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ABSTRACT 

Katherine A. Guindon:  Investigation of the Role of Oxidative DNA Damage in 

Aflatoxin B1-Induced Pulmonary Carcinogenesis.  Ph.D. Thesis, Queen’s 

University at Kingston, December, 2008. 

 

 Studies described in this thesis were aimed at characterizing the 

mechanism(s) of aflatoxin B1 (AFB1) pulmonary carcinogenesis by addressing 

the formation, prevention, and repair of AFB1-induced oxidative DNA damage. 

 The ability of AFB1 to cause oxidative DNA damage in different lung cell 

types of the A/J mouse was examined.  The formation of 8-hydroxy-2’-

deoxyguanosine (8-OHdG) in freshly isolated mouse lung alveolar macrophages, 

alveolar type II cells, and nonciliated bronchial epithelial (Clara) cells, was 

assessed by high performance liquid chromatography with electrochemical 

detection.  An increase in 8-OHdG formation occurred in macrophage and Clara 

cell preparations isolated from A/J mice two hours following in vivo treatment with 

a single tumourigenic dose of AFB1.  Prior treatment with polyethylene glycol-

conjugated catalase (PEG-CAT) prevented the AFB1-induced increase in 8-

OHdG levels in all mouse lung cell preparations.  These results support the 

possibility that oxidative DNA damage in mouse lung cells contributes to AFB1 

carcinogenicity. 

 Mouse lung tumourigenesis was assessed following treatment of A/J mice 

with PEG-CAT and/or AFB1.  Unexpectedly, the mean number of tumours per 
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mouse and tumour size in the PEG-CAT + AFB1 group were greater than those 

of the group treated with AFB1 alone.  There was no difference in K-ras exon 1 

mutation spectrum or in the histological diagnosis of tumours between treatment 

groups.  In vitro incubation with mouse liver catalase (CAT) resulted in 

conversion of [3H]AFB1 into a DNA-binding species, a possible explanation for 

the results observed in vivo.  These results demonstrate that PEG-CAT is not 

protective against AFB1 carcinogenicity in mouse lung despite preventing DNA 

oxidation. 

 The effect of in vivo treatment of mice with AFB1 on pulmonary and 

hepatic base excision repair (BER) activities and levels of 8-oxoguanine DNA 

glycosylase (OGG1) was investigated.  AFB1 treatment increased 8-OHdG levels 

and BER activity in mouse lung, but did not significantly affect either in liver.  

Levels of OGG1 immunoreactive protein were increased in both mouse lung and 

liver.  These results indicate that oxidative DNA damage may be an important 

mechanism in the carcinogenicity of AFB1.  However, BER activity is increased 

by AFB1 treatment, possibly representing a compensatory response to the 

production of oxidative DNA damage. 

 

Keywords: aflatoxin B1, oxidative DNA damage, catalase, base excision repair, 

8-oxoguanine DNA glycosylase 1, pulmonary carcinogenesis 
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CHAPTER 1 

 
GENERAL INTRODUCTION 

 

1.1 STATEMENT OF RESEARCH PROBLEM 

Cancer is defined as a large collection of diseases characterized by 

abnormal and uncontrolled cell division (Canadian Cancer Society, 2008).  It is 

estimated that in 2008, 166,400 new cancer cases will be diagnosed in Canada 

and 73,800 cancer deaths will occur.  Although the most frequently diagnosed 

cancers are breast cancer and prostate cancer for women and men, respectively, 

the leading cause of cancer deaths for both sexes continues to be lung cancer 

(Canadian Cancer Society, 2008).  

It is established that the single greatest risk for lung cancer remains 

tobacco use.  In males, incidence and mortality of lung cancer levelled off in the 

late 1980s and has been declining since the late 1990s, whereas in females, 

levels have been steadily increasing since the late 1970s.  These statistics reflect 

increasing rates of tobacco consumption among females, although this trend is 

showing signs of reversal (Canadian Cancer Society, 2008).  Given the large 

population of former smokers, it is predicted that even with the declining tobacco 

use in certain countries, lung cancer will remain a major form of cancer in the 

decades ahead.  Other environmental and occupational exposures, such as 

radon gas and asbestos, can also lead to the development of lung cancer, 
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primarily through inhalation (Lillington and Gould, 1997).  Therefore, the focus of 

a great deal of research involves the prevention and treatment of lung cancer.   

Chemical carcinogens can be classified as either genotoxic, which means 

that the agents damage DNA, or non-genotoxic, in which case the carcinogens 

alter the balance between cell growth and death without changes to DNA 

structure.  A recognized process in the development of cancer is the production 

of oxidative stress and reactive oxygen species, whose sources include 

endogenous (e.g. cytochrome P450 (CYP) metabolism) or exogenous (e.g. redox 

cycling compound) sources (Pitot and Dragan, 2001).   Reactive oxygen species 

can lead to the formation of mutagenic oxidative DNA damage, including strand 

breaks, chromosomal aberrations, and oxidized bases, which may contribute to 

the carcinogenic action of an agent. Elucidating the mechanism(s) by which a 

carcinogen leads to disease development is valuable for effective prevention and 

treatment. 

The studies conducted in this thesis have focused on the formation and 

repair of oxidative DNA damage by the mycotoxin aflatoxin B1 (AFB1). 

1.2 CHEMICAL CARCINOGENESIS 

1.2.1 Lung Cancer 

There exist more than 100 distinct types of cancer in humans, displaying 

the traits of uncontrolled growth, invasion, and at times, metastasis (Hanahan 

and Weinberg, 2000).  Lung cancer remains the leading cause of cancer-related 
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deaths worldwide (Simonato et al., 2001), and in Canada for both men and 

women (Canadian Cancer Society, 2008).  In 2008, it is estimated that there will 

be 23,900 new lung cancer cases and 20,200 deaths from lung cancer in 

Canada alone (Canadian Cancer Society, 2008).  Smoking is the single greatest 

risk factor for the development of lung cancer (Sachs and Fiore, 2003), which 

involves an association between carcinogen exposure and host genetic 

susceptibility, as less than 20% of smokers develop lung cancer (Smith and 

Glynn, 2000). 

 Other environmental exposures associated with the development of lung 

cancer include radon and asbestos, whose effects are potentiated by cigarette 

smoke (Sachs and Fiore, 2003).  Occupational exposures to aluminum 

byproducts, arsenic, chromium, nickel compounds, coke oven emissions, bis-

chloromethyl ether, and vinyl chloride have also been attributed to the 

development of lung cancer (Sachs and Fiore, 2003; Smith and Glynn, 2000). 

 Lung cancer can be divided into two broad pathological classifications:  

small cell lung cancer (SCLC) (approximately 20% of diagnosed cases) and non-

small cell lung cancer (NSCLC) (approximately 80% of diagnosed cases) (Sachs 

and Fiore, 2003).  Other rare tumour types include carcinoids, carcinosarcomas, 

pulmonary blastomas, giant and spindle cell carcinomas (Corrin and Nicholson, 

2006; Schottenfeld and Searle, 2005).  The characteristics of SCLC, derived from 

neoplastically transformed neuroendocrine cells, include early spread, rapid 

growth, and high initial sensitivity to radiation and chemotherapy (Malkinson, 
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1998).  SCLC is often treated by chemotherapy rather than surgical intervention, 

and has an approximate survival rate of 5% over five years (Sachs and Fiore, 

2003).  NSCLC, which is derived from transformed epithelial cells and often 

treated by surgical resection (Sachs and Fiore, 2003), can be further divided into 

the following subcategories: adenocarcinoma (40% of NSCLC cases), squamous 

cell carcinoma (30%), and large cell undifferentiated carcinoma (10%) 

(Schottenfeld and Searle, 2005).  Development of SCLC and squamous cell 

carcinoma is most commonly attributed to cigarette use.   Adenocarcinoma, the 

disease subtype whose occurrence has increased in recent decades due to low 

tar filter cigarette use, is also the most common subtype associated with non-

smokers (Sachs and Fiore, 2003; Sheldon, 2001).  The frequency of tumour 

types varies geographically; in certain regions of the world, adenocarcinoma 

most commonly seen, while in others, although the frequency of adenocarcinoma 

is rising, squamous cell carcinoma still predominates (Simonato et al., 2001).    

 Adenocarcinoma, the most commonly diagnosed type of lung cancer, is 

further sub-classified into acinar (gland forming), papillary, bronchioalveolar, solid 

with mucin, and mixed tumour types (Schottenfeld and Searle, 2005; Corrin and 

Nicholson, 2006).  Adenocarcinoma either grows in a solid pattern along the 

alveolar septa, or in a papillary pattern, characterized by finger-like projections 

around blood vessels (Malkinson, 2001).  Most adenocarcinomas are 

histologically heterogeneous, consisting of both growth patterns, and therefore 

falling into the mixed category (Schottenfeld and Searle, 2005; Corrin and 



 

  5

Nicholson, 2006).  Since the majority of adenocarcinomas occur in the periphery 

of the lung, they are often asymptomatic until late in their course (Massion and 

Carbone, 2003). 

1.2.2 Cell types in the lung 

The lung consists of more than 40 different cell types that execute a 

variety of functions ranging from gas exchange in the alveoli, removal of particles 

up the tracheobronchial tract, and providing a junction with the blood stream 

(Castell et al., 2005; Yost, 1999).  It is important to take into account that lung cell 

types of different mammalian species differ both physiologically and 

morphologically. 

 In adult mouse trachea and primary bronchi, the luminal epithelium 

contains two main columnar cell types. One is the non-ciliated bronchiolar 

epithelial cell (also known as the Clara cell) (Rawlins and Hogan, 2006), a non-

mucous and non-ciliated secretory cell type found in primary bronchioles (Dudek, 

2004).  These cells secrete Clara cell secretory protein, which, along with 

surfactant, performs anti-inflammatory and immunoregulatory functions in the 

lung (Wang et al., 2003). Clara cells can also multiply and differentiate into 

ciliated cells, thereby regenerating the bronchiolar epithelium (Dudek, 2004).  

This cell type constitutes approximately 80% of the epithelial cell population in 

the distal non-alveolar airway of the mouse, and contains large amounts of 

smooth endoplasmic reticulum and secretory granules (Plopper, 1983).  In 

rodents, CYP activity is greatest in Clara cells than in other cell types of the lung 
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and Clara cells therefore are considered important in the biotransformation of 

xenobiotics (Ding and Kaminsky, 2003).  In human lung, Clara cells are not 

present in abundance and demonstrate low expression of CYP enzymes and are 

therefore not considered important in biotransformation (Ding and Kaminsky, 

2003). 

Existing more distally in lung in the alveoli (Figure 1.1) are the alveolar 

type I and type II cells.  Type I cells, also known as squamous pneumocytes, are 

non-dividing highly differentiated cells that contain significant CYP expression in 

human lung (Kim et al., 2004).  Type II cells contain lamellar bodies filled with 

surfactant, which decreases the tension of the alveolar surface, a factor 

important for maintenance of alveolar structure and function (Rawlins and Hogan, 

2006; Murray, 1986).  Type II cells, cuboidal in shape with short microvilli along 

the apical surface, actively divide and are also able to differentiate into type I 

cells (Dobbs, 1990).  In rodent lung, appreciable CYP activity is present in type II 

cells, second only to Clara cells, and are therefore considered important in 

xenobiotic biotransformation (Ding and Kaminsky, 2003). 

Alveolar type II cells and Clara cells are considered to be the potential 

progenitor cell types in mouse lung tumourigenesis.  What remains a subject of 

debate is whether the type II cell is always the cell type of tumour origin.  This 

assertion has been made because of immunohistochemical characteristics 

shared between mouse lung tumour cells and normal type II cells but not Clara  
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Figure 1.1 The main divisions of the respiratory tract.  (From U.S. National 

Cancer Institute’s Surveillance, Epidemiology and End Results Program Lung 

Cancer training module, 2007). 
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cells (Rehm et al., 1988; Ward et al., 1985).  Alternatively, other investigators 

maintain that both cell types can be progenitors with mouse lung tumours 

(Palmer, 1985; Kauffman et al., 1979; Mori, 1964).  To date, the progenitor cell 

type of a particular tumour still cannot be determined by examining the tumour 

itself (Malkinson, 1992).  

Alveolar macrophages are phagocytic cells existing in the extracellular 

lining of the alveolar surface of the lung (Murray, 1986).  They are active in 

microbial phagocytosis and recruit neutrophils from the bloodstream (Peters-

Golden and Coffey, 1998).  As well, macrophages play an important role in the 

pathogenesis of inflammation through the synthesis of chemotactic factors and 

mediators, including a variety of cytokines, chemokines, and arachidonic acid 

metabolites (Murray, 1986).  With respect to biotransformation of xenobiotics, 

human macrophages possess CYP activity (which is induced in smokers), along 

with prostaglandin H synthase (PHS) and lipoxygenase (LOX) activities (Castell 

et al., 2005; Willey et al., 1996; Kim et al., 2004).  PHS and LOX can cause 

oxidation of xenobiotics concurrently with the oxidation of arachidonic acid, a 

reaction termed “co-oxidation” (Marnett et al., 1975). 

1.2.3 Molecular alterations in human lung cancer 

There are six essential cellular alterations shared by most, if not all, types 

of human tumours, including those in the lung, namely, self-sufficiency in growth 

signals, insensitivity to growth-inhibitory signals, evasion of apoptosis 

(programmed cell death), limitless replicative potential, sustained angiogenesis, 
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and tissue invasion and metastasis (Hanahan and Weinberg, 2000).  Tumour 

cells have the ability to generate many of their own growth signals, thereby 

reducing their dependence on stimulation (Hanahan and Weinberg, 2000).   

Proto-oncogenes are highly conserved genes that code for proteins 

involved in several processes including regulation of gene expression and growth 

signal transduction (Rodenhuis and Slebos, 1990).  Hence, the encoded proteins 

play a crucial role in cellular growth, differentiation and apoptosis (Anderson et 

al., 1992).  Proto-oncogenes have the potential for conversion into active 

oncogenes, which are mutated and/or over-expressed versions of the normal 

proto-oncogenes.  The active oncogene can induce or promote uncontrolled cell 

growth, thus leading to cancer.  Examples of proto-oncogene products are the 

ras proteins, localized on the inner surface of the plasma membrane (Rodenhuis 

and Slebos, 1990) (discussed in detail below).   

The most recognized early events in NSCLC involve loss of regions of 

chromosomes 3p, 9p, and 5p, and mutations in Kirsten-ras (K-ras) and p53 

(Thiberville et al., 1995).  Alteration to the SOS-Ras-Raf-mitogen-activated 

protein kinase (MAPK) cascade is a common characteristic of a variety of 

cancers, as ras proteins present in structurally altered form occur in about 25% of 

human tumours (Hanahan and Weinberg, 2000).  The p53 tumour suppressor 

gene, mutated in over two thirds of lung cancers, triggers dysregulation of cell-

cycle control and apoptosis (Massion and Carbone, 2003) and is most commonly 

found in squamous cell carcinoma and SCLC (Massion and Carbone, 2003).  
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P16, another tumour suppressor gene involved in the Retinoblastoma (Rb) 

pathway, is inactivated in over 40% of NSCLCs (Massion and Carbone, 2003).  

Altered gene expression in tumours can also result from methylation of normally 

unmethylated CpG islands (regions of DNA containing a high frequency of CG 

dinucleotides) around gene transcription start sites (Burbee et al., 2001), and an 

association exists between DNA methylation and histone deacetylation that may 

silence hypermethylated genes in tumours (Massion and Carbone, 2003).   

1.2.4 Modelling lung cancer in the mouse 

Primary lung tumours in mice and humans have similar morphologic, 

histogenic, and molecular features (Malkinson, 1998; 2001).  The genetic 

homology between human and mouse and the ease of genetic manipulation in 

mice (Malkinson, 2001) makes the mouse model an invaluable tool in the study 

of human lung cancer.  The translational applications between mice and humans 

include susceptibility genes, drugs that prevent cancer progression, and 

chemotherapeutic agents (Malkinson, 2001). 

Mouse strains vary substantially with respect to susceptibility to tumour 

formation, and those that frequently develop spontaneous tumours demonstrate 

reproducible induction of lung neoplasms by chemical carcinogens (Malkinson, 

1998; Malkinson, 1989).  There are at least 14 different sites on the murine 

genome, termed pulmonary adenoma susceptibility, pulmonary adenoma 

resistance, and susceptibility to lung cancer, which regulate lung tumour 

susceptibility (Lemon et al., 2003).  In particular, the A/J mouse strain is 
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susceptible to both spontaneous and chemically-induced lung tumour formation.  

For example, they lack one 37 base pair element polymorphism within the 

second intron of the K-ras gene, a pulmonary adenoma susceptibility gene, likely 

affecting its regulation (Massey et al., 2000; Jones-Bolin et al., 1998).  

Interestingly, most of the human chromosomal regions deleted, mutated, or 

amplified in NSCLC are homologous to these mouse lung tumour susceptibility 

sites (Malkinson, 1999).  A/J mice serve as a useful model for the study of 

pulmonary tumourigenesis as they develop lung tumours in a relatively short 

period of time and their genetics have been extensively studied.  Female mice 

are often used in tumourigenicity studies because usually they can be housed 

together for extended periods without exhibiting aggressive behaviour. 

In both mouse and human lung cancer, the K-ras mutation contributes to 

selection for malignant growth.  For example, mutations at codon 12 in human 

lung cancer have the poorest prognosis (Siegfried et al., 1997).  Mice, like 

humans, appear to follow the initiation/promotion/progression model of lung 

cancer (Malkinson, 2001), and therefore correlations between these two species 

can be made at several stages of disease development.  Human lung 

adenocarcinoma is often diagnosed after metastasis has occurred and therefore 

the mouse model is useful for characterizing early changes in adenocarcinoma 

development (Malkinson, 1998).  Late events in both human and mouse lung 

tumours involve inactivation of tumour suppressor genes either by CpG island 

methylation or by mutations and deletions (Malkinson, 1998; 2001). 
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Mouse lung tumour development first involves the appearance of 

hyperplasias, the initial lesions that arise as a focal area of epithelial cells that 

proliferate and line the alveolar septae (Foley et al., 1991).  This is followed by 

progression to adenomas, which are homogeneous spherical masses that 

compress normal lung parenchyma (Foley et al., 1991).  Finally, adenomas can 

progress to carcinomas, heterogeneous masses comprised of anaplastic cells 

exhibiting nuclear and cytologic atypia (Foley et al., 1991). 

1.2.5 Role of the K-ras protooncogene in lung cancer 

The ras gene products are 21,000 Da proteins (p21) that bind guanine 

nucleotides with high affinity and are involved in signal transduction pathways in 

many cell types (Anderson et al., 1992).  The ras gene family includes at least 

three genes associated with human cancers: Harvey-ras, Neuroblastoma ras 

viral oncogene homolog, and K-ras (Rodenhuis and Slebos, 1990).  A point 

mutation in a critical position, more specifically codon 12, 13, or 61, is the most 

frequent mechanism for ras activation, leading to an amino acid substitution in 

the encoded protein, loss of GTPase activity, and thus continuous transduction of 

inappropriate growth signal (Rodenhuis and Slebos, 1990; Donnelly et al., 

1996a).  Approximately 30-50% of human lung adenocarcinomas have a K-ras 

mutation in codon 12, 13, or 61; K-ras mutations are rare in other forms of lung 

cancer (Siegfried et al., 1997; Malkinson, 2001).  Ras gene mutations may occur 

spontaneously or may be induced by chemical carcinogens (Rodenhuis and 

Slebos, 1990).  For example, activated ras genes have been detected in 
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spontaneous and chemically-induced tumours generated in numerous rodent 

model systems (Anderson et al., 1992).  K-ras mutations, most commonly seen 

in 30% of human adenocarcinomas and thus a distinguishing feature from other 

lung cancer types, are found early in atypic hyperplasia (a precursor to 

adenocarcinomas) (Malkinson, 1998; Massion and Carbone, 2003; Westra et al., 

1993).  Similarly, mutations in K-ras are found in 80% or more of mouse lung 

adenomas and adenocarcinomas (Li et al., 1994).  An association between 

carcinogen-induced K-ras mutations and adenocarcinoma of the lung has been 

reported in animal studies (Rodenhuis and Slebos, 1990), while mutant ras 

transgenic mice develop adenocarcinomas of the lung (Massion and Carbone, 

2003).  G T transversion mutations, in which a thymine (pyrimidine) replaces a 

guanine (purine) base, have been detected in the K-ras oncogenes of human 

lung cancers (Inoue et al., 1998).  K-ras mutations can activate the ERK-MAPK 

pathway and result in the transformation of airway epithelial cells (Cooper et al., 

1997).  The persistence of K-ras mutations in both the initial lung tumours and 

their resulting metastases suggests that these mutations are essential to 

maintain the malignant phenotype (Kihara and Noda, 1994). 

1.3 REACTIVE OXYGEN SPECIES AND CARCINOGENESIS 

In a single human cell, it is estimated that DNA suffers approximately 10, 

000 oxidative hits per day (Fraga et al., 1990).  Reactive oxygen species (ROS) 

consist of both radical and non-radical species; they are constantly formed in the 

body and are implicated in a number of diseases (Walther et al., 1991).  Free 
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radicals are defined as molecules or molecular fragments containing one or more 

unpaired electron(s) (Valko et al., 2006).  The primary endogenous sources of 

ROS include the mitochondria, CYP metabolism, peroxisomes, and inflammatory 

cell activation (Inoue et al., 2003; Wang et al., 1998; Ames et al., 1993).   

Endogenous metabolic processes, in particular aerobic respiration, can 

contribute significantly to the intracellular load of ROS (Wang et al., 1998).  

During the four electron reduction of molecular oxygen (O2) to water (H2O), the 

reactive intermediates superoxide anion (O2 •-), hydrogen peroxide (H2O2), and 

hydroxyl radical (•OH) can leak from the mitochondrial membrane.  The 

mitochondria generates approximately 2-3 nmol of O2 •- per minute per milligram 

of protein, making it the most important physiological source of this radical in 

living organisms (Inoue et al., 2003).  Activated macrophages initiate an increase 

in oxygen uptake that gives rise to a variety of ROS, including O2 •-, nitric oxide, 

and H2O2 (Conner and Grisham, 1996).  CYPs can lead to the production of 

ROS, specifically O2 •- and H2O2, by the breakdown or uncoupling of its metabolic 

cycle (Valko et al., 2006).  Peroxisomes, organelles that contain enzymes to 

catalyze the production and breakdown of H2O2, are recognized to be an 

important source of ROS due to peroxisomal oxidation of fatty acids (Valko et al., 

2006). 

Abnormally functioning cells are often in a state of oxidative stress, in 

which the balance between oxidants and antioxidants has been disrupted, 
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resulting in increased levels of cellular damage (David et al., 2007).  Rather than 

O2 itself, reduced forms of oxygen, including O2 •-, H2O2, and •OH, are toxic 

agents in oxidative stress (Walther et al., 1991).  O2 •- is considered the “primary” 

ROS, and can undergo further processes generating “secondary” ROS (including 

•OH) that leads to cellular consequences (Fridovich and Freeman, 1986). 

One process leading to the generation of •OH is the Fenton reaction 

(Beckman and Ames, 1997), which involves the production of •OH through the 

interaction of H2O2 with a transition metal, such as iron, copper, chromium, and 

cobalt  (Liochev and Fridovich, 1994; Halliwell and Gutteridge, 1999c).  It was 

proven that •OH is produced from the decomposition of H2O2 catalyzed by a 

transition metal (Haber and Weiss, 1934) as follows:   

 

    Fe3+ + O2 •-     →   Fe2+ + O2        

    Fe2+ + H2O2     →   Fe3+ + OH- + •OH                  

 

   Net Reaction          O2 •- + H2O2       →   OH- + •OH + O2        

 

Cellular reactions involving •OH are classified as either hydrogen 

abstraction, addition, or electron transfer (Halliwell and Gutteridge, 1999c).  For 

example, the reaction of •OH with aromatic compounds often involves an 

addition, such as addition of •OH to nucleotides in DNA (Halliwell and Gutteridge, 

Fe3+
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1999c).  As well, oxidative stress affects the levels of iron and copper available 

for the Fenton reaction by inducing the release of metal ions (Halliwell and 

Gutteridge, 1999b; Lenton et al., 1999); for example, in vivo excess of O2 •- 

releases “free iron” from iron-containing molecules (Valko et al., 2006), allowing 

the released iron to participate in the Fenton reaction to generate •OH  (Liochev 

and Fridovich, 1994). 

1.3.1 Formation and mutagenicity of specific DNA lesions 

Oxidative stress can cause lipid peroxidation, protein oxidative damage, 

and DNA damage (Floyd, 1990a).  In vitro studies have concluded that O2 •- and 

H2O2 are fairly unreactive with DNA, while •OH is believed to be responsible for 

much of the intracellular toxicity (Aruoma et al., 1989).  The half-life of •OH in 

aqueous solution is less than 1 nanosecond (Pastor et al., 2000), and due to this 

reactivity it cannot diffuse far from its site of formation and therefore must be 

produced close to DNA to cause oxidative DNA damage (Wiseman and Halliwell, 

1996).  Since iron and copper interact with the negatively charged phosphates on 

the DNA backbone as well as nitrogen and oxygen atoms on purines and 

pyrimidines (particularly at G-C sites of DNA), “site-specific” •OH generation and 

DNA damage can result (Halliwell and Gutteridge, 1999b; Chevion, 1988; 

Anastassopoulou, 2003).  In the absence of these transition metals, addition of 

H2O2 to DNA does not result in oxidative insult due to the lack of •OH production 

(Valko et al., 2005).  Copper is an essential component of chromatin, and it 
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accumulates in heterochromatic regions of DNA and in nucleosomes (Kawanishi 

et al., 2002). 

DNA damage from ROS can include abasic site formation due to: 

weakening and hydrolysis of the N-glycosidic bond following base oxidation; 

single-strand breaks resulting from abstraction of a deoxyribose hydrogen atom; 

and mispairing with oxidized DNA bases (Breen and Murphy, 1995; Izumi et al., 

2003; Wang et al., 1998).  To date, more than 100 distinct products of DNA 

oxidation have been identified (Valko et al., 2006).  Oxygen radical damage of 

the four nucleotides is highly complex, with distinct lesions formed from each, 

with varying mutational properties (Table 1.1) (Aruoma et al., 1989). 

1.3.1.1 8-hydroxy-2’-deoxyguanosine (8-OHdG) 

Of the four nucleobases, guanine has the lowest oxidation potential and 

therefore is generally the most easily oxidized (Klungland and Bjelland, 2007).  

The most abundant lesions from guanine oxidation include 2,6-diamino-4-

hydroxy-5-formamidopyrimidine (fapyG) and 8-hydroxy-2’-deoxyguanosine (8-

OHdG) (Klungland and Bjelland, 2007).  The addition of •OH to the C-8 position 

of guanine produces an adduct radical that can undergo a series of reactions to 

produced 8-OHdG or fapyG  (Figure 1.2) (Halliwell and Gutteridge, 1999b; Kelly 

et al., 1998).  FapyG, an abundantly formed lesion in DNA following several 

types of oxidative treatment, forms a thermodynamically stable mispair with 

adenine in vitro in 5% of cases (Bjelland and Seeberg, 2003).  Unfortunately, 

translesion and mutagenicity studies of fapyG in mammalian cells are lacking 



 

  18

(Klungland and Bjelland, 2007).  8-OHdG formation was first reported by Kasai et 

al (Kasai and Nishimura, 1984) as a result of treatment of DNA with ascorbic  

Table 1.1 Potential correlation between mutations observed and specific 

oxidative DNA lesions (modified from Wang et al, 1998).   

 

 

a5-OHdC: 5-hydroxy-2’-deoxycytidine; 5-OHdU: 5-hydroxy-2’-deoxyuridine; dUg: 

uridine glycol; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; 8-OHdA: 8-hydroxy-2’-

deoxyadenosine; dTg: thymidine glycol; 2-OHdA: 2-hydroxy-2’-deoxyadenosine. 

bAs determined by replication of a single adduct in vivo. 

cMutation induced if the lesion is incorporated into DNA from the nucleotide pool. 

 

Observed base substitution 

 

DNA adducts predominantly responsiblea,b 

 

GC AT 5-OHdC, 5-OHdU, dUg 

GC TA 8-OHdG 

GC CG 5-OHdC 

AT CG 8-OHdA, 8-OHdGc 

AT GC dTg, 8-OHdA, 2-OHdA 

AT TA 2-OhdA 
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Figure 1.2 Formation of FapyG and 8-OHdG (Kelly et al, 1998). FapyG:  2,6-

diamino-4-hydroxy-5-formamidopyrimidine; 8-OHdG: 8-hydroxy-2’-

deoxyguanosine. 



 

  20

acid.  8-OHdG is a highly stable lesion, and is present in ancient DNA (Hoss et 

al., 1996).  8-OHdG results from a two-atom change from guanine, and involves 

the introduction of a hydroxyl group on the C-8 position (David et al., 2007).  

When paired with adenine, 8-OHdG adopts the syn conformation around the N-

glycosidic bond thus mimicking thymine functionally, establishing the primary 

structural basis for 8-OHdG mutagenicity resulting in G T transversions (Wang 

et al., 1998).  In vitro studies have demonstrated that replicative and repair 

polymerases cause different frequencies of incorporation of cytosine and adenine 

across from 8-OHdG (Bjelland and Seeberg, 2003), making the chance of error 

variable based on the polymerase. 

  8-OHdG is commonly used as a biomarker of oxidative stress and a 

potential biomarker of carcinogenesis as it is relatively easily formed, is 

mutagenic and carcinogenic, and is measurable by a variety of methods (Valko 

et al., 2006).  In vivo experiments with Escherichia coli (E.coli) and various 

mammalian systems have demonstrated that 8-OHdG primarily induces G T 

transversions at a frequency of 0.5-5% at the site of the lesion, which is 

consistent with the frequency of mispairing with adenine (Bjelland and Seeberg, 

2003; Cheng et al., 1992; Moriya, 1993).  There is evidence for 8-OHdG 

mispairing, to a much less degree, with other bases such as thymine, depending 

on both the sequence context and cell type (Bjelland and Seeberg, 2003).  The 

enzymes that are involved in the repair of 8-OHdG include: MutT homolog 1, an 

oxidized purine nucleoside triphosphatase that hydrolyzes 8-OH-dGTP in the 
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nucleotide pool thereby preventing its misincorporation into DNA; OGG1, a DNA 

glycosylase that repairs 8-OHdG opposite cytosine (discussed below); and MutY 

homolog, a DNA glycosylase that removes the mispaired adenine if replication 

has already taken place (David et al., 2007).    

1.3.1.2 Cytosine oxidation 

In the past, oxidation products of cytosine had been given little attention 

because of their apparent lability and difficulties with the analysis of trace 

quantities (Wagner et al., 1996).  The 5,6-double bond of cytosine is the only 

primary target for oxidation, giving rise to the unstable lesion cytidine glycol (Cg) 

(Figure 1.3) (Bjelland and Seeberg, 2003; Kreutzer and Essigmann, 1998).  This 

attack turns the planar aromatic structure of cytosine into a non-aromatic non-

planar structure, whose breakdown results in the formation of 5-hydroxy-2’-

deoxycytidine (5-OHdC), 5-hydroxy-2’-deoxyuridine (5-OHdU), or uridine glycol 

(Ug) (Figure 1.3) (Kreutzer and Essigmann, 1998; Bjelland and Seeberg, 2003).  

These products demonstrate different base-pairing properties than cytosine due 

to the deamination of the C-4 amino group of the oxidized cytosine.  The base 

pairing preference is therefore altered from guanine to adenine, leading 

preferentially to G A transition mutations (Kreutzer and Essigmann, 1998; 

Wagner et al., 1996), the most frequent base substitution arising from oxidative 

DNA damage (Kreutzer and Essigmann, 1998; Moraes et al., 1990).  Replication 

in E.coli in vivo in the single-stranded genomes yielded mutation frequencies of 

2.5%, 83%, and 80% for 5-OHdC, 5-OHdU, and Ug, respectively 



 

  22

N

N

NH2

O
dR

N

NO

NH2

OH

OH
dR

N

NO

NH2

OH

dR

NH

N

O
OH

O
dR

NH

N

OH

OH

O

O
dR

oxidation -H2O

5-OHCCytosine Cg

Ug 5-OHU

-NH3

-NH3

-H2O

 

 

 

Figure 1.3 Oxidation of cytosine (modified from Kreutzer and Essigmann, 

1998). Cg: 5,6-dihydro-5,6-dihydrocytosine; 5-OHC: 5-hydroxycytosine; 5-OHU: 

5-hydroxyuracil; Ug: uracil glycol. 
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 (Kreutzer and Essigmann, 1998; Feig et al., 1994).  Although not originally 

considered important as a mutagen, the half-life of Cg is greater within double-

stranded DNA and therefore it may have significant biological implications 

(Tremblay et al., 1999).    

1.3.2 Antioxidant defense mechanisms 

Under normal conditions, biological systems are in a state of approximate 

equilibrium between pro-oxidant and antioxidant capacities (Floyd, 1990b).  This 

equilibrium tends to shift in favour of the pro-oxidant forces during periods of 

oxidative stress, a condition in which significant imbalance occurs between 

production of ROS and antioxidant defense (Halliwell and Gutteridge, 1999b).  

An ideal antioxidant should specifically quench free radicals, chelate redox 

metals, regenerate other antioxidants, have a positive effect on gene expression, 

be readily absorbed, be present in a physiologically relevant concentration, and 

work in both the aqueous and membrane domains (Valko et al., 2006).  

The cell possesses a variety of defense systems that protect against 

oxidative DNA damage by preventing and eliminating ROS, as well as excising 

damaged nucleotides or sugars (Ames et al., 1993; Buss et al., 2004).  The most 

efficient enzymatic antioxidants include superoxide dismutase (SOD), glutathione 

peroxidase, and catalase (CAT) (Farr and Kogoma, 1991; Mates et al., 1999).  

Three forms of SOD exist (Cu,Zn-SOD, mitochondrial SOD and extracellular 

SOD (Landis and Tower, 2005)), which catalyze the dismutation of O2 •- to H2O2 
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and O2 (Valko et al., 2006).  Selenium-dependent glutathione peroxidase 

decomposes peroxides (such as H2O2) to water (or a corresponding alcohol) 

while simultaneously oxidizing glutathione (McCall and Frei, 1999).  More 

recently, a selenium-independent glutathione peroxidase has been 

characterized, which can interact with lipophilic substrates (such as peroxidized 

phospholipids) reducing them to hydroxide compounds (Margis et al., 2008).  

Non-enzymatic antioxidants prevent the oxidation of other molecules by 

removing free radical intermediates, and inhibit oxidation reactions by being 

oxidized themselves.  There are numerous recognized antioxidants important in 

the cell, including ascorbic acid (vitamin C), α-tocopherol (vitamin E), β-carotene, 

bilirubin, urate, thiol antioxidants (including glutatione), natural flavonoids, and 

melatonin (Farr and Kogoma, 1991; McCall and Frei, 1999). 

 Another important defense against oxidative stress-induced toxicity 

involves decreasing metal ion availability to avoid production of strong oxidizing 

agents such as •OH, by the Fenton reaction.  Numerous metal chelating 

compounds have been used in a variety of experimental models.  It is the 

characteristic oxygen, nitrogen, and sulfur atoms within these ligands that are the 

binding points of metal ions (Galaris and Pantopoulos, 2008).  Chelators that 

have been considered for treatment as chemotherapeutic agents include 

pyridoxal isonicotinoyl hydrazone analogs (such as pyridoxal benzoyl 

hydrazone), desferrithiocin analogs, tachpyridine, the heterocyclic 

carboxaldehyde thiosemicarbazones, otrensox, and desferrioxamine (DFO) 
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(Buss et al., 2004).  DFO, a commonly used hexadentate iron chelator, exerts 

antiproliferative activity against neuroblastoma, leukemia, hepatocellular 

carcinoma, and bladder carcinoma, and has proceeded to the clinical trial phase 

of development (Galaris and Pantopoulos, 2008; Buss et al., 2004).  DFO 

contains multiple carbonyl and hydroxyl groups, allowing for chelation of iron(III) 

(Buss et al., 2004).  

In response to oxidative stress, cells have developed methods to increase 

their antioxidant capabilities.  Various cytokines, growth factors, and hormones, 

along with direct oxidative conditions, can increase antioxidant enzyme 

expression and activity (Zhou et al., 2001b; Sen and Packer, 1996).  The 

transcription factors nuclear factor-kappaB (NF-kB), activator protein 1 (AP-1), 

and NF-E2-related factor 2 (Nrf2) are regulated by intracellular redox state and 

implicated in the inducible expression of several hundred genes (Sen and 

Packer, 1996; Turpaev, 2002).   

The NF-κB family of proteins are transcription factors involved in 

regulation of immune and inflammatory responses, developmental processes, 

cellular growth, and apoptosis (Gilmore, 2006).  AP-1 is a transcription factor 

composed of dimers of proteins belonging to the c-Fos, c-Jun, ATF, and JDP 

families (Glover and Harrison, 1995).  The presence of NF-κB and AP-1 

response elements in promoter regions of genes encoding SOD, CAT, and 

glutathione peroxidase leads to an increase in these enzymes through activation 

of transcription factors in response to oxidative stress (Zhou et al., 2001b; Jornot 
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and Junod, 1997; Kim et al., 1994; Jones et al., 1995; Sen and Packer, 1996; 

Halliwell and Gutteridge, 1999b).  The antioxidant responsive element is a cis-

acting enhancer sequence that mediates transcriptional activation of genes in 

cells in a state of oxidative stress (Rushmore et al., 1991).  More specifically, the 

antioxidant response element is found in the 5’ region of a number of genes 

encoding enzymes involved in Phase II biotransformation, such as glutathione-S-

transferases (GSTs) (Nguyen et al., 2000).  Nrf2 is a leucine zipper transcription 

factor, which detaches from its cytosolic inhibitor keap1 when activated, allowing 

translocation into the nucleus and binding to the antioxidant response element 

(Nguyen et al., 2000).  Oxidative stress is important in the activity of Nrf2, as UV 

light, H2O2, •OH, and other reactive metabolites cause activation of Nrf2 and 

expression of antioxidant response element-regulated genes (Lyakhovich et al., 

2006).   

1.3.2.1 Catalase  

The antioxidant enzyme catalase (CAT), the discovery of which was key in 

the early recognition that enzymes are proteins with substrate specificity, was 

named catalase in 1900 by Loew because of the enzyme’s catalytic action on 

H2O2 (Loew, 1900; Kirkman and Gaetani, 2007).  Mammalian CAT is a heme-

containing enzyme present primarily in peroxisomes, has a subunit molecular 

mass of approximately 60kDa (Nicholls et al., 2001; Kirkman and Gaetani, 2007), 

and is important in H2O2 detoxification.  CAT is best known for its catalytic 

reaction, whereby H2O2 oxidizes the heme iron of the resting enzyme to form an 
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oxyferryl porphyrin centered radical, termed compound I (Kirkman and Gaetani, 

2007).  This is followed by oxidation of a second molecule of H2O2, returning the 

enzyme to its resting state and generating H2O and O2:   

  

 CAT + H2O2                   Compound I + H2O 

 Compound I + H2O2     CAT + H2O +O2 

   

Mammalian CAT also demonstrates peroxidative activity, which occurs 

when the alcohols methanol and ethanol are oxidized to their corresponding 

aldehydes by compound I (Halliwell and Gutteridge, 1999a; Kirkman and 

Gaetani, 2007):   

 

Compound I + CH3CH2OH    CAT + CH3CHO + H2O 

 

The rate of the catalytic activity of CAT is amongst the highest of known 

enzymatic rates (Kirkman and Gaetani, 2007) and is proportional to H2O2 

concentration (Nicholls et al., 2001), while peroxidatic activity is slow and 

apparent at low H2O2 concentrations (Kirkman and Gaetani, 2007).  CAT is 

bound to NADPH, with the tightness of binding varying among species.  The 

strongest binding occurs with bovine liver CAT, while weaker binding is observed 

with human CAT (Putnam et al., 2000).  The proposed function of bound NADPH 
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is to prevent inactivation of CAT and to aid in the reduction of compound I 

(Kirkman and Gaetani, 2007). 

1.3.3 Base excision repair 

The cellular DNA adduct load is determined by a balance between the 

formation of adducts and their repair (Wang et al., 1998), and therefore repair 

processes play a critical role in determining the consequences of oxidative DNA 

damage.  DNA repair genes can be grouped into two categories; genes 

associated with signaling and regulation of DNA repair and genes associated 

with distinct repair mechanisms (Christmann et al., 2003).  These repair 

mechanisms include mismatch repair, base excision repair (BER), nucleotide 

excision repair (NER), direct damage reversal and DNA double-strand break 

repair (Christmann et al., 2003).  Mutations in genes involving DNA repair are 

believed to play a large role in the development of tumours, various hereditary 

diseases involving complex metabolic alterations, and cytostatic drug resistance 

in tumour cells (Christmann et al., 2003). 

There are several mechanisms of oxidative DNA damage removal in vivo, 

which tend to initiate shortly after the damage has occurred (Beckman and 

Ames, 1997).  BER is the main pathway in the repair of oxidative DNA damage 

(Wang et al., 1998) and is highly conserved from E.coli to humans (Izumi et al., 

2003).  BER is responsible for the removal of damaged bases recognized by 

DNA glycosylases, or repair of AP sites (Christmann et al., 2003).  The main 

lesions that undergo BER are oxidized DNA bases arising spontaneously or due 
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to inflammatory responses, or damage due to exposure to exogenous agents, 

such as long-wave UV light, ionizing radiation, and certain alkylating species 

(Christmann et al., 2003).   

BER can proceed via short patch (single nucleotide) or long patch (two to 

ten nucleotides) repair (Figure 1.4) (Sancar et al., 2004).  The first step of BER is 

recognition, base removal, and incision of the damaged site.  A specific DNA 

glycosylase will recognize and remove the damaged or incorrect base by 

hydrolyzing the N-glycosidic bond and generating a single-stranded break 

(Christmann et al., 2003).  This is followed by nucleotide insertion.  It is at this 

step that a determination is made as to whether the repair process will proceed 

via short patch or long patch.  In short patch repair, the Pol β is recruited to insert 

a single nucleotide, which is ligated by the ligase III/XRCC1/PARP-1 complex 

(Sancar et al., 2004; Christmann et al., 2003).  Along with polymerase activity, 

Pol β demonstrates lyase activity, allowing removal of 5’-deoxyribose-5-

phosphate  (Figure 1.4) (Izumi et al., 2003; Christmann et al., 2003).  If 5’-

deoxyribose-5-phosphate at the abasic site is oxidized or reduced and thus 

resistant to β-elimination, Pol β is dissociated from the DNA and the repair 

undergoes proliferating cell nuclear antigen (PCNA)-dependent long patch repair 

involving DNA ligase I (Christmann et al., 2003; Slupphaug et al., 2003).  In long 

patch repair, nucleotides are excised and replaced by the combined actions of a 

DNA polymerase (usually Pol δ or Pol ε}, replication factor C, and an 

endonuclease that cleaves “flap” structures (Figure 1.4) (Norbury and Hickson,  



 

  30

 

 

Figure 1.4 Mechanisms of BER; short patch and long patch repair (Christmann 

et al, 2003).  AP: apurinic/apyrimidinic; 5’dRP: 5’-deoxyribose-5-phosphate; Polβ, 

Polδ/ε: DNA polymerases; LigI, Lig III: DNA ligases; XRCC1: X-ray repair 

complementing defective repair in Chinese hamster cells 1; RF-C: replication 

factor C; Fen1: flap endonucelase 1; PCNA: proliferating cell nuclear antigen. 
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2001).  There is evidence of a role for p53 in the regulation of BER, more 

specifically by interacting with and stabilizing Pol β binding to AP sites (Zhou et 

al., 2001a).  

There exist a number of classes of DNA glycosylases that initiate the BER 

process.  These relatively small proteins (30-50 kDa) are grouped into two 

classes; type I, which recognize and cleave the damaged base leaving an AP 

site, and type II, which contain endogenous 3’-endonuclease activity giving rise 

to a single strand break with 3’-α,β-unstaturated aldehyde and 5’-phosphate ends 

(Christmann et al., 2003; Izumi et al., 2003).  Type I glycosylases are followed by 

an AP endonuclease , which cleaves the abasic site (Christmann et al., 2003).  

Several DNA glycosylases possess a “base-flipping” motif that inverts the target 

nucleotide from the helix into an active-site pocket on the enzyme.  This 

mechanism is considered important in the recognition of the damaged base, with 

undamaged nucleotides being unable to enter the active site of the enzyme 

(David et al., 2007; Krokan et al., 1997). 

8-oxoguanine DNA glycosylase 1 (OGG1) is the primary glycosylase 

involved in the repair of the highly mutagenic 8-OHdG lesion in mammalian cells 

(Klungland and Bjelland, 2007; Boiteux and Radicella, 2000; Izumi et al., 2003).  

Mammalian OGG1 contains a helix-hairpin-helix motif with closely located lysine 

(Lys249) and asparagine residues (Asn268 and Asn149) downstream of the 

helix-hairpin-helix, a structure conserved in most DNA glycosylases of both 

prokaryotes and eukaryotes (Izumi et al., 2003).  OGG1 is specific in the removal 
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of 8-OHdG across from cytosine, as the hydrogen bonds made by Asn268 and 

Asn149 to Lys249 act to recognize both the 8-OHdG and the cytosine paired with 

it (Klungland and Bjelland, 2007).  OGG1 attacks the N-glycosidic bond of 8-

OHdG, resulting in base excision and transient Schiff base formation between 

the amino group of the active site (Lys249) and the aldehyde group of the free 

AP site.  This is followed by the lyase reaction performed via β-elimination to 

cleave the DNA strand (Izumi et al., 2003; Bhakat et al., 2006).  Removal of 8-

OHdG by OGG1 occurs mainly by short-patch repair, with only 25% of the 

lesions undergo long-patch repair (Dianov et al., 1998). 

The existence of redundant BER enzymes for the repair of oxidative 

purine/pyrimidine damage may signify the detrimental effects of this damage in 

cells (Hazra et al., 2007).  The Nei class of glycosylases repair a variety of 

oxidatively damaged bases, including thymine glycols, 5-OHdC, and 5-OHdU 

(Izumi et al., 2003).  The three Nei human and mouse genes cloned were named 

NEIL1, NEIL2, and NEIL3.  NEIL1 and NEIL2 both contain glycosylase activity 

and are important in BER (Izumi et al., 2003).  NEIL1, which mainly cleaves 5-

OHdU, 5-OHdC, and fapyG/A, is expressed in high amount in the liver, pancreas, 

thymus and brain (Hazra et al., 2002).  As well, NEIL 1 has demonstrated S-

phase cell cycle-dependent activation (Hazra et al., 2002).  NEIL 2 preferentially 

cleaves 5-OHdU and 5-OHdC, and is expressed in high levels in skeletal muscle 

and testis (Hazra et al., 2002).  As growth rates and transcriptional regulation 

differs in these tissues, it appears that NEIL 1 and NEIL 2 have specialized roles 
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in these processes in tissues where they are highly expressed (Izumi et al., 

2003).  Another type II glycosylase, NTH, is recognized as important in removal 

of thymine glycol, which blocks replication and therefore is considered to be more 

cytotoxic than mutagenic (Izumi et al., 2003).  The substrates for Nei and NTH 

overlap considerably (Izumi et al., 2003), as NTH is also involved in the repair of 

other lesions, such as 5-OHdC (Bjelland and Seeberg, 2003).   

The MYH glycosylases, involved in the removal of the adenine from 

guanine:adenine pairings or from 8-OHdG:adenine mispairs, prevent mutation 

fixation before DNA replication, and is associated with DNA replication/mismatch 

repair machineries (Izumi et al., 2003). 

There is evidence that oxidized lesions can be removed in situations of 

glycosylase deficiency, employing a process termed nucleotide incision repair 

(NIR).  NIR is performed by specific AP endonucleases that cleave the damaged 

base, leaving a lesion attached to the 5’ end of the downstream fragment and a 

3’-OH, appropriate for further BER synthesis (Ischenko and Saparbaev, 2002).  It 

has been demonstrated that AP endonuclease I, the main AP endonuclease in 

human cells, is the endonuclease involved in NIR (Gros et al., 2004).  NIR has 

the ability to repair both products of oxidative cytosine damage (Daviet et al., 

2007) and 8-OHdG (Ishchenko et al., 2005). 

1.3.4 Oxidative DNA damage and carcinogenesis 

 ROS and reactive nitrogen species are recognized to be involved in the 

development of cancer by: directly affecting DNA; dysregulating signal 
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transduction, cell proliferation, and cell death; and altering intracellular 

communication (Halliwell and Gutteridge, 1999b).  Production of ROS has been 

linked to initiation, since certain products of DNA oxidation are highly mutagenic 

(David et al., 2007; Klaunig and Kamendulis, 2004; Beckman and Ames, 1997; 

Floyd, 1990b).  With respect to promotion and progression of cancer, ROS can 

alter signalling cascades, which leads to altered expression of a number of genes 

involved in cell proliferation, differentiation, and apoptosis (Pitot and Dragan, 

2001).   

Studies have observed an increased risk of various cancers, including 

colon and breast, associated with dietary intake of polyunsaturated fatty acids 

such as arachidonic acid (Rose et al., 1986; Pearce and Dayton, 1971).  Lipid 

peroxyl radicals, derived from the one-electron oxidation of arachidonic acid by 

nuclear oxygenases, can lead to oxidation of DNA and initiate strand breaks and 

oxidative modifications (Nikolic and van Breemen, 2001; Lim et al., 2003; 

Marnett, 1987).  The mechanism by which lipid peroxyl radicals lead to oxidative 

DNA damage is poorly understood (Crean et al., 2008), although the base 

damage occurs primarily at guanine lesions and includes the formation of 8-

OHdG (Steenken et al., 2000; Lim et al., 2003).  The mutation spectrum caused 

by arachidonic acid in human cells includes primarily G T transversions and 

G A transitions (Lim et al., 2003). 

 Mice deficient in OGG1 have been developed in order to study the 

importance of OGG1 and 8-OHdG in oxidative stress-induced mutagenesis 
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(Larsen et al., 2006; Klungland et al., 1999).  In fact, OGG1-deficient mice 

develop a greater number of lung tumours when exposed to the pro-oxidant 

dimethylarsinic acid (Kinoshita et al., 2007).  Therefore, repair-deficient mice can 

be used as a tool to study the importance of oxidative DNA damage in 

carcinogenesis.  Somewhat analogously, as discussed in section 1.2.1, although 

smoking is a major cause of human lung cancer, only a proportion of individuals 

develop the disease (Paz-Elizur et al., 2003).  OGG1 activity is lower in lung 

cancer patients compared to case controls (Paz-Elizur et al., 2003), supporting a 

role for this glycosylase in human lung cancer susceptibility. 

Another mechanism by which the cell handles some DNA lesions involves 

non-replicative DNA polymerases (Wood, 1999).  This process, referred to as 

“translesion bypass synthesis”, involves specialized DNA polymerases that 

catalyze nucleotide incorporation opposite DNA lesions that cannot be negotiated 

by high-fidelity replicative polymerases (Friedberg, 2005).  This allows the cell to 

avoid replication fork block and hence to complete the cell cycle (Wood, 1999).  

Initially, replication machinery is displaced from the primer template and a bypass 

polymerase is recruited, which incorporates a small number of nucleotides (often 

one or two) directly opposite the site of base damage.  Translesion bypass 

synthesis involves both error-prone and error-free bypass polymerases, 

classified based on the lesion being bypassed (Wood, 1999).   

Various bypass polymerases have demonstrated ability to insert 

nucleotides across from 8-OHdG.  Polι translesion synthesis opposite 8-OHdG 
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results in predominantly cytosine and less frequently adenine incorporation 

opposite the lesion (Zhang et al., 2001), indicating that it is relatively error-

resistant with respect to 8-OHdG.  On the other hand, Polμ bypasses 8-OHdG, 

producing a one nucleotide deletion (Zhang et al., 2002), while Polκ efficiently 

inserts an adenine opposite 8-OHdG and proficiently extends from the 

misincorporation (Haracska et al., 2002).  As well, Polη efficiently bypasses 8-

OHdG, incorporating an adenine or a cytosine opposite the lesion with similar 

efficiencies (Zhang et al., 2000).  Therefore, Polμ, Polκ and Polη can be defined 

as error-prone polymerases with respect to 8-OHdG. 

 E.coli DNA polymerase I Klenow fragment carries out translesion 

synthesis past 5-OHdC and 5-OHdU (Purmal et al., 1994).  The specificity of 

nucleotide incorporation was sequence context dependent, either resulting in 

error-free or error-prone bypass.  In the error-prone sequence, an adenine was 

incorporated across the 5-OHdC or 5-OHdU, consistent with the formation of 

G A transition mutations (Purmal et al., 1994).  Therefore, due to the error-

prone characteristics of various bypass polymerases, translesion bypass 

synthesis is considered an important mechanism by which certain DNA lesions 

can result in mutation (Friedberg, 2005).   
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1.4 AFLATOXINS 

1.4.1 Occurrence and sources of aflatoxins 

 In the early 1960s, an outbreak of hepatotoxic disease in turkeys, which 

became know as turkey “X” disease, gained the attention of many investigators 

worldwide (Asplin and Carnaghan, 1961; Loosmore and Marksman, 1961).  This 

condition was characterized by acute hepatic necrosis, marked bile duct 

hyperplasia, acute loss of appetite, wing weakness, and lethargy (Eaton et al., 

1994). It was deduced that the condition was caused by consumption of peanut 

meal contaminated with a mycotoxin, which is a toxin of fungal origin. The culprit 

fungi in turkey “X” disease turned out to be strains of Aspergillus flavus, A. 

parasiticus, and A. nomius, and thus the term aflatoxins was coined for the toxic 

metabolites (Wogan, 1973). More specifically, A. flavus and A. parasiticus can 

produce aflatoxins B1, B2, G1, G2, and M1. These mycotoxins can contaminate a 

number of agricultural products, including peanuts, corn, and other grains in 

warm and moist conditions (Eaton et al., 1994). 

1.4.2 Biotransformation of aflatoxin B1 

Aflatoxin B1 (AFB1) is defined as a procarcinogen, as its bioactivation is 

required for carcinogenicity (Eaton and Gallagher, 1994).  The initial metabolism 

of AFB1 involves four types of reactions: O-dealkylation, hydroxylation, 

epoxidation, and ketoreduction (Figure 1.5) (Massey et al., 1995b).  Regardless 

of the enzyme catalyzing the reaction, epoxidation of AFB1 results in formation of  
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Figure 1.5 Biotransformation of AFB1 (Modified from Eaton et al, 1994). 

GSH = reduced glutathione. 
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AFB1-8,9-epoxide, which can exist in both endo and exo conformations (Figure 

1.5) (Eaton et al., 1994). The exo-epoxide is the isomer implicated in the 

alkylation of DNA, with its reactivity being at least 1,000 fold greater than that of 

the endo-epoxide (Lyer et al., 1994).  The enzymes responsible for metabolism 

include members of the CYP family, PHS, LOX, and a cytosolic NADPH-

dependent reductase (Massey et al., 1995b; Battista and Marnett, 1985; Liu and 

Massey, 1992).  In experimental animals, CYPs involved in AFB1 bioactivation 

include members of 1A, 2B, 2C, and 3A subfamilies (Yoshizawa et al., 1982). In 

humans, there are multiple CYP isozymes implicated, including CYP1A2, 

CYP2A3, CYP2B7, CYP3A3, CYP3A4, and CYP2A13 (Massey et al., 1995b; He 

et al., 2006; Shimada and Guengerich, 1989).  CYP3A4 is thought to play a 

predominant role in the metabolism of AFB1 in human liver; although CYP1A2 

has the highest affinity for AFB1 at low concentrations, it is expressed at much 

lower levels than CYP3A4 (Crespi et al., 1991).  PHS and LOX are involved in 

xenobiotic bioactivation by catalyzing the oxidation of arachidonic acid to produce 

lipid peroxyl radicals, which are known epoxidizing agents.  Cooxidation by PHS 

and LOX may be a significant mechanism of AFB1 bioactivation in extrahepatic 

tissues such as lung, which has high PHS and LOX expression, but overall P450 

activity is lower than that in the adult liver (Battista and Marnett, 1985; Liu and 

Massey, 1992). 

Hydroxylated metabolites of AFB1 include AFM1, AFQ1, AFP1, and AFB2a 

(Figure 1.5) (Massey et al., 1995b). The formation of aflatoxicol from AFB1 is 
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reversible, and is considered to be a “reservoir” for AFB1 rather than a 

bioactivation or detoxification product (Eaton et al., 1994).  The two pathways for 

AFB1-epoxide detoxification are glutathione conjugation and epoxide hydrolysis, 

with glutathione conjugation being quantitatively the most important (Figure 1.5) 

(Massey et al., 1995b). Glutathione conjugation is catalyzed by GSTs, which can 

be highly polymorphic. Human GSTM1-1 (hGSTM1-1), which is absent in ~50% 

of individuals (Strange, 1993), has the highest activity towards AFB1-exo-epoxide 

(Gopalan et al., 1992), but the importance of this polymorphism in AFB1 

carcinogenicity has not been clearly established (Massey et al., 1995b).  AFQ1, 

AFP1, and AFB2a are not highly mutagenic and therefore are considered to be 

detoxification products (Gurtoo et al., 1978).  They can form glucuronide or 

sulfate conjugates, which are excreted. AFM1, a metabolite of AFB1 identified in 

milk and urine, is less toxic than AFB1, but is a potent carcinogen. The AFM1-

epoxide can also bind to DNA, forming AFM1-N7-guanine (Eaton and Gallagher, 

1994). 

The exo-epoxide of AFB1 can alkylate proteins and nucleic acids (Figure 

1.5), with the second guanine from the 5′ end in guanine di- and trinucleotide 

sequences in DNA being the favoured target.  The major adduct formed by the 

exo-epoxide is 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB1, also known as AFB1-

N7-Gua.  AFB1-N7-Gua can undergo three reactions: release of AFB1-8,9-

dihydrodiol restoring guanine; depurination resulting in an apurinic site in DNA; 

and base-catalyzed hydrolysis to form the AFB1-formamidopyrimidine (AFB1-
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FAPY) adduct (Bedard and Massey, 2006; Groopman et al., 1981).  AFB1-FAPY, 

representing a significant proportion of AFB1 adducts in vivo, exists in equilibrium 

between two rotameric forms, designated AFB1-FAPY major and AFB1-FAPY 

minor (Bedard and Massey, 2006). The structure of AFB1-FAPY has not been 

completely defined. 

1.4.3 Carcinogenicity of AFB1 

 In addition to outbreaks of human liver failure and gastrointestinal bleeding 

in Southeast Asia and Africa having been attributed to aflatoxins, liver cancer 

incidence is elevated in regions with high endemic aflatoxin concentrations 

(Busby and Wogan, 1984). The two major risk factors for human hepatocellular 

carcinoma, the fifth most common cancer worldwide (Parkin et al., 2001), are 

hepatitis B infection and ingestion of aflatoxins (London et al., 1995).  The 

International Agency for Research on Cancer (IARC) classifies AFB1 as a class 1 

human carcinogen, being consistently genotoxic, producing adducts in humans 

and animals in vivo and chromosomal anomalies in rodents (International Agency 

for Research on Cancer, 1993).  Although the majority of AFB1 research has 

focused on its hepatic effects, AFB1 also targets other organs, including the 

kidney (Eaton and Gallagher, 1994; Epstein et al., 1969) and the lung (Eaton et 

al., 1994; Dvorackova et al., 1981).  

Epidemiological studies have provided evidence for the respiratory tract 

being a target for AFB1 carcinogenicity (He et al., 2006).  Exposure to inhaled 

AFB1, particularly from contaminated grain dusts, has been linked to respiratory 



 

  42

cancers (Hayes et al., 1984).  AFB1 also induces lung tumour formation in 

laboratory animals (Donnelly et al., 1996a; Wieder et al., 1968).  In mouse lung, 

Clara cells and alveolar type II cells have demonstrated involvement in the 

metabolism of AFB1 (Donnelly and Massey, 1999), with biotransformation 

primarily localized in Clara cells (Donnelly and Massey, 1999).  Due to the fact 

that mouse Clara cells contain large amounts of smooth endoplasmic reticulum 

and CYPs (section 1.2.2), they are the primary sites of CYP-catalyzed 

bioactivation of AFB1 in mouse lung (Massey et al., 2000).  In contrast, the cell 

types considered important in the metabolism of AFB1 in human lung are alveolar 

type II cells and alveolar macrophages (Kelly et al., 1997).  Human lung has 

considerable activity for LOX and PHS-catalyzed AFB1 bioactivation, but low 

GST-catalyzed detoxification (Massey et al., 2000). 

AFB1 is considered to be a complete carcinogen, possessing activity as 

both an initiator and a promoter (Massey et al., 1995b).  Initiation occurs by DNA 

damage, as well as by cytotoxicity, which stimulate cell division, thus promoting 

tumour formation (Eaton and Gallagher, 1994). There are many characteristics of 

AFB1 that makes it a useful tool for investigating chemical carcinogenesis 

(Massey, 1996).  First, the metabolites of AFB1 have been extensively 

investigated and their toxicity elucidated. Second, the toxicity of AFB1 is 

determined by a balance between bioactivation and detoxification of the AFB1-

8,9-epoxide. Third, there exist multiple mechanisms of bioactivation that can be 

compared in terms of carcinogenic metabolites produced.  Fourth, not only does 
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the susceptibility of a species/tissue relate to DNA repair capabilities, but AFB1 

itself has effects on DNA repair activity.  Fifth, the specific AFB1-DNA adduct 

formed can be used to predict the mutagenic responses. Finally, the parent 

compound and several metabolites fluoresce, thereby facilitating detection.   

1.4.4 AFB1-DNA adduct repair 

 NER is a DNA repair process that deals with a wide array of DNA helix-

distorting lesions that affect normal base pairing, thus altering transcription and 

replication (Christmann et al., 2003).  In E.coli, NER is responsible for the repair 

of both AFB1-N7-Gua and AFB1-FAPY (Bedard and Massey, 2006).  In mammals, 

NER is important in protection against AFB1-induced carcinogenesis as the main 

repair mechanism for the AFB1-N7-Gua adduct (Bedard and Massey, 2006).  

AFB1-FAPY is repaired less efficiently by mammalian NER than is AFB1-N7-Gua, 

an effect that is attributed to AFB1-FAPY being less distortive of DNA architecture 

(Smela et al., 2002).  AP sites generated by AFB1-DNA adduct formation are 

repaired by BER, although insertion of an incorrect base is a frequent occurrence 

(Christmann et al., 2003). 

1.4.5 Species/Tissue Susceptibility to AFB1 

 An important area of research is the study of the basis of susceptibility to 

lung cancer.  Some susceptibility studies are intended to lead to an 

understanding of the links between DNA repair genes, polymorphisms in CYPs, 

and activities of detoxification enzymes (Hecht, 2002).  It is important to note that 
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a cell’s susceptibility to carcinogens is not only based on bioactivation and 

detoxification, but also on DNA repair capabilities (Donnelly and Massey, 1999).  

Susceptibility to the toxic and carcinogenic effects of AFB1 varies among species 

(Newberne and Butler, 1969), as well as between different tissue types. In 

humans, the liver is the main target for this toxin. In rat, duck, and trout, 

administration of AFB1 results in hepatocarcinogenesis, whereas this is not the 

case in the monkey, hamster, and mouse.  This has been attributed to 

differences in AFB1 biotransformation and DNA repair.  For example, the mouse 

is susceptible to pulmonary carcinogenesis by AFB1, regardless of the route of 

administration, but does not develop hepatocarcinogenesis (Massey et al., 2000). 

The mouse liver expresses an alpha-class GST with high specific activity towards 

the exo-epoxide, and higher NER activity as compared to the rat liver (Ramsdell 

and Eaton, 1990; Bedard et al., 2005). On the other hand, mouse lung has lower 

NER activity than does the liver (Bedard et al., 2005).  AFB1 is able to alter NER 

activity (by inhibition or elevation) in different animal species and organs (Bedard 

et al., 2005), which may contribute to differential susceptibility to the mycotoxin’s 

carcinogenicity. 

1.4.6 K-ras activation due to AFB1 exposure 

As discussed in section 1.2.5, the K-ras protooncogene, important in signal 

transduction, is often implicated in human and mouse lung tumours (Rodenhuis 

and Slebos, 1990; Anderson et al., 1992).   K-ras activation is an early event in 

AFB1-induced pulmonary carcinogenesis in mice.  AFB1-induced point mutations 
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at specific “hot spots” of the K-ras gene, resulting in protein activation, occur in 

AFB1-induced mouse lung tumourigenesis and rat hepatocarcinogenesis 

(Donnelly et al., 1996a).  Previous research has led to the definition of a specific 

K-ras mutation pattern in mouse lung tumours that includes predominantly G T 

transversion mutations in codon 12 and codon 13, and a lack of mutations in 

codon 61 (Donnelly et al., 1996a).  A proportion of mutations in DNA formed by 

AFB1 occur 5′ to the modified guanine due to helical distortion resulting from the 

AFB1 adduct (Bailey et al., 1996).  K-ras exon 1 mutations were observed in 

100% (76 of 76) of the AFB1-induced AC3F1 mouse lung tumours, the most 

frequent being a G  T transversion at the second base of codon 12; only one 

tumour contained a mutation in codon 13 (Donnelly et al., 1996a).  K-ras mutant 

allele frequencies in AC3F1 mouse lung cell fractions enriched with Clara cells 

were observed to be higher than in alveolar type II cell fractions, indicating that 

Clara cells are susceptible to AFB1 in mouse lung (Donnelly and Massey, 1999). 

1.4.7 AFB1-induced oxidative DNA damage 

AFB1-induced ROS formation and oxidative DNA damage have been 

demonstrated in humans and several animal models of AFB1 toxicity (Shen et al., 

1995; Barraud et al., 2001), although these phenomena have not been examined 

in lung.    More specifically, AFB1-induced ROS formation has been 

demonstrated in rat liver, duck liver, and cultured woodchuck hepatocytes (Shen 

et al., 1995; Barraud et al., 2001; Yarborough et al., 1996).  A time- and dose-

dependent increase in 8-OHdG was reported in rat hepatic DNA following a singe 
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interperitoneal injection of AFB1.  This increase was prevented by pre-treatment 

with selenium, which maintains the activity of glutathione peroxidase and thus 

aids in the detoxification of H2O2, or DFO, which inhibits the Fenton reaction and 

thus indicates a role for •OH in the formation of oxidative DNA damage (Shen et 

al., 1995).  As well, the antioxidants ascorbic acid and α-tocopherol prevented 

AFB1-induced increases in rabbit liver aspartate transaminase, alanine 

transaminase, amylase, creatine phosphokinase, and lactate dehydrogenase, 

markers of cellular damage and necrosis (Karakilcik et al., 2004).  In rat liver, 

melatonin, an antioxidant that scavenges •OH and peroxynitrite anion and inhibits 

production of nitric oxide, significantly lowered AFB1-induced necrobiotic changes 

and apoptosis (Meki et al., 2001).   

Proposed mechanisms for ROS formation resulting from AFB1 exposure 

include metabolic processing of AFB1 by CYPs and stimulation of the release of 

arachidonic acid metabolites (Shen et al., 1996; Towner et al., 2003).  The 

formation of ROS by the metabolic process of AFB1 by CYPs has been studied 

further in rat liver, demonstrating a decrease in AFB1 –induced free radical 

formation following treatment with the isozyme non-selective CYP inhibitor 

SKF525A (Towner et al., 2003).  In human lymphocytes, AFB1 caused the 

release of arachidonic acid and subsequent chromosomal damage through 

stimulation of phospholipase activity (Amstad et al., 1984).  

Significant associations have been shown between both urinary AFB1 and 

plasma AFB1-albumin adducts and 8-OHdG levels in urine and peripheral 
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leukocytes of adolescents from an area of high risk for hepatocellular carcinoma 

in China (Peng et al., 2007).  Also, dose-response relationships exist between 

urinary 8-OHdG levels and urinary AFB1 metabolite levels (Wu et al., 2007).  

Furthermore, increased iron levels correlate with 8-OHdG levels and increased 

risk of developing hepatocellular carcinoma, supporting a role for ROS and the 

Fenton reaction (Asare et al., 2007).  In summary, although in vivo AFB1-induced 

ROS formation has been described, the role of oxidative DNA damage in the 

mycotoxin’s carcinogenicity has yet to be elucidated. 

1.5 RESEARCH HYPOTHESES AND OBJECTIVES 

In many cases, for substances to demonstrate toxicity including 

carcinogenicity, they must first be metabolized to more toxic forms.  This 

bioactivation process may result in ROS formation and subsequent oxidative 

DNA damage.  8-OHdG and 5-OHdC, formed by the interaction of •OH with DNA, 

are often used as markers of oxidative DNA damage.  These products can result 

in carcinogenesis by producing mutations in tumour-suppressor genes or in 

oncogenes, such as K-ras.  ROS-detoxifying enzymes such as CAT exist to 

protect against DNA damage and carcinogenesis.  8-OHdG is repaired by BER, 

which is responsible for repair of various lesions resulting from oxidative DNA 

damage, and involves the DNA glycosylase/β-lyase OGG1.  The formation and 

repair of oxidative DNA damage vary not only at the level of the organ system but 

also between cell types.     
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The lung is a target for AFB1, and the mycotoxin has been implicated as a 

pulmonary carcinogen.  The traditional view has been that epoxide formation and 

subsequent AFB1-N7-Gua result in specific K-ras mutations, leading to 

carcinogenesis.  However, it is possible that AFB1-induced formation of ROS, 

leading to 8-OHdG and cytosine oxidation products, can also result in the same 

K-ras mutation pattern as DNA alkylation (i.e. G T transversion and G A 

transition mutations, respectively), thus contributing to pulmonary tumourigenesis 

(Figure 1.6). ROS formation occurs in liver following exposure to AFB1, but has 

yet to be explored in lung.  More importantly, the role of oxidative DNA damage 

in AFB1 carcinogenicity has not been explored in any organ.   

In vivo treatment of mice with AFB1 inhibits repair of AFB1-N7-Gua in lung 

but increases it in liver, which corresponds to susceptibility of the two organs to 

AFB1 carcinogenicity.  However, whether AFB1 also affects BER has not been 

examined previously.  Therefore, oxidative DNA damage may be a contributing 

factor in both the carcinogenicity of AFB1 and alteration of BER activity.  

 Based on the preceding background information, a research hypothesis 

was formulated, and specific objectives were adopted to address the hypothesis. 

 

Hypothesis:  AFB1 stimulates the production of oxidative DNA damage and 

inhibits its repair in mouse lung, an organ susceptible to AFB1 carcinogenicity. 
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Figure 1.6 Proposed mechanisms of AFB1-induced mouse lung 

tumourigenesis.  AFB1: aflatoxin B1; CYPs: cytochromes P450; PHS: 

prostaglandin H synthase; LOX: lipoxygenase; 8-OHdG: 8-hydroxy-2’-

deoxyguanosine; 5-OHdC: 5-hydroxy-2’-deoxycytidine. 
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Objective 1: To determine the ability of AFB1 to cause oxidative DNA damage in 

mouse lung cell types considered to be progenitors for carcinogenesis and / or 

contributors to AFB1 bioactivation. 

 

Objective 2: To determine whether treatment with CAT prevents AFB1-induced 

oxidative DNA damage in mouse lung. 

 

Objective 3: To determine if CAT protects against AFB1 tumourigenicity in 

mouse lung. 

 

Objective 4: To determine the effects of AFB1 on BER activity in mouse lung and 

liver. 



 

  51

CHAPTER 2 

 

ELEVATION OF 8-HYDROXYDEOXYGUANOSINE IN DNA FROM 
ISOLATED MOUSE LUNG CELLS FOLLOWING IN VIVO 

TREATMENT WITH AFLATOXIN B1 

[Guindon, K., Bedard, L., Massey, T. Toxiological Sciences (2007) 98(1), 57-62] 

2.1 INTRODUCTION 

AFB1-epoxide formation and subsequent AFB1-N7-Gua formation are 

believed to result in specific K-ras mutations, initiating mouse lung 

tumourigenesis (Massey et al., 2000).  However, it is also possible that AFB1-

induced ROS production, leading to 8-OHdG formation, could result in the same 

K-ras mutation pattern (i.e. predominantly G T transversion mutations) as DNA 

alkylation.  Hence, oxidative DNA damage could be contributing to the pulmonary 

tumourigenicity of AFB1 in the mouse.   If this is the case, then AFB1 would be 

expected to cause DNA oxidation in target lung cells, and it might be possible to 

prevent this damage with antioxidant treatment. 

In the study described in this chapter, the ability of AFB1 to cause 

oxidative DNA damage in different mouse lung cell types was investigated, as 

well as the potential protective effect of CAT against AFB1-induced oxidative 

DNA damage in mouse lung. 
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2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Chemicals were obtained as follows: AFB1, polyethylene glycol-conjugated 

catalase (PEG-CAT), DNAse I, alkaline phosphatase, 8-OHdG and 2’-

deoxyguanosine (2’-dG) standards from Sigma (St. Louis, MO); nuclease S1 

from VWR (Mississauga, ON); phosphodiesterases I and II and proteinase K 

from Amersham Biosciences (Baie D’Urfe, QC); [3H]AFB1 from Moravek (Brea, 

CA) and Vitrax (Placentia, CA); Biorad Protein Assay dye reagent from Biorad 

Laboratories, Inc. (Hercules, CA); Ultrafree-MC 10,000 nominal molecular weight 

limit (NMWL) filter units from Millipore (Bedford, MA); DNeasy Tissue Kit from 

Qiagen (Mississauga, ON); CAT Assay Kit from Cayman Chemicals (Ann Arbor, 

MI).  All other chemicals were reagent grade and were obtained from common 

commercial suppliers. 

2.2.2 Animal Treatments 

Female A/J mice (16-19 grams which corresponds to 7-8 weeks of age, 

Jackson Laboratories, Bar Harbor, ME) were housed with a 12 hour light/dark 

cycle and provided food and water ad libitum. Mice were treated with vehicle (40 

μL dimethyl sulfoxide (DMSO), ip) or with 50mg/kg AFB1, a dose that has been 

shown to result in pulmonary tumourigenesis, but not hepatocarcinogenesis, in 

AC3F1 mice (Donnelly et al., 1996b).  Mice were killed by cervical dislocation 2, 

12, 24, or 48 hours post treatment.  In an independent experiment, mice were 

treated with either saline (100 μL, ip) or PEG-CAT (300 kilo units (kU)/kg, with 
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one unit being defined as able to decompose 1.0 μmole of H202 per minute at pH 

7.0 and 25oC), followed by vehicle (40 μL DMSO, ip) or 50mg/kg AFB1 12 hours 

later.  Mice were then killed by cervical dislocation 2 hours after the second 

treatment.  Each animal’s trachea was cannulated, and the lungs and livers were 

perfused with Hepes phosphate buffered saline (HPBS) (pH 7.4), and excised.   

2.2.3 Mouse lung cell isolations 

Alveolar macrophages were isolated by lavage with cold HPBS (pH 7.4) 

(Donnelly and Massey, 1999).  Cell digest (which consists of isolated 

unseparated cells), alveolar type II cells, and Clara cells were enriched by 

centrifugal elutriation as described by Donnelly and Massey (1999).  Each 

elutriation employed 20 to 30 mice per treatment group.  The cell fractions were 

frozen in liquid nitrogen and stored at –80oC until DNA isolation. 

2.2.4 Isolation of DNA from freshly isolated mouse lung cells 

Utilization of a phenol-free method of DNA isolation and complete DNA 

digestion are considered to be necessarily to avoid artifactual production of 8-

OHdG (Ravanat et al., 1998). Therefore, calf thymus DNA was used in 

optimization of DNA isolation and digestion methods to ensure accuracy in the 

measurement of oxidative DNA damage.  Liver tissue and lung cell preparations 

were thawed on ice and DNA was isolated from groups of 5x106 cells or 25-50 

mg tissue using a phenol-free Qiagen DNeasy Tissue Kit, according to the 

manufacturer’s recommendations.  DNA digestion was performed using the 
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method described by Huang et al. (2001) except nuclease S1 (10 units/ μL) was 

used rather than nuclease P1 (1 unit/ μL).  The digest was filtered through a 

Millipore Ultra-free MC 10,000 nominal molecular weight limit filter unit.   

2.2.5 Determination of 8-OHdG levels by high-performance liquid 
chromatography with electrochemical detection 

The levels of 8-OHdG and 2’-dG were assessed with a Coularray high 

performance liquid chromatography with multi-channel electrochemical detector 

(HPLC-ECD) (ESA Inc., Chelmsford, MA).  Compounds were separated on a 

Waters S-3 4.6 x 150 mm column with 5% methanol / 95% 100mM sodium 

acetate buffer (pH 5.2) at a flow rate of 1.0 mL/min (Bolin et al., 2004).  The four 

electrochemical detector channels were set at -100, 250, 475, and 875 mV 

(Figure 2.1).   

2.2.6 Determination of CAT activity in mouse lung 

Isolated cells were homogenized with a glass 2 mL Dounce homogenizer 

(Kontes, Vineland, NJ) using 50 mM potassium phosphate buffer (pH 7.0) with 

1.0 mM EDTA, the homogenate centrifuged at 10,000 x g for 15 min, and the 

supernatant collected.  CAT activity of the supernatant was determined using the 

Cayman Catalase Assay Kit, according to the manufacturer’s recommendations.  

Formaldehyde formation was measured using a Synergy HT multi-detection 

microplate reader (Biotek, Winooski, VT) at 540nm.  Protein content of 

supernatant was measured using the Biorad Protein Assay.   
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Figure 2.1 Chromatograms demonstrating resolution of a) 2’-dG and b) 8-

OHdG, isolated from DNA of alveolar type II cells following in vivo treatment with 

vehicle (DMSO).  Isocratic chromatography with electrochemical detection was 

performed using a Waters S-3 4.6 x 150mm column and a mobile phase of 95% 

100 mM sodium acetate/ 5% methanol (v/v) (pH 5.2) at 1.0 mL/min at room 

temperature.  2’-dG detected at 875 mV and 8-OHdG at 250mV and 475 mV.  2’-

dG: 2’-deoxyguanosine; 8-OHdG: 8-hydroxy-2’-deoxyguanosine. 
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2.2.7 Determination of [3H]AFB1-DNA binding in mouse lung 

Groups of three female A/J mice were treated with either [3H]AFB1 (40 μL 

of 100 μCi  [3H]AFB1 at 50mg/kg, ip) or PEG-CAT (300 kU/kg in 100 μL saline, ip) 

and [3H]AFB1, using the treatment regimen described above.  Mice were killed 2 

hours post-treatment by cervical dislocation.  The lungs and livers were perfused 

with HPBS (pH 7.4), and excised.  Mouse lung and liver tissue (50-100g) was 

subjected to proteinase K digestion (10mg/mL) and DNA was isolated by 

standard phenol / chloroform / isoamyl alcohol extraction and ethanol 

precipitation (Devereux et al., 1993).  Radioactivity was quantitated by liquid 

scintillation spectroscopy in a Beckman LS 3800 spectrometer to determine the 

amount of [3H]AFB1-adduct formed, expressed as the amount of [3H]AFB1-DNA 

binding per gram of DNA. 

2.2.8 Data analysis 

All data are reported as mean ± standard deviation (SD).  Statistical 

analysis was performed using Student’s t-test to compare differences in the 

amount of oxidative DNA damage present in whole organs between the vehicle 

and AFB1 treatment groups, and to compare [3H]AFB1-DNA binding between 

mice treated with saline or PEG-CAT and between [3H]AFB1-DNA binding in lung 

versus liver (GraphPad Prism 4 software).  A two-way analysis of variance 

(ANOVA) combined with the Newman-Keuls post-hoc test was used to assess 

differences among the various cell types.  Two-way ANOVA was also used to 
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compare oxidative DNA damage between the PEG-CAT and / or AFB1 treatment 

groups.  P<0.05 was considered significant in all cases. 

2.3 RESULTS 

2.3.1 8-OHdG formation in freshly isolated mouse lung cells following 
in vivo treatment of mice with AFB1 

Consistent with previous studies (Belinsky et al., 1995), enrichment of the 

cell preparations was approximately 95% for macrophages and alveolar type II 

cells, and approximately 77% for Clara cells.  Background levels of 8-OHdG in 

calf thymus DNA averaged 1.4 8-OHdG per 105 dG. 

8-OHdG levels in control isolated cell fractions ranged from 1.49 8-OHdG 

per 104 dG to 3.19 8-OHdG per 104 dG, and were somewhat more variable 

between experiments for alveolar type II cells than for the other cell fractions 

(Figures 2.2, 2.3, 2.5). Increases of approximately 60%, 180%, and 200% in 8-

OHdG formation occurred in cell digest, enriched alveolar macrophages and 

enriched Clara cells respectively (compared to vehicle-treated controls) from 

mice treated with 50 mg/kg AFB1 ip and killed 2 hours post treatment (n=4 pools 

of lungs from 20 mice per pool for each treatment group, P<0.05) (Figure 2.2).  

Although an apparent increase was observed in alveolar type II cells, it was not 

statistically significant (P>0.05).  No increase in 8-OHdG formation was seen in 

any cell preparation at 12 hours following AFB1 treatment (n=3, P>0.05) 

compared to controls (Figure 2.3).  This remained true at both the 24 hour (n=1) 

and 48 hour (n=1) time points (data not shown).  No increase in 8-OHdG  
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Figure 2.2 Effect of AFB1 treatment on 8-OHdG formation in freshly isolated 

mouse lung cells 2 h following in vivo treatment with AFB1.  Results are 

presented as the mean ± SD of four experiments each employing cells isolated 

from 20 mice and are expressed as the ratio of the concentration of 8-OHdG to 

2’-dG.  *Significantly different from control (p < 0.05, Student’s t-test). 
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Figure 2.3 Effect of AFB1 treatment on 8-OHdG formation in freshly isolated 

mouse lung cells 2 h following in vivo treatment with AFB1.  Results are 

presented as the mean ± SD of four experiments each employing cells isolated 

from 20 mice and are expressed as the ratio of the concentration of 8-OHdG to 

2’-dG.   
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formation was seen in the liver tissue following AFB1 treatment (4.81± 0.54 8-

OHdG/104 dG) as compared to controls (4.92 ± 0.69 8-OHdG/104 dG, n=3, 

P>0.05). 

2.3.2 Effects of PEG-CAT on AFB1-induced 8-OHdG formation in 
freshly isolated mouse lung cells 

An increase in CAT activity was observed in cell digest, and in 

preparations enriched in alveolar type II cells and Clara cells isolated from mice 

treated with 300 kU/kg PEG-CAT ip and killed 12 hours post treatment (n=3 

pools of lungs from 30 mice per pool for each treatment group, P<0.05) (Figure 

2.4).  AFB1-DNA binding levels in mouse lung were not altered by treatment with 

PEG-CAT (n=5, P>0.05), with the amount of [3H]AFB1-DNA binding per gram of 

DNA being 84.5 ± 12.6 pmol [3H]AFB1/g DNA and 104 ± 30.9 pmol [3H]AFB1/g 

DNA for the [3H]AFB1 and PEG-CAT + [3H]AFB1 groups, respectively.   The 

AFB1-DNA binding levels in liver were approximately 1341% higher being 1218 ± 

324.4 pmol [3H]AFB1/g DNA and 84.5 ± 12.6 pmol [3H]AFB1/g DNA in liver and 

lung respectively ([1218 pmol-84.5 pmol/84.5 pmol] * 100).   

Administration of AFB1 alone resulted in a 128% increase in CAT activity 

in mouse lung cell digest (P<0.05, Figure 2.4).  PEG-CAT treatment prevented 

the AFB1-induced increase in 8-OHdG levels in all four of the cell preparations 

examined (P<0.05), with 8-OHdG levels being indistinguishable from those of  
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Figure 2.4 CAT activity in freshly isolated mouse lung cells 14 h following in 

vivo treatment with PEG-CAT and 2 h following in vivo treatment with AFB1.  

Results are presented as the mean ± SD of three experiments each employing 

cells isolated from 30 mice and expressed as CAT activity in units per milligram 

protein.  *Significantly different from control (P < 0.05, two-way ANOVA with 

Newman-Keuls post hoc test), ∆ significantly different (P < 0.05) from PEG-CAT 

group. 
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Figure 2.5 8-OHdG formation in freshly isolated mouse lung cells 14 h 

following in vivo treatment with PEG-CAT and 2 h following in vivo treatment with 

AFB1.  Results are presented as the mean ± SD of three experiments each 

employing cells isolated from 30 mice and expressed as the ratio of the 

concentration of 8-OHdG to 2’-dG.   Significantly different from control (P < 

0.05, repeated measures ANOVA with Newman-Keuls post hoc test), ≠ 

significantly different (P < 0.05) from AFB1 group. 
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control animals (P<0.05, Figure 2.5).  Treatment of mice with 300 kU/kg PEG-

CAT 12 hours prior to administration of the AFB1 vehicle (i.e. DMSO) resulted in 

a decrease in endogenous 8-OHdG levels in cell digest and macrophages 

(P<0.05, Figure 2.5). 

2.4 DISCUSSION 

The most commonly accepted mechanism of AFB1-induced 

carcinogenesis involves DNA alkylation via the reaction of AFB1-8,9-exo-epoxide 

with guanine residues in DNA.  In mouse lung, this process is consistent with the 

observed G to T transversion mutations in K-ras, a potential initiating event in 

AFB1-induced tumourigenesis (Donnelly et al., 1996a).  However, in addition to 

alkylating DNA, in vivo treatment with AFB1 can induce ROS formation in some 

systems (Shen et al., 1995; Barraud et al., 2001), but ROS formation in lung from 

AFB1 treatment has not been described previously, and the relevance of 8-OHdG 

formation to AFB1 carcinogenicity has not been examined.  8-OHdG is often used 

as a marker for oxidative DNA damage, and is formed by reaction of •OH with 

guanine residues in DNA (Shen et al., 1995).  The presence of 8-OHdG causes 

alpha polymerase to misincorporate nucleotides during DNA replication, often 

leading to G to T transversion mutations (Shen et al., 1995).  Hence, our 

demonstration of elevated 8-OHdG in mouse lung cells following AFB1, suggests 

that ROS may contribute to AFB1 carcinogenesis in this model. 
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There is considerable inconsistency in the literature concerning 

endogenous 8-OHdG levels in both in vitro and in vivo systems, with values 

ranging from approximately 4 8-OHdG per 106 dG in HeLa cells (Eurpoean 

Standards Committee on Oxidative DNA Damage, 2003) to 4 8-OHdG per 104 

dG in mouse liver (Zhang et al., 2004).  Therefore, it remains important to ensure 

proper tissue handling, DNA isolation and digestion to avoid artifactual 

production of 8-OHdG.  The background calf thymus DNA 8-OHdG levels 

obtained in the present study (1.4 8-OHdG per 105 dG) were comparable to 

those published by ESCODD (Lunec, 1998), which ranged from 1.9-21.3 8-

OHdG per 105 dG, suggesting that the method developed avoided the artifactual 

production of oxidative DNA damage.  Although the background levels of 8-

OHdG in mouse lung are higher than those cited in HeLa cells by ESCODD 

(Eurpoean Standards Committee on Oxidative DNA Damage, 2003), they are 

within the range cited above in various tissues and cell types.  The levels 

measured in mouse liver are slightly higher than those commonly reported in 

literature, but are not highly variable and similar to those previously published for 

mouse liver (Zhang et al., 2004).  As well, the levels of 8-OHdG measured in liver 

were not vastly different from those in the lung, in which we clearly saw an effect 

of AFB1 (i.e. 4.92 8-OHdG per 104 dG versus approximately 2 8-OHdG per 104 

dG).   

Of particular significance in the present study is that AFB1 induced ROS 

formation in Clara cells and alveolar type II cells.  These cell types are not only 
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sites of AFB1 metabolism, but they are also potential progenitor cells for 

tumourigenesis in mouse lung (Massey et al., 2000; Kannan and Wu, 2006).  We 

have found Clara cells and alveolar type II cells to be targets for AFB1-induced K-

ras mutations (Donnelly and Massey, 1999), which coincides with the AFB1-

induced increases in 8-OHdG formation seen here.  The frequency of K-ras 

mutations between the different cells types is also consistent with the oxidative 

DNA damage results, with the mutant allele frequency and levels of 8-OHdG 

being higher in the Clara cell fraction than in the alveolar type II cell fraction 

(Donnelly and Massey, 1999).  This supports the hypothesis that AFB1-induced 

oxidative DNA damage in these cells contributes to the resulting carcinogenicity 

of AFB1 in mouse lung. 

The mechanism of ROS formation resulting from AFB1 exposure is not 

clearly understood.  However, AFB1 clastogenicity in human lymphocytes has 

been linked to stimulation of arachidonic acid release, which may induce 

chromosomal damage by increasing formation of hydroperoxy-arachidonic acid 

metabolites (Amstad et al., 1984).  These hydroperoxides could undergo metal-

catalyzed degradation to yield •OH, resulting in 8-OHdG production (Halliwell and 

Gutteridge, 1999b).   Furthermore, both AFB1 and AFM1, a hydroxylated 

metabolite of AFB1, stimulate formation of free radicals in rat liver (Towner et al., 

2003; Kodama et al., 1990).  Alternatively, activity of CYPs may be important in 

AFB1-stimulated radical formation, since a temporal correlation was found 

between AFB1-increased ROS levels and expression of CYP activity in cultured 
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rat hepatocytes (Shen et al., 1995).  Also, CYP inhibition decreased AFB1-

induced hepatic •OH formation (Towner et al., 2003).  In the same system, iron 

chelation also decreased AFB1-stimulated •OH formation, presumably by 

inhibiting its production from H2O2 by the Fenton reaction (Towner et al., 2003).  

AFB1-induced H2O2 formation from CYPs in rat liver microsomes is hypothesized 

to result from dismutation of O2 •- and from the breakdown of the peroxygenated 

CYP complex (White and Coon, 1980; White, 1991).  Furthermore, Kupffer cells, 

which are resident hepatic macrophages, are involved in the metabolism of 

AFB1.  Gadolinium chloride, a Kupffer cell inactivator, decreased AFB1-induced 

free radical formation (Towner et al., 2003).  Therefore, it was proposed that 

AFB1 metabolism-stimulated free radical formation in rat liver requires initial 

involvement of CYPs, and subsequent involvement of both iron (for •OH 

formation by the Fenton reaction) and Kupffer cells (Towner et al., 2003).  

Corresponding mechanisms have yet to be examined in the lung. 

Loss of AFB1 induced oxidative DNA damage after two hours following 

AFB1 was likely due to the induction of repair mechanisms, particularly BER, the 

primary repair pathway of 8-OHdG.  In fact, translocation of BER proteins to the 

nucleus can occur rapidly after exposure to oxidative stress (Mitra et al., 2001).  

The loss of AFB1-induced elevation of 8-OHdG after 2 h does not preclude its 

involvement in mutagenesis, since mutations resulting from 8-OHdG formation 

can occur via errors in BER (Matsuda et al., 2003) and low fidelity bypass 

polymerases, which can incorrectly insert bases across from 8-OHdG.  In fact, 
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the bypass Polκ frequently inserts adenine rather than cytosine across from 8-

OHdG, leading to a G to T transversion (Zhang et al., 2001; Jaloszynski et al., 

2005). 

The potential contribution of oxidative DNA damage to AFB1 mouse lung 

tumourigenicity is supported by the fact that the levels of AFB1 adducted guanine 

residues (1.25 x 10-5% of guanines adducted, calculated assuming 1 g of DNA is 

equal to 3.3 mmol total nucleotides, with 20% being dG) and AFB1-induced 8-

OHdG (0.013% in the cell digest of treated mice, [(3.5 8-OHdG-1.8 8-OHdG)/104 

dG] * 100, Figure 2.2) were similar.  Furthermore, in mouse liver, which is not 

susceptible to AFB1 carcinogenesis, treatment with the mycotoxin did not elevate 

8-OHdG, despite the fact that AFB1-induced DNA alkylation, represented by 

[3H]AFB1 DNA binding, was 14.4 fold higher in liver than in lung ([1218 pmol 

[3H]AFB1/g DNA]/[84.5 pmol [3H]AFB1/g DNA]). 

 The fact that ip treatment of mice with PEG-CAT resulted in an increase in 

lung cellular CAT activity suggested that it might protect against pro-oxidant 

damage.  CAT was shown previously to prevent AFB1-stimulated ROS 

production in cultured rat hepatocytes (Shen et al., 1996), but that study did not 

address effects on DNA damage.  Indeed, we found that treatment with PEG-

CAT protected mouse lung against AFB1-induced oxidative DNA damage, 

without affecting binding of AFB1-derived radioactivity to DNA.  CAT detoxifies 

H2O2, thereby preventing formation of •OH by the Fenton reaction, which can 

lead to production of 8-OHdG (Djordjevic, 2004).  Conjugating CAT to PEG 
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blocks renal clearance of the enzyme and thus increases its circulatory half-life.  

The antigenicity of the native protein is also reduced, preventing its hydrolysis by 

proteases and increasing cell-associated specific activities (Beckman et al., 

1988).  Our results therefore suggest that oxidative DNA damage induced by 

AFB1 involves H2O2.  However, they do not preclude a central role for O2 •-, since 

SOD converts O2
•- to H2O2 and O2.  Furthermore, there is evidence that CAT 

itself has some activity for detoxification of O2 •- (Lardinois, 1995; Shimizu et al., 

1984).  We did not examine the potential protective effect of administering 

exogenous SOD, since it is toxic to mice (Winn and Wells, 1999), possibly 

because of accelerating superoxide dismutation to H2O2, with subsequent 

formation of •OH (Freeman et al., 1986). 

The failure of PEG-CAT treatment to significantly alter CAT activity in 

alveolar macrophages may have been due to the high yet variable levels of 

endogenous CAT present in this cell type (Coursin et al., 1992). 

 Although the effect was only statistically significant in the cell digest, the 

fact that AFB1 itself elevated CAT activity is consistent with a pro-oxidant activity 

for AFB1, since ROS increase CAT activity by stimulating translocation of the 

transcriptional regulators NFκB, AP-1, and NF-Y into the nucleus (Zhou et al., 

2001b). 

The explanation for the failure in vivo treatment with a combination of 

AFB1 and PEG-CAT to significantly alter lung CAT activity is not obvious, but 

conceivably could be due to the subcellular localization of the administered PEG-
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CAT compared to endogenous CAT.  Endogenous CAT is present primarily in 

peroxisomes (Ho et al., 2004), while PEG-CAT concentrates in the cytoplasm 

after entering the cell via membrane protein binding or endocytosis (Beckman et 

al., 1988).  AFB1 metabolites are known to bind to lysine residues of cytoplasmic 

proteins, potentially inhibiting their activity (McLean and Dutton, 1995; Sujatha et 

al., 2001).  For example, a lysine residue fourth from the COOH terminus 

constitutes a critical component of the human CAT peroxisomal targeting signal, 

with substitution of this residue leading to abolition of peroxisomal targeting 

(Purdue and Lazarow, 1996).  It is possible that the ROS formed by AFB1 are 

being eliminated by the elevated CAT activity present initially, but the binding of 

the AFB1 metabolites to cytosolic PEG-CAT returns the CAT activity to 

constitutive levels.  In any case, the prevention of the increase in 8-OHdG 

formation by PEG-CAT suggests a potential chemopreventative strategy against 

the tumourigenicity of AFB1, and warrants further study. 
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CHAPTER 3 
 

FAILURE OF CATALASE TO PROTECT AGAINST AFLATOXIN B1-
INDUCED MOUSE LUNG TUMOURIGENICITY 

[Guindon, K., Foley, J., Maronpot, R., Massey, T. Toxiology and Applied 

Pharmacology (2008) 227(2):179-183] 

3.1 INTRODUCTION 

In chemically-induced mouse and human lung tumours, the ras oncogenes 

are commonly activated (Reynolds et al., 1992).  The mutational “hot spots” in 

murine K-ras include codons 12, 13, and 61.  K-ras activation is recognized as an 

early, critical event in AFB1-induced pulmonary carcinogenesis in mice (Donnelly 

et al., 1996a), and AFB1-induced mouse lung tumours display a specific K-ras 

mutation pattern, with base substitutions occurring at G:C base pairs in codons 

12 and 13.  The mutations that occur are predominantly G T transversions, 

although G A transitions also occur, consistent with guanine being the target of 

AFB1 (Donnelly et al., 1996a).  

The widely accepted mechanism of AFB1-induced carcinogenesis involves 

metabolism of the parent compound to AFB1-8,9-exo-epoxide, which interacts 

with DNA, resulting in AFB1-N7-Gua formation, K-ras mutations (in the case of 

mouse lung), and tumourigenesis (Massey et al., 2000).  It is also possible that 

AFB1-induced oxidative DNA damage could lead to a mutation profile in K-ras 
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similar to that due to AFB1-8,9-exo-epoxide, and hence play a role in AFB1 

carcinogenicity.  Previously, we observed in vivo formation of 8-OHdG in various 

mouse lung cell types following AFB1 treatment.  The increase in AFB1-induced 

8-OHdG was prevented by prior treatment with PEG-CAT in all cell types 

examined (Chapter 2).  However, the importance of ROS production and DNA 

oxidation in AFB1 carcinogenicity has not been investigated.  

In the present study, we investigated the role of oxidative DNA damage in 

the carcinogenicity of AFB1 in mouse lung using PEG-CAT as a potential 

chemopreventative agent. 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Chemicals were obtained as follows: AFB1, PEG-CAT (CAT from bovine 

liver), and mouse liver CAT from Sigma (St. Louis, MO); Taq DNA polymerase, 

deoxyribonucleotide triphosphate (dNTP) mix, and 10-acetyl-3,7-

dihydroxyphenoxazine from Invitrogen (Burlington, ON); polymerase chain 

reaction (PCR) primers from ACGT (Toronto, ON); [α-33P]dATP from GE 

Healthcare (Piscataway, NJ); QIAamp DNA Mini Kit from Qiagen (Mississauga, 

ON); Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit and 

ExoSAP-IT from US Biochemical (Cleveland, OH).  All other chemicals were 

reagent grade and were obtained from common commercial suppliers. 
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3.2.2 Lung tumour induction and diagnosis 

Female A/J mice (160 mice age 4 to 8 weeks, Taconic, Hudson, NY) were 

housed with a 12 hour light/dark cycle and provided food and water ad libitum. 

Mice were treated with either 300 kU/kg PEG-CAT, a dose that prevents in vivo 

AFB1-induced 8-OHdG formation in A/J mouse lung (Chapter 2), or with saline.  

This was followed by 50 mg/kg AFB1 ip, which results in pulmonary 

tumourigenesis in AC3F1 mice (Donnelly et al., 1996b), or with 40μL DMSO 12 

hours later.  Thirty-one to 33 weeks after dosing, animals were killed by carbon 

dioxide (CO2) asphyxiation and individual lung tumours ≥ 1 mm in diameter were 

counted, measured, and excised with the aid of a dissecting microscope.  A 

portion of each tumour was frozen in liquid nitrogen and stored at -80°C, and the 

remainder was fixed in 10% neutral buffered formalin. Lungs were inflated with 

10% formalin and immersed in fixative. Diagnosis of formalin-fixed, paraffin-

embedded sections was carried out after staining with hematoxylin and eosin 

using established diagnostic criteria (Foley et al., 1991).  

3.2.3 DNA isolation and amplification by PCR 

DNA was isolated from frozen lung tumours with a Qiagen QIAamp DNA 

Mini Kit, according to the manufacturer’s recommendations. Exon 1 of K-ras, 

which contains codons 12 and 13, was amplified by PCR.  Exon 2 of K-ras, which 

includes codon 61, was amplified in samples without exon 1 mutations.  All of the 

oligonucleotide primers used in PCR and sequencing reactions have been 

described previously (Massey et al., 1995a).  The 10 µL reaction mixture 



 

  73

contained 20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl2, 200 nM each 

dNTP; dATP, dCTP, dGTP and dTTP, 2.2 pmol each 'outer' primer, 0.5 U Taq 

polymerase and 100 ng genomic DNA. After DNA denaturation at 94°C for 1 min, 

samples were subjected to 30 cycles of amplification in a PTC-100 thermocycler 

(MJ Research Inc., Watertown, MA): DNA denaturation at 94°C for 30 s, primer 

annealing at 49°C for 30 s and extension at 72°C for 30 s. An additional 

extension step (72°C for 5 min) was conducted at the end of the 30 cycles. 

3.2.4 Single strand conformation polymorphism (SSCP) analysis 

SSCP analysis of K-ras first and second exon mutations was performed 

as described previously (Orita et al., 1989; Donnelly et al., 1996a).  Briefly, PCR 

products from the “outer” reaction were subjected to a second round of 

amplification. The 10 μl reaction mixture and amplification conditions were similar 

to those described above, except 2.0 µM dNTPs and 11 pmol of each “inner” 

primer were used and 2.2 µCi [α-33P]dATP (2600 Ci/mmol) was included.  

Subsequently, 4 µL of the 33P-labeled PCR products were diluted with 50 µL 

0.1% SDS+10 mM EDTA. Equal volumes of diluted PCR products and gel 

loading buffer (98% formamide, 0.1% bromophenol blue, 0 1% xylene cyanol FF, 

10 mM EDTA) were mixed and heated at 94°C for 4 min. Samples were then 

cooled on ice prior to loading 10 μL onto a 12% non-denaturing polyacrylamide 

gel containing 10% glycerol.  Samples were electrophoresed at 7 W for 18 h at 

room temperature, dried and autoradiographed (Figure 3.1). 
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Figure 3.1 SSCP analysis of K-ras codon 12 mutations in DNA from four 

AFB1-induced A/J mouse lung tumours.  DNA samples containing known codon 

12 normal and mutant sequences were analyzed concurrently, and are presented 

as standards.  Codon 12 sequences are indicated above (Normal = GGT). 

Arrows indicate some of the bands that occur only in mutated DNA. 

GGT GAT GTT TGT GGT GAT GTT TGT

Standards AFB1-induced tumour samples
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3.2.5 Cycle sequencing 

To confirm mutations identified by SSCP, DNA from 19 randomly selected 

samples was sequenced utilizing a cycle sequencing kit, which incorporates α-

[33P] dideoxynucleotide (ddNTP) terminators (ie. [33P]ddATP, [33P]ddTTP, 

[33P]ddGTP, [33P]ddCTP) into the sequencing products.  Prior to sequencing, 

PCR amplification of “outer” PCR products was conducted using the nested 

primers.  This “inner” product was purified using ExoSAP-IT according to the 

manufacturer’s recommendations.  The sequencing reactions were stopped by 

adding formamide-dye stop solution (supplied in the kit) and were heat denatured 

at 70°C for 10 min prior to electrophoresis at 55 W through an 8% polyacrylamide 

denaturing gel containing 7 M urea (Figure 3.2). 

3.2.6 AFB1 biotransformation by mouse liver CAT 

CAT oxidase activity was measured as described previously (Vetrano et 

al., 2005).  Briefly, 100 μL reaction mixtures contained 50mM phosphate buffer, 

pH 7.4, and 2.2 μM mouse liver CAT.  Reactions were initiated by addition of 20 

nmol of 10-acetyl-3,7-dihydroxyphenoxazine and performed in 96 well plates at 

room temperature for 30 min.  Dynamic detection of the fluorescent product 

resorufin was measured every 2.5 min and quantified using a Synergy HT Multi-

Detection Microplate Reader (Bio-tek, Winooski, VT) with 530 nm excitation and 

a 595 nm emission.  To assess the ability of CAT to bioactivate AFB1 to a DNA-

binding metabolite, [3H]AFB1 (30 μCi/μmol in 200 μM final concentration) was 

used as a substrate, along with 1 mg calf thymus DNA.  Calf thymus DNA,  
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Figure 3.2 K-ras exon 1 sequences in mouse lung tumour DNA from vinyl 

carbamate-treated mice (Normal (GGT)) used as a standard and AFB1-induced 

A/J mouse lung tumour DNA (TGT and GAT). 
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[3H]AFB1, 2.2 μM mouse liver CAT, and 50mM phosphate buffer were incubated 

for 5, 10, or 20 min, followed by DNA isolation by phenol / chloroform / isoamyl 

alcohol extraction (Devereux et al., 1993).  Radioactivity was quantitated by liquid 

scintillation spectroscopy in a Beckman LS 3800 spectrometer to determine the 

amount of [3H]AFB1-DNA adduct formed, and results expressed as pmol 

[3H]AFB1-DNA per mg of DNA.  The controls consisted of incubations without 

CAT as well as heat-inactivated enzyme (60oC, 10 min).  The effect of 160 μM 

2’,7’-dichlorofluorescein, an inhibitor of the oxidase activity of CAT (Vetrano et 

al., 2005), on AFB1-DNA binding was also examined. 

3.2.7 Data analysis 

All data are reported as mean ± SD.  Chi Square analysis was used to 

assess the relationship between mutation spectrum versus treatment and tumour 

size versus treatment.  Fisher’s exact test was used to assess tumour diagnosis 

versus treatment and mutation spectrum versus diagnosis.  A two-way ANOVA 

combined with the Bonferroni post-hoc test was used to compare the average 

number of tumours per mouse between the treatment groups, with the variables 

being with or without PEG-CAT and with or without AFB1.  These data were 

transformed due to heterogeneity of variance determined by Bartlett’s test.  

P<0.05 was considered significant in all cases. 
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3.3 RESULTS 

3.3.1 Generation of lung tumours 

Out of 160 mice, 12 were killed between one and six months after dosing, 

due to illness or in order to assess tumour development.  The remaining mice 

were killed at seven months.  A total of 714 tumours were ≥ 1 mm in diameter 

and excised.  41 out of 42 (98%) of the AFB1-treated mice and 47 (100%) of the 

PEG-CAT + AFB1-treated mice possessed lung tumours.  Only 10 lung tumours 

(4 in the control group and 6 in the PEG-CAT group) were observed in the 29 

control animals and 30 PEG-CAT animals.  All other organs appeared normal 

upon gross inspection.  A greater number of tumours were observed in the PEG-

CAT+AFB1 versus the AFB1 group, with 8.81 ± 3.64 lung tumours/mouse and 

7.05 ± 3.45 lung tumours/mouse, respectively (P<0.05, Figure 3.3).  There was 

no difference in the number of lung tumours formed per mouse following PEG-

CAT treatment alone compared to control (P>0.05, Figure 3.3). 

3.3.2 K-ras mutation profile 

Of the 714 lung tumours that were frozen, 131 were randomly selected for 

histological diagnosis and analyzed for K-ras mutations.  K-ras mutations were 

observed in 59 of the 59 (100%) and 64 of the 67 (96%) mouse lung tumours 

examined from the AFB1 and PEG-CAT+AFB1 mice, respectively (Table 3.1).  All 

of the exon 1 point mutations occurred at the first and second bases of codon 12, 

and no mutations were observed in codon 13 (Table 3.1).  In all cases, K-ras  
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Figure 3.3 Effect of PEG-CAT pretreatment on mouse lung tumour multiplicity 

7 months following in vivo treatment with AFB1.  Results are presented as the 

mean number of tumours per mouse ± SD.  * Significantly different from control,  

≠ significantly different from ABF1 alone (P < 0.05, two-way ANOVA with 

Bonferroni post hoc test). 
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Table 3.1  Summary of K-ras mutations in AFB1-induced and spontaneous A/J mouse lung tumoursa 

 

aNumbers in parentheses are percentages of the total number of tumours analyzed that contained K-ras mutations 
bData from Reynolds et al. (1992) 
cData from Donnelly et al. (1996) 
dNo difference in mutation pattern from PEG-CAT+AFB1, Chi Square analysis, p>0.05 
eToo few tumours to compare statistically 

Treatment 
Mouse 

Strain/Hybrid 

No. of 

tumours with 

K-ras 

mutations 

Codon 12 (N=GGT) 
Codon 13 

(N=GGC) 
Codon 61 (N=CAA) 

   GAT GTT TGT TTT CGT  CGA CAT CAC 

Noneb A/J 18/20 4 (22) 4 (22) 0 0 1 (6) 0 7 (39) 2 (11) 0 

AFB1
c AC3F1 76/76 14 (18) 46 (61) 13 (17) 2 (3) 0 1(1) 0 0 0 

Control (DMSO)e A/J 1/1 0 1 (100) 0 0 0 0 0 0 0 

PEG-CATe A/J 4/4 1 (25) 1 (25) 2 (50) 0 0 0 0 0 0 

AFB1
d A/J 59/59 4 (7) 28 (47) 27 (46) 0 0 0 0 0 0 

PEG-CAT+AFB1 A/J 64/67 2 (3) 37 (58) 24 (37) 0 0 0 0 0 1 (2) 
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Table 3.2  Summary of tumour size in AFB1-induced and spontaneous A/J mouse lung tumoursa  

 

aNumbers in parentheses are percentages  

bToo few tumours to compare statistically 

cDifferent tumour size distribution from PEG-CAT+AFB1, chi-square analysis, p<0.05 

 

 

Treatment Total No. of Tumours 
Tumour Diameter (mm) 

1.0-1.4 1.5-1.9 2.0-2.4 ≥2.5  

Control (DMSO)b 4 1 (25) 1 (25) 1 (25) 1 (25)  

PEG-CATb 6 2 (33) 4 (66) 0 0  

AFB1
c
 293 121 (41) 121 (41) 39 (13) 12 (4)  

PEG-CAT+AFB1 411 144 (35) 152 (37) 82 (20) 33 (8)  
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Table 3.3 Summary of tumour diagnosis and K-ras codon 12 sequences in AFB1-induced A/J mouse lung tumoursa 

 

Treatment 
Total No. Tumours  

      Diagnosed  

                Hyperplasia                      Adenoma 

GGT GAT GTT TGT GGT GAT GTT TGT 

Control (DMSO)b              1 0 0 0 0 1 0 0 0 

PEG-CATb              1 0 0 0 0 0 1 0 0 

AFB1
c             19 0 0 0 1 (5) 0 0  9 (47) 9 (47) 

PEG-CAT+AFB1             25 1 (4) 0 2 (8) 1 (4) 1 (4) 1 (4) 7 (28) 13 (52) 

 

 

aNumbers in parentheses are percentages   

bToo few tumours to compare statistically 

cNo difference in mutation pattern from PEG-CAT+AFB1, Chi Square analysis, p>0.05 
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exon 1 mutations consisted of G→T transversions and G→A transitions.  There 

was no difference in K-ras mutation spectrum between the AFB1 and PEG-CAT + 

AFB1 groups (P>0.05, Table 3.1).  Of the four tumours from the PEG-CAT+AFB1 

group analyzed for K-ras exon 2 mutations, one contained a point mutation in the 

third base of codon 61 and three did not contain mutations in either exon (Table 

3.1).  Tumours obtained from the PEG-CAT+AFB1 group were larger than those 

from AFB1 group (P<0.05, Table 3.2).   

Of the lung tumours diagnosed, 90% were adenomas, and the remainder 

were hyperplasias, with no carcinomas observed.  There was no significant 

difference in the proportion of hyperplasias versus adenomas between AFB1 and 

PEG-CAT + AFB1 groups (data not shown), and no difference in their mutation 

spectra (Table 3.3, P>0.05). 

3.3.3 Biotransformation of AFB1 by CAT 

10-acetyl-3,7-dihydroxyphenoxazine, previously used as a substrate to 

characterize the oxidase activity of CAT (Vetrano et al., 2005), was used as a 

positive control for the assay.  After 30 minutes, mouse liver CAT caused the 

production of 0.06 nmol resorufin from 20 nmol 10-acetyl-3,7-

dihydroxyphenoxazine, as compared to 0.01 nmol in no enzyme control (data not 

shown).  Production of resorufin by mouse liver CAT was linear up to 

approximately 10 min, consistent with previous results (Vetrano et al., 2005). 
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Mouse liver CAT caused the time-dependent conversion of [3H]AFB1 into a 

DNA binding species (Figure 3.4), and the reaction was prevented by 160 µM 

2’,7’-dichlorofluorescein or by heat-inactivating the CAT. 

3.4 DISCUSSION 

AFB1 is a potent carcinogen, and individuals exposed by ingestion of 

contaminated foods or inhalation of contaminated dusts are potentially at risk of 

developing lung and liver cancer.  DNA alkylation via the reaction of AFB1-8,9-

exo-epoxide with guanine residues in DNA is the widely accepted mechanism of 

AFB1-induced DNA damage leading to mutagenesis and carcinogenesis.  G to T 

transversions and G to A transitions in K-ras, potential initiating events in AFB1-

induced tumourigenesis, are observed in lung tumours from AFB1-treated mice, 

which is consistent with this mechanism (Donnelly et al., 1996a).  However, AFB1 

can also cause an increase in ROS formation in animals’ target organs, including 

rat liver, duck liver, and mouse lung (Chapter 2; Shen et al., 1995; Barraud et al., 

2001).  Nevertheless, the role of oxidative DNA damage in the carcinogenicity of 

AFB1 has not been examined.  We demonstrated previously that in vivo 

treatment with AFB1 results in the formation of 8-OHdG, the commonly used 

marker for oxidative DNA damage (Shen et al., 1995), in mouse lung cell types 

considered to be potential progenitors for tumourigenesis (Chapter 2; Massey et 

al., 2000; Kannan and Wu, 2006).  Hence, ROS may contribute to AFB1 

carcinogenesis in this model.  We also found that pre-treatment with PEG-CAT 

prevented this AFB1-induced increase in 8-OHdG formation (Chapter 2).  If  
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Figure 3.4 In vitro conversion of [3H]AFB1 to a DNA-binding species by mouse 

liver CAT.  Results are expressed as mean ± SD of three replicates. 
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oxidative DNA damage is involved in the carcinogenicity of AFB1, then PEG-CAT 

would be expected to be chemoprotective.  In fact, under the conditions we 

employed, PEG-CAT was not protective against AFB1 in mouse lung, but rather 

enhanced AFB1-induced tumourigenicity, both in terms of the number of tumours 

and their size. 

Also of significance in this study is the K-ras mutation profile of the mouse 

lung tumours.  Previous analysis of DNA from AFB1-induced lung tumours in 

AC3F1 mice showed a specific K-ras mutation pattern in exon 1 (Donnelly et al., 

1996a).   The majority of the tumours analyzed in the present study contained 

mutations at G:C base pairs of codon 12, consistent with previous results 

(Donnelly et al., 1996a).  More specifically, all of the K-ras exon 1 mutations were 

either G to T transversions (86%) or G to A transitions (14%).  8-OHdG and 

oxidized cytosines preferentially lead to G T transversions and G A transitions 

(Bjelland and Seeberg, 2003; Daviet et al., 2007; Kreutzer and Essigmann, 

1998), and are the most commonly observed mutations resulting from oxidative 

DNA damage (Wang et al., 1998).  Hence, the pattern of K-ras mutations is 

consistent with both alkylation and oxidation of DNA, and it is possible that both 

processes contribute to AFB1-induced mouse lung tumourigenesis.   

The K-ras codon 12 mutation spectrum in lung tumours of AFB1 treated 

A/J mice differed from that observed previously in the AC3F1 mouse (Donnelly et 

al., 1996a) (Table 3.1).  Similarly, Devereux et al. (1993) observed significant 

strain differences in K-ras activation in lung tumours induced by 4-
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(methylnitrosamino)-1-(3-pyridyl)-1-butanone between the susceptible A/J mouse 

and the resistant C57BL/6 mouse.  Since A/J mice develop spontaneous lung 

tumours, the tumours without exon 1 mutations may well have been 

spontaneous.  The A/J mouse is highly susceptible to pulmonary carcinogenesis, 

which is controlled by multiple genetic loci termed pulmonary adenoma 

susceptibility genes (Malkinson, 1991).  Indeed, we observed a small number of 

lung tumours in the control and PEG-CAT groups, and their K-ras mutation 

profiles were similar to those found in tumours of saline-treated A/J mice (You et 

al., 1989).  Analysis of the K-ras mutation pattern can aid in understanding the 

mechanism by which PEG-CAT increases the tumourigenicity of AFB1.  First, 

there was no difference in the K-ras mutation spectrum in lung tumours obtained 

from mice treated with PEG-CAT plus AFB1 versus AFB1 alone, which suggests 

that the tumours were initiated by AFB1.  Second, the results of the histological 

diagnoses are consistent with that of the K-ras mutation spectrum, in that there 

was no difference in the proportions of hyperplasias versus adenomas isolated 

from those two treatment groups.       

The most recognized action of CAT is the detoxification of H2O2, which 

prevents formation of •OH via the Fenton reaction, and hence is expected to 

decrease the production of 8-OHdG (Djordjevic, 2004). PEG-CAT was also 

chosen as the antioxidant for the present study due to its previously 

demonstrated protective effects against oxidative insult; Winn and Wells (1999) 

found maternal PEG-CAT treatment to protect against phenytoin-initiated protein 
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oxidation in the mouse embryo, and to diminish the resulting teratogenicity.  More 

specifically related to carcinogenesis, repeated administration of PEG-CAT 

inhibited the proliferation of injected murine melanoma B16-BL6 cells recovered 

in the lung (Hyoudou et al., 2004).  Despite the fact that CAT has been the 

subject of investigation for many years, unexpected features of this enzyme have 

recently been discovered (Kirkman and Gaetani, 2007).  One such feature is the 

oxidase activity of CAT, described by Vetrano et al. (2005).  It has been 

suggested that this activity involves interaction of the CAT heme with a strong 

reducing substrate and molecular oxygen, resulting in an oxyferryl intermediate.  

In subsequent electron transfers, the reducing substrate is oxidized and the 

enzyme returns to its ground state (Vetrano et al., 2005).  In fact, our observation 

that mouse liver CAT converted AFB1 to a DNA binding metabolite in vitro, along 

with PEG-CAT treatment alone not causing an increase in mouse lung tumour 

formation, suggests that increasing CAT activity in the lung cells may have 

stimulated conversion of AFB1 to a genotoxic metabolite in vivo.  However, this 

hypothesis is not supported by the fact that the same PEG-CAT treatment did not 

increase in vivo AFB1-DNA binding (Chapter 2).  Nonetheless, DNA binding in 

that study was only measured at a single timepoint 2 h post-AFB1, and an 

increase in AFB1-DNA binding might conceivably have been revealed by 

examining a more complete timecourse.  Of note, both alveolar type II cells and 

Clara cells, the putative lung tumour progenitor cell types, demonstrate both high 

levels of AFB1-induced K-ras mutations (Donnelly and Massey, 1999) and 
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substantial CAT activity (Kinnula et al., 1995).  In any case, CAT appears to be 

another enzyme, in addition to members of the CYP family and lipoxygenase, 

with the ability to bioactivate AFB1.   

Another factor to consider is the increase in tumour size in mice treated 

with both AFB1 and PEG-CAT, suggesting a possible promoter activity of CAT.  

Although normally considered to be an anti-oxidant with anti-tumour activity, 

vitamin E acts as a complete promoter in mouse skin initiated by 7,12-

dimethylbenz(a)anthracene (Mitchel and McCann, 2003), and vitamin C is a 

strong copromoter of gastric carcinogenesis in rats pretreated with N’-nitro-N-

nitrosoguanidine (Okazaki et al., 2006).  Thus, antioxidants have the potential to 

act as promoters, and the possibility that CAT shares this activity warrants further 

study for relevance to carcinogenicity.   
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CHAPTER 4 
 

IN VIVO TREATMENT WITH AFLATOXIN B1 INCREASES DNA 
OXIDATION, BASE EXCISION REPAIR ACTIVITY AND 8-

OXOGUANINE DNA GLYCOSYLASE 1 LEVELS IN MOUSE LUNG 

 

4.1 INTRODUCTION 

In vivo treatment with AFB1 causes an increase in oxidative DNA damage 

in mouse lung cells (Chapter 2).  8-OHdG, produced by the attack of •OH radical 

on C-8 of guanine, is one of the most abundant and highly mutagenic DNA 

lesions (David et al., 2007; Boiteux and Radicella, 1999).  •OH can also attack 

cytosine, forming the mutagenic Ug, 5-OHdU, and 5-OHdC, the latter being a 

marker of oxidative cytosine damage (Douki et al., 1996; Kreutzer and 

Essigmann, 1998).  Both 8-OHdG and 5-OHdC cause G to T transversions and 

G to A transitions (Wang et al., 1998), effects consistent with preferential 

formation of K-ras codon 12 G to T transversions and G to A transitions in AFB1-

induced mouse lung tumours (Chapter 3; Donnelly et al., 1996a).   

AFB1 has been shown to affect NER (Bedard et al., 2005), the pathway 

responsible for repair of bulky DNA adducts including the AFB1-8,9-exo-epoxide.  

Mouse lung extracts had lower repair activity for AFB1-adducted DNA than did 

mouse liver extracts (Bedard et al., 2005).  As well, lung activity was inhibited by 
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AFB1 treatment while liver activity was increased (Bedard et al., 2005).  These 

effects correlated with and may contribute to inter-organ susceptibility of AFB1 

tumourigenicity, with mouse lung being susceptible to AFB1-induced 

carcinogenicity and liver being resistant (Massey et al., 2000).     

BER, the repair process which handles the largest number of cytotoxic 

and mutagenic base lesions (Wang et al., 1998; Christmann et al., 2003), is the 

main mechanism for the removal of endogenous DNA lesions that cause minor 

helix distortions, such as oxidation by ROS (e.g. 8-OHdG and oxidative cytosine 

damage) (Slupphaug et al., 2003; Hazra et al., 2007).  OGG1, a key enzyme in 

the BER pathway, is a DNA glycosylase/AP lyase that excises 8-OHdG from 

DNA (Boiteux and Radicella, 2000).  The effect of AFB1 on BER activity has not 

been investigated, but if perturbed, could contribute to the increase in AFB1-

induced oxidative DNA damage observed and the susceptibility of the mouse 

lung to AFB1-induced carcinogenesis. 

In the present study, we compared the effect of in vivo treatment of mice 

with a single tumourigenic dose of AFB1 on the formation and repair of oxidative 

DNA damage in lung and liver, a potential contributing factor to tissue-specific 

susceptibility to carcinogenesis. 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Chemicals were obtained as follows: AFB1, nuclease S1, alkaline 

phosphatase, proteinase K, 8-OHdG and 2’-dG standards from Sigma (St. Louis, 

MO); Biorad Protein Assay dye reagent from Biorad Laboratories, Inc. (Hercules, 

CA); Ultrafree-MC 10,000 NMWL filter units from Millipore (Bedford, MA); Wako 

DNA Extractor WB Kit from Wako Chemicals USA, Inc. (Richmond, VA); Slide-A-

Lyzer dialysis cassettes from Thermo Scientific (Rockford, IL); EcoR1 from New 

England Biolabs (Ipswich, Massachusetts); Rabbit polyclonal to OGG1 primary 

antibody from Abcam Inc. (Cambridge, Massachusetts); [α-32P]dGTP from 

PerkinElmer (Waltham, Massachusetts).  All other chemicals were reagent grade 

and were obtained from common commercial suppliers. 

4.2.2 Animal Treatments 

 Female A/J mice (16-19 grams, Jackson Laboratories, Bar Harbor, ME) 

were housed with a 12 hour light/dark cycle and provided food and water ad 

libitum. Mice were treated with vehicle (40 μL DMSO, ip) or with 50mg/kg AFB1, a 

dose that results in pulmonary DNA oxidation and tumourigenesis (Chapter 2; 

Chapter 3).  Mice were killed by cervical dislocation 2 hours post treatment, the 

timepoint which demonstrated significant in vivo AFB1-induced 8-OHdG formation 

in mouse lung (Chapter 2).  Lungs and livers were perfused with Tris-EDTA (pH 

8.0), and excised. 
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4.2.3 Isolation of DNA from mouse lung and liver 

Utilization of a phenol-free method of DNA isolation and complete DNA 

digestion are considered necessary to avoid artifactual production of 8-OHdG 

(Ravanat et al., 1998).  Calf thymus DNA was used for optimization of DNA 

isolation and digestion methods to ensure accuracy in the measurement of 

oxidative DNA damage.  Fifty to 100 mg of lung or liver tissue frozen in liquid N2 

were pulverized to a fine powder with a mortar and pestle and DNA was isolated 

using a Wako DNA Extractor WB kit, according to the manufacturer’s 

recommendations, with the following modifications (Ravanat et al., 2002): 0.1 

mM DFO was added to the lysis solution, enzyme reaction solution, and Tris-

EDTA buffer, while 0.3 mM DFO was added to the sodium iodide solution.  This 

kit employs a phenol-free chaotropic sodium iodide method, and in conjunction 

with DFO, is recognized to significantly reduce the artifactual oxidation of the 

guanine base (Ravanat et al., 1998; Helbock et al., 1998; Ravanat et al., 2002).  

Utilizing this method, the cellular membrane is selectively lysed and nuclei are 

subsequently isolated, which minimizes spurious DNA oxidation during work-up 

(Ravanat et al., 2002).  DNA digestion was performed using the method 

described by Weimann et al. (2001) with minor modifications.  Five U of nuclease 

S1 was added to 100 μL of 150 μg/mL lung or liver DNA in 0.1 mM DFO.  The 

mixture was heated at 37oC for 90 min.  Alkaline phosphatase (0.5 U) was added 

followed by heating at 37oC for 3 h.  Chloroform (50 μL) was added and the 
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sample was centrifuged at 5000 x g for 15 min.  The digest was filtered through a 

Millipore Ultra-free MC 10,000 nominal molecular weight limit filter unit. 

4.2.4 Determination of 8-OHdG and 5-OHdC levels by high-
performance liquid chromatography with electrochemical detection 

The levels of 8-OHdG. 5-OHdC and 2’-dG were assessed with a Coularray 

HPLC-ECD (ESA Inc., Chelmsford, MA).  Compounds were separated on a 

Waters S-3 4.6 x 150 mm column with 0.1% methanol / 99.9% (v/v) 50mM 

phosphate buffer (pH 5.5) at a flow rate of 1.0 mL/min (Tremblay et al., 1999).  

The four electrochemical detector channels were set at -100, 250, 475, and 875 

mV. 

4.2.5 Preparation of 8-OHdG-adducted plasmid DNA 

The DNA repair substrate was prepared using photoactivated methylene 

blue to induce 8-OHdG in DNA (Floyd et al., 1989).  The 2961 bp plasmid 

pBluescript SK+ (Stratagene, La Jolla, CA) was grown in E. coli DH5α in Luria 

Bertani broth and isolated using a Qiagen Plasmid Mega Kit (Mississauga, ON).   

8-OHdG-adducted plasmid was prepared as previously described (Sattler et al., 

2000), with 50 μL of 40 μM methylene blue being added to 50 μL of 100 μg/mL 

plasmid.  Production of 8-OHdG in the plasmid DNA was measured by HPLC-

ECD. 
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4.2.6 Cell-free whole tissue nuclear protein extract preparation 

Nuclear protein extracts from ~ 1.5-1.8 g of tissue were prepared from the 

livers of individual mice and from the pooled lungs of four mice.  Cell-free tissue 

nuclear protein extracts active in DNA repair synthesis were prepared as 

described previously (Wood et al., 1988; Wood et al., 1995; Bedard et al., 2005).  

Protein content of extracts was measured using the Biorad protein assay.  The 

nuclear protein was stored in 100 μL aliquots at -80oC until repair reactions were 

carried out.     

4.2.7 In vitro base excision repair reaction 

The repair synthesis assay (Wood et al., 1995; Coudore et al., 1997) was 

performed as described previously (Hecht et al., 1986; Bedard et al., 2005).  

Briefly, a 50 μL reaction volume containing either 400 ng undamaged or 8-

OHdG-adducted plasmid DNA, 40 mM HEPES-KOH (pH 7.8), 0.5 mM 

dithiothreitol, 4.0 μM dGTP, 20 μM each of dTTP, dCTP and dATP, 23 mM 

phosphocreatine, 18 μg bovine serum albumin (nuclease-free, Sigma), 2.5 μg 

creatine phosphokinase, 2.0 mM ATP, 5.0 mM MgCl2, 0.4 mM EDTA, 100 mM 

KCl, 100 μg tissue protein extract and 2.0 μCi [α32P]dGTP was incubated for 3 h 

at 30oC.  The repair reaction was terminated by adjusting the concentration of 

EDTA to 20 mM, followed by treatment with 7 mg/mL RNase (37oC for 10 min) 

and 350 μg/mL proteinase K (with 0.5% SDS at 65oC for 30 min).  Plasmid DNA 

was purified by standard phenol/chloroform/isoamyl alcohol extraction and 
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ethanol precipitation (Devereux et al., 1993) and linearized with 1 U EcoR1.  

Electrophoresis was performed through a 1% agarose gel and the repair 

synthesis assay was performed in duplicate for each nuclear protein extract.  

Normalization for plasmid DNA recovery was based on densitometry of a 

photograph of the gel using ChemImager 4000 (Alpha Innotech Corporation, San 

Leandro, CA).  Incorporation of [α32P]dGTP was determined by phosphor 

imaging (Molecular Dynamics, Piscataway, NJ) of the dried gel. 

4.2.8 Western blot analysis of OGG1 

Levels of OGG1 immunoreactive protein were examined in nuclear protein 

extracts (15 μg) from lung and liver, as well as in the cellular DNA containing 

fractions.  The 1/500 working dilution for the OGG1 antibody used for all western 

blots was recommended by the manufacturer.  HRP-conjugated goat polyclonal 

anti-rabbit IgG (1/10,000) was purchased from Abcam (Cambridge, MA).  To 

normalize for protein loading, total protein was assessed by Amido Black 10B 

staining of the PVDF membrane. 

4.2.9 Data Analysis 

All data are reported as mean ± SD.  Statistical analysis of BER activity 

was performed using a two-way ANOVA followed by Bonferroni correction 

method.  The amount of oxidative DNA damage and OGG1 levels between the 

vehicle and AFB1 treatment groups were compared using a Student’s t-test 

(GraphPad Prism 4 software).  P<0.05 was considered significant in all cases. 
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4.3 RESULTS 

4.3.1 Levels of 8-OHdG and 5-OHdC 

Levels of 8-OHdG in control mouse lung ranged from 1.48 8-OHdG per 

104 dG to 3.94 8-OHdG per 104 dG, while 5-OHdC levels in control mouse lung 

were lower, ranging from 0.419 5-OHdC per 104 dG to 1.11 5-OHdC per 104 dG 

(Figure 4.1a). In control mouse liver, 8-OHdG and 5-OHdC leveIs ranged from 

1.4 to 2.53 per 104 dG and 0.3 to 2.06 per 104 dG, respectively.  An increase of 

approximately 40% in 8-OHdG levels occurred in mouse lung (compared to 

vehicle-treated controls) following treatment with 50 mg/kg AFB1 (P<0.05) (Figure 

4.1a).  Although an apparent increase was also observed in the 5-OHdC levels in 

mouse lung compared to controls, it was not statistically significant (P=0.0882).  

No increase in 8-OHdG or 5-OHdC formation was seen in mouse liver 2 h 

following AFB1 treatment compared to control (P>0.05) (Figure 4.1b). 

4.3.2 BER activities 

 Plasmid DNA containing 8-OHdG adducts (~ 1.8 adducts/plasmid) was 

used as a substrate for the BER synthesis assay.   Repair synthesis activity 

towards 8-OHdG was increased by approximately 87% in mouse lung extracts 2 

h following in vivo treatment with AFB1 (Figure 4.2).  Repair synthesis activity 

was approximately 110% greater in extracts from lung as compared to liver 

isolated from AFB1-treated mice (Figure 4.2).  There was no statistically 

significant difference in repair synthesis activity between control and treated liver 

extracts and between control lung and control liver extracts (Figure 4.2).   
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Figure 4.1 Effect of AFB1 treatment on 8-OHdG and 5-OHdC levels in a) 

mouse lung and b) mouse liver 2 h following in vivo treatment with 50 mg/kg 

AFB1.  Results are presented as the mean ± SD of four experiments and 

expressed as the ratio of the concentration of 8-OHdG or 5-OHdC to 2’dG.          

* Significantly different from DMSO control (P<0.05, Student’s t-test). 
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Figure 4.2 Effect of AFB1 treatment on BER activity in mouse lung and liver    

2 h following in vivo treatment with 50 mg/kg AFB1.  Results are presented as the 

mean ± SD of four experiments and are expressed as amol[32P]dGTP 

incorporated per μg DNA.  Significantly different from AFB1 liver, *significantly 

different from DMSO lung (P<0.05). 
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4.3.3 Levels of OGG1 immunoreactive protein 

An increase of approximately 20% and 60% in OGG1 levels occurred in 

lung and liver, respectively (compared to vehicle-treated controls) in nuclear 

protein extracts from mice treated with 50 mg/kg AFB1 ip and killed 2 hours post 

treatment (P<0.05) (Figure 4.3).  There was no difference in OGG1 protein levels 

between control and AFB1 treated mice in the discarded fraction collected during 

the nuclear protein extract preparation containing primarily DNA from lungs and 

livers (data not shown).  This indicates that there was no difference in the 

recovery of an essential BER protein due to treatment and therefore the results 

are not attributable to differences in the preparation of the extracts.   

4.4 DISCUSSION 

 Although AFB1 is widely recognized as a hepatocarcinogen (International 

Agency for Research on Cancer, 1995), the relative susceptibilities of different 

organs to AFB1 differs across animal species (Massey et al., 2000).  These 

differences have been attributed to variability in AFB1-exo-epoxide conjugation 

with glutathione (Eaton et al., 1993; Massey et al., 2000), and more recently to 

differences in DNA repair activity towards the AFB1-N7-guanine lesion (Bedard et 

al., 2005). We demonstrated previously that in vivo treatment with AFB1 elevates 

levels of 8-OHdG in Clara cells and alveolar type II cells, which are believed to 

be progenitors of mouse lung tumourigenesis.  This suggested a potential role for  
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Figure 4.3 Effect of AFB1 treatment on OGG1 levels in a) mouse lung and b) 

mouse liver nuclear protein extracts isolated 2 h following in vivo treatment with 

50 mg/kg AFB1.    Results presented as the mean ± SD of four experiments and 

are expressed as relative OGG1 levels.  *Significantly different from control 

(P<0.05, Student’s t-test). 
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oxidative DNA damage in AFB1 carcinogenesis (Kannan and Wu, 2006; Massey 

et al., 2000; Chapter 2).  Levels of the markers of oxidative DNA damage, 8-

OHdG and 5-OHdC have not been reported previously for whole mouse lung and 

liver following AFB1 treatment.  As well, the effect of AFB1 on the repair of 

oxidative DNA damage has not been examined, which may contribute to a role 

for oxidative DNA damage and tissue-specific susceptibility to AFB1 

carcinogenicity. 

 There is considerable inconsistency in the literature concerning 

endogenous 8-OHdG levels in both in vitro and in vivo systems, with 

considerable attention focusing on the prevention of artifactual oxidation of DNA 

during DNA isolation and digestion in preparation for analysis.  Artifactual DNA 

oxidation can be avoided with proper tissue handling, an appropriate DNA 

isolation method, and complete DNA digestion.  The 8-OHdG levels of untreated 

calf thymus DNA obtained in the present study (4.2 8-OHdG per 105 dG) were 

comparable to those published by ESCODD (Lunec, 1998), which ranged from 

1.9-21.3 8-OHdG per 105 dG.  This suggests that the DNA isolation and digestion 

methods utilized avoid the production of oxidative DNA damage.  As well, the 

mouse whole lung control 8-OHdG levels are consistent with our published levels 

in isolated mouse lung cells (Chapter 2).   

 The mutation spectra in AFB1-induced A/J mouse lung tumours involves 

G-T transversions and G-A transitions in K-ras exon 1, and have been attributed 

to AFB1-N7-guanine formation (Donnelly et al., 1996a; Chapter 3).  The most 
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common base substitutions arising from oxidative DNA damage are the G-A 

transition followed by the G-T transversion mutations (Wang et al., 1998; 

Kreutzer and Essigmann, 1998).  8-OHdG can form a stable mispair with 

deoxyadenosine in DNA and is considered the major source of G-T transversion 

mutations from oxidative DNA damage (McAuley-Hecht et al., 1994; Wang et al., 

1998).  Oxidation of cytosine often results in the formation of the unstable 5,6-

dihydroxy-5,6-dihydrocytosine, which undergoes dehydration, deamination, or 

both reactions to form 5-OHdC, Ug, and 5-OHdU, respectively (Kreutzer and 

Essigmann, 1998; Wang et al., 1998).  These three products have been 

proposed to be the primary sources of G A transition mutations from oxidative 

DNA damage in vivo (Wagner et al., 1996; Wang et al., 1998; Kreutzer and 

Essigmann, 1998; Wang et al., 1998) with mutation frequencies measured at 

0.05-2.5%, 83%, and 85% in E. coli, respectively (Kreutzer and Essigmann, 

1998; Feig et al., 1994).   

The high mutation frequency of Ug and 5-OHdU can be attributed to the 

loss of the exocyclic amino group that is involved in base pairing with guanine in 

duplex DNA (Lenton et al., 1999).  Although the mutation frequency of 5-OHdC is 

estimated to be lower than that of Ug and 5-OHdU, it is an appropriate 

representative marker for oxidative cytosine damage since its relative abundance 

and repair are similar to those of the other two products (Kreutzer and 

Essigmann, 1998).  As well, 5-OHdC is electrochemically active, allowing for its 

analysis by HPLC-ECD (Wagner et al., 1992).  The measurement of cytosine 
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oxidation is potentially important in AFB1 carcinogenicity. Given the relatively high 

frequency of K-ras G-A transition mutations in mouse lung tumour DNA, as well 

as the high mutagenicity of these lesions, examining the levels of both 8-OHdG 

and 5-OHdC as biomarkers provides a more complete approach to assessing 

AFB1-induced oxidative DNA damage than would be the case if only one 

oxidative DNA lesion were analyzed. 

 Although the effects of AFB1 on 5-OHdC levels in mouse lung failed to 

reach statistical significance due to the variability between samples, a trend 

towards an increase was apparent (59% increase compared to controls, 

P=0.088) and therefore cytosine oxidation cannot be excluded as potentially 

important in AFB1 carcinogenicity.  The higher levels of 8-OHdG compared to 5-

OHdC in AFB1-treated mouse lung is consistent with the observation that 

oxidants preferentially cause formation of 8-OHdG versus 5-OHdC (Wagner et 

al., 1992) ; this is because guanine is the most easily oxidizable base in DNA 

(Cadet et al., 1997).                 

 The BER pathway is initiated by a DNA glycosylase, which excises the 

damaged base from the DNA backbone, producing an apurinic site by 

hydrolyzing the N-glycosyl bond.  In the case of OGG1 and other type II 

glycosylases, the enzyme also cleaves the AP site, resulting in a single-strand 

break due to endogenous AP lyase activity (Klungland and Bjelland, 2007; Izumi 

et al., 2003).  OGG1 activity is the rate-limiting step in the BER of 8-OHdG (Paz-

Elizur et al., 2007; Allinson et al., 2004) and it has been proposed that 
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inactivation of OGG1 may generate a mutator phenotype which enhances both 

initiation and progression in carcinogenesis (Chevillard et al., 1998).  Hirano et al. 

(2004) observed an increase of OGG1 protein in hepatocytes from mice fed 3’-

methyl-4-dimethylaminoazobenzene for 8 months, which corresponded with an 

increase in both the level of 8-OHdG and its repair.  In the present study, along 

with an increase in oxidative DNA damage, AFB1 increased BER activity and 

OGG1 levels in mouse lung.  The DNA repair assay involving plasmid containing 

8-OHdG lesions provides a representation of BER activity (Chen et al., 2002).  

To date, a method to prepare a plasmid containing exclusively cytosine oxidation 

products, which would allow for a more comprehensive examination of the effect 

of AFB1 on the repair of these mutagenic lesions as compared to 8-OHdG, has 

yet to be developed.  In liver, although AFB1 did not produce a significant effect 

on BER activity, OGG1 protein levels were increased.  The possibility exists that 

an increase in BER activity may have occurred at an earlier timepoint than 

measured in this study, which would be consistent with the observed increase in 

OGG1 levels at 2 h, and which would be protective against AFB1 mutagenicity.  

This possibility could be examined by conducting a comprehensive timecourse of 

BER activity following AFB1 treatment. 

 Previously, Bedard et al (Bedard et al., 2005) observed that control levels 

of NER, which is responsible for the repair of bulky DNA adducts including AFB1-

N7-guanine (Massey et al., 2000; Bedard et al., 2005), were lower in mouse lung 

than in liver and were inhibited in lung by in vivo treatment with AFB1 itself 
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(Bedard et al., 2005).  On the other hand, AFB1 treatment increased NER activity 

towards AFB1-N7-guanine in mouse liver.  Hence, AFB1 exerts organ-specific 

effects on repair of DNA damage that it causes.  The earlier results correlated 

with tissue susceptibility to the carcinogenicity of AFB1, with mouse lung being 

highly susceptible and mouse liver resistant (Bedard et al., 2005; Massey et al., 

2000; Wieder et al., 1968).  In contrast to the NER results (Bedard et al., 2005), 

there was no difference in BER activity between lung and liver of control animals 

and AFB1 increased rather than decreased BER activity in mouse lung.  Hence, 

unlike the case for NER, inhibition of BER apparently does not contribute to inter-

organ differences in AFB1 carcinogenesis susceptibility.  Rather, the AFB1-

mediated elevation of BER in lung is likely an adaptive response to oxidative 

stress.  In fact, in mouse lung, the formation of oxidative DNA damage, increase 

in BER activity, and increase in OGG1 levels, indicate that AFB1 produces 

oxidative DNA damage, which may be an important mechanism in its 

carcinogenicity. 
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Chapter 5 
 

DISCUSSION 

 

 

5.1 GENERAL DISCUSSION 

The studies described in this thesis were directed at investigating the 

effects of the model carcinogen AFB1 on the production and repair of oxidative 

DNA damage in mouse lung, which may be a contributing mechanism in the 

mycotoxin’s carcinogenicity. 

While AFB1 is recognized as a hepatic carcinogen in both experimental 

animals and humans, evidence also exists for this mycotoxin as a pulmonary 

carcinogen.  Although traditionally the formation of AFB1-N7-Gua and resultant K-

ras mutations has been considered responsible for AFB1-induced mouse lung 

tumourigenesis, a thorough examination of the mechanism by which its 

carcinogenicity occurs had not been performed.  Identifying the contributions of 

various forms of DNA damage, such as oxidative damage, will lead to a better 

understanding of AFB1 as a carcinogen as well as lead to the development of 

chemopreventative strategies.  The production of ROS and oxidative DNA 

damage due to AFB1 treatment has been observed in liver of a variety of 

experimental animals (Shen et al, 1995; Barraud et al, 2001; Yarborough et al, 
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1996), and now in mouse lung (Chapter 2).   In addition, treatment with the 

endogenous antioxidant enzyme CAT completely prevented the AFB1-induced 

elevation of DNA oxidation (Chapter 2).  This indicates that AFB1 treatment 

results in the production of ROS and subsequent oxidative DNA damage in 

mouse lung, which may contribute to the carcinogenicity of AFB1.  This can be 

prevented by treatment with antioxidants, which may prove to be a potential 

chemopreventive strategy. 

Although AFB1-induced ROS and 8-OHdG in liver have been measured, 

their impact on hepatocarcinogenesis has not been examined.  The specific K-

ras mutation pattern sequenced in AFB1 lung tumours from AC3F1 mice 

(Donnelly et al, 1995) was similar to that in A/J mice (Chapter 3).  The G T 

transversions and G A transitions are also consistent with mutation patterns 

produced by oxidative DNA damage (Wang et al, 1998).  An agent that inhibits 

the formation of oxidative DNA damage without affecting the formation of AFB1-

N7-Gua would be an invaluable tool to examine the importance of each type of 

damage separately.  PEG-CAT treatment increased AFB1-induced tumour 

multiplicity and size, and demonstrated the ability to metabolize AFB1 in vitro 

(Chapter 3).  The impact of CAT on tumour size suggests the possibility of a 

promoter action, which has not been documented previously.  These findings, 

although novel, eliminated PEG-CAT as an antioxidant to address the 

importance of oxidative DNA damage in AFB1 tumourigenicity in mouse lung. 
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Previous results demonstrated a correlation between tissue- and species-

specific susceptibility to AFB1-induced carcinogenesis in rat and mouse models 

and activity for repair of AFB1-adducted DNA by NER (Bedard et al, 2005).  

Effects of AFB1 on BER activity, important in the repair of both 8-OHdG and 

cytosine oxidation products, had not been examined to date.  The results of this 

study demonstrated an increase in DNA repair towards 8-OHdG in mouse lung, 

correlating with an increase in oxidative DNA damage (Chapter 4), which is 

consistent with other agents that induce oxidative stress (Hirano et al, 2004).  An 

increase in OGG1, the rate-limiting step in 8-OHdG repair by BER, correlated 

with the increase in both oxidative DNA damage and repair activity in mouse lung 

(Chapter 4).  The effect of AFB1 on BER is a novel finding, and may represent an 

adaptive response to oxidative stress rather than a direct effect of AFB1 on repair 

activity, as seen with NER. 

5.2 FUTURE DIRECTIONS 

5.2.1 Oxidative DNA damage is involved in the tumourigenicity of 
AFB1 in mouse lung 

The results presented in Chapter 2 demonstrated that in vivo treatment 

with AFB1 induces oxidative DNA damage in progenitor cell types for mouse lung 

carcinogenesis, which was prevented by pre-treatment with PEG-CAT.  The 

mechanism by which AFB1 leads to the formation of ROS remains undetermined.  

In Chapter 3 of this thesis, the role of oxidative DNA damage in the 

tumourigenicity of AFB1 was examined utilizing PEG-CAT.  Unfortunately, CAT 
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did not prove to be an effective tool for addressing this question.  Therefore, 

preventing formation of ROS and/or utilizing another antioxidant or mouse 

knockout system could be used to examine the role of oxidative DNA damage in 

AFB1 tumourigenicity.   

AFB1 has been shown to increase phospholipase activity in both human 

and rodent cells, resulting in enhanced bioactivation of AFB1, breakdown of 

arachidonic acid, and formation of lipid peroxyl radicals (Amstad et al, 1984; 

Amstad et al, 1983).  Therefore, it would be of value to determine if AFB1 

stimulates phospholipase activity in mouse lung, and if an inhibitor of 

phospholipase activity (i.e. ρ-bromophenacyl bromide) prevents formation of 

ROS, DNA oxidation, and tumourigenicity in vivo. 

In vivo AFB1-induced ROS formation has been prevented in mouse liver 

by the isozyme non-selective CYP inhibitor SKF-525A (Towner et al, 2003).  

Metabolism of AFB1 may result in ROS formation by the breakdown of the 

peroxygenated CYP complex and/or autooxidation of the AFB1 metabolite, AFM1 

(Towner et al, 2003).  Therefore, if CYP mediated metabolism is involved in 

AFB1-induced oxidative stress, then SKF-525A should inhibit ROS formation, 

oxidative DNA damage and tumourigenesis in mouse lung. 

AFB1 leads to disruption of mitochondrial respiratory complexes in isolated 

rat liver mitochondria (Ramachandra et al, 1975; Sajan et al, 1995).  It is 

hypothesized that a microsome-like monooxygenase system can activate AFB1 in 

hepatic mitochondria, leading to formation of reactive metabolites that bind to 
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various mitochondrial macromolecules (Sajan et al, 1995).  This can result in 

electron leakage and thus ROS formation and oxidative DNA damage.  It would 

be of interest to determine if this AFB1-induced mitochondrial disruption occurs in 

mouse lung and if so, its impact on ROS formation and oxidative DNA damage 

through measurement of oxidation of exogenously added DNA. 

DFO, an iron chelator which blocks conversion of H2O2 to •OH, inhibited 

AFB1-induced oxidative DNA damage in rat hepatic DNA (Shen et al, 1995).  

Melatonin, an antioxidant and inhibitor of the Fenton reaction, prevented δ-

aminolevulinic acid-induced 8-OHdG formation in rat lung (Karbownik et al, 

2000).  As well, the antioxidant ascorbic acid inhibited 8-OHdG formation by 

morphine in mouse liver (Zhang et al, 2004).  These compounds could be utilized 

as tools to prevent AFB1-induced oxidative DNA damage and address the 

hypothesis at hand.  A complete time-course of the effects of these agents on 

AFB1-DNA binding may help avoid the unexpected results seen with PEG-CAT. 

Mice deficient in OGG1 are another invaluable tool to address the role of 

oxidative DNA damage in AFB1 carcinogenesis.  These OGG1 knockout mice 

have decreased BER activity and elevated 8-OHdG levels, and show increased 

lung tumourigenicity upon oxidative challenge (Kinoshita et al., 2007).  If 

oxidative DNA damage plays a role in the carcinogenicity of AFB1 in mouse lung, 

the OGG1 knockout mice should demonstrate increased susceptibility to AFB1-

induce pulmonary tumourigenicity as compared to the wild-type mice. 
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5.2.2 CAT is involved in the bioactivation of AFB1 in mouse lung 

CAT is most commonly thought of as an enzyme involved in the 

detoxification of H2O2 and the oxidation of alcohols.  It has been characterized 

recently that CAT has oxidase activity, with the ability to metabolize a variety of 

compounds, including certain carcinogens (Vetrano et al, 2005).  Based on the in 

vitro results presented in Chapter 3, CAT may have the ability to metabolize 

AFB1 to a DNA binding species in vivo.  Inhibitors of CAT oxidase activity could 

help to elucidate the extent and impact of CAT on the metabolism of AFB1 in 

mouse lung. 
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