined
the relationship between the risk of small intestine cancer and body mass index
(BMI). A Norwegian cohort study with 2 million subjects and 1,162 small intestine
cancer cases showed an increased risk for small intestine tumor in obese men and
women.39 Another large cohort study with 363,552 Swedish men demonstrated a
44% increase in risk of small intestine cancer among overweight (BMI=25.0-29.9)
and obese (BMI > 30) men.40 A study examined the relationship between different
types of cancer and obesity in a large cohort of the U.S. white and black male
veterans. The result showed an elevated risk of small intestine cancer with a relative
risk of 1.58. 41
On the other hand, studies found inconsistent result in the association between
alcohol consumption and the risk of small intestine cancer.32-36 Also, while smoking
is also considered as a risk factor of small intestine cancer, studies on the impact of
smoking on different types of small intestine tumor are inconsistent. 33-35, 37,38
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3.4 Molecular Mechanisms in Small Intestine Cancer
Because of the scarcity of small intestine cancer, the mechanisms of
carcinogenesis in the small intestine remain unclear. Some reports indicated that
similar features were shared by adenocarcinoma of the small intestine and colorectal
cancer.43 First of all, the regional incidence for adenocarcinoma of the small
intestine correlates significantly with the incidence of colorectal cancer, indicating
to a common risk factor.42 In addition, the adenocarcinomas in the small intestine
and the colorectum share similar histopathological characteristics.43 The mutations
and alterations of genes such as APC and p53, KRAS oncogene and DCC gene are
all related to both the intestinal and colorectal carcinogenesis.43
Many studies analyzed colorectal cancer-related genes in small intestine
tumors. However, the results are inconsistent. A study analyzed 15 adenocarcinomas
of the small intestine and reported that only 1 of 15 cases (6.7 %) got APC mutation,
8 of 15 cases (53.3%) showed p53 overexpression in immunohistochemistry, and
53.3% showed KRAS mutations.43 Another study examined 21 adenocarcinomas for
the mutations in the RAS-RAF-MAPK pathway and the Wnt signaling pathway.
Only 2 samples (9.5%) showed APC mutation, and 12 samples (57%) showed KRAS
mutation. 44
The RAS-RAF-MAPK pathway functions in transducing signals, regulating cell
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cycle, wound healing, tissue repair, integrin signaling, cell migration and stimulating
angiogenesis.44 The Wnt pathway also functions in transducing signals and cell
cycle regulation. In most colorectal cancers, inactivating mutations of APC causes
stabilization of β-catenin and constitutively activated Wnt signaling. Constitutively
activated Wnt signaling could often lead to uncontrolled cell proliferation and
growth.44
Cyclooxygenase (COX), especially COX-2, also plays an important role in
gastrointestinal carcinogenesis. Studies showed that COX-2 is overexpressed in
esophageal46, gastric47 and colorectal cancer48. COX-2 can convert arachidonic acid
to prostaglandin E2 (PGE2). PGE2 promotes tumorigenesis by stimulating
prostaglandin E receptors 1-4 (EP) downstream signaling. That leads to
enhancement of cellular proliferation, inhibition of apoptosis, promotion of
angiogenesis, suppression of immune responses and stimulation of invasion.49
Transforming growth factor (TGF) β functions in controlling cell cycle. This
function is disrupted in cancer so that cancer cells can escape TGF-β-mediated
growth inhibition.50 TGF-β expression has been reported to be deregulated in
colorectal cancer.50 However, recent cell culture studies reported that promotion of
growth by TGF-β, and it is linked to COX pathway whereas the function of growth
inhibition is mediated by Smad pathway. In a study investigating in the gene
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expression of COX-1 and COX-2, prostaglandin E synthase (PGES) and TGF-β in
54 primary adenocarcinomas of small intestine and corresponding normal mucosa,
the results showed that 98% got positive staining for COX-2 in
immunohistochemistry and 100% with overexpression in the target genes in tumors
compared with normal small intestine mucosa.51

3.5 Animal Models of Small Intestine Cancer
Most of the animal models for small intestine cancer are genetic engineered
mice with mutations on APC gene that generate multiple polyps both in small
intestine and colon.59 These mouse models mimic the features of FAP, and they are
used for investigating the different stage of intestinal cancer.59 β-catenin mutant
mice were also used for small intestine cancer studies and they result in growing
large numbers of

adenomas by 3 weeks of age in duodenum and jejunum.60

4.Vitamin E
Vitamin E is a group of fat-soluble nutrients consist of tocopherols and
tocotrienols. Tocopherols are the major source of vitamin E in the U.S diet.72
Tocopherols have a chromanol ring and a side chain of saturated 16-carbon.9 Instead
of the saturated side chain, tocotrienols have an unsaturated side chain carrying
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double bonds at position 3’, 7’ and 11’.9
Based on the number and positions of methyl groups on the chromanol ring,
both tocopherols and tocotrienols exist in four forms: α, β, γ, and δ. α-Tocopherol is
trimethylated at positions 5, 7 and 8, β-tocopherol is dimethylated at positions 5 and
8, γ-tocopherol is methylated at the 7- and 8-positions, and δ-tocopherol is
methylated at 8-position (Figure 1). 9
Tocopherols are well known antioxidants.84 Their anti-oxidative properties are
from the phenolic groups in the chromanol ring. They function as peroxyl radical
scavengers, protecting the lipids of cell membrane from oxidative damage.10
There are many animal and human studies showed that tocopherols provides
beneficial effects on preventing different type of diseases such as cancer,
cardiovascular disease, eye disorders, neurodegenerative disease, and cognitive
decline because of their anti-oxidative property.10
α-Tocopherol is the most active and the most abundant form in blood and
tissues and it is considered as “The Vitamin E”. Because of the anti-oxidative
function, α-tocopherol has also been used for several cancer prevention studies.
However, the results have been inconsistent.11 In large epidemiological studies such
as the Alpha-Tocopherol Beta-Carotene (ATBC) Cancer Prevention Study,
supplementation with 50 IU all-rac-α-tocopheryl acetate or 20 mg β-carotene, or
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both daily for 5 to 8 years did not show reduction in the risk of lung cancer, but the
supplementation of α-tocopherol was found to decrease the risk of prostate cancer.61
However, in the selenium and vitamin E cancer prevention trial (SELECT), which
recruited 35,533 men to receive placebo or 400 IU all-rac-α-tocopheryl acetate or
200 !g selenium, or both, the result showed no beneficial effect on preventing
prostate cancer or other types of cancer.12
In recent studies, γ and δ-tocopherols showed stronger inhibitory effect on
different types of cancer such as breast, colon, and lung cancer than α-tocopherol. 13,
61-63

In colon cancer prevention study, δ-tocopherol showed inhibitory effect on ACF

formation and decreased the expression of 4-HNE and nitrotyrosine in ACF of
AOM/DSS treated F344 rats.63 The possible mechanisms of the cancer preventive
effect may be due to the unmethylated 5-posistion of the chromanol ring that allow
δ-tocopherol to quench reactive nitrogen species. In addition, studies showed that
δ-tocopherol could inhibit COX-2 activity and cell growth by decreasing cyclin D1
that involved in cell proliferation. The induction of cell apoptosis by increasing
cleaved caspase-3 has been proposed to be another mechanism to inhibit
tumorigenesis.63-65
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B. GOALS AND SPECIFIC AIMS
1. Rationale
The main goal of this thesis research was to generate a mouse model for small
intestine cancer by using dietary carcinogen. Most of the current animal models in
small intestine cancer study mimic the condition of FAP and HNPCC that are not
the most ideal model to study the environment-induced small intestine cancer.
Because of the rarity of the disease, both human and animal studies on small
intestine cancer are limited. Several epidemiology studies showed that the
consumption of heterocyclic amines and obesity are highly associated with the risk
of small intestine cancer.31.40 One group has used C57BL/KsJ-db/db-ApcMin/+ mice
which combine an obesity and a FAP animal model to investigate the intestinal
carcinogenesis.66 The results showed that C57BL/KsJ-db/db-ApcMin/+ mouse model
significantly increased the number of adenomas compared with ApcMin/+ mice.66 In
the present study, we combined the Leprdb/db mouse, an obese and type 2 diabetes
mouse model that lack of leptin receptors, and the hCYP1A mouse model, which is
susceptible to PhIP, to generate hCYP1A-db/db mice. We hypothesized that dietary
carcinogen PhIP induces the initiation of small intestine cancer and the obesity
condition promotes the further development of small intestine cancer.
Another goal of this thesis research was to study the mechanism of
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PhIP/DSS-induced colorectal cancer and inhibitory activity of δ-tocopherol in
hCYP1A mice. Our previous studies have demonstrated the inhibitory effect of
δ-tocopherol in AOM treated F344 rats.63 However, the study only analyzed the
ACF, but not the molecular change in colon tumors. Other studies that investigate
the inhibitory effect of δ-tocopherol on different type of cancer such as breast and
lung cancer showed that δ-tocopherol can reduce inflammation and increase
apoptosis in tumors.62.64 Therefore, we hypothesized that δ-tocopherol prevent
colorectal carcinogenesis by attenuating inflammation and inducing cell apoptosis.

2. Specific Aims
1. To develop a small intestine carcinogenesis mouse model by using a dietary
carcinogen, PhIP, and hCYP1A-db/db mice.
2. To optimize the colon carcinogenesis mouse model in hCYP1A mice.
3. To determine whether δ-tocopherol inhibits colorectal cancer in PhIP/ DSS
treated hCYP1A mice.
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C. MATERIALS AND METHODS
1. Chemicals and Reagents and Research Diet
A RED-Extract-N-AMP Tissue PCR Kit was obtained from Sigma-Aldrich Co.
(St. Louis, MO) and PCR primers were purchased from Integrated DNA
Technologies (Coralville, IA) and Sigma Genosys (The Woodlands, TX) for PCR
amplification and genotyping purposes. CutSmart Restriction Enzyme Buffer was
purchased from New England BioLabs Inc. (Ipswich, MA) for DNA digestion. PhIP
was purchased from Wako Pure Chemical Industries, Ltd. (Japan). DSS was
obtained from MP biomedical, LLC. (Solon, OH). Hematoxylin and eosin were also
purchased from Sigma-Aldrich Co. (St. Louis, MO) for hematoxylin and eosin
(H&E) staining of tissues. Animal diets including AIN93M rodent diet (control diet)
and AIN93M rodent diet supplemented with 0.3% δ-tocopherol were made at
Research Diets, Inc. (New Brunswick, NJ).

2. Animal Studies and PCR Genotyping
2.1.1 Experiment 1: PhIP-induced Small Intestine Carcinogenesis
Three breeding pairs of hCYP1A (Cyp1a2/Cyp1a1

tm2Dwn

Tg (CYP1A1, CYP1A2)

1Dwn/J) and Leprdb/+ (Dock7m Leprdb) mouse strains were obtained from Jackson
Laboratories (Bar Harbor, ME). hCYP1A mice and Leprdb/+ mice were bred to
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generate the mice with homozygous for hCYP1A1/1A2, mouse Cyp1a1/1a2 knock
out, and db/db (hCYP1A-db/db mice). Mouse epoxide hydrolase 1 gene (Ephx1)
primers were used for an internal control that is shown in all the mice. Pups were
genotyped using the method described below. Five to six week old hCYP1A-db/db
mice and hCYP1A mice were fed the AIN93M diet, starting one week before the
incubation of PhIP. The experimental designs were described as follows:

Group A: hCYP1A mice with 100 mg/kg PhIP x2 in AIN93M diet (n=8)

Group B: hCYP1A-db/db mice with 100 mg/kg PhIP x2 in AIN93M diet (n=10)

All mice were administered two doses of 100 mg/kg PhIP by oral gavage. The
second dose of PhIP was given 3 days after the first administration to reduce toxicity.
The mice were maintained with an alternating 12 h light/dark cycle at room
temperature (20!± 2 ℃) and with a relative humidity of 50!± 10%. All the mice
were housed in the Laboratory for Cancer Research’s Animal Facility at Rutgers
University, and all animal studies complied with the animal protocol (Protocol No.
11-004) approved by the Animal Care and Facilities Committee of Rutgers, the State
University of New Jersey. Body weight and health status were monitored weekly. The
hCYP1A mice were sacrificed 40 weeks after PhIP incubation. The hCYP1A-db/db
mice were sacrificed when over 10% of the body weight loss was observed.
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At the termination of the study, all the mice were euthanized by CO2
asphyxiation. Blood was obtained by cardiac puncture and serum was collected after
centrifugation and stored at -80℃. Lung, liver, prostate, spleen, pancreas, kidney, and
colon were harvested, examined for any abnormalities and then fixed in 10% formalin
solution for 24 hours at room temperature before being transferred to 70% ethanol.
The small intestine was also collected, flushed with saline and fixed in 10% formalin
as described above. The length, width and height of the tumors were measured if any
visible tumors were observed.

2.1.2 Experiment 2: Preventive Effect of δ-Tocopherol on Colorectal Cancer

hCYP1A mice were genotyped for human CYP1A1/1A2 and mouse
Cyp1a1/1a2 knock out. Five to six week old female hCYP1A mice were divided into
two groups as follows:

Group A: hCYP1A mice with 200 mg/kg PhIP + 1.5% DSS in AIN93M rodent diet
(n=15)
Group B: hCYP1A mice with 200 mg/kg PhIP + 1.5% DSS in 0.3 % δ-tocopherol
diet (AIN93M based) (n=10)
The mice were fed the AIN93M rodent diet or AIN93M diet supplemented with
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0.3% δ-tocopherol, starting one week before the incubation of PhIP. All mice were
administrated one dose of 200 mg/kg PhIP by oral gavage. One week after PhIP
administration, the mice were given 1.5% DSS in drinking water for four days. The
mice were maintained with an alternating 12 h light/dark cycle at room temperature
(20!± 2 ℃) and with a relative humidity of 50!± 10%. All the mice were housed in
the Laboratory for Cancer Research’s Animal Facility at Rutgers University and all
animal studies complied with the animal protocol (Protocol No. 02-027) approved by
the Animal Care and Facilities Committee of Rutgers, the State University of New
Jersey. Body weight and health status were monitored weekly. The mice were
sacrificed 8 weeks after PhIP gavage. At the termination of the study, mice were
euthanized by CO2 asphyxiation. Blood samples were obtained by cardiac puncture
and serum was collected after centrifugation and stored at -80℃. Lung, liver, prostate,
spleen, pancreas and kidney were harvested and examined for any abnormalities and
then fixed in 10% formalin solution for 24 hours at room temperature before being
transferred to 70% ethanol. The colon tissue was also collected, flushed with saline
and fixed in 10% formalin as described above. The length, width and height of the
tumors were measured if any visible tumors were observed.

2.2 PCR and Genotyping
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2.2.1 hCYP1A-db/db mice
PCR genotyping was performed to determine the genotype of the
hCYP1A-db/+ mice. The hCYP1A-db/+ mice are used for breeding hCYP1A-db/db
mice. The PCR reaction mixture included DNA extract, RED Extract-N-Amp mix
and primers specific to the reaction. Amplification was performed in a GeneAmp
PCR System 9700 (Applied Biosystems, Foster City, CA). For the human
CYP1A1/1A2 gene amplification, the parameters were carried out as follows: one
cycle at 94℃ for 5 minutes, thirty-five cycles at 94℃, 54℃, and 72℃ for 30
seconds each, one cycle at 72℃ for 5 minutes, and held at 4℃ indefinitely. The
parameters for the mouse Cyp1a1/1a2 knockout were carried out as follows: the
initiation cycle began at 95℃ for 5 minutes, thirty-three cycles at 95℃, 60℃, and
72℃ for 1 minute each, one cycle at 72℃ for 10 minutes and held at 4℃
indefinitely. For the db gene, the parameters were carried out as follows: the
initiation cycle began at 94℃ for 4 minutes, forty cycles at 94℃, 52℃, and 72℃
for 30 seconds each, one cycle at 72℃ for 5 minutes and held at 4℃ indefinitely.
The CutSmart Restriction Enzyme Buffer was added to the PCR products for DNA
digestion and incubated in water bath at 37℃ for 2 to 3 hours. PCR products of
hCYP1A1/1A2 and mouse Cyp1a1/1a2 knockout were loaded in a 2% agarose gel
containing 0.3% ethidium bromide (EtBr) for electrophoresis. PCR products of
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db/db gene were loaded in a 4% agarose gel containing 0.3% EtBr. A 500bp DNA
size marker was used for reference. DNA was observed by using a UV light source
and Kodak Electrophoresis Documentation and Analysis System 290.
2.2.2 hCYP1A mice
The protocols for determining the genotype of the hCYP1A mice were same as
described earlier.

The primers used for genotyping hCYP1A and hCYP1A-db/db mice were listed
in Table 1.

3. Histopathology and Immunohistochemistry
3.1 Histopathology
The formalin-fixed small intestinal tissue and colonic tissue were made into a
Swiss-Roll, and then the samples were paraffin-embedded, and sectioned serially at
4-!m of thickness. The pathological diagnosis was performed by Dr. Hong Wang
(Rutgers University).

3.2 Immunohistochemistry (IHC)
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Immunohistochemistry was performed on the small intestine and colon tissue
by using specific antibodies to quantify the levels of the positive staining and to detect
the localization. The section of colon and small intestine tissues were deparaffinized
in xylene and rehydrated in 100%, 95%, 70%, 50% ethanol and distilled water serially.
The tissue antigens were unmasked in antigen unmasking solution (Vector
Laboratories Inc, Burlingame, CA) in a microwave oven for antigen retrieval for 20
minutes. Endogenous peroxidase was quenched with 3% H2O2. The sections were
incubated in PBS containing 5% normal serum for blocking nonspecific bindings for
1 hour at room temperature. The slides were incubated with the primary antibody
overnight at 4℃. The slides were incubated in biotin-conjugated secondary antibody
(1:200) and avidin-biotin peroxidase (Vector Laboratories Inc, Burlingame, CA) at
room temperature for 1 hour each. Diaminobenzidine (Sigma-Aldrich, St. Louis, MO)
Negative controls followed the protocol described earlier but without primary
antibody incubation. Antibodies against cleaved caspase-3 (1:100, Cell Signaling,
Danvers, MA), COX-2 (1:1000; Santa Cruz Biotechnology, Dallas, TX), 8-oxodG
(1:200; OXIS International Inc., Beverly Hills, CA) and nitrotyrosine (1:200, Billerica,
MA) were used for analysis. The results of the immunohistochemical analysis were
quantified with an Aperio ScanScope scanner (Aperio Technologies, Inc., Vista, CA)
and calculated by the Images Scope software (Aperio Technologies, Inc.).
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4. Statistical Analysis
Data was analyzed by the Student’s unpaired t-test using Microsoft Excel and
GraphPad Prism. All numeric variables were presented as mean ± standard
deviation.
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D. RESULTS
1. PhIP-induced Small Intestine Cancer in hCYP1A-db/db Mouse Model
1.1 Generation of the hCYP1A-db/db Mice
The hCYP1A mouse colony with both human CYP1A1/1A2 gene insert and
the mouse Cyp1a1/1a2 knockout was established by Miss Anna Liu (Rutgers
University) in our laboratory. Because of sterility of the db/db mice, we generated
the hCYP1A-db/+ mice as breeders for hCYP1A-db/db mice. We used the mice
carrying heterozygous db gene (db/+) to breed with hCYP1A mice. The illustration
of producing hCYP1A-db/db mice is as shown in Figure 4. We genotyped for the
human CYP1A1/1A2 gene, mouse Cyp1a1/1a2 knockout and db gene to confirm
hCYP1A-db/db. Human CYP1A1 presents a band located near 528 base pairs (bp),
human CYP1A2 presents a band ~ 180 bp, Cyp1a1/1a2 knockout results in a band ~
353 bp, and the db gene showed bands ~ 27 and 108 bp (Figure 3).
An average of 4-6 pups are produced from hCYP1A-db/+ mice. No
abnormalities were observed. The probability is 25% for producing hCYP1A-db/db,
50% for hCYP1A-db/+ mice and 25% for hCYP1A mice, respectively.
hCYP1A-db/db were selected by their increased body weight at the week 5 of age.
The average body weight of hCYP1A and hCYP1A-db/+ mice was around 15-18 g
at the week 5 of age. The average body weight of hCYP1A-db/db was 22-25 g at the
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week 5 of age.

1.2 Animal Conditions
After the administration of PhIP, all the mice survived without abnormality.
At the termination of the experiment, the body weight of hCYP1A-db/db mice was
2.2 folds higher than the hCYP1A mice (Table 2). Diet intake was monitored
weekly and no abnormalities were observed.

1.3 The Development of Small Intestine Tumor in hCYP1A-db/db Mouse
Model
The body weight drop around 4 to 6 g in one week was observed between 28
to 44 weeks after PhIP administration in hCYP1A-db/db mice, but not in hCYP1A
mice. The tumor incidence of hCYP1A-db/db mice was 100% (8/8) (p<0.01),
whereas no visible tumor was observed in hCYP1A mice (Table 2). All the tumors
occurred at the proximal part of small intestine (1 to10 cm apart from stomach) as
the duodenum in mice. This observation is similar to the trend observed in human
small intestine cancer (Figure 5).24 The tumor multiplicity of hCYP1A-db/db mice
was 2.29±0.76 in average (Table 2).
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1.4 Histophathological Findings
In hCYP1A mice, the small intestinal tissues showed normal mouse villi with
healthy epithelial lining and columnar structure. Epithelial cells were stacked
together, and the enlarged nuclei were observed in hCYP1A-db/db mice (Figure 6).
The tumor regions were diagnosed as tubular adenoma, and the characteristics of the
tumor were similar to that of human adenocarcinoma in small intestine.

1.5 Expression of COX-2
COX-2 is found to be overexpressed in most human small intestine
adenocarcinoma.51 To assess the expression of COX-2 in the small intestine of PhIP
treated mice, we performed immunohistochemistry analysis. Positive staining of
COX-2 was presented in the cytoplasm and nucleus of the stromal cells in small
intestine tumor region (Figure 7B and 7C). No positive staining of COX-2 was
observed in the small intestinal tissue in the PhIP-treated hCYP1A mice (Figure 7A).
The results indicate that small intestine tumors may be promoted under
inflammatory condition.

1.6 Expression of Nitrotyrosine
The production of nitrotyrosine is mediated by reactive nitrogen species.
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Nitrotyrosine is considered as a marker for cell damage, nitrosative stress and
inflammation. It is found to be overexpressed in different types of cancer including
colorectal and gastric cancer.67,68 To assess the expression of nitrotyrosine in the
small intestine of PhIP treated mice, we performed an immunohistochemistry
analysis. Positive staining of nitrotyrosine was presented in the cytoplasm of small
intestine tumor cells (Figure 8B and 8C). No positive staining of nitrotyrosine was
observed in the small intestinal tissue in the PhIP-treated hCYP1A mice (Figure
8A).

2. The Inhibitory Effect of δ-Tocopherol on Colorectal Cancer in the
PhIP/DSS-induced hCYP1A Mice
2.1 Animal Conditions
The mice started receiving AIN93M or the 0.3% δ-tocopherol diet one week
before the experiment. After the administration of PhIP, all the mice survived. There
was no significantly body weight loss after PhIP gavage. Rectal bleeding was
observed on the 3rd or 4th day of DSS treatment in all of the mice, but the bleeding
stopped 3-4 days after DSS treatment. The observation was similar to the finding in
other PhIP/DSS or AOM/DSS treated animal model.53, 56, 69 All the mice in treatment
group survived after 4 days of DSS treatment. However, 3 out of 15 mice in the
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control group died of rectal bleeding or unknown reasons. Body weights loss was
observed in both groups. The control group lost an average of 2.38g of body weight,
and the 0.3% δ-tocopherol treated group lost an average of 0.75g of body weight.
The weight loss was lower in the treatment group then the control, but the difference
was not significant (Figure 9). The body weights in both groups began to gain one
week after the DSS treatment was finished. At the termination of the experiment, the
body weights showed no difference between and control and treatment groups.

2.2 Tumor Incidences, Multiplicity and Volume
The tumor incidence of control group is 100 %, and the incidence of the 0.3%
δ-tocopherol treated group is 90% (9/10) (Table 3). Dietary supplement of
δ-tocopherol also decreased the multiplicity and the volume of tumor significantly
(p<0.01). The control group presented an average tumor multiplicity of 5.6!± 1.9
(N=12). The treatment group showed an average tumor multiplicity of 2.7± 2.1
(N=10). The tumor volume was 17.85±1.92 mm3 and 11.67±1.85 mm3 in control and
treatment group, respectively.

2.3 Immunohistochemistry
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2.3.1 Expression of COX-2

COX-2 is found to be overexpressed in most human colorectal
adenocarcinoma.70 COX-2 was performed by IHC and was localized in the stromal
cell and the cytosol of tumor cells (Figure 10A and 10B). The δ-tocopherol group had
significantly lower COX-2 positive staining than the control group. δ-tocopherol
treatment decreased the level of positive staining by 56.8 % (Figure10C) (p<0.01).

2.3.2 Expression of 8-Oxo-2’-deoxyguanosine (8-oxo-dG)

8-oxo-dG is a major product of DNA oxidation, and it is used as a biomarker
of oxidative stress and carcinogenesis.71 The δ-tocopherol group had significantly
lower 8-oxo-dG positive staining than the control group. δ-tocopherol treatment
decreased the level of positive staining by 52.0 % (Figure 11C) (p<0.01).

2.3.3 Expression of Cleaved Caspase-3

Cleaved caspase-3 is a biomarker for cell apoptosis. The interruption of apoptosis has
been indicated as a main characteristic in tumor cells.7 In this study, quantification of
cleaved caspase-3 positive cells showed that the level of cleaved caspase-3 was
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significantly increased by δ-tocopherol (Figure 12A and 12B). The percentage of cells
with positive nuclear staining for cleaved caspase-3 was increased by 109.5% in the
0.3% δ-tocopherol treated group compared with the control group (Figure12 C)
(p<0.01).
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E. GENERAL DISCUSSION AND FUTURE DIRECTION
1. The Development of Small Intestine Tumor in hCYP1A-db/db Mouse Model
In this study, we create the hCYP1A-db/db mouse strain, by breeding db/+
mice with the hCYP1A mice. The results presented in this study fulfilled our specific
aim to build an animal model of small intestine cancer that is highly relevant to
human and suitable for investigating the mechanism in human small intestine cancer
in vivo. Because of the rarity of small intestine cancer, there is lack of both human and
animal studies for small intestine cancer, and the mechanisms of small intestine
cancer remain unclear. Most of the animal models for small intestine cancer mimic
FAP and HNPCC. To our knowledge, this model could be the first mouse model for
small intestine cancer that combines the environmental risk factors including the
consumption of dietary carcinogen and obesity. The small intestine cancer incidence
in hCYP1A-db/db mice is 100% (8 out of 8). In our previous studies, we used
PhIP-treated hCYP1A mice for prostate carcinogenesis study. The result showed
more severe lesion in prostate compared with the PhIP-treated wild type mice at week
40 to 60 (data not shown). No small intestine tumor was observed in hCYP1A mice (0
out of > 200). The result suggested that obesity might promote the small intestine
cancer development. Dietary and environmental related cancers has become more
common with the increase in Westernized dietary habits.19 Therefore, it is important
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to find models related to human small intestine cancer to investigate the effect of
dietary carcinogens such as PhIP, and the influence of obesity. The model is able to
closely imitate the carcinogenicity of PhIP and obese condition in humans in an in
vivo system.

We split a dose of the original 200 mg/kg PhIP into 2 doses in order to
eliminate the acute toxic effect in the obese mice observed initially. Compared with
the lean mice, the obese mice were given higher amount of PhIP in total, and
observed over 90 % of the obese mice were died in a week after one time PhIP
administration. In this experiment, the mice were given the second dose of PhIP at 3
days after the first dose, and the survival rate increased to 100 %. We performed the
same protocol in other colon cancer studies in our laboratory to investigate the PhIP
activation effect. The results showed no difference in tumor incidence, tumor
multiplicity and tumor volume between the groups treated one does of 200 mg/kg
PhIP or two doses of 100 mg/kg PhIP.

COX-2 is considered as a biomarker for multiple types of cancer, especially
colorectal cancer.74 Chemoprevention using COX-2 inhibitor such as Celecoxib has
been proved to have inhibitory effect on colorectal cancer development.73 To
investigate the molecular changes in small intestine tumors, we examined the
expression of COX-2 by IHC analysis. The result showed overexpression of COX-2
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in the tumor region that is consistent with the result found in the human small
intestine adenocarcinoma.51 In addition, nitrotyrosine, a biomarker for oxidative stress,
showed positive staining in the small intestine tumor area. The result was similar to
the finding in the intestinal tumor of APCMin/+ mice, indicating oxidative and
nitrosative stress is involved in PhIP induced carcinogenesis.75

There are several limitations in this study. First of all, the sample size of
hCYP1A-db/db mice was small. Although the number of mice was enough for
statistical analysis, the tissue samples for further molecular analysis such as Western
blot was limited because of the small size of the hCYP1A-db/+ mouse colony and the
low percentage for producing hCYP1A-db/db mice. Second, due to the asymptomatic
characteristic of small intestine cancer, it is hard to determine the time for termination
of the experiment. To monitor the body weight change and the health condition of the
mice closely are the only ways currently. Third, this study stayed at the observational
stage. The exact mechanisms of obesity or diabetes promoted small intestine cancer
need to be investigated.

In this thesis research, we demonstrated that obesity may promote the
development of small intestine cancer. The association between obesity-related
features in db/db mice such as hyperinsulinemia, hyperlipidemia and hyperleptinemia
and the promotion of carcinogenesis will be investigate. A Japanese group suggested
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that higher levels of insulin-like growth factor (IGF)-1, IRF-R, and IGF-2 promoted
adenoma formation in C57BL/KsJ-db/db-APCMin/+ mice.66 Chronic hyperinsulinemia
is related to decreased level of insulin-like growth factor bind protein (IGFBP)-1 and
IGFBP-2, leading to elevated IGF-I and changes in the cellular environment that
suitable for tumor development.76

Characterizing other genes and pathways involved in PhIP induced cancer
model, other intestinal cancer model, and human small intestinal cancer such as APC,
K-ras, !-catenin and p53 gene would be beneficial. The results of gene mutations in
human small intestine are varied, therefore it would be interesting to investigate the
expression in our hCYP1A-db/db PhIP-induced small intestine cancer model as it has
a higher specificity to human than current animal model for small intestine cancer
study.

In our laboratory, we also focused on chemoprevention studies, specifically on
the inhibitory effect of natural antioxidant such as tocopherols and Epigallocatechin
gallate (EGCG). Based on the published studies, we expected that EGCG and dietary
tocopherols including !-TmT and δ-tocopherol would have inhibitory effect on our
small intestine cancer model. EGCG has been reported to have preventive effect in
AOM-induced colorectal tumorigenesis in C57BL/KsJ-db/db mice. The result showed
that EGCG inhibited ACF formation and body weight growth. In addition, EGCG

!

40

decreased the level of insulin, free fatty acid, IGFs and TNF-! and increased the
activity of IGFBP-3 in serum. 77 EGCG has also been found to have preventive effect
against PhIP-DNA adduct formation.78 As mentioned previously, tocopherols have
strong anti-oxidative and anti-inflammatory properties. The studies in our laboratory
showed that !-TmT and δ-tocopherol, but not !-tocopherol have cancer preventive
effect in lung, mammary and prostate tumorigenesis in animal models.79

2. The Inhibitory Effect of δ-tocopherol on Colorectal Cancer in the
PhIP/DSS-induced hCYP1A Mice
In the present study, we demonstrated the inhibitory effect of δ-tocopherol in
colorectal cancer in the humanized transgenic mice with the PhIP/DSS treatment.
δ-tocopherol showed the anti-inflammatory effect by reducing the expression of
COX-2 and 8-oxodG. In addition, δ-tocopherol also increased the expression of
cleaved caspase-3. The results demonstrated the anti-inflammatory effect and the
promoting effect on cell apoptosis of δ-tocopherol in this colon cancer model. The
results are consistent with other δ-tocopherol studies in colon carcinogenesis and
other types of cancer.63,79 However, previous studies were only showed the results in
ACF.69 ACF can only be considered as precancerous lesions, but not carcinoma. By
using the PhIP/DSS treated hCYP1A mouse model, we were able to investigate the
molecular changes in colon adenocarcinoma.
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Compared with our previous study57, we decreased the 1.5% DSS treatment
from 7 days to 4 days. The tumor incidence remained 100 % at the same time period,
and the tumor multiplicity showed no difference between these two treatments. Our
aim is to improve this model and increase the survival rate of the mice. However,
there were 3 out of 15 mice died after the DSS treatment. The animal conditions need
to be monitored more carefully. In addition, the previous study showed no difference
of the carcigenic effect of PhIP/DSS-induced model in male and female mice.
Therefore, we used female mice for this experiment and kept the male mice for
prostate cancer study. In this study, the mice were given 0.3% δ-tocopherol in the diet.
The dose, using a translation of animal to human doses81 and estimating the daily
intake for a 70 kg adult, correspond to a consumption of 2800 IU. The dosage is much
higher than the recommended daily allowance (RDA) (22.5 IU) and the upper intake
levels (ULs) (1,500 IU) of !-tocopherol in the U.S. Although no abnormality was
observed in 0.3% δ-tocopherol treated mice, the adverse effects of high dosage of
δ-tocopherol still need to be investigated. A human study reported that the
consumption of a tocopherol mixture containing 100 mg !- and 40 mg !-tocopherols
led to stronger inhibition of platelet aggregation compared with a diet with
!-tocopherol alone.80

In summary, I presented two studies of intestinal cancer in this thesis research.
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First, we have developed a new model for studying small intestine cancers in
hCYP1A-db/db mice. hCYP1A-db/db mice were found to develop small intestine
tumors 28-44 weeks after 2x 100 mg/kg PhIP treatment, whereas the hCYP1A mice
did not produce any tumor or other malignancies with the same treatment.
Pathological characteristics and the overexpression of COX-2 and nitrotyrosine
observed in tumor samples suggest that this model shares similar patterns to human
small intestine carcinogenesis. The hCYP1A-db/db mouse model could also be useful
for investigating the effect of PhIP and obesity in other cancers such as prostate,
breast and liver carcinogenesis. Second, for the !-tocopherol study, the results
demonstrated the inhibitory effects on colon adenocarcinoma in hCYP1A mice by
decreasing the inflammatory condition and oxidative stress and increasing cell
apoptosis in tumors.
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Table.1 Primers used for genotyping hCYP1A and hCYP1A-db/db mice
PCR
Gene

Primer Name

Primer Sequence (5'-3')

Product
Size (bp)

NEBH1A1F

GCAGCCCTGTTTGTTCCTG

Human

NEBH1A1R

AGGCTGGCCTATGTGGTCTA

1A1/1A2

NEBH1A2F

AGGATTGGCATTGTTGAAGG

NEBH1A2R

GGGCACTGGCCATAGTATTC

Mouse

NEBDKOE

GACATAGGAGCTACCTACAC

1a1/1a2

NEBDKOF

GTCAAAGTAACCAGACACATCCTGC

NEBWTF

GGCTAACCATCTCGTCAGC

NEBWTR

TGCACACGGCACTCTGAG

MEHFOR

AGGTGAGTTTGCATGGCGCA

MEHREV

CCCTTTAGCCCCTTCCCTCTG

dbFwd

AGAACGGACACTCTTTGAAGTCTC

dbRev

CATTCAAACCATAGTTTAGGTTTGTGT

Ephx1

db gene

490

341

353

417

341

108
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Table 2. Body weight, survival rate, tumor incidence, multiplicity and volume for small intestine cancer study
Mouse
hCYP1A
(n=10)
hCYP1Adb/db (n=8)

Treatment
PhIP
100mg/kg
x2
PhIP
100mg/kg
x2

Duration
(weeks)

Initial Body
weight (g)

Final body
weight (g)

Survival
Rate

Tumor
incidence

Multiplicity

Volume
(mm3)

40

20.62± 0.86

29.84±6.10

100%

0

0

0

28-44

24.16±3.22*

65.1±7.83†

100%

100

2.29 ±0.76

19.5±16.48

hCYP1A mice were sacrificed at week 40 after PhIP gavage. No visible small intestine tumor was observed. hCYP1A-db/db mice were
sacrificed at various time points beginning with week 28 after PhIP gavage due to the observation of weight loss. Tumor volume was
measured using the formula V=4/3!!r3 x 1/2, where V is the tumor volume and r is the radius of the tumor determined by the mean
values of the length, width and height of tumors. Numbers shown in the table are mean ± SD. The initial and final body weights of
hCYP1A-db/db mice were both significantly higher than the body weight of hCYP1A mice. *(p<0.05) †(p<0.01)
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Table 3. Survival rate, tumor incidence, multiplicity and volume in PhIP/DSS treated hCYP1A mice

Group

Treatment

Group A
(n=12)
Group B
(n=10)

PhIP
200 mg/kg + 1.5% DSS
PhIP
200 mg/kg+1.5% DSS

Duration
(weeks)

Survival
Rate

Tumor
incidence

Multiplicity

Volume
(mm3)

AIN93M

8

80.0%
(12/15)

100%

5.6±1.9

17.85±1.92

0.3 % δ-tocopherol

8

100%

90%

2.7 ±2.1*

11.67±1.85*

Diet

All the mice were sacrificed 8 weeks after PhIP gavage. The mice were given control diet or 0.3 % δ-tocopherol diet until the end of the
experiment. Tumor volume was measured using the formula V=4/3!!r3 ∙ 1/2, where V is the tumor volume and r is the radius of the
tumor determined by the mean values of the length, width and height of tumors. Numbers shown in the table are means± SD. The
δ-tocopherol treated group decreased in tumor multiplicity and the tumor volume significantly.
*(p<0.01)
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Figure 1. Chemical structures of tocopherols11
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Figure 2. The metabolic pathways of PhIP in different species72 The thick arrows
indicate primary pathway of PhIP activation in human and hCYP1A mice. The
metabolic pathway of PhIP in hCYP1A mice primarily produce a less toxic
compound, 4’-Hydroxy-PhIP whereas the pathway in human leads to produce
N2-OHPhIP and form adducts with DNA.
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(A)

(B)

(C)

(D)

Figure 3. PCR genotyping for hCYP1A1/1A2, Cyp1a1/1a2 knockout and db
gene
Pups generated from hCYP1A-db/+ mice were examined for the genotypes. (A)
hCYP1A1 showed a band ~ 180 bp representing a transgenic mice (TG). (B)
hCYP1A2 showed a band ~ 528 bp (C) Cyp1a knockout showed a single band ~ 353
bp. Wild-type allele showed bands ~ 417 bp and 353 bp. (C) db/+ gene showed a
band ~ 108 bp. hCYP1A mice showed a single band ~ 135 bp.
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Figure 4. Illustration of the breeding of hCYP1A and db/+ and the production
of hCYP1A-db/db mice
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(A)

(B)

Figure 5. Small intestine of PhIP treated hCYP1A and hCYP1A-db/db mice
(A) Small intestinal tissue of PhIP treated hCYP1A mouse showed no tumor or
other malignancies present; (B) Small intestinal tissue of PhIP treated
hCYP1A-db/db mouse carried with multiple tumors located near the proximal part
of small intestine. Arrows are indicative of selected visible tumors.
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(A)

(C)

(B)

(D)

Figure 6. Histopathology of PhIP treated hCYP1A and hCYP1A-db/db mice
(A) Normal small intestine villi in hCYP1A mouse (40 weeks after PhIP
administration) (100X); (B) Normal small intestine villi in hCYP1A mouse (400X);
(C) Small intestine tumors in PhIP-treated hCYP1A mouse (38 weeks after PhIP
administration) displays tubular adenoma characteristics (100X); (D) Small intestine
tumors in PhIP-treated hCYP1A mouse displays tubular adenoma characteristics
(200X).
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(A)

(B)

(C)

Figure 7. Immunohistochemical analysis of COX-2 in PhIP treated small
intestinal tissue
(A) Normal small intestine villi without positive staining of COX-2 in hCYP1A
mouse (40 weeks after PhIP administration) (100x); (B) Positive staining (brown
staining) was shown in tumor region of small intestine in hCYP1A-db/db mouse (38
weeks after PhIP administration) (100x). Arrows indicate the positive staining site;
(C) Positive staining (brown staining) was shown in tumor region of small intestine
in hCYP1A-db/db mouse (200x)
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(A)

(B)

(C)

Figure 8. Immunohistochemical analysis of nitrotyrosine in PhIP treated small
intestinal tissue
(A) Normal small intestine villi without positive staining of nitrotyrosine in
hCYP1A mouse (100x); (B) Positive staining (brown staining) of nitrotyrosine was
shown in tumor region of small intestine in hCYP1A-db/db mouse (100x); (C)
Positive staining (brown staining) of nitrotyrosine was shown in tumor region of
small intestine
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Figure 9. Body weight changes in the control group and 0.3 % δ-tocopherol
treated group There was no significant difference between control and treatment
group in each time point, but a slightly higher weight loss was observed in control
group.
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(A)

(B)

positive stainting of COX-2(%)

(C)
20
15
10

**
5
0

AIN-93M
N=10

0.3% d-T
N= 6

Figure 10. The effect of !-tocopherol on the expression of COX-2
The tumore region of (A) control group and (B) 0.3 % d-T treated group. (C) The
percentage of positive staining COX-2 in control and treatment group.
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(C) 30
Positive staining of 8-oxodG(%)
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AIN-93M
N=10

0.3% d-T
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(B)

Figure 11. The effect of !-tocopherol on the expression of 8-oxodG
The tumor region of (A) control group and (B) 0.3 % d-T treated group. (C) The
percentage of positive staining of 8-oxo-dG in control and treatment group.
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(A)

(B)

Positive cells of caspase-3(%)

(C)
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AIN-93M
N=10

0.3% d-T
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Figure 12. !-Tocopherol increases the expression of cleaved caspase-3
The tumor region of (A) control group and (B) 0.3 %d-T treated group. (C) The
percentage of positive staining cells of cleaved caspase-3 in control and treatment
group. Arrows indicate the positive staining cells.
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