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4 Introduction 

    People wondered about the cause of cancer for centuries, nevertheless it still remains  
an unravelled mystery. Its name derives from an observation by Hippocrates more than 2,400 
years ago that the long, distended veins that radiate out from some breast tumours look like  
the limbs of a crab. From that observation came the term karkinoma in Greek, and 
later, cancer in Latin. 

 

    In the Czech Republic, 71 913 new cancer cases were diagnosed in the year 2006. The cancer 

incidence rates per 100.000 inhabitants in the same year (2006) was 701.2 and in the previous 

year (2005) 699.1 (Czech Health Statistics Yearbook, 2007, 2008) with 201.2 cancer deaths  

in 2006 and 206.0 in 2005 (OECD Health Data, 2009). Moreover, the death rates from cancer  

in 2005 are compared with other developed countries in Figure 1. Unfortunately, the Czech 

Republic occupies one of the leading places among developed countries. 
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Figure 1: Cancer death rates by countries in the year 2005 (Source:OECD Health Data, 
2009) 
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However, the situation in the Czech Republic has been improving in the recent years thanks to 

the systematic efforts in this field (Fig. 2). The number of cancer deaths has been diminishing, 

but still about 76 Czechs die because of cancer in a single day. Every day 197 new cases of 

cancer are diagnosed. Cancer is the second most common cause of death in the Czech Republic, 

exceeded only by heart disease. Cancer accounts for nearly 1 of every 4 deaths. 

 

 

    In addition, although childhood cancers are rare, representing less than 1% of all new cancer 

diagnoses in the United States of America, 1340 deaths are expected to occur among children 

aged 0 to 14 years in 2010. Although uncommon, cancer is the second leading cause of death in 

children, exceeded only by accidents. Fortunately, mortality rates for childhood cancer have 

declined by 55% since 1975 (Cancer Facts and Figures, 2010). 

     Research across the last three decades has revolutionized our understanding of cancer.  

To a large part, this success was made possible by the development and application of brand-new 

techniques of molecular biology and biochemistry. Cancer arises from cells that began to 

proliferate uncontrollably within the body, and it can be triggered by chemicals, radiation, and 

viruses. Cancer develops when a cell breaks free from the normal restraints on cell division and 

begins to follow its own way of proliferation (Scheme 1; p.  11). A single normal body cell 

undergoes a genetic transformation into a cancer cell. The cells produced by division of this first, 
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Figure 2: The development of cancer deaths per 100.000 inhabitants in the Czech 
Republic in the period 1985 – 2007 (Source: OECD Health Data 2009) 
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ancestral cell and its progeny also display inappropriate proliferation. A tumour formed of these 

abnormal cells may remain within the tissue in which it originated, or it may begin to invade 

nearby tissues (invasive cancer). An invasive tumour is called malignant, and cells released into 

the blood or lymph from a malignant tumour can establish new tumours (metastases) throughout 

the body. Tumours threaten life when their growth disrupts the tissues and organs needed  

for survival.  

 

    The cancer cells show a wide range of important differences from normal cells. For example, 

cancer cells are genetically unstable and prone to rearrangements, duplications, and deletions  

of their chromosomes that cause their progeny to display unusual features. It means, although  

a tumour as a whole is monoclonal in origin, it may contain a large number of cells with diverse 

characteristics. Further, a large number of cells in a tumour are in mitosis, whereas mitosis is  

a relatively rare event in most normal tissues. Cancer cells also demonstrate a variety of unusual 

characteristics such as lack of cooperation with other cells in their environment. When they are 

grown in culture, they lack contact inhibition and display a reduced dependence on the presence 

 

Scheme 1: Multistage carcinogenesis and cancer development (Source: Klimo K, Steinle 
R, Frank N: http://www.dkfz.de/en/tox/c010-2_projects/list_assays.html) 
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of growth factors in the environment in contrast to normal cells. (Weinstein, 2002; Weinberg, 

2007) 

    Generally, cancer is regarded as a long and complex succession of genetic changes (Scheme 1; 

p. 11). Each change enables precancerous cells to acquire some of the features that together 

create the malignant growth of cancer cells (Stiborová and Mikšanová, 1999). Two categories  

of genes play major roles in triggering cancer. One category of genes, called  

proto-oncogenes, encourages cell division. The other category, called tumour-suppressor genes, 

inhibits cell division. Together, proto-oncogenes and tumour-suppressor genes coordinate  

the regulated growth that normally ensures that each tissue and organ in the body maintains a size 

and structure that matches the needs of the body. But proto-oncogenes can mutate and become 

oncogenes, genes that stimulate excessive division. Mutations in tumour-suppressor genes 

inactivate these genes, eliminating the critical inhibition of cell division that normally prevents 

excessive growth. Collectively, mutations in these two categories of genes account for much  

of the uncontrolled cell division that occurs in human cancers (Klener, 2002).  

    Oncogenes, the mutated forms of proto-oncogenes, cause the proteins involved in these 

growth-promoting pathways to be overactive. Some oncogenes cause cells to overproduce growth 

factors. These factors stimulate the growth of neighbouring cells, but they also may drive 

excessive division of the cells that just produced them. Other oncogenes produce aberrant 

receptor proteins that release stimulatory signals into the cytoplasm even when no growth factors 

are present in the environment. Other oncogenes disrupt parts of the signal cascade that occurs  

in a cytoplasm such that the cell nucleus receives stimulatory messages continuously, even when 

growth factor receptors are not prompting them (Weinstein, 2002; Weinberg, 2007).  

    The role of tumour-suppressor genes is to code proteins that operate as parts of specific 

inhibitory pathways. When a mutation causes such proteins to be inactive or absent, these 

inhibitory pathways no longer function normally. Other tumour-suppressor genes appear to block 

the flow of signals through growth-stimulating pathways; when these genes no longer function 

properly, such growth-promoting pathways may operate without normal restraint. Mutations  

in all tumour-suppressor genes, however, apparently inactivate critical tumour-suppressor 

proteins, depriving cells of this restraint on cell division (Weinberg, 2007). 
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    Beside the controls on proliferation provided by proto-oncogenes and tumour-suppressor 

genes, cells also have at least three other systems that can help them to avoid a normal cell 

transform to a cancer cell. 

 (I ) The first of these systems is DNA repair system. Across a lifetime, genes are under 

permanent attack, both by carcinogens imported from the environment and by chemicals 

produced in the cell itself. Errors also occur during DNA replication. Mostly, such errors are 

rapidly corrected by the cell DNA repair system, but if the system fails, the error becomes  

a mutation in the cell and in all of its descendants. The DNA repair system is very efficient and 

therefore many years pass before mutations required for cancer development occur in one cell. 

That is the reason why particularly mutations in DNA repair genes can have devastating effect  

on a cell development. They damage a cell ability to repair errors in its DNA. As a result, 

mutations appear in the cell much more frequently than normally.  

(II ) Further system holds control of cell suicide (apoptosis) if an essential component is damaged 

or its control system is out of regulation. One way of avoiding apoptosis involves the P53 protein. 

In its normal form, this protein not only stops cell division, but induces apoptosis in abnormal 

cells. The product of a tumour-suppressor gene, P53 is inactivated in many types of cancers 

(Weinberg, 2007; Halazonetis et al., 2008). This feature suggests that cancer cells able to evade 

apoptosis will be less responsive to treatment (radiation and chemotherapeutic drugs) than other 

cells.  

(III ) The third system limits the number of cell division and ensures that cells cannot reproduce 

endlessly. The system is governed by the ends of chromosomes, called telomeres.  

These segments shorten each time a chromosome replicates. Once the telomeres are shorter than 

some threshold length, they trigger an internal signal that causes the cell to stop dividing 

(Campsi, 2005). In spite of that, cancer cells growing in culture can proliferate indefinitely, 

because they express a specific enzyme, called telomerase, which systematically replaces new 

telomeric segments that are cleaved away during each round of cell division (Varela and Blasco, 

2010). Telomerase is virtually absent from most mature cells, but is present in most cancer cells, 

where its action enables the cells to proliferate endlessly (Weinberg, 2007). 

    The susceptibility of a human individual to the above mentioned changes leading to cancer is 

dictated by a person's general physiological traits (Fig. 3; p.  14). For example, a person with fair 



Introduction 

 14 

skin is more susceptible to the development of skin cancer than a person with a darker skin. 

Likewise, a person whose body metabolises and eliminates a particular carcinogen relatively 

inefficiently is more likely to develop types of cancer associated with that carcinogen than  

a person who has more efficient forms of the genes involved in that particular metabolic process. 

These inherited characteristics do not directly promote the development of cancer; each person, 

susceptible or not, still has to be exposed to the related environmental carcinogen for cancer to 

develop. Nevertheless, genes probably do contribute in some way to the vast majority of cancers. 

It is important to mention that 90 - 95 % of all cancer cases can be attributed to external, 

“environmental” factors that act in relation to both genetic and acquired susceptibility. This fact 

represents a sanguine message for cancer prevention. The exposure to environmental carcinogens 

(pollutants, dietary constituents, tobacco smoke) is theoretically preventable (Fig. 4; p. 16; Anand 

et al., 2008).   A key area of interest lies in learning how to exploit the molecular abnormalities  

of cancer cells to identify them in their early stage and subsequently to choose the right treatment.  

 

 

Figure 3: A proposed pathway for environmental carcinogenesis, which begins when exposure to 
PAH (polycyclic aromatic hydrocarbon), formed from incomplete combustion processes, modifies 
DNA by forming PAH-DNA adducts. These adducts can cause mutations in critical genes such 
as P53. Other mutations in critical genes lead to cancer. The entire pathway is thought to be 
influenced by susceptibility factors such as gender and ethnicity, health status, nutrition, young 
age, and genetic polymorphisms. Molecular epidemiologic approaches are currently being used 
to investigate this proposed pathway and the role of these suspected susceptibility factors. 
(Source:Perera, 1997) 
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    Better understanding of the role of oncogenes and tumour-suppressor genes in preventing 

runaway cell division may help scientists to develop new therapies directed at these genes. 

Similarly, a therapy capable of restoring a cell capacity for apoptosis would improve significantly 

the effectiveness of current cancer treatments. Even telomerase represents an important potential 

target for scientists looking for new and more powerful treatments for cancer. One bold new 

research initiative that offers significant promise is the Cancer Genome Anatomy Project (CGAP; 

http://cgap.nci.nih.gov/). The project seeks to identify all the genes responsible 

for the establishment and growth of human cancer. Establishing for a particular cell the repertoire  

of genes expressed, together with the amount of normal or altered gene product produced by each 

expressed gene, yields a “signature” for that cell type. This “signature” changes during  

the transformation of a normal cell to a cancer cell. Some changes are quantitative. Reading such 

“signature” will also enhance the specificity of cancer diagnosis by allowing scientists to 

differentiate among tumours at the molecular level. Finally, molecular fingerprinting will allow 

researchers to develop new treatments specifically targeted at cellular subtypes of different 

cancers. The ultimate goal of such work is to push back the detection and diagnosis of cancer to 

its earliest stages of development. The sanguine aim of scientists is to envision the day when 

medical intervention for cancer will become focused at identifying incipient disease and 

preventing its progression to overt disease, rather than treating the cancer after it is well 

established. Although early detection and successful treatment can reduce cancer deaths, the most 

desirable way to reduce them is prevention. In terms of cancer prevention, there is a body  

of knowledge which gives us vast potential. We can study susceptibility of an individual (Fig. 4; 

p. 16) and influence of the environment at the molecular level. The molecular data depict 

interactions of environment and individual susceptibility, in which multiple genes are involved 

and effects of these genes can be modified by ethnicity, age, gender, nutrition, and extent  

of carcinogen exposure (Perera, 1997). On that basis, we are able to intervene at the population 

level and protect susceptible subgroups. The knowledge of differential risk resulting from 

prevailing metabolic genetic traits, ethnicity, young age, gender, or health and nutritional 

impairment can be useful in developing regulations, public education, health surveillance, 

behaviour modification programs, and chemoprevention strategies that will have a maximum 

impact (Perera, 1997). (Graph 3 illustrates the role of different environmental and life style 

factors such as diet, tobacco smoke, infections and obesity in the development of cancer, Anand 
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et al., 2008). A powerful tool for identifying and modelling cancer risk distribution and 

assessment is molecular epidemiology, which focuses on monitoring of biomarkers (see chapter 

4.2; p. 20).  

 

4.1 Formation of DNA Adducts 

     Modifications of DNA play the key role in cancer development, which can alter a normal cell 

and bring about its transformation to cancer cell. DNA modification in a critical gene provides 

the potential for occurrence of a mutagenic event, resulting in subsequent alterations in gene 

expression and loss of growth control. DNA damage is considered to be necessary, but not 

sufficient, for tumour genesis since other events, such as mutagenesis and cell proliferation, have 

also to take place (Hemminki, 1993, 2000; Wild and Pisani, 1997; Kensler et al., 1996). 

Formation of covalent compounds (DNA adducts), hydroxyderivatives of DNA (formed  

by reactive oxygen species), chromosomal cross-linking, DNA damage caused by different types 

of radiation, formation of pyrimidine dimers, excision of purine and pyrimidine bases from DNA 

Environment
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Genes 
5-10%

Obesity
10-20%

Infections
15-20%

Tobacco
25-30%
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Figure 4: The graph on the left illustrates the role of inherited (genes) and environmental 
factors in the development of cancer. The contribution of genetic factors and 
environmental/acquired factors towards cancer risk is 5–10% and 90–95%, respectively. 
In the graph on the right side, the contribution of each environmental/acquired factor to 
cancer development is shown. The percentages indicate the attributable fraction of cancer 
deaths due to the specified environmental risk factor. (Source: Anand et al., 2008) 
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and formation of intercalates (Stiborová and Mikšanová, 1999; Rouse and Jackson, 2002) are  

the most important DNA modifications (Fig. 5) for initiation of cancer process. 

     Nevertheless, the formation of covalent adducts with DNA is the most important event, 

because 90 % of compounds proved as carcinogen for humans activate the cancer process  

by covalent DNA adduct formation (Stiborová and Mikšanová, 1999). DNA adduct levels, 

measured at any point in time, reflect tissue-specific rates of adduct formation and removal, 

which depend upon carcinogen activation, DNA repair, adduct stability and tissue turnover 

(Poirier et al., 2000). Generally, chemical carcinogens can cause not only the formation  

of carcinogen-DNA adducts, but they can also induce other modifications of DNA, such as 

oxidative damage and alterations of DNA structure (DNA-strand cross-linking, DNA-strand 

breakage, chromosomal rearrangements and deletions) (Poirier, 2004). Although cells posses 

mechanisms to repair many types of DNA damage, these are not always completely effective, 

and residual DNA damage can lead to the insertion of an incorrect base during DNA replication. 

Segregation of chromosomes bearing unrepaired lesions could seriously compromise genome 

integrity (Rouse and Jackson, 2002). The subsequent transcription and translation of the mutated 

templates ultimately leads to the synthesis of altered proteins. 

 
 

Figure 5: Examples of DNA damages caused by various environmental factors. (Source: 
Stiborová and Mikšanová, 1999) 
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     DNA is altered by reactions of its molecule with chemical carcinogens, either directly or after 

their metabolic activation. The most effective enzymes participating in the metabolism  

of xenobiotics (including carcinogens) are cytochromes P450 (CYPs). In human genome there 

are only 57 genes for these enzymes (Guengerich, 2008), but they are able to convert most 

xenobiotics into molecules that are more soluble and can be easily excreted from human body. 

Besides this detoxication, CYPs can form reactive chemical species which might react  

with DNA. Therefore, they are possibly mutagenic (Scheme 2).  

 

Thus, relatively unreactive procarcinogens are converted into highly reactive ultimate 

carcinogens, which can attack DNA molecules directly through their ability to form covalent 

bonds with various bases and form DNA adducts. The activation and detoxification metabolism 

of carcinogenic aflatoxin B1 is shown in Scheme 2. The elucidation of activation metabolism  

of carcinogenic o-anisidine is one of the principal targets of this thesis. The formation of DNA 

Scheme 2: Aflatoxin B1 is a fungal toxin growing on peanuts and grain. Activation of 
aflatoxin B1 by CYPs yields the 8,9-oxide form that is highly reactive. Aflatoxin B1-8,9-oxide 
might be either detoxified by side reactions, or it might form a highly mutagenic DNA adduct 
with the N7 atom of deoxyguanosine. (Source: Weinberg, 2007) 
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adducts may occur at a number of sites within DNA molecule, but it is not formed randomly.  

For example, aromatic amines and aromatic hydrocarbons prefer the C8 and N2 positions  

of purine ring of guanine and adenine, respectively (Poirier et al., 1996), whereas the N7 position 

of guanine is predominantly modified by alkylation (methylation or ethylation). In general, 

guanine base is most frequently attacked by chemical carcinogens, but other bases are also 

modified significantly. The predominant positions of electrophilic attack are C8, O6, N2, N7 and 

N1 positions of deoxyguanosine, N6, C8, N7, N1, N3 of deoxyadenosine, N3 of deoxythymine 

and N4, N3 of deoxycytosine (Fig. 6; Linhart  and Novák, 2002).  

 

 

    The position of modification seems to play a crucial role in carcinogenity of the carcinogens, 

because some adducts are mutagenic and associated with carcinogenesis, while other adducts are 

not. Most of DNA adducts are eliminated by DNA repair system, but some persistent adducts 

often cause mutations in specific deoxynucleosides in important growth-controlling genes 

resulting in aberrant cellular growth and cancer. For example, aflatoxin B1 causes a characteristic 

guanine to thymine mutation in DNA. Such point mutation, where the sequence AGG is 

converted to AGT, are found at codon 249 of the P53 tumour-suppressor gene in about half  

of the hepatocellular carcinomas occuring in persons exposed to this carcinogen (Scheme 2; p. 

18; Weinberg, 2007). Analogical example demonstrates exposure of organisms to 

benzo[a]pyrene, which induces G to T transversion in the P53 gene (Robles et al., 2002).  

On the contrary, cells naturally utilize methylation for regulating expression of own genes. 

Methylation of cytosine bases appears to be important for inactivating tumour-suppressor genes. 

In mammalian cells, this methylation is found only when these bases are located in a position that 

is 5´ to guanosines (in the sequence CpG). This modification of deoxycytosine can affect 

Figure 6: Preferential binding positions of individual deoxynucleosides for electrophiles 
(Source: Linhart and Novák, 2002) 
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functioning of DNA in this region of chromosome. When the methylation occurs in the vicinity 

of a gene promoter, it can cause repression of transcription of the associated gene. Conversely,  

by demethylation of deoxycytosine, the transcription is not more repressed (Weinberg, 2007). 

     Vast efforts have been made to elucidate the chemical structure of DNA adducts, in order to 

shed light on their importance in cancer development. In this work, we present results showing 

structures of DNA adducts formed by two carcinogenic compounds, o-anisidine and  

2-nitroanisole, formed both in vitro and in vivo (Chapter 8.2; p. 93).  

     Generally, DNA adducts serve as markers for the assessment of genotoxic activity  

of chemicals in vitro and in vivo, as well as to monitor human exposure to genotoxic chemicals. 

This is based on the experimental evidence that DNA adducts can induce mutations, which can 

subsequently cause the cancer development (Hemminki, 1993, 2000). Furthermore, the relative 

role of chemical reactivity in the formation of DNA adducts and the carcinogenic potency  

in the establishment of clonal growth advantage remains enigmatic. Elucidation of these 

interactions might be achieved by concomitant application of a spectrum of biomarker assays 

(Poirier et al., 2000) and epidemiological studies based on biomonitoring. 

4.2  DNA adduct biomonitoring 

     Already in early 1980s, Zielhuis (1984) suggested the following definition of human 
biomonitoring: ‘‘Human biomonitoring is a systematic continuous or repetitive activity  
for collection of biological samples for analysis of concentrations of pollutants, metabolites or 
specific nonadverse biological effect parameters for immediate  application, with the objective to 
assess exposure and health risk to exposed subjects, comparing the data observed with  
the reference level and — if necessary —leading to corrective actions.’’  

 

     A pioneering work in this field was carried out by Percival Pott in 1775 (Potter M, 1963).   

He published a treatise on scrotal cancer by English chimney sweeps. In this case, scrotal 

tumours arose after years of intense exposure to polycyclic aromatic hydrocarbons (PAH)  

in chimney soot by persons, who bathed only rarely. In the consequence, authorities in many 

European countries recommended frequent bathing for chimney sweeps. The success of this 

recommendation was revealed by Butlin (1892) about 100 years later. He reported that there was 

virtually no scrotal cancer occurred among chimney sweeps in Europe, whereas the incidence  

in England, where bathing frequency had not changed significantly, remained high. The history 
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of scrotal cancer in chimney sweeps serves to demonstrate that measures designed to diminish 

exposure can decrease cancer incidence. Since 1775, these basic principles have been observed 

for each new chemical recognized to increase human cancer risk. 

      Studies of workplace exposure concerning the determination of lead (Kehoe et al., 1933) or 

benzene metabolites (Yant et al., 1936) in blood and urine can be presented as early examples  

of “modern” human biomonitoring. In the early 1960s, powerful analytical techniques that 

allowed determination of very low concentrations of chemical substances in blood and urine 

began to enter the laboratories (Angerer et al., 2007). Further improvements of analytical 

techniques and molecular biology techniques allowed quantification of DNA damage. In the last 

two decades, close correlation of dose-response curves for chemical exposure was demonstrated 

in animal models (rats and mice), as well as DNA adduct formation, mutagenesis and rates  

of tumour formation (Poirier and Belland, 1992; Poirier, 1996; Weston and Harris, 2003). Studies 

involving chemical induction of tumours in animal models and hundreds of such studies attest to 

the essential role of DNA damage in the carcinogenic process (Miller and Miller, 1981). 

Generally, the quantification of the reaction products of reactive substances with biological 

molecules such as DNA or proteins are considered as the contribution of biochemical effect 

monitoring (Scheme 3) to the set of other methods used by biological monitoring (for instance 

sister chromatid exchange rates and enzyme activities). 

 

 
Scheme 3: Scheme of ambient and biological monitoring (Source: Angerer et al., 2007) 
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      An ideal monitored biomarker of exposure should match with the following criteria 

(Hirvonen, 2008): 

• specific for the exposure of interest 

• detectable in small quantities 

• measurable by non-invasive techniques 

• associated with prior exposure  

• analytical methods for quantification should be inexpensive, suitable and reliable  

• able to provide an excellent positive predictive value to a specific health status 

• The relation between biomarker concentration and the total dose should be well-known 

(Boogard and Money, 2008). 

• We should know the background levels of biomarker in the general population (Boogard 

and Money, 2008). 

• The estimation of the inter- and intra-individual variability to the biomarker metabolism 

should be revealed (Boogard and Money, 2008). 

• The evaluation of confounding factors (including systematic errors) that can affect  

the biomarker should be taken into account (Boogard and Money, 2008). 

     Several biomarkers of exposure are often available for the same chemical: the parent 

compound itself, a metabolite, or a macromolecular adduct (to DNA or protein), therefore it is 

suitable to combine several biomarkers. 

4.2.1 Protein Adducts 

    Protein adduct formation is considered to be a valuable surrogate for DNA adduct formation 

since, particularly in animal models, many chemical carcinogens bind to both DNA and protein 

in blood with similar dose response kinetics (Skipper et al., 1994; Kensler et al., 1996; Wild and 

Pisani, 1997). Reactive intermediates have to cross a cell membrane and reach DNA in a critical 

organ. Because of this reason the scientific community takes protein adducts as surrogates  

of DNA-adducts, which are thought to be the initial step of carcinogenesis. Nevertheless,  
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protein-adduct levels in blood enable the estimation of internal exposure as well as biochemical 

effects.  

     The most commonly proteins used for evaluation of protein-carcinogen adducts have been 

haemoglobin and albumin for reasons of their availability and long lifetime. They are chemically 

stable and are not prone to repair by mechanisms like DNA adducts. Because of the long life span 

of haemoglobin (120 days) and the long half-life of serum albumin (20 days) these adducts 

accumulate in the human body, making them a very sensitive parameter for human 

biomonitoring. The preferably monitored are haemoglobin adducts because accumulation is still 

greater than albumin adducts (Angerer et al., 2007). In addition, efforts have been made to 

validate histone and collagen adducts as indicators of more long-term exposures (Skipper et al., 

1994). 

      Interaction of a carcinogen with a protein, either directly or after metabolic 

activation, typically occurs by substitution at a nucleophilic amino acid. For alkylating agents  

the most common substituted amino acid is cysteine, but modifications have been reported  

for aspartate, histidine, valine, tryptophan, glutamate and lysine (Skipper and Tannenbaum, 1990; 

Skipper et al., 1994).  

       Most assays quantifying protein adducts have been carried out using techniques based  

on mass spectrometry or using antibodies for adduct determination. 

 

4.2.2  DNA Adducts 

     The quantity of carcinogen, which has not been detoxified and which has bound to  

the macromolecules, being not repaired, is reflected by the quantity of carcinogen-DNA adducts 

(see PAH and aflatoxin B1 biomonitoring in the chapter 4.2.4; p. 29). These adducts can 

represent exposure of organisms to the xenobiotic and the carcinogen DNA adduct formation is  

a key to chemical carcinogenesis (Hemminki et al. 1993, 2000; Vousden et al., 1986). Recently,  

a number of reviews on DNA adduct epidemiological studies have investigated, whether 

increased adduct levels are associated with cancer incidence (see PAH and aflatoxin B1 

biomonitoring in the chapter 4.2.4; p. 29 and 31). Molecular epidemiologic studies elaborated  

in full details have the potential to elucidate the relationship between DNA adduct formation and 
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human cancer risk. Till now, few such studies have been published. The most instructive 

examples are the AFB1–DNA adducts in the case of dietary AFB1 exposure related to liver 

cancer (chapter 4.2.4; p. 31), and polycyclic aromatic hydrocarbon (PAH)–DNA adducts  

in the case of tobacco smoking and lung cancer (chapter 4.2.4; p. 29). The study concerning 

formation and persistence of o-anisidine DNA adducts in vivo is discussed in the thesis in chapter 

8.2 (p. 93) (Naiman et al., 2010b). Further, knowledge of dose response relationships and adduct 

persistence is invaluable for exposure monitoring studies, which use DNA adduct levels as  

the end points (Schulte and Perera, 1993).  

      In general terms, DNA adduct determination might have three advantages over traditional 

exposure assessment: i. they can smooth the extreme variability in exposure which is typical  

for environmental toxicants and may integrate exposure over a longer period of time. Therefore, 

DNA adduct assessment may reduce the monitoring effort. ii. Monitoring of DNA adducts 

accounts for all exposure routes. iii.  DNA adducts may indicate interindividual differences  

in uptake, distribution, metabolism, elimination, and repair amongst exposed individuals 

(Godschalk et al., 2003). 

      Blood is the most frequently used source of human DNA, because it is readily and repeatedly 

available. Many studies have also used tissues collected by biopsy, surgery or autopsy. Urinary 

excretion of DNA and RNA adducts are also excellent markers of exposure (Shuker and Farmer, 

1992). The advantage of the urinary DNA adducts is their availability and that they represent  

an integrated measure of the whole body dose of carcinogens (Shuker and Farmer, 1992). 

Disadvantages of the urinary DNA adduct levels are that the origin of adducts is unknown 

whether it is DNA, RNA, free nucleosides, etc.  

     Currently, only around 30 DNA adducts (Angerer et al., 2007) were determined in easily 

accessible body fluids like blood and urine. However, in human tissues, researchers have 

documented the presence of approximately 40 different types of DNA adducts (Poirier, 2004). 

    In human biomonitoring are used not only specific carcinogen-DNA adducts, but also 

biomarkers of DNA oxidation formed by various processes in an organism (Marczynski and 

Wilhelm, 2001, 2002). The oxygen reactive species are constantly generated in vivo and cause 

oxidative damage of DNA at a rate that is probably a significant contributor to the age-related 

development of cancer. 8-Hydroxydeoxyguanosine is a biomarker of oxidative stress, which may 
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be caused by chemical substances, physical stress, diabetes, or tobacco smoking. Therefore,  

the diagnostic reliability of this marker is still in debate (Marczynski and Wilhelm, 2001). 

     DNA adduct formation displays large interindividual variability in individuals experiencing 

similar exposures. This suggests that genetic differences in carcinogen metabolism, DNA repair 

and cell cycle control modulate individual response to exposure (Harris et al., 1982). To be able 

to evaluate this process, there are very sensitive techniques for DNA adduct monitoring described 

in the next chapter. To elucidate the mechanism of carcinogenesis and a broad applicability and 

comparability in epidemiological studies, analytical methods have to be elaborated which are 

strictly specific for the chemical structure of the DNA adduct. Current analytical possibilities, 

however, meet their borders. 

4.2.3  Determination of DNA Adducts 

    Methods for quantifying DNA adducts in human tissues have appeared in the last 30 years. 

Brief overview of their strengths and weaknesses is listed in Table 1 (p. 26). The three most 

common approaches are the mass spectrometry followed by immunoassays, and  
32P- postlabelling (Poirier, 2004). Some of the most commonly used assays (32P-postlabelling and 

some immunoassays) are capable of measuring mixtures of DNA adducts, and others (mass 

spectrometry) hold very high selectivity for determination of some individual adducts.  

The sensitivities that can be achieved reach 1 adduct/1012 nucleotides, although the sensitivities 

of the more commonly used techniques are normally in the range of 0.1–1 adducts/108 

nucleotides. This sensitivity is sufficient for studies of DNA adducts derived from environmental 

and dietary sources and also for determination of endogenous levels of adducts (Farmer and 

Singh, 2008). The levels of DNA adducts in white blood cells, resulting from environmental 

exposure to polycyclic aromatic hydrocarbons (PAHs), have been reported to be in the range  

of 1–36 adducts/108 nucleotides (Kriek et al., 1998), and many low molecular weight alkylating 

agents forms background levels in the range of 1–10 adducts/107 nucleotides (De Bont and 

Larebeke, 2004). However, oxidative DNA damage is the most abundant type of DNA base 

damage observed in human samples and accounts in total for at least 1 adduct/105 nucleotides 

(De Bont and Larebeke, 2004; Halliwell, 2007). 
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Table 1: Brief Overview of Methods Used for Detection of DNA Adducts (Source: Modified 

from Poirier, 2004) 

Method Strengths Weaknesses 
32P-Postlabelling Requires about 1-10 µg DNA, highly 

sensitive, no requirement for expensive 

instruments 

DNA adduct structure not 

identifiable, requires radioactive 

labelling, relatively labour 

intensive 

Immunoassays Antiserum defines specificity, highly 

sensitive, quantification by standard 

curve, high throughput and inexpensive 

Antiserum may cross-react with 

similar adducts, requires 50-100 

µg of DNA 

Mass 

spectrometry 

Specific adduct structural identification, 

quantification possible 

Requires 100 µg DNA, expensive 

equipment 

Fluorescence 

spectroscopy 

Very sensitive, rapidity of assay Only for fluorescent adducts, 

requires 100 µg DNA 

 

Mass Spectrometry 

     Mass spectrometry is able to identify adducts based on molecular weight. It is therefore 

considered as the “gold standard” for DNA adduct identification, although expensive 

instrumentation is required. The sensitivity of mass spectrometry can reach 1 adduct per  

109 nucleotides but it needs around 100 micrograms of DNA per assay (Stiborová et al., 2004a). 

The use of mass spectrometry for the detection of DNA adducts has been the subject of several 

comprehensive reviews (for example see Singh and Farmer, 2006). 

32P-Postlabelling 

      32P-Postlabelling is a very versatile and widely applicable technique for DNA adduct 

determination, with a high sensitivity (1 adduct per 109–1010 nucleotides) and requires only 

microgram quantities of DNA (Stiborová et al., 2004a). DNA digestion to nucleoside  

3´-monophosphates is followed by enrichment procedures to separate the adducted nucleotide 

from non-adducted nucleotides. Normally there are used n-butanol extraction or nuclease P1 

digestion [which removes the 3´-phosphate from normal (unmodified) nucleotides but not  
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from some adducted nucleotides]. The enriched product is 5´-phosphorylated with [32P]ATP  

by polynucleotide kinase, and separated by two-dimensional TLC or HPLC. The former is more 

sensitive but has lower resolution than HPLC. Structural information of adducts is gained  

from chromatographic comparison with standards. The method is profoundly evaluated  

in the review (Stiborová et al., 2004a). 

Other Radioactivity Based Techniques (Except 32P-Postlabelling) 

     Nowadays, instead of liquid scintillation counting which measures the rate of radioactive 

decay, the radioactivity measurement can be performed by accelerator mass spectrometry (AMS) 

(Turteltaub and Dingley, 1998), in which radioactive isotopes are isolated using mass 

spectrometers and counted particle by particle. AMS offers 105- to 106-fold increase in sensitivity 

for 14C and 103-fold for 3H relative to liquid scintillation counting. It can detect as little as one 

adduct per 1012 nucleotides. However, the AMS instrumentation is expensive and its availability 

is limited to only a few laboratories. The main pitfall of this method is the non-availability  

of a radioactively labelled compound or its availability in insufficient quantity. It is also essential 

to ensure that the location of radioactive label is resistant to loss during metabolism or formation 

of adducts to avoid false negatives. The detection of radioactivity in purified DNA alone is not 

sufficient to confirm the formation of DNA adducts. It is necessary to demonstrate that  

the radioactivity is not due to metabolic incorporation of radioactive label into normal nucleotides 

or non-covalent association of label with DNA (Reddy, 2000).  

Immunoassay Based Techniques 

Immunoassays and immunohistochemistry use antisera that recognize specific carcinogen-DNA 

adducts or carcinogen-modified DNA. Visualisation is allowed by antibodies against DNA 

adducts, but it can be limited in specificity if there is cross-reactivity between structurally similar 

DNA adducts. Immunoassays hold great advantages for adduct detection assays because of ease 

of use, low cost, and ability to apply to high throughput studies (Poirier, 2004). The sensitivity is 

high (up to 1 adduct/108-109 nucleotides; Poirier, 2004), but clearly dependent on the antibody 

characteristics. The sensitivity of standard ELISA assay may be enhanced by using  

a dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) (Shoket et al., 1993) or 

detecting the end product by chemiluminescence (Divi et al., 2002). Immunohistochemical 
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methods offer the advantage of the ability to detect DNA adducts in specific cell types within  

a tissue.  

Fluorescence Based Techniques 

     The fluorescence characteristics of certain adducts allow their sensitive detection and 

quantification. But this approach is limited, because not all compounds possess suitable 

fluorescent properties. HPLC coupled to fluorescent detection has been widely used, for example, 

for determination of DNA adducts of PAHs (Rojas et al., 1994) and those of aflatoxin B1 

(Sotomayor et al., 2003). Sensitivity is as high as 1 adduct per 108 nucleotides (Stiborová et al., 

2004a). Higher selectivity may be achieved using synchronous fluorescence spectrophotometry 

(Harris et al., 1986) or using assays that combine capillary electrophoresis for the separation  

of the adduct with laser induced fluorescence for their detection (Carrilho et al., 2005).  

Electrochemical Detection 

     Electrochemical detection has been shown to be of sufficient sensitivity for adduct detection, 

although its use is very limited because not all compounds have suitable electrochemical 

properties. Electrochemical conductance has been used to monitor oxidative damage in DNA  

in urine, peripheral white blood cells, or bronchial alveolar macrophages (Kasai, 2003; Kiyosawa 

et al., 1990), although great care needs to be taken to avoid artificial formation of such oxidized 

products (European Standards Committee on Oxidative DNA Damage, 2003).  

Atomic Absorbance Spectrometry 

     Atomic absorbance spectrometry is an analytical method most valuable in the detection  

of metal ions and has been successfully applied in the monitoring of DNA from cancer patients 

treated with the platinum drugs, cisplatin and diamminecyclobutane-dicarboxylatoplatinum (II) 

(carboplatin) (Reed et al., 1988). 

 

     The most frequently applied detection methods, immunoassays, 32P-postlabelling, and 

fluorescence spectroscopy, provide a broad screen and indicate well exposure. However, only 

combinations of methods produce more specific and comprehensible data. But such approaches 

are time consuming, expensive, and demanding when applied to large numbers of specimens. 

Nevertheless, the information they provide is invaluable for human exposure assessment.  
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4.2.4  Biomonitoring Studies 

     Only two studies [biomonitoring of polycyclic aromatic hydrocarbons (PAH) and aflatoxin 

B1, see next chapter on this page and page 31] have already correlated increased levels  

of carcinogen DNA adduct formation with increased relative risk of cancer in individuals who 

have been chronically exposed to carcinogens.  Associations between aflatoxin B1(AFB1)–DNA 

adducts and liver cancer risk in individuals with chronic AFB1 exposure, and PAH–DNA adducts 

and lung cancer risk in tobacco smokers were found in the presented studies.  

PAH BIOMONITORING  

     More than 4000 chemicals are present in tobacco smoke and some of them are carcinogens. 

The strongest carcinogens present in tobacco smoke are polycyclic aromatic hydrocarbons 

(PAH), N-nitrosamines, aromatic amines, aldehydes, benzene and butadiene (Lodovici and 

Bigagli, 2009). The chronic nature of this exposure over a period of years makes tobacco smoke 

an effective lung carcinogen and also complicates the search for cancer-specific biomarkers.  

But it was proved that PAH-DNA adducts are useful markers of tobacco smoke exposure (Kriek 

et al., 1998). Monitoring accessible surrogate tissues, such as white blood cells or 

bronchoalveolar lavage cells provides a means of investigating exposure to tobacco smoke.  

In spite of the fact that  PAHs are one of the most widespread organic pollutants (present in fossil 

fuels and formed by incomplete combustion of carbon-containing fuels such as wood, coal, 

diesel, fat, tobacco, or incense), levels of DNA adducts measured in many tissues of smokers are 

significantly higher than in non-smokers. Some studies demonstrated a connection between 

carcinogen-DNA adducts and cancer in current smokers, no association has been observed in  

ex- or never smokers. The essential role in the development of smoking related-cancer plays 

genetic susceptibility. 

        The results of studies reviewed by Lodovici and Bigagli (2009) demonstrate that higher 

DNA adduct levels were found for tobacco smoke exposure (lung, bronchus, uterine cervix)  

in target organs from smokers than non-smokers. Several authors found a correlation between 

adduct levels and smoke exposure (Philips et al., 1988; Alexandrov et al., 1992) and correlation 

between DNA adducts and benzo[a]pyrene levels measured in lung tissue from smokers 
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(Lodovici et al., 1998). Veglia et al. (2003) carried out a meta-analysis concerning active 

smoking and cancer, in which bulky DNA adducts were observed. The significant relationship 

between bulky DNA adducts and cancer was confirmed in current smokers, while no association 

was observed in ex- and never smokers. On the contrary, Hou et al. (1999) found no association 

between carcinogen-DNA adducts and cancer in smokers but the only connected factor was 

smoking.  

     Moreover, in lung tissue, DNA adduct levels were found to decrease after smoking cessation 

(Garner et al., 1990; Dunn et al., 1991; Schoket et al., 1998). Removal of DNA adducts from 

lung tissue was observed in two phases: an initial fast reduction of DNA adduct levels, which was 

followed by a period in which adduct elimination slowed down. The calculated half-life  

of aromatic-DNA adducts in lymphocytes and monocytes was approximately 10-12 weeks.  

    Inter- and intra-individual variations should be characterized before PAH-DNA adducts can be 

applied as an exposure marker in large scale studies (Schulte and Perera, 1993). In other words, 

two persons with a similar level of external exposure might have different DNA adduct levels. 

Variations may be due to differences in phase I and II enzymes involved in the activation and 

conjugation of carcinogens from tobacco smoke. The most frequently, studies include CYP1A1, 

microsomal epoxide hydrolase 1, myeloperoxidase, NAD(P)H:quinone oxidoreductase and 

glutathione S-transferases, UDP glucuronosyl transferase, sulfotransferases, although other 

enzymes have also been studied (Taioli, 2008). Additionally, enzymes repairing PAH-DNA 

adducts contribute to the variability. Furthermore, Alexandrov et al. (1992) revealed that 

benzo[a]pyrenediol epoxide-DNA adducts were positively correlated with CYP1A1 enzyme 

activity in lung tissue of smokers. The identification of susceptibility of individuals or subgroups 

could have considerable consequences in prevention. Susceptible people might: (1) be more 

easily persuaded to avoid tobacco use, (2) be targeted for intensive smoking cessation programs, 

(3) be enrolled in chemoprevention trials and (4) be considered suitable for cancer screening 

programs not appropriate for application to the general population. (Godschalk et al., 2003) 

     In addition, the levels of bulky DNA adducts levels in healthy mother–newborn pairs living  

in Denmark have been measured. This was the first study that investigated the association 

between traffic-related air pollution exposures and bulky DNA adduct. As hypothesized,  

a positive association was observed between the women’s home area traffic density and 
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indicators of DNA damage in the mothers and their newborns. After further studies concerning 

dietary and genetic factors comparison with evidence from other studies of exposure to  

traffic-related exposure during pregnancy will have implications for interventions in this 

vulnerable population (Pedersen, 2009). 

AFLATOXIN B1 BIOMONITORING  

   The studies on aflatoxin B1 biomarkers provide an obvious example of relationship between 

aflatoxin ingestion and hepatocellular carcinoma. It was shown in a series of elegant studies that 

there was no statistically significant association between the risk of liver cancer and dietary 

aflatoxin intake (external exposure), but a highly significant correlation was found between 

hepatocellular carcinomas and the internal exposure to aflatoxin, as measured by  

the determination of urinary aflatoxin B1 metabolites, especially its major DNA adduct 

(aflatoxin-N7-guanine, Scheme 2; p. 18) (Groopman et al., 1992a, 1992b; Ross et al., 1992; 

Quian et al., 1994). Moreover, it was discovered that chlorophyllin reduces aflatoxin B1-DNA 

adducts in rats and prevents hepatocarcinogenesis. The chemopreventive compound decreases  

the quantity of aflatoxin-N7-guanine in human populations (Egner et al., 2001). 

4.2.5  Assessment and Future Prospects 

      Although the detection of DNA adducts indicates potential genotoxicity of any chemical,  

the real disease risk resulting from adducts is implicated by several factors: chemical nature  

of the formed adduct, quantity and stability of adducts, proliferation rates for target cells to fix 

adducts into mutations, mutagenic and repair efficiencies of adducts, and the extent  

of modifications in critical genes (Nestmann et al., 1996). To evaluate these parameters  

for unknown adducts research requires much time and resources. Therefore, it is difficult to 

evaluate the risk for DNA adducts. Additional research is needed to define the functional 

significance of DNA and protein adducts in human disease processes. Furthermore, adduct 

formation occurs naturally at a high frequency in human genome. Sources for the formation  

of endogenous adducts include reactive unsaturated aldehydes formed from lipid peroxidation, 

reactive oxygen species from incomplete oxidation of oxygen and the in vivo methylation process 

(Gupta and Lutz, 1999; Burcham, 2000). Although cancer induction in animal models has yielded 

valuable insights into the mechanisms of chemical carcinogenesis, the experiments that are 

necessary to define the relation between DNA damage and tumour induction in humans are still 
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largely in progress. Tracing the pathway of events from human chemical exposure to DNA 

damage and then to the appearance of a tumour is a key challenge for molecular cancer 

epidemiology (Schulte and Perera, 1993). However, the complexity of data generated by these 

methods is as frustrating and fascinating as the examination of fractals.  In other words, we can 

look at larger numbers of smaller phenomena,  but this does not mean that insight will arise itself. 

The journey to discover useful biomarkers will require great diligence, fastidious validation, and 

some good luck (Ransohoff, 2002). The development of a non-invasive test for adducts occurring 

as a result of exposures to complex mixtures is the Holy Grail of biomonitoring research.  

      The European Centre of Ecotoxicology and Toxicology of Chemicals (ECETOC) creates  

a framework for the interpretation of biomonitoring data. A number of these areas are currently 

being addressed by ESBIO (the Expert team to Support BIOmonitoring in Europe) 

http://www.eu-humanbiomonitoring.org. 

 

      This thesis is a contribution to the biomonitoring of industrial and environmental pollutants, 

o-anisidine and 2-nitroanisole, utilized in the industry. It reveals activation metabolism of both 

carcinogen, as well as the structure and persistence of o-anisidine-DNA adducts in vivo. 
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4.3  o-Anisidine 

     Aromatic amines are potent toxic or carcinogenic compounds, presenting a considerable 

danger to the human population (NTP, 1978; IARC, 1982; Garner et al., 1984). They are widely 

distributed environmental pollutants found in workplaces (e.g. in chemical industry), in emissions 

from diesel and gasoline engines and on the surface of ambient air particulate matter (NTP, 1978; 

IARC, 1982), where they add to local and regional pollution (car exhausts, technological spills). 

Their toxicity and carcinogenicity has been widely examined, but the knowledge in metabolism  

of several aromatic amines and their physiological 

effects in humans are still incomplete. This is also  

the case of o-anisidine. 

     2-Methoxyaniline (o-anisidine, Fig. 7) is a potent 

carcinogen, causing tumours of the urinary bladder  

in both genders of F344 rats and B6C3F1 mice (NTP, 

1978; IARC, 1982). The International Agency  

for Research on Cancer (IARC) has classified  

o-anisidine as a group 2B carcinogen (IARC, 1982), 

which is possibly carcinogenic to humans. Besides its 

carcinogenicity it exhibits other toxic effects, 

including haematological changes, anaemia and nephrotoxicity (NTP, 1978; IARC, 1982).  

o-Anisidine is used as an intermediate in the manufacturing of a number of azo and naphthol 

pigments and dyes, which are used for printing (90%) and for paper (3%) and textile (7%) dyeing 

(NTP, 1978; Garner et al., 1984). This carcinogen is also a constituent of cigarette smoke (IARC, 

1982; Stabbert et al., 2003). Moreover, o-anisidine was detected in the samples of Rhine (Köln, 

Düsseldorf) and Elbe Rivers (Reifferscheid and Grummt, 2000). This finding suggests that  

o-anisidine ranks not only among occupational pollutants produced in the manufacturing  

of chemicals, but also among environmental pollutants. It can be assumed that human exposure is 

widespread. Indeed, o-anisidine was found in human urine samples in the general population,  

in concentrations of 0.22 µg/l (median) (Weiss and Angerer, 2003). In addition, haemoglobin 

adducts of o-anisidine were detected in blood samples of persons living in urban or rural areas  

of Germany (Falter et al., 1994; Branner et al., 1998;  Richter et al., 2001; Kütting et al., 2009). 

OCH3

NH2

 
Figure 7: o-anisidine, (1-amino-2-
methoxybenzene, o-methoxyaniline,  
2-methoxyaniline, o-ethoxyfenylamine) 
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The adducts as well as o-anisidine in urine might originate not only from the sources mentioned 

above, but also from a possible o-anisidine precursor, 2-methoxynitrobenzene (2-nitroanisole). 

This chemical was released into the environment in the course of an accident in a German 

chemical plant, causing subsequently local and regional contamination (Hauthal, 1993; Falter et 

al., 1994; Traupe et al., 1997). 2-Nitroanisole exhibits strong carcinogenic activity, causing 

neoplastic transformation in the urinary bladder, and to a lesser extent, in the spleen, liver and 

kidneys in rodents (NTP 1993). It is also a toxic compound, causing anaemia. The anaemia is 

characterized by increased levels of methaemoglobin and accelerated destruction of erythrocytes 

(NTP 1993).  

      In spite of potent rodent carcinogenicity, o-anisidine is weakly mutagenic (Garner and 

Nutmann, 1977; Dunkel et al., 1980, 1985; Simizu and Takemura, 1984; Ashby, 1995).  

Its mutagenicity to Salmonella typhimurium (Dunkel et al., 1980, 1985; Ashby, 1995) has been 

associated with both peroxidative activation and the involvement of N-acetyltransferases (Ashby 

et al., 1988, 1994, Thompson et al., 1991, 1992; Oda, 2004). The chemical induces weak 

chromosomal aberrations in Chinese hamster ovary cells (Galloway et al., 1987), gene mutations 

in mouse lymphoma cells (Garberg et al., 1988; Wangenheim and Bockfold, 1988) and 

intrachromosomal recombination in Saccharomyces cerevisiae (Brennan and Schiestl, 1999).  

A statistically significant DNA damage in the urinary bladder of CD-1 mice exposed to  

o-anisidine determined by the single-cell gel electrophoresis (Comet) assay was detected (Sasaki 

et al., 1998). Moreover, Ashby and co-workers (Glickman et al., 1993; Ashby et al., 1994) 

demonstrated that a weak, but significant, increase in the frequency of mutations was induced  

in urinary bladder in transgenic lacI (Big Blue) mice treated with this carcinogen. However,  

the chemical is negative in other in vivo genotoxicity assays, including the mouse micronucleus 

test and the DNA single-strand break assay in rat liver, spleen, kidney, and bladder (Ashby et al., 

1988, 1991; Morita et al., 1997). 

     Furthermore, o-anisidine is a promiscuous substrate of several enzymes including CYPs and 

peroxidases which might activate o-anisidine to genotoxic species binding to nucleophiles 

including DNA (Stiborová et al., 2002a, 2005). The identification of the enzymes responsible  

for the metabolic activation of o-anisidine is crucial to explain the mechanism of its toxicity and 

carcinogenicity. 
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4.3.1  Metabolism of o-Anisidine by Peroxidases 

     Peroxidases were found to activate o-anisidine to reactive species modifying DNA (Thompson 

et al., 1991, 1992).  Two reactive products of o-anisidine radicals, the diimine and quinone imine, 

were determined by Thompson and Eling (1991) to be generated by horseradish peroxidase. 

Mammalian peroxidases, lactoperoxidase and prostaglandin H synthase (PHS) are also able to 

oxidize o-anisidine. During the oxidation, o-anisidine forms several reactive intermediates 

(radicals, diimine and quinone imine) and a stable metabolite (an azo dimer) (Scheme 4; 

Stiborová et al., 2002a). Diimine is unstable in aqueous solution and is transforming to quinone 

imine. Three above mentioned products of radical reactions were determined indirectly  

by Thompson and Eling (1991) and by mass spectrometry analysis in our laboratory (Stiborová et 

al., 2002a; Mikšanová, 2003). Diimine was determined as the product of o-anisidine oxidation 

Scheme 4: Oxidation of o-anisidine mediated by peroxidases (Source: Mikšanová, 2003) 
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mediated by peroxidases which is responsible for modification of DNA (Stiborová et al., 2002a). 

Furthermore, the high concentrations of PHS in the o-anisidine target tissue, the urinary bladder 

(Eling et al., 1990, 1992; Stiborová et al., 2000), could present this enzyme as an important 

activator of o-anisidine to toxic and carcinogenic metabolites in vivo. 

4.3.2  Metabolism of o-Anisidine by CYPs 

     Recently, it has been found that o-anisidine is oxidatively activated not only by peroxidases , 

but also by cytochromes P450 (CYPs) to species binding to DNA in vitro (Rýdlová et al., 2005 ; 

Stiborová et al., 2005; Naiman et al., 2008a, b, 2010b). It was confirmed that o-anisidine also 

forms DNA adducts in vivo. The same adducts as found in DNA incubated with o-anisidine and 

human microsomes in vitro were detected in urinary bladder, the target organ, and to a lesser 

extent, in liver, kidney and spleen of rats treated with o-anisidine (Stiborová et al., 2005). The  

o-anisidine-derived DNA adducts were identified as deoxyguanosine adducts formed from  

a metabolite of o-anisidine,  

N-(2-methoxyphenyl)hydroxylamine (Fig. 8), 

which is generated by oxidation of o-anisidine 

with human, rabbit and rat hepatic 

microsomes (Rýdlová et al., 2005; Stiborová 

et al., 2005; Naiman et al., 2008a, 2008b). 

The same deoxyguanosine adducts were also 

detected in DNA of the urinary bladder, 

kidney, liver and spleen of rats treated with   

2-nitroanisole (Stiborová et al., 2004b), an oxidized counterpart of o-anisidine, and in DNA 

incubated with 2-nitroanisole in vitro with human or rat hepatic cytosolic enzymes or xanthine 

oxidase (Stiborová et al., 1998; 2004b). These enzymatic systems were found to produce  

N-(2-methoxyphenyl)hydroxylamine during 2-nitroanisole reduction (Mikšanová  et al., 2004). 

The data indicate that formation of N-(2-methoxyphenyl)hydroxylamine, the reactive metabolite 

of both carcinogens, is critical for generation of DNA lesions in target organs (Stiborová et al., 

2009). Therefore, it is clear that N-(2-methoxyphenyl)hydroxylamine formation and its further 

conversion, as well as the enzymes participating in such processes, play a key role  

OCH3

NH OH

 
Figure 8: N-(2-methoxyfenyl)hydroxylamine 
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in carcinogenic effects of both carcinogens (Overview  of o-anisidine and 2-nitroanisole 

metabolism is presented in the Scheme 6; p. 92). 
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5 Aims of the Thesis 

     The aim of the thesis was to contribute to explanation of activation metabolism of o-anisidine 

and its reactive intermediate, N-(2-methoxypfenyl)hydroxylamine. Further work was targeted to 

propose mechanism of o-anisidine carcinogenicity on the molecular level. In order to fulfil  

the research objectives, it was necessary to accomplish following partial goals: 

• To identify rat and rabbit CYPs participating in the metabolism of o-anisidine and  

N-(2-methoxypfenyl)hydroxylamine, we used specific inhibitors of individual CYPs and 

hepatic microsomes from animals pre-treated with specific inducers of CYPs. 

Additionally, oxidation and reduction of these compounds by rat recombinant CYPs were 

investigated. 

• To evaluate participation of human CYPs participating in metabolism 

of N-(2-methoxypfenyl)hydroxylamine, human recombinant enzymes were used. 

• To characterize the metabolites formed during o-anisidine and  

N-(2-methoxypfenyl)hydroxylamine metabolism by CYPs, mass spectrometry and 

nuclear magnetic resonance analyses were utilized. 

• To characterize structures of covalent DNA adducts formed by o-anisidine oxidation with 

CYPs, mass spectrometry and/or nuclear magnetic resonance analyses were utilized. 

• To evaluate persistence of the DNA adducts formed by o-anisidine in vivo, rats were used 

as model for this study. 

     Another target of this work was to partially characterize deoxyguanosine adduct formed  

by ellipticine metabolite, 13-hydroxyellipticine.  
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6 Experimental Procedures 

     Most of the utilized methods, materials, and chemicals used in the presented thesis are 

described in the papers that form part of the work and are listed as appendix 1 to 6.  Some  

of the methods and the used materials and chemicals are also listed in this chapter of the thesis. 

 

CHEMICALS 

Chemicals were obtained from the following sources:  

Sigma Chemical Co. (St. Louis, MO, USA); 

α-naphthoflavone (α-NF), β-naphthoflavone (β-NF), NADP+, NADPH, ketoconazole, 

diethyldithiocarbamate (DDTC), sulfaphenazole, 3-[(3-cholamidopropyl)dimethylammonio]-1-

propane sulfonate (CHAPS), dilauroyl phosphatidylcholine, dioleyl phosphatidylcholine, 

phosphatidylserine, glucose-6-phosphate, deoxyguanosine-3´-monophosphate, chlorzoxazone, 

ellipticine, deoxyguanosine, acetyl-CoA and phosphoadenosylphosphosulfate (PAPS)  

Fluka Chemie AG (Buchs, Switzerland): 

7-pentoxyresorufin, 7-ethoxyresorufin, o-nitroanisole, o-anisidine, o-aminophenol (>99% based 

on HPLC)  

Merck  (Darmstadt, Germany): 

testosterone, 6β-hydroxytestosterone  

Serva (Heidelberg, Germany): 

Glucose-6-phosphate dehydrogenase  

Roche Diagnostics (Mannheim, Germany): 

glutathione and calf thymus DNA  

Pierce (Rockford, IL, USA): 

Bicinchoninic acid 

Oxford Biomedical Research Inc. (Oxford, MA, USA): 
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Cytosolic extracts, isolated from insect cells transfected with baculovirus constructs containing 

cDNA of human SULT1A1*2, -1A2*1 

Gentest Corp. (Woburn, MA, USA): 

Cytosolic extracts, isolated from insect cells transfected with baculovirus constructs containing 

cDNA of human NAT1*4 or NAT2*4 and bufuralol and its 1´-hydroxyderivative 

 

     Enzymes and chemicals for the 32P-postlabelling assay were obtained commercially  

from sources described by Schmeiser et al. (1996, 1997). 

 

 

     All these and other chemicals were of analytical purity or better. 2-Methoxynitrosobenzene 

was synthesized in analogy to the synthesis described earlier (Seidenfaden, 1952) by oxidation of 

N-(2-methoxyphenyl)hydroxylamine with potassium dichromate in water.  

3-Isopropenyl-3-methyldiamantane (3-IPMDIA) was synthesized according to Olah et al. (1990). 

13-Hydroxyellipticine was synthesized as described (Dračínský et al., 2007).  

N-(2-methoxyphenyl)hydroxylamine was synthesized by the procedure similar to that described 

earlier (Balaban et al., 1998). Briefly, to a solution of 2 g ammonium chloride and 90 mmol  

o-nitroanisole in 60% ethanol/water; 180 mmol zinc powder was added in small portions.  

After addition of the first portion at room temperature, the reaction starts; this can be monitored 

by the rising temperature in the flask. The reaction mixture was kept at 10-15 oC using a cooling 

bath (ice/sodium chloride mixture) and slowly adding additional doses of zinc powder. After 1 h, 

excess zinc was removed by filtration and ethanol was removed under reduced pressure.  

The product was extracted into 100 ml ethyl acetate and crystallized by adding hexane. The yield 

was 60%. N-(2-Methoxyphenyl)hydroxylamine authenticity was  confirmed by electrospray mass 

and CID spectra and high field 1H NMR spectroscopy (The detailed description of mass 

spectrometry and NMR analysis is in the attached publication, Naiman et al., 2008a). Spleen 

phosphodiesterase used for 32P-postlabelling assay was isolated by method described by Johnston 

and Hearl (1987) 
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ANIMAL EXPERIMENTS, PREPARATION OF MICROSOMES AND A SSAYS 

    The study was conducted in accordance with the Regulations for the Care and Use  

of Laboratory Animals (207/2004, Ministry of Agriculture, Czech Republic), which complies 

with the Declaration of Helsinki.  Microsomes from the livers induced or uninduced by specific 

inducers of CYPs were prepared, as it is described in the attached publication (Naiman et al., 

2008a, 2010a, b). Rabbit liver NADPH:CYP reductase was purified as described (Yasukochi et 

al., 1979). Rabbit liver cytochrome b5 was prepared as described elsewhere (Strittmatter et al., 

1978). 

 

     Protein concentrations in the microsomal fractions were assessed using the bicinchoninic acid 

protein assay with bovine serum albumin as a standard (Wiechelman et al., 1988).  

The concentration of CYPs was estimated according to Omura and Sato (1964) by measuring  

the absorption of the complex of reduced CYPs with carbon monoxide. The activity  

of NADPH:CYP reductase in rat and rabbit hepatic microsomes was measured according to 

Sottocasa et al. (1967) using cytochrome c as the substrate (as NADPH:cytochrome c reductase). 

The results are shown in the publication (Naiman et al., 2008a).  

    Twenty male Wistar rats (125 - 150 g) in study on DNA adduct persistence were treated once  

a day for 3 consecutive days with o-anisidine dissolved in sunflower oil with a total dose of 0.53 

mg o-anisidine/kg body weight (0.15 mg/kg body weight i.p. in the first day, 0.18 mg/kg body 

weight i.p. in the second day and 0.2 mg/kg body weight i.p. in the third day). Two control 

animals received an equal volume of solvent only. Rats were placed in cages in temperature and 

humidity controlled rooms. Standardized diet and water were provided ad libitum. Animals were 

killed in the following intervals after the treatment: 1 day (3 animals), 13 days (3 animals),  

10 weeks (6 animals), 36 weeks (6 animals), by cervical dislocation (Stiborová et al., 2001a). 

Two control animals were killed after 36 weeks. Eight organs (liver, kidney, lung, heart, spleen, 

brain, intestine and urinary bladder) were removed immediately after death, quickly frozen  

in liquid nitrogen and stored at -80 oC until DNA isolation. 
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INCUBATIONS 

      Unless stated otherwise, incubation mixtures used for study of o-anisidine metabolism 

contained the following concentrations in a final volume of 100 µl of 100 mM sodium phosphate 

buffer (pH 7.4), 1 mM NADP+, 10 mM D-glucose-6-phosphate, 1 U/ml D-glucose 6-phosphate 

dehydrogenase (NADPH generation system), a rat or rabbit hepatic microsomal fraction 

containing 0.04-1.0 nmol CYP, and 0.1-2.0 mM o-anisidine dissolved in 1.0 µl of methanol.  

The reaction was initiated by adding the substrate. Purified CYP was reconstituted  

with NADPH:CYP reductase and cytochrome b5 (0.5 µM CYP, 0.5 µM NADPH:CYP reductase, 

0.5 µM cytochrome b5, 0.5 µg/µl CHAPS, 2.0 µg/µl liposomes [dilauroyl phosphatidylcholine, 

dioleyl phosphatidylcholine, and phosphatidylserine (1:1:1)], 3 mM reduced glutathione and  

50 mM HEPES/KOH, pH 7.4) (Burke et al., 1985; Yamazaki et al., 2001). Aliquot  

of the mixtures containing 50-200 pmol of CYP were then added to the incubation mixtures. 

After incubation in open glass tubes (37 °C, 30 min), the reactions were terminated by adding 

100 µl of methanol and centrifuged at 5,000 g for 5 min. Metabolism of o-anisidine with rat and 

rabbit CYP enzymatic systems was linear until 40 min. Supernatants were collected and 20 µl  

of aliquots applied onto a high-performance liquid chromatography (HPLC) column, where  

the metabolites of o-anisidine were separated. The HPLC was performed on a C-18 reversed-

phase column (250 × 4.6 mm, 5 µm, Nucleosil 100-5, Macherey-Nagel, Duren, Germany). 

Metabolites were eluted with 18% methanol, 82% 7.18 µM aqueous ammonia, pH 8.0 (v/v),  

at a flow rate of 0.6 ml/ min and monitored at 254 nm.  

     To characterize o-anisidine metabolites, fractions containing the metabolites were collected 

from multiple HPLC runs, concentrated on a speed-vac evaporator and analyzed by mass 

spectrometry. In addition to HPLC, thin-layer chromatography (TLC) on silica gel was also 

employed. In this case, the reaction was stopped by adding ethyl acetate (2 × 100 µl) and  

the metabolites were extracted. The ethyl acetate extracts were evaporated to dryness, residues 

dissolved in 50 µl of methanol, applied onto the plates of thin layer of silica gel, and developed  

in the solvent system consisting of ethyl acetate: petrol ether (2:3, v/v). Bands of interest  

(UV detection at 254 nm) were scraped from the plates, eluted with ethanol, concentrated  

on a speed-vac evaporator, and analyzed by mass spectrometry (MS). The metabolites were also 
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identified by comparing their chromatographic properties on HPLC with those of synthetic 

standards; 2-methoxynitrosobenzene, o-aminophenol, N-(2-methoxyphenyl)hydroxylamine, and 

2-methoxynitrobenzene were eluted at retention times (r.t.) of 8.8, 11.3, 19.7, and 57.5 min, 

respectively. 

    Incubation mixtures used for study of the metabolism  

of N-(2-methoxyphenyl)hydroxylamine and o-aminophenol contained the following 

concentrations in a final volume of 100 µl:  100 mM sodium phosphate buffer (pH 7.4),  

1 mM NADP+, 10 mM D-glucose 6-phosphate, 1 U/ml D-glucose 6-phosphate dehydrogenase 

(NADPH-generation system), a rat hepatic microsomal fraction containing 0.7 nmol CYP, and 

1.0 mM N-(2-methoxyphenyl)hydroxylamine or o-aminophenol dissolved in 10 µl distilled water. 

The reaction was initiated by adding the substrate. After incubation in open glass tubes (37 oC,  

30 min), the reactions were terminated by adding 100 µl of methanol and centrifuged at 5,000 g 

for 5 min. Metabolism of N-(2-methoxyphenyl)hydroxylamine with rat CYP enzymatic systems 

was linear until 40 min. The supernatants were collected and 30 µl aliquots applied onto a  

high-performance liquid chromatography (HPLC) column, where metabolites of  

N-(2-methoxyphenyl)hydroxylamine were separated. Compositions of incubation mixtures used 

for study of the metabolism of N-(2-methoxyphenyl)hydroxylamine by rabbit NADPH:CYP 

reductase were analogous to those described above, but 2 µM NADPH:CYP reductase instead  

of microsomal enzymes was present. NADPH:CYP reductase was active with its substrate, 

cytochrome c. The HPLC was performed on a C-18 high density reversed-phase column (250 × 

4.6 mm, 5 µm, Nucleosil 100-5HD, Macherey-Nagel, Duren, Germany). Metabolites were eluted 

with 20 % methanol, 80 % 7.18 µM aqueous ammonia, pH 8.0 (v/v), at a flow rate of 0.6 ml/min 

and monitored at 234 nm. N-(2-methoxyphenyl)hydroxylamine metabolites were analyzed  

by mass spectrometry and by comparing their chromatographic properties on HPLC with those  

of synthetic standards. 2-Methoxynitrosobenzene, o-aminophenol,  

N-(2-methoxyphenyl)hydroxylamine and o-anisidine standards, were eluted at retention times 

(r.t.) of 9.8, 10.8, 24.8 and 35.0 min, respectively.  

     To characterize N-(2-methoxyphenyl)hydroxylamine metabolites, fractions containing  

the metabolites were collected from multiple HPLC runs, concentrated on a speed-vac evaporator 

and analyzed by mass spectrometry. 
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     Incubation mixtures used to study the binding of N-(2-methoxyphenyl)hydroxylamine or 

o-aminophenol to DNA after its metabolism with hepatic microsomes of rats pre-treated  

with ethanol contained in a final volume of 0.75 ml: 50 mM sodium phosphate (50 mM, pH 7.4), 

0.5 mM N-(2-methoxyphenyl)hydroxylamine or o-aminophenol dissolved in distilled water  

(10 µl/0.75 ml incubation), 1 mM NADPH, hepatic microsomes containing 1 mg of protein and  

1 mg of calf thymus DNA. The reaction was initiated by adding  

N-(2-methoxyphenyl)hydroxylamine or o-aminophenol and reaction mixtures were incubated  

for 3 hr at 37o C. Control incubations were carried out either without microsomes or without 

DNA or without N-(2-methoxyphenyl)hydroxylamine or without o-aminophenol. In order to 

evaluate a spontaneous cleavage of N-(2-methoxyphenyl)hydroxylamine to nitrenium/carbenium 

ions and their binding to DNA, 0.5 mM N-(2-methoxyphenyl)hydroxylamine was also incubated 

only with DNA in the buffer mentioned above for 3 hr at 37 oC. Incubation mixtures used to 

study the binding of o-aminophenol to DNA after its oxidation with peroxidases contained in  

a final volume of 0.5 ml: 50 mM sodium phosphate (50 mM, pH 7.4), 0.2 mM o-aminophenol 

dissolved in distilled water (5 µl/0.5 ml incubation), 5 µg or 10 µg HRP or lactoperoxidase, 

respectively, 0.4 mM hydrogen peroxide and 1 mg of calf thymus DNA. The reaction was 

initiated by adding hydrogen peroxide. Reaction mixtures were incubated for 60 min at 37 oC.  

     To study the formation of deoxyguanosine adducts with  

N-(2-methoxyphenyl)hydroxylamine, incubation mixtures contained the following 

concentrations in a final volume of 100 µl: 100 mM sodium acetate buffer (pH 5),  

1 mM deoxyguanosine and 3 mM N-(2-methoxyphenyl)hydroxylamine dissolved in distilled 

water. The reaction was incubated overnight at 23 oC and the next day centrifuged at 5,000 g  

for 5 min. Supernatants were collected and 20-200 µl aliquots were applied onto a  

high-performance liquid chromatography (HPLC) column, where the adducts formed  

from deoxyguanosine and N-(2-methoxyphenyl)hydroxylamine were separated. HPLC was 

performed on a C-18 reversed-phase column (250 × 4.6 mm, 5 µm, Nucleosil 100-5, Macherey-

Nagel, Duren, Germany). Metabolites and deoxyguanosine adducts were eluted with methanol 

and formic acid in distilled water (pH 3.5)  using a methanol–formic acid  gradient of 0 to 100% 

methanol in 70-75 min and isocratic elution of 100% methanol in 5 min (flow rate of 0.6 ml/min, 

detection at 234 and 254 nm). 
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   In order to better separate two minor N-(2-methoxyphenyl)hydroxylamine deoxyguanosine 

adducts, isolated during the HPLC procedure described above, they were concentrated using  

a speed-vac evaporator and, consequently, applied onto the same C-18 reversed-phase HPLC 

column and eluted with a different methanol–formic acid  gradient of 0 to 22% methanol in 10 

min, followed by an increase in concentration of methanol to 23% in 40 min and finally followed 

by isocratic elution with 100% methanol in 5 min (flow rate changed were as follows: from 0.7 

ml/min to 0.5 ml/min in 10 min, followed by flow rate 0.5 ml/min in next 53 min, detection  

at 234 and 254 nm). 

       To characterize adducts formed from deoxyguanosine and  

N-(2-methoxyphenyl)hydroxylamine, fractions containing the adducts were collected  

from multiple HPLC runs, concentrated on a speed-vac evaporator and analyzed by mass 

spectrometry and/or NMR. 

     To study the formation of deoxyguanosine adducts formed by 13-hydroxyellipticine, 

incubation mixtures contained in a final volume of 500 µl consisted of 0.1 mM phosphate buffer 

(pH 6.0, 7.4 or 8.4), 1 mg calf thymus DNA or 1 mM deoxyguanosine and 50 µM 

13-hydroxyellipticine either in the presence or absence of 39 nmol human SULT1A1/2 or NAT1 

or 2 and SULTs and NATs cofactors (2 mM acetyl-CoA or 100 µM PAPS). Mixtures were 

incubated at 37 °C for 1-24 h. Aliquots of the mixtures (50 µl) were applied onto a HPLC 

column, where components of the incubation mixtures were separated. The HPLC was performed 

with a reversed phase column (Ultrasphere, ODS, 250 x 4.6 mm, 5 µm; Beckman-Coulter, USA) 

using a linear methanol–acetic acid (32 mM in distilled water) gradient of 0% methanol rising to 

100% in 70 min and isocratic elution of 100% methanol in 5 min (flow rate of 1 ml/min, 

detection at 250 and 318 nm). Deoxyguanosine, 13-hydroxyellipticine and the  

13-hydroxyellipticine-derived deoxyguanosine adduct were eluted with retention times (r.t.)  

of 10.0, 42.2 and 23.8 min, respectively, and identified by mass spectroscopy. 32P-postlabelling 

assays of the 13-hydroxyellipticine-mediated adduct were performed using nuclease P1 

enrichment. 

 

 

 



Experimental procedures 

 46 

MASS SPECTROMETRY 

Positive- and negative-ion ESI mass spectra were recorded on a Finnigan LCQ-DECA quadrupole 

ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA). Metabolites of o-anisidine 

and N-(2-methoxyphenyl)hydroxylamine (final concentration 1 pmol/ µl) dissolved  

in methanol/water (1 : 1, v/v) were continuously infused through a capillary held at 1.8 kV  

into the dynamic Finnigan nano-electrospray ion source via a linear syringe pump (Harvard 

Apparatus Model 22) at a rate of 1 µl/min. The ionizer and ion transfer optics parameters  

of the ion trap were as follows: spray voltage 1800 V, capillary temperature 150 °C, capillary 

voltage 14 V, tube lens offset -22 V, octapole 1 offset -7.4 V, lens voltage -16 V, octapole 2 

offset -11.3 V, octapole r.f. amplitude 450 V peak-to-peak (pp), and entrance lens voltage -66.9 

V. Helium was introduced at a pressure of 0.1 Pa to improve the trapping efficiency of the sample 

ions. The spectra were scanned in the range m/z 50-800 and the gating time was set to accumulate 

and trap 1 x 107 ions. The mass isolation window for precursor ion selection was set to 2 amu and 

centred on the 12C isotope of the pertinent ion. The background helium gas served as the collision 

gas for the collision-induced dissociation (CID) experiment. The relative activation amplitude 

was 35 % and the activation time was 30 ms. No broadband excitations were applied. Detailed 

description is in the attached publications, Naiman et al, 2008a, 2010b. 

 

NMR ANALYSIS OF THE DEOXYGUANOSINE ADDUCT FORMED FR OM  

N-(2-METHOXYPHENYL)HYDROXYLAMINE 

NMR spectra (δ, ppm; J, Hz) were measured on a Bruker Avance II-600 instrument  

(600.1 MHz for 1H and 150.9 MHz for 13C) in hexadeuterated dimethyl sulfoxide and referenced 

to the solvent signals (δ 2.50 and 39.7, respectively).  

1H NMR: 2.06 ddd, 1 H, Jgem = 13.2, J(2´´,1´) = 5.9, J(2´´,3´) = 2.3 (H-2´´); 2.49 m, 1 H (H-

2´); 3.68 m, 2 H (H-5´and H-5´´); 3.85 m, 1 H (H-4´); 3.86 s, 3 H (OCH3); 4.27 m, 1 H (H-3´); 

5.05 brs, 1 H (5´-OH); 5.38 brs, 1 H (3´-OH); 6.20 dd, 1 H, J(1´,2´) = 9.0, J(1´,2´´) = 5.9 (H-1´); 

6.44 brs, 2 H (NH2); 6.92 m, 2 H (Ar4 and Ar5); 7.01 m, 1 H (Ar3); 7.71 brs, 1 H (ArNH); 8.19 

m, 1 H (Ar6); 10.4 vbrs, 1 H (N1H). 
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             13C NMR: 156.01 a 153.11 (C-2 a C-6); 149.83 (C-4); 147.74 (Ar2); 143.61(C-8); 129.50 

(Ar1); 121.51 a 120.78 (Ar4 a Ar5); 117.80 (Ar6); 112.48 (C-5); 110.72 (Ar3); 87.44 (C-4´); 

83.01 (C-1´); 70.83 (C-3´); 61.96 (C-5´); 55.84 (OCH3); 38.32 (C-2´). 

 

SUPERSOMESTM  

SupersomesTM are microsomes isolated from insect cells transfected with baculovirus constructs 

containing cDNA of individual CYPs, NADPH:CYP reductase with or without cytochrome b5. 

We utilized SupersomesTM containing the following human CYPs: CYP1A1, 1A2, 1B1, 2A6, 

2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A5 and 2A6, 2B6, 2C8, 2C9, 2C19, 2E1, 3A4 and 

3A5 with NADPH:CYP reductase and cytochrome b5 from Gentest. We also used SupersomesTM 

containing the following rat CYPs: CYP1A1, 1A2, 2A1, 2A2, 2B1, 2C6, 2C11, 2C12, 2C13, 

2D1, 2D2, 2E1, 3A1 and 3A2 with NADPH:CYP reductase and cytochrome b5 from Gentest. 

Protein concentrations in the microsomal fractions were assessed using the bicinchoninic acid 

protein assay with bovine serum albumin as a standard (Wiechelman et al., 1988).  

The concentration of CYP was estimated according to Omura and Sato (1964) based  

on the absorption of the complex of reduced CYP with carbon monoxide. 

 

INHIBITION STUDIES 

The following inhibitors were used with o-anisidine and N-(2-methoxyphenyl)hydroxylamine  

in rat and rabbit hepatic microsomes and rat CYPs expressed in insect cells (supersomes): α-NF, 

which inhibits CYP1A1 and 1A2; furafylline, which inhibits CYP1A2; 3-IPMDIA, which 

inhibits CYP2B (Bořek-Dohalská et al., 1999); sulfaphenazole, which inhibits CYP2C; 

quinidine, which inhibits CYP2D; DDTC, which inhibits CYP2E1 and CYP2A; and 

ketoconazole and troleandomycin, which inhibit CYP3A. Further inhibitors were used in studies 

with N-(2-methoxyphenyl)hydroxylamine: α-lipooic acid (Slepneva et al., 1995), which inhibits 

NADPH:CYP reductase and 6-propyl-2-thouracil, which inhibits NADH:cytochrome b5 

reductase (Okabe et al., 1983). Inhibitors were dissolved in 1.0 µl of methanol to yield final 

concentrations of 1-1000 µM in the incubation mixture. The complete mixtures without  

o-anisidine were then incubated at 37 °C for 5 min, o-anisidine or  
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N-(2-methoxyphenyl)hydroxylamine was added, and incubation continued for a further 30 min at 

37 °C. Then, an equal volume of pure methanol was added to the control incubations. 

 

32P-POSTLABELLING 

    The standard procedure, (Gupta et al., 1982) the nuclease P1 enrichment version (Reddy and 

Randerath, 1986) and the 1-butanol extraction-mediated enrichment procedure (Gupta and Early, 

1988) of the 32P-postlabelling assay were performed as described earlier (Gupta et al., 1982; 

Reddy and Randerath, 1986; Gupta and Early, 1988; Stiborová et al., 2002a, 2004a, 2004b, 

2005). Labelled DNA digests were separated by two chromatographic methods on 

polyethylenimine (PEI)-cellulose plates. In the first, essentially as described previously, (Reddy 

and Randerath, 1986)  except that D3 solvent was 3.5 M lithium formate, 8.5 M urea (pH 3.5); 

D4 solvent was 0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea (pH 8.0), followed by a final wash 

with 1.7 M sodium phosphate (pH 6.0). D2 was omitted (method A). In the second, 32P-labelled 

adducts were also resolved by the modification described by Reddy et al., 1990. This procedure 

has been shown to be suitable for resolution of DNA adducts formed by N-(2-

methoxyphenyl)hydroxylamine or by o-nitroanisole, reductively activated in vitro and in vivo 

(Stiborová et al., 2004b). The solvents used in this case were D1, 2.3 M sodium phosphate (pH 

5.77); D2 was omitted; D3, 2.7 M lithium formate, 5.1 M urea (pH 3.5); D4, 0.36 M sodium 

phosphate, 0.23 M Tris-HCl, 3.8 M urea (pH 8.0). After D4 development and brief water wash, 

the sheets were developed (along D4) in 1.7. M sodium phosphate (pH 6.0; D5), to the top of the 

plate, followed by an additional 30- to 40-min development with the TLC tank partially opened 

to allow the radioactive impurities to concentrate in a band close to the top edge (method B) 

(Stiborová et al., 2004b, 2005). Adduct levels were calculated in units of relative adduct labelling 

(RAL), which is the ratio of adducted nucleotides to total nucleotides in the assay. 

32P-Postlabelling of adducts in DNA of organs of rats treated with o-anisidine  

Whole rat organs were minced and DNA was isolated by the phenol/chloroform extraction 

method. 32P-Postlabelling analysis was performed as described above.  

Preparation of reference compounds and 32P-postlabelling analysis of adducts 
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An aliquot of 0.5 µmol dGp was incubated in 50 mM Tris-HCl buffer, pH 5.0, 7.0 and 7.4, 

with 20 µmol N-(2-methoxyphenyl)hydroxylamine without further activation at 37 oC overnight  

in a total volume of 0.5 ml (Stiborova et al., 2005). After incubation and extraction with ethyl 

acetate, 20 µl aliquots were removed from the aqueous phase and directly used  

for 32P-postlabelling analysis; the standard procedure and the nuclease P1 version of the assay 

was utilized (Stiborova et al., 2005). Control incubations were carried out either without  

N-(2-methoxyphenyl)hydroxylamine or without dGp. Resolution of the adducts  

on a PEI-cellulose TLC plate was carried out as described above. 

      To prepare the reference standard for comparison of HPLC properties of the major adduct 

formed from deoxyguanosine and N-(2-methoxyphenyl)hydroxylamine, the  spot of the major 

adduct formed from N-(2-methoxyphenyl)hydroxylamine and dGp labelled as described above 

and prepared by multiple 32P-postlabelled runs was excised from the thin-layer plates and 

extracted as described (Schmeiser et al., 1988; Pfau and Phillips, 1991; Stiborova et al., 2004b; 

2005). Cut-outs were extracted with two 800 µl portions of 6 M ammonium 

hydroxide/isopropanol (1:1) for a total of 40 min. The eluent was evaporated in a Speed-Vac 

centrifuge. The extracts collected from multiple runs were dissolved in distilled water and treated 

with MN/SPD mixture followed by the nuclease P1 enzyme in the presence of suitable digestion 

buffers to dephosphorylate 3’ and 5’ phosphate residues from  the adduct. 
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7 Results 

7.1  Metabolism of o-Anisidine 

7.1.1  Metabolism of o-Anisidine by Rat and Rabbit Hepatic 

Microsomes 

     When o-anisidine at (0.25 mM) was incubated with rat or rabbit hepatic microsomes in the 

presence of NADPH, two product peaks with r.t. of 7.0 and 11.3 min were observed in the HPLC 

elution profile (see Fig. 9B; p. 51). But if higher concentration  of o-anisidine (1 mM)  

in incubation was used, additional metabolite peak with r.t. of 19.7 min was observed (see  

Fig. 9B; p. 51). The o-anisidine metabolites were characterized by mass spectrometry and/or  

by comparison of their chromatographic properties with authentic standards.  

The co-chromatography of the product peak with r.t. of 19.7 min  

with N-(2-methoxyphenyl)hydroxylamine showed that their chromatographic properties were 

identical (Fig. 9; p. 51). The structure of the metabolite was confirmed by mass spectrometry. 

The positive-ion electrospray mass spectrum of this metabolite revealed protonated molecule  

at m/z 140.1 (Fig. 10A; p. 52), indicating the molecular mass of a hydroxylated derivative  

of methoxyaniline. The detection of a molecular peak at m/z 139.1 by an EI-MS (70 eV) 

technique backed up the previous results (Fig. 10B; p. 52). The CID of the compound ion  

(Fig. 10A) afforded a fragment at m/z 125.2 showing the mass difference equal to 15, 

representing a methyl group. Other fragments at m/z 108.1 and 109.1 show the molecular masses 

of protonated methoxybenzene and N-phenylhydroxylamine, respectively. These results indicate 

that the analyzed metabolite is N-(2-methoxyphenyl)hydroxylamine. The chromatographic 

properties of the o-anisidine metabolite with the r.t. of 11.3 min corresponded to those  

of o-aminophenol (Fig. 9F; p. 51). The mass spectra exhibit the identity of this metabolite  

with o-aminophenol (Fig. 11; p. 52).  
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Figure 9: HPLC elution profiles of metabolites of o-anisidine. A: 1 mM, B:  0.25 mM  
o-anisidine incubated with rabbit microsomes. C: 1.0 mM, D: 0.25 mM  
N-(2-methoxyphenyl)hydroxylamine incubated with rabbit hepatic microsomes. E: synthetic 
N-(2-methoxyphenyl)hydroxylamine and o-anisidine. F: o-aminophenol. G:  
o-nitrosoanisole. For incubation conditions see Experimental Procedures section; p. 42. 
Peaks eluting between 2.0 and 5.5 min represent solvent front, NADPH and protein 
components of microsomes and NADPH-generation system. (C-18 reverse- phase column 
was utilized.) 
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Figure 11: The positive- and negative-ion mass spectra of o-anisidine metabolite with r.t. 
11.3 min (A) and o-aminophenol (B). The protonated ion at m/z 110.4 and the negative-ion 
at m/z 108.4 indicate the molecular mass of o-aminophenol. 

 

 

Figure 10: MS/MS spectrum of o-anisidine metabolite N-(2-methoxyphenyl)hydroxylamine (A) 
and EI-MS (70 eV) analysis of this metabolite (B). Structures of the assigned fragments are 
shown in brackets (A). The ion at m/z 139.1 in (B) indicates the molecular ion of hydroxylated  
o-anisidine.   
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Chromatographic properties of the o-anisidine metabolite 1 (M1), eluting at r.t. of 7.0 min, did 

not correspond to any standard compound used for analysis. In the APCI (atmospheric pressure 

chemical ionization) mass spectrum, this metabolite showed the mass signal at m/z 122.8  

(Fig. 12), corresponding to that of the nitrenium/carbenium ion formed from o-anisidine. We 

have not ascertained, whether this product is indeed the nitrenium/carbenium ion metabolite  

of o-anisidine, formed in the incubation, or decomposition product formed in the mass 

spectrometer.  

     The results of additional experiments show that metabolites with r.t. of 7.0 and 11.3 min are 

also formed from reactive intermediate of o-anisidine metabolism,  

N-(2-methoxyphenyl)hydroxylamine, by its metabolism with rat and rabbit microsomes (Fig. 9C 

and D; p. 51). When N-(2-methoxyphenyl)hydroxylamine was incubated without hepatic 

microsomal enzymes or without NADPH, these metabolite peaks were also detectable by HPLC, 

but only under acidic conditions (pH 4.5 for 60 min). At pH 7.4, used for microsomal 

incubations, their spontaneous formation was negligible. During the metabolism  

of N-(2-methoxyphenyl)hydroxylamine by microsomes, a shoulder at 8.8 min was also detectable 

(Fig. 9C and D; p. 51), suggesting the formation of o-nitrosoanisole (2-methoxynitrosobenzene) 

Figure 12: Atmospheric pressure chemical ionization (APCI) mass spectrum of o-anisidine 
metabolite M1. The ion at m/z 122.8 indicates the molecular mass of the nitrenium/carbenium 
ion of o-anisidine. 
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(r.t. of 8.8 min, Fig. 9G; p. 51). Furthermore, during the incubations  

of N-(2-methoxyphenyl)hydroxylamine with microsomes and NADPH, an additional product 

peak was detected by HPLC, being eluted with the same r.t. as the parental compound,  

o-anisidine (r.t. of 28.6 min) (Fig. 9C and D; p. 51). The mass spectra of this metabolite peak and 

o-anisidine were identical (data not shown). 

7.1.2  Involvement of CYP Enzymes in o-Anisidine Metabolism in Rat 

and Rabbit Hepatic Microsomes  

     In order to evaluate o-anisidine metabolism by rat and rabbit hepatic microsomes, formation 

of its two final metabolites, o-aminophenol and the metabolite M1 was measured. The study was 

carried out using 0.1 mM concentration of o-anisidine. Therefore, the reactive metabolite  

of o-anisidine, N-(2-methoxyphenyl)hydroxylamine, was not detectable because it is converted to 

o-aminophenol, M1, and parental o-anisidine.  

    o-Anisidine was incubated with rat and rabbit microsomes isolated from livers of uninduced 

animal models in the absence and/or presence of inhibitors of CYPs, α-NF for CYP1A1/2,  

3-IPMDIA for CYP2B, sulfaphenazole for CYP2C, quinidine for CYP2D, DDTC for CYP2E1, 

and ketoconazole for CYP3A. As expected, under the conditions used in the experiments, 

formation of o-aminophenol and M1 was detected, while that  

of N-(2-methoxyphenyl)hydroxylamine, because of its consumption by microsomal enzymes  

in incubations and/or its conversion to M1, was not detectable (Tab. 2; p. 55). 

    Metabolism of o-anisidine by hepatic microsomes of uninduced rats was inhibited by α-NF,  

3-IPMDIA, DDTC, and ketoconazole, by 21%, 32%, 20%, and 20%, respectively. Likewise, 

metabolism of this carcinogen by hepatic microsomes of uninduced rabbits was inhibited by  

α-NF, 3-IPMDIA, DDTC, and ketoconazole, by 19%, 35%, 28%, and 26%, respectively. 

Sulfaphenazole and quinidine were ineffective inhibitors in the microsomes of both animals. 

These results suggest a role of CYP1A, 2B, 2E1, and 3A in o-anisidine metabolism by hepatic 

microsomes of uninduced rats and rabbits. It should be noted that the interpretation of the results 

of experiments with inhibitors is sometimes difficult because one inhibitor may be more effective 

with one substrate than another. Therefore, to confirm the role of these CYPs in o-anisidine 

metabolism, the induction of individual CYPs enzymes was performed with these animal models. 

Microsomes isolated from the livers of rats and rabbits pre-treated with β-NF (enriched  
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with CYP1A), PB (enriched with CYP2B), ethanol or acetone (enriched with CYP2E1), PCN for 

rats (enriched with CYP3A1/2), or RIF for rabbits (enriched with CYP3A6) were used (Tab. 2). 

      While incubations of o-anisidine with the microsomes of rats pre-treated with β-NF and PB 

led to a 1.5- and 2.1-fold increase (P < 0.05) in both M1 and o-aminophenol formation, 

respectively (Tab. 2A), inducers of other CYP enzymes had essentially no effect. Inhibitors  

of CYP1A, 2B and 3A, α-NF, 3-IPMDIA, and ketoconazole, respectively, inhibited o-anisidine 

metabolism by microsomes enriched with CYP1A1/2 (β-NF microsomes), CYP2B1/2  

(PB-microsomes), and CYP3A (PCN-microsomes). 

Table 2:  o-Anisidine Metabolism in Rat (A) and Rabbit (B) Hepatic Microsomes Induced 

with Different Agents 

(A) 

o-anisidine metabolitesa Hepatic microsomes from rats  
pre-treated withb M1 o-aminophenol 

None - control microsomes 26.5 ± 2.7 52.0 ± 5.1 

β-naphthoflavone (CYP1A1/2) 48.0 ± 4.8 68.9 ± 6.2 

Phenobarbital (CYP2B1/2) 52.5 ± 5.3 114.1 ± 9.1 

Ethanol (CYP2E1) 14.2 ± 1.3 41.9 ± 4.2 

PCN (CYP3A) 37.4 ± 3.8 52.3 ± 5.2 

 (B) 

o-anisidine metabolitesa Hepatic microsomes from rabbits  
pre-treated withb M1 o-aminophenol 

None - control microsomes 96.4 ± 9.2 69.5 ± 7.0 

β-naphthoflavone (CYP1A1/2) 69.8 ± 7.1 44.3 ± 3.2 

Phenobarbital (CYP2B1/2) 121.1 ± 12.1 65.3 ± 6.5 

Aceton (CYP2E1) 89.7 ± 8.8 57.0 ± 5.8 

RIF (CYP3A) 96.0 ± 9.5 71.3 ± 7.0 

aThe numbers are the peak area/min/nmol CYP for each metabolite; averages ± S.E.M. of three 
determinations in separate experiments. 
bIsoforms of CYP induced are shown in brackets. 
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     A strong selective inhibitor of CYP2B, 3-IPMDIA (Bořek-Dohalská et al., 1999; Stiborová et 

al., 2002b), was the most effective in inhibiting o-anisidine metabolism by hepatic microsomes  

of rats pre-treated with PB with IC50 values of 10 and 50 µM for the formation of o-aminophenol 

and M1, respectively. An inhibitor of CYP1A1/2, α-NF, also decreased this reaction in hepatic 

microsomes of rats treated with β-NF, while furafylline, an inhibitor of CYP1A2, was less 

effective (Tab. 3A; p. 57). Inhibitors of other CYP enzymes caused either weak (ketoconazole) or 

no inhibition (sulfaphenazole, DDTC, troleandomycin) (Tab. 3A; p. 57). These results indicate 

that CYP2B, 1A and, to a lower extent, CYP3A are important in o-anisidine metabolism in rat 

livers. 

     In contrast to rat microsomal systems, induction of CYP2B4 in rabbit livers had only low 

stimulation effect on the formation of the o-anisidine metabolite M1, but was without effect  

on the production of o-aminophenol. Treating rabbits with β-NF and acetone seemed even to 

inhibit o-anisidine metabolism rather than inducing it (Tab. 2B; p. 55). Induction of CYP3A6 in 

rabbit livers had practically no effect on the metabolism of o-anisidine (Tab. 2B; p. 55).  

This suggests that none of the CYP enzymes expressed in rabbit livers plays a predominant role 

in o-anisidine metabolism, while all might, to some extent, participate in the reactions. Indeed, 

inhibitors of CYP1A1/2, 2B4, 2E1, and 3A6 decreased o-anisidine metabolism in hepatic 

microsomes of rabbits treated with inducers of the corresponding CYP enzymes, while 

sulfaphenazole, an inhibitor of CYP2C, was ineffective (Tab. 3B; p. 57). The most efficient 

inhibitor of o-anisidine metabolism by hepatic microsomes of rabbits pre-treated with inducers  

of the respective CYPs was again 3-IPMDIA, followed by DDTC, α-NF, furafylline, 

ketoconazole, and troleandomycin. Therefore, CYP2B4, 2E1, 1A1/2, and 3A6 seem to be  

the enzymes metabolising o-anisidine in the rabbit microsomal system. Nevertheless, because 

CYP inhibitors are not absolutely specific for individual CYPs, the results found with them 

should be carefully interpreted. 
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Table 3:  Inhibition Constants for Inhibitors of o-Anisidine Metabolism in Rat (A) and 

Rabbit (B) Hepatic Microsomes  

(A) 
Hepatic microsomes from rats 
pre-treated witha 

Inhibitorb IC50 (mM)c, for  
formation of 

     M1          o-aminophenol 

β-naphthoflavone (CYP1A1/2) α-naphthoflavone (CYP1A1/2) 2.3d 2.1 

β-naphthoflavone (CYP1A1/2) Furafylline (CYP1A2) 3.5 4.0 

Phenobarbital (CYP2B1/2) 3-IPMDIA (CYP2B) 0.05 0.01 

Ethanol (CYP2E1) DDTC (CYP2E1) n.i.f n.i. 
Control Sulfaphenazole (CYP2C) n.i. n.i. 

PCN (CYP3A) Ketoconazole (CYP3A) 3.6 7.7 

PCN (CYP3A) Troleandomycin (CYP3A) n.i.f n.i. 

(B) 
Hepatic microsomes from 
rabbits pre-treated witha 

Inhibitorb IC50 (mM)c, for 
formation of 

      M1    o-aminophenol                                      
β-naphthoflavone (CYP1A1/2) α-naphthoflavone (CYP1A1/2) 0.3d 0.4 

β-naphthoflavone (CYP1A1/2) Furafylline (CYP1A2) 1.0 1.2 

Phenobarbital (CYP2B4) 3-IPMDIA (CYP2B) 0.025 0.04 

Acetone (CYP2E1) DDTC (CYP2E1) 1.1 0.1 

Control Sulfaphenazole (CYP2C) n.i.f n.i. 

Rifampicin (CYP3A6) Ketoconazole (CYP3A) 2.1 5.0 

Rifampicin (CYP3A6) Troleandomycin (CYP3A) 7.5 8.1 

aIsoforms of CYP induced are shown in brackets. 
bIsoforms of CYP inhibited are shown in brackets. 
cEstimated from concentration-dependent inhibition of formation of o-anisidine metabolites  
by interpolation (inhibitors were 0.001 – 10 mM depending on the chemical). 100 µM o-anisidine 
and 0.4 nmol CYP were present in the incubation medium. 
dAverages of three determinations in separate experiments. 
fn.i., no inhibition, that is IC50  higher than 10 mM 
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7.1.3 Metabolism of o-Anisidine by Purified CYP Enzymes  

     In order to investigate the role of individual CYPs in the metabolism of o-anisidine, several 

CYP enzymes were purified, reconstituted with NADPH:CYP reductase, and used as  

the enzymatic system. Because CYP activities depend on the presence of cytochrome b5 

(Yamazaki et al., 2001; McLaughlin et al., 2010), this protein was added to the mixture with 

these CYPs and reductase. All reconstituted CYPs were capable of oxidizing their typical 

substrates (data not shown) and most of them were also active with o-anisidine; o-aminophenol 

and metabolite M1 were detected. While among the CYP enzymes tested rabbit CYP2E1 was  

the most efficient enzyme metabolising o-anisidine, rat CYP1A1, 2B2, and rabbit CYP1A2, 2B4, 

and 3A6 were less active. Rat CYP3A1 and rabbit CYP2C3 were ineffective in the reconstituted 

system (Fig. 13). 

Figure 13: Metabolism of o-anisidine by purified rat and rabbit CYPs reconstituted with 
rabbit NADPH:CYP reductase. A 100 pmol amount of reconstituted CYP/incubation and  
0.1 mM o-anisidine were used in all experiments. Values are averages and S.E.M.  
of triplicate incubations. 
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7.2  Metabolism of  

N-(2-Methoxyphenyl)hydroxylamine 

7.2.1  Metabolism of N-(2-methoxyphenyl)hydroxylamine by Rat 

Hepatic Microsomes 

     N-(2-methoxyphenyl)hydroxylamine is formed by metabolic activation of  o-anisidine.  

When the parental compound o-anisidine was incubated with rat or rabbit hepatic microsomes  

in the presence of NADPH, two metabolites, o-aminophenol (r.t. of 11.3 min) and  

N-(2-methoxyphenyl)hydroxylamine (r.t. of 19.7 min), as well as an additional product peak  

of metabolites M1 (M1, r.t. of 7.0 min) were separated  by HPLC using C-18 reversed-phase 

column HPLC (see peaks in Fig. 9A; p. 51) (Naiman et al., 2008a). In order to separate better  

the metabolites of  N-(2-methoxyphenyl)hydroxylamine  with rat microsomes, we utilized 

different type HPLC column, C-18 reversed-phase column with high density of C-18 chains.  

In comparison to the previous elution profiles (Fig. 9, p. 51), we were able to detect four product 

peaks with r.t. of 8.2, 10.8, 12.8  and 35.0 min, with UV monitoring at 234 nm [see peaks  

in Fig. 14A (p. 60) for the profile obtained with hepatic microsomes of rats pre-treated  

with ethanol].  
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Figure 14: HPLC elution profiles of metabolites of 1 mM N-(2-methoxyphenyl)hydroxylamine 
incubated with hepatic microsomes of rats pre-treated with ethanol (A), of 1 mM  
N-(2-methoxyphenyl)hydroxylamine incubated with NADPH:CYP reductase and NADPH (B). 
(C) synthetic o-aminophenol (D) N-(2-methoxyphenyl)hydroxylamine, (E) o-anisidine.  
For incubation conditions see the Experimentalprocedures section; p. 43. Peaks eluting 
between 2.0 and 5.5 min represent solvent front, NADPH and protein components  
of microsomes and NADPH-generation system. 
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     The chromatographic properties of an N-(2-methoxyphenyl)hydroxylamine metabolite  

with r.t. of 10.8 min corresponded to those of o-aminophenol (Fig. 14C, p. 60). The mass spectra 

of this product peak confirmed that this metabolite is o-aminophenol (Fig. 11, p. 52).  

An additional product peak detected by HPLC, eluting at r.t. of 35.0 min, was identified to be  

the parental compound, from which N-(2-methoxyphenyl)hydroxylamine is generated,   

o-anisidine (r.t. of 35.0 min) (Fig. 14, p. 60). The mass spectra of this metabolite peak and  

o-anisidine were identical (not shown). Chromatographic properties  

of an N-(2-methoxyphenyl)hydroxylamine metabolite M1, eluting at r.t. of 8.2 min, did not 

correspond to any standard compound used for analysis. In the atmospheric pressure chemical 

ionization mass spectrum, this metabolite showed the mass signal at m/z 122.8 (Fig. 12, p. 53), 

corresponding to that of the nitrenium/carbenium ion of N-(2-methoxyphenyl)hydroxylamine. 

We have not ascertained whether this product is indeed the nitrenium/carbenium ion metabolite 

of N-(2-methoxyphenyl)hydroxylamine, formed in the incubation, or decomposition product 

formed in the mass spectrometer. Chromatographic properties of a product peak M2, eluting  

at r.t. of 12.8 min, did not correspond to any standard compound used for analysis. Its structure 

has not been characterized as yet. 

              In contrast to results found with N-(2-methoxyphenyl)hydroxylamine, no metabolites 

were found to be formed from o-aminophenol when incubated with rat hepatic microsomes and 

NADPH (see chapter 7.2.5; p. 70).  

7.2.2 Involvement of CYP Enzymes in  

N-(2-Methoxyphenyl)hydroxylamine Metabolism in Rat 

Hepatic Microsomes and its Metabolism Catalyzed by  Rat 

Recombinant CYPs 

    In order to evaluate the participation of microsomal enzymes such as NADPH:CYP reductase 

and CYPs capable of metabolising N-(2-methoxyphenyl)hydroxylamine (see chapter 7.2.1;  

p. 59), hepatic microsomes of control (untreated) rats and rats treated with inducers of individual 

CYPs and/or NADPH:CYP reductase were utilized. Microsomes isolated from livers of untreated 

rats and rats pre-treated with β-NF (enriched with CYP1A1/2), PB (enriched with CYP2B1/2), 
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ethanol (enriched with CYP2E1) and PCN (enriched with CYP3A) were all capable  

of metabolizing N-(2-methoxyphenyl)hydroxylamine, participating differently in this reaction 

process  (Tab. 4). Among them, hepatic microsomes of rats pre-treated with ethanol were  

the most effective in N-(2-methoxyphenyl)hydroxylamine metabolism, followed by microsomes 

of rats pre-treated with PB, producing predominantly the reductive metabolite  

of N-(2-methoxyphenyl)hydroxylamine, o-anisidine (Tab. 4). 

Table 4:  N-(2-methoxyphenyl)hydroxylamine Metabolism in Rat Hepatic Microsomes 

Induced with Different Agents 

N-(2-methoxyphenyl)hydroxylamine metabolitesa Hepatic microsomes from rats 

pre-treated withb M1 M2 o-aminophenol o-anisidine 

None - control microsomes 2.0 ± 0.7 0.9 ± 0.8 0.6 ± 0.6 12.3 ± 6.9 

β-naphthoflavone (CYP1A1/2) 5.1 ± 2.8 4.0 ± 2.8 0.8 ± 0.2 13.3 ± 5.2 

Phenobarbital (CYP2B1/2) 2.8 ± 0.9 0.7 ± 0.5 0.1 ± 0.2 40.2 ± 11.1 

Ethanol (CYP2E1) 2.8 ± 0.5 0.0 ± 0.4 0.1 ± 0.8 55.5 ± 4.1 

PCN (CYP3A) 2.9 ± 1.2 1.4 ± 1.5 1.1 ± 1.5 25.0 ± 10.6 

Without microsomes, without NADPH n.d.c n.d. n.d.  0.7 ± 0.3 

NADPH without microsomes n.d. n.d.  n.d.  1.7 ± 0.4 

NADPH:CYP reductase 3.5 ± 0.6 n.d.  n.d.  2.2 ± 0.5 

aThe numbers are the peak area/min/nmol CYP for each metabolite; averages ± S.E.M. of three 
determinations in separate experiments. 
bIsoforms of CYP induced are shown in brackets. 
cnot detectable 

 

When N-(2-methoxyphenyl)hydroxylamine was incubated without hepatic microsomal 

enzymes or without NADPH, metabolite M1, M2, o-aminophenol and o-anisidine peaks were 

also detectable by HPLC,  but only under acidic conditions (pH  4.5 for 60 min). At pH 7.4, used 

for microsomal incubations, their spontaneous formation was negligible (Tab. 4). In the presence 

of NADPH in the incubation mixture, a low but detectable amount of o-anisidine was found  

(Tab. 4). These findings indicate that conversion of N-(2-methoxyphenyl)hydroxylamine  

in microsomes is mediated mainly by enzymatic reactions, but formation of o-anisidine might be 

also promoted by NADPH.  
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When N-(2-methoxyphenyl)hydroxylamine was incubated with NADPH and NADPH:CYP 

reductase, the enzyme that is besides CYPs the prominent component of the microsomal 

enzymatic system, formation of metabolite M1 and o-anisidine was increased, but to a low extent  

(Fig. 14, p. 60; Tab. 4, p. 62; Tab. 5, p. 64). This result suggests that NADPH:CYP reductase 

plays a minor role in N-(2-methoxyphenyl)hydroxylamine metabolism in microsomes. Indeed,  

an inhibitor of NADPH:CYP reductase, α-lipooic acid (Slepneva et al., 1995), showed only a low 

inhibitory effect on o-anisidine  formation (Tab. 5; p. 64).  

In order to evaluate whether another reductase present in the microsomes, 

NADH:cytochrome b5 reductase, is involved in reduction of N-(2-methoxyphenyl)hydroxylamine 

to o-anisidine, the effect of its inhibitor, 6-propyl-2-thouracil (Okabe et al., 1983), was also 

investigated.  As shown in Table 5 (p. 64), this inhibitor had only a slight effect on  

N-(2-methoxyphenyl)hydroxylamine reduction  to o-anisidine, excluding participation of this 

enzyme in the reaction. 

While incubations of N-(2-methoxyphenyl)hydroxylamine with the microsomes of rats  

pre-treated with ethanol, PB and PCN led to a 4.5-, 3.3- and 2-fold increase (P < 0.05) in  

o-anisidine formation, respectively (Tab. 4; p. 62), inducers of other CYP enzymes had 

essentially no effect. The most efficient CYP in the metabolism  

of N-(2-methoxyphenyl)hydroxylamine were rat microsomes enriched with CYP2E1 (pre-treated 

with ethanol).   

To investigate the role of individual CYPs in N-(2-methoxyphenyl)hydroxylamine 

metabolism further, the effect of CYP inhibitors was also studied  (Tab. 5; p. 64). Only the effect 

of inhibitors on o-anisidine formation was carried out because formation of other metabolites was 

very low even without presence of inhibitors. An inhibitor of CYP2E1 and 2A, DDTC, was 

highly effective in inhibiting o-anisidine formation by microsomes of rats treated with ethanol, 

with the IC50 value of 5 µM (Tab. 5; p. 64). Another efficient inhibitor decreasing o-anisidine 

formation in microsomes of control (untreated) rats was an inhibitor of CYP2C, sulfaphenazole, 

while quinidine, an inhibitor of CYP2D, was less effective (Tab. 5; p. 64). Inhibitors of other 

CYP enzymes such as α-NF (inhibitor of CYP1A1/2), furafylline (inhibitor of CYP1A2), 

ketoconazole (inhibitor of CYP3A), troleandomycin (inhibitor of CYP3A), and 3-IPMDIA 

(inhibitor of CYP2B) caused either low or no inhibition of o-anisidine formation (Tab. 5; p. 64). 
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All these results indicate that rat CYP2E1, followed by CYP2C and 2D seem to be the most 

efficient enzymes catalyzing reduction of N-(2-methoxyphenyl)hydroxylamine  to o-anisidine  

in rat liver microsomes.  

Table 5:  Inhibition Constants for Inhibitors of N-(2-methoxyphenyl)hydroxylamine 

Metabolism in Rat Microsomes 

Hepatic microsomes from rats 
pre-treated witha 

Inhibitorb IC50 (µM)c, for 
formation of  
o-anisidine 

β-naphthoflavone (CYP1A1/2) α-naphthoflavone(CYP1A1/2) 1200 

β-naphthoflavone (CYP1A1/2) Furafylline (CYP1A2) 1300 

Phenobarbital (CYP2B1/2) 3-IPMDIA (CYP2B) n.i.d 

Control Sulfaphenazole (CYP2C) 50 
Control Quinidine (CYP2D) 300 

Ethanol (CYP2E1) DDTC (CYP2E1, 2A) 5 

PCN (CYP3A) Ketoconazole (CYP3A) 3500 

PCN (CYP3A) Troleandomycin (CYP3A) 1500 

Phenobarbital (NADPH:CYP 
reductase) 

α-lipooic acid (NADPH:CYP 
reductase) 

5000 

Phenobarbital (NADPH:CYP 
reductase) 

6-propyl-2-thouracil 
(NADH:cytochrome b5 reductase) 

3000 

aIsoforms of CYP induced are shown in brackets. 
bIsoforms of CYP inhibited are shown in brackets. 
cEstimated from concentration-dependent inhibition of formation  
of N-(2-methoxyphenyl)hydroxylamine metabolites by interpolation (inhibitors were 0.001 –  
10 mM depending on the chemical). 1 mM N-(2-methoxyphenyl)hydroxylamine and 0.4 nmol 
CYP were present in the incubation medium. 
dn.i., no inhibition 

 

To identify and prove the role of individual CYPs in N-(2-methoxyphenyl)hydroxylamine 

metabolism, we utilized microsomes of Baculovirus transfected insect cells (SupersomesTM) 

containing recombinantly expressed rat CYPs and NADPH:CYP reductase (Fig. 15, p. 65). 

Because of importance of another component of the microsomal system, cytochrome b5,  

for activities of several CYPs (Yamazaki et al., 2001; McLaughlin et al., 2010),  

the SupersomesTM used in the experiments contained also this protein. The recombinant rat CYPs 
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used in the experiments efficiently oxidized their typical substrates (results not shown). Rat 

CYP2C11 and 2E1, followed by CYP2A2, 2D1/2, 2C12, 3A1/2 and 1A1/2 were the most 

efficient to metabolize N-(2-methoxyphenyl)hydroxylamine to o-anisidine. Among other CYPs 

tested in this study, CYP2B1, 2C6 and 2A1, were also capable to metabolize  

N-(2-methoxyphenyl)hydroxylamine, but to a lesser extent (Fig. 15).  

 

     In order to evaluate the contribution of individual CYP enzymes to metabolism  

N-(2-methoxyphenyl)hydroxylamine to o-anisidine in rat hepatic microsomes, the effect  

of inhibitors of the most effective CYP enzymes catalyzing o-anisidine formation, CYP2A2, 

2C11, 2D2, 2E1 and 3A1, on this reaction were also analyzed (Tab. 6, p.66). The IC50 values  

for inhibition of N-(2-methoxyphenyl)hydroxylamine metabolism to o-anisidine, catalyzed  

by CYP2A2, 2C11, 2D2, 2E1 and 3A1 (Tab. 6; p. 66), were of the same order of magnitude  

with those found for inhibition of this reaction in rat hepatic microsomes (Tab. 5; p. 64). 

Therefore, inhibition of N-(2-methoxyphenyl)hydroxylamine metabolism by these inhibitors  
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 Figure 15: Formation of metabolite M1 (A), metabolite M2 (B), o-aminophenol (C),  
o-anisidine (D) from  N-(2-methoxyphenyl)hydroxylamine by rat recombinant CYPs.  
The values in the figure are means of two parallel experiments.  
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in microsomes corresponds to inhibition of these enzymes. These results strongly support  

the former findings suggesting that highest contribution to N-(2-methoxyphenyl)hydroxylamine 

reduction to o-anisidine in rat hepatic microsomes is attributed to CYP2E1 and 2C11, followed 

by CYP2A2 and 2D.  

Table 6:  Inhibition Constants for Inhibitors of N-(2-methoxyphenyl)hydroxylamine 

Metabolism in Rat Recombinant CYPs 

CYP Inhibitor IC 50 (µM)c, for formation of 
o-anisidine 

2A2 DDTC 35 

2C11 Sulfaphenazole 10 

2D2 Quinidine 40 

2E1 DDTC 20 

3A1 Ketoconazole 1500 

cEstimated from concentration-dependent inhibition of formation of  
N-(2-methoxyphenyl)hydroxylamine metabolites by interpolation (inhibitors were 0.001 – 10 mM 
depending on the chemical). 1 mM N-(2-methoxyphenyl)hydroxylamine and 0.4 nmol CYP were 
present in the incubation medium. The values in the table are means of two parallel experiments. 

 

Metabolites M1, M2 and o-aminophenol are also formed by individual rat recombinant 

enzymes, but in very low quantities. (Fig. 15; p. 65) Therefore, the impact of individual CYP 

enzymes on their formation cannot be properly evaluated.   

 

7.2.3 Metabolism of N-(2-Methoxyphenyl)hydroxylamine by  

Human Recombinant CYP Enzymes 

     In order to compare the efficiency of rat recombinant CYP enzymes with their human 

orthologues, microsomes of Baculovirus transfected insect cells (SupersomesTM) containing 

recombinantly expressed human CYPs and NADPH:CYP reductase were also used. All human 

CYPs used in the experiments efficiently oxidized their typical substrates (results not shown).  

N-(2-methoxyphenyl)hydroxylamine is a promiscuous substrate of human CYPs. Among them, 
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the CYP2E1 enzyme, followed by CYP1A1, 2C19, 2B6, 1A2, 3A4, 2D6, and 2A6 were the most 

efficient to metabolise N-(2-methoxyphenyl)hydroxylamine. Other human CYPs such as 

CYP3A5, 1B1, 2C8, 2C9, and 2C18 were also able to reduce  

N-(2-methoxyphenyl)hydroxylamine to o-anisidine,  but to a lower extent (Fig. 16).      Because 

CYP activities depend on the presence of cytochrome b5 (Yamazaki et al., 2001; McLaughlin et 

al., 2010), experiments utilizing microsomes of Baculovirus transfected insect cells 

(SupersomesTM) containing besides recombinantly expressed human CYPs and NADPH:CYP 

reductase also cytochrome b5, were performed. Whereas the activity of several CYP enzymes 

such as CYP1A1, 2C18, 2D6, 2E1, 3A4, and 3A5 was enhanced by presence of cytochrome b5. 

On the contrary, the activities of CYP1A2, 1B1, 2A6, 2B6, 2C8, 2C9, and 2C19 decreased  

(Fig. 16). 
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Figure 16: Formation of metabolite M1 (A), metabolite M2 (B), o-aminophenol (C),  
o-anisidine (D) from  N-(2-methoxyphenyl)hydroxylamine by human recombinant CYPs. 
The values in the figure are means of two parallel experiments. 
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7.2.4 DNA Adduct Formation by  

N-(2-Methoxyphenyl)hydroxylamine during its Metabolism by 

Hepatic Microsomes  

      Using the 32P-postlabelling technique, we tested whether during  

the N-(2-methoxyphenyl)hydroxylamine metabolism with hepatic microsomes of rats pre-treated 

with ethanol, which were the most effective enzymatic system metabolising this compound,  

reactive species binding to DNA are generated. DNA was isolated from incubation mixtures 

containing N-(2-methoxyphenyl)hydroxylamine, microsomes and NADPH, and analyzed  

for DNA adduct formation. The standard procedure and the nuclease P1 version of the  
32P-postlabelling assay, suitable for detection of adducts mediated in deoxyguanosine  

3’-phosphate (dGp) by N-(2-methoxyphenyl)hydroxylamine (Fig. 17) or adducts in DNA  

of the urinary bladder of rats pre-treated with o-anisidine (Stiborová et al., 2005) were used. 

Using these methods, up to three DNA adducts were found when hepatic microsomes of rats 

treated with ethanol were incubated with DNA, N-(2-methoxyphenyl)hydroxylamine and 

NADPH, having the same chromatographic properties as adducts formed by  

N-(2-methoxyphenyl)hydroxylamine with dGp (Fig. 17 A-C).  

 

 

Figure 17: Autoradiographic profiles of 32P-labelled DNA adducts in calf thymus DNA formed 
by N-(2-methoxyphenyl)hydroxylamine incubated with hepatic microsomes of rats pre-treated 
with ethanol (A,B), in dGp incubated with N-(2-methoxyphenyl)hydroxylamine (C), in DNA 
formed by o-aminophenol incubated with hepatic microsomes of rats pre-treated with ethanol 
(D,E) and in DNA formed by o-aminophenol incubated with lactoperoxidase (F,G) (see  
Experimental Procedures section; p. 43). Sample C was used as a positive control. The nuclease 
P1 version of the 32P-postlabelling assay was used for analysis shown in panels (A), (D) and (F), 
the standard procedure for that in panels (B) and (C) and the standard procedure under  
ATP-deficient conditions for that in panels (E) and (G). The method B (see Experimental 
Procedures section; p. 47-49) was utilized for resolution of adducts. 
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     Similar to our previous work investigating formation of DNA adducts by o-anisidine and  

N-(2-methoxyphenyl)hydroxylamine (Stiborová et al., 2005), only two DNA adducts (adduct 

spots 1 and 2) were clearly detectable when the nuclease P1 version of the 32P-postlabelling assay 

was used (Fig. 17 A; p. 68). This finding indicates that the major dGp adduct in DNA resulting 

from N-(2-methoxyphenyl)hydroxylamine (adduct spot 3 in Fig. 17, p. 68) should be the C8 

adduct of the nitrenium ion with dGp. Namely, the C8 adduct of dGp formed by nitrenium ions 

from N-hydroxyarylamines, including those from N-hydroxyanilines, are frequently 

dephosphorylated by nuclease P1 and, therefore, their detection by the nuclease P1 version  

of the 32P-postlabelling assay is negligible (Marques et al., 1997; Arlt et al., 2003, 2005; 

Stiborová et al., 2005). Indeed, using the standard procedure of the 32P-postlabelling analysis,  

the adduct spot 3 (Fig. 17, p. 68), accounting more than 90% of the total RAL level and 

exhibiting sensitivity to dephosphorylation by nuclease P1 (Tab. 7; p. 70), was detected. Levels 

of DNA adducts found in this experiment were lower than those found in DNA incubated only 

with N-(2-methoxyphenyl)hydroxylamine (Tab. 7; p. 70). This finding confirms the above 

results, showing that N-(2-methoxyphenyl)hydroxylamine is metabolised in microsomes to 

additional metabolites, whereas when this compound is incubated with DNA it only decomposes 

to the nitrenium/carbenium ions that bind to DNA (Scheme 5; p. 85 and Scheme 6; p. 92 and 

Scheme 7; p. 94). In addition, the nitrenium and/or carbenium ions may be scavenged  

by the microsomal proteins present in the incubation mixtures.   
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Table 7: Quantitative Analysis of Adducts Formed by N-(2-Methoxyphenyl)hydroxylamine 

with DNA with or without Rat Hepatic Microsomes 

DNA adducts DNA adduct content determined by 32P-postlabellinga 

RAL (mean ± S.E.M./106 nucleotides) 

without microsomes              with microsomes 

The standard procedure of the 32P-postlabelling assay  

Spot 1b   0.71 ± 0.04 0.35 ± 0.03 

Spot 2  0.03 ± 0.01 0.01 ± 0.01 

Spot 2 8.62 ± 0.52 3.61 ± 0.22 

Total 9.36 ± 0.41 3.97 ± 0.31 

The nuclease P1 version of the 32P-postlabelling assay  

Spot 1b   2.27 ±  0.19 1.18 ± 0.12 

Spot 2  0.03 ± 0.01 0.01 ± 0.01 

Spot 2 0.04 ± 0.01 0.01 ± 0.01 

Total 2.34 ± 0.23 1.20 ± 0.12 

aThe numbers represent means ± S.E.M. (n=3) of triplicate in vitro incubations (two 
postlabelling analyses of each sample). RAL, relative adduct labelling (the number of adducts per 
normal nucleotides in modified DNA). The total adduct content is the sum of the RAL  
of individual adducts.  
bsee Figure 17. 

 

 

7.2.5 Metabolism of o-Aminophenol by Hepatic Microsomes and 

Peroxidases as a Detoxication Pathway for This Compound 

     In additional experiments, we also analyzed whether during metabolism of o-aminophenol  

by hepatic microsomal systems (hepatic microsomes of rats pre-treated with ethanol), reactive 

species forming DNA adducts are generated. The standard procedure under the ATP-deficient 

conditions, which is more sensitive than the classical standard procedure (Randerath et al., 1985a, 
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b), and the nuclease P1 version of the 32P-postlabelling assay and two chromatographic methods 

(see methods A and B in the Experimental Procedures section; p. 47-49) were utilized in these 

experiments. Using these 32P-postlabelling assays and separation methods A (not shown) and B, 

no DNA adducts mediated by o-aminophenol metabolism in hepatic microsomes were detectable 

(Fig. 17, p. 68). 

o-Aminophenol is oxidized with other oxidative enzymes, peroxidases, forming the o-quinoimine 

metabolite (Akazawa et al., 2000; Puiu et al., 2008) (Scheme 5; p. 85), the reactive compound 

that might react with nucleophiles such as nucleophilic centres in DNA (Stiborová et al., 1998, 

2002a). Therefore, we have analyzed whether during oxidation of o-aminophenol with 

peroxidases (horseradish peroxidase and lactoperoxidase were used as models), DNA adducts are 

formed.  The same 32P-postlabelling techniques we employed for the analyses of DNA adduct 

formation by o-aminophenol incubated with microsomes (the standard procedure under  

the ATP-deficient conditions and the nuclease P1 version of the 32P-postlabelling assay and two 

chromatographic methods) were utilized for such a study. Using these 32P-postlabelling assays 

and separation methods A (not shown) and B, no DNA adducts mediated by o-aminophenol 

oxidation with peroxidases were found (see Fig. 17 F and G for lactoperoxidase; p. 68). 

 

7.3 Isolation and Characterization  

of o-Anisidine DNA Adducts  

7.3.1  DNA Adduct Formation by o-Anisidine in Rats Detected by  

32P-Postlabelling 

DNA was isolated from several organs of Wistar rats treated i.p. once a day for 3 consecutive 

days with o-anisidine to reach a total dose of 0.53 mg o-anisidine/kg body weight and analyzed 

by the 32P-postlabelling assay. Initially, the DNA adducts were analyzed in four organs found 

previously to be target tissues for DNA adducts formation (urinary bladder, liver, kidney and 

spleen) 1 day after administration of this carcinogen. The standard procedure (Gupta et al., 1982) 

and the nuclease P1 version (Reddy and Randerath, 1986) of the 32P-postlabelling assay, were 

used to analyze o-anisidine-DNA adducts. A multidirectional chromatographic system, which 
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was found in our former studies (Stiborova et al., 2004b; 2005) to be suitable to detect and 

separate adducts in DNA formed by N-(2-methoxyphenyl)hydroxylamine and in DNA of rats 

treated with o-anisidine and 2-nitroanisole in vivo, was used in this work. Using the nuclease P1 

version of the 32P-postlabelling assay, up to three o-anisidine-specific DNA adducts (see adducts 

spots 1-3 in Fig. 18), were detected in four organs of rats treated with o-anisidine (Tab. 8; p. 73).  

 

Figure 18: Autoradiographic profiles of 32P-labelled DNA adducts in DNA of urinary bladder  
of rats treated with o-anisidine (A,B) and in dGp incubated  
with N-(2-methoxyphenyl)hydroxylamine (C). The nuclease P1 version of the 32P-postlabelling 
assay was used for analysis shown in a panel (A) and the standard procedure  
of the 32P-postlabelling for that in panels (B,C).  

 

The highest levels of DNA adducts were found in the target organ for the o-anisidine 

carcinogenic effect, the urinary bladder, followed by adducts detected in liver, kidney and spleen 

(Tab. 8; p. 73). Using TLC and HPLC co-chromatography (Stiborova et al., 2005), these DNA 

adducts were found to be chromatographically indistinguishable from those formed in dGp 

modified by N-(2-methoxyphenyl)hydroxylamine in vitro (data not shown). The chromatographic 

properties of the adducts on TLC indicate that o-anisidine metabolites containing only one 

benzene ring derived from N-(2-methoxyphenyl)hydroxylamine are covalently linked to DNA 

(Reddy et al., 1990; Stiborova et al., 1995; 2004b; 2005). DNA samples of control (solvent-

treated) rats were free of these adduct spots even after prolonged exposure times (Fig. 19; p. 74). 
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Table 8: Quantitative Analysis of DNA Adducts in Various Organs of Rats Treated  

with a 0.53 mg/kg Total Dose of o-Anisidine  

___________________________________________________________________ 
Tissue (adduct)                                 RALa (mean ± S.E.M./107 nucleotides) 
                                   The nuclease P1 version                     The standard procedure 
                                                              of the 32P-postlabelling assay 
 ___________________________________________________________________ 
 
Urinary bladder 
Adduct 1                             6.3  ± 1.05                                            5.8  ± 0.98 
Adduct 2                             1.0  ± 0.21                                            0.8  ± 0.14 
Adduct 3                             1.1  ± 0.15                                           32.0  ± 3.1 
Total                                   8.4  ±±±± 1.54                                          38.6  ±±±± 4.21 
 
Liver                                                              
Adduct 1                            0.28  ± 0.02                                            n.d b                                                  
Adduct 2                            0.14  ± 0.02                                             n.d   
Adduct 3                            0.10  ± 0.05                                               n.d   
Total                                  0.52  ±±±± 0.07                                               n.d   
 
Kidney                                                              
Adduct 1                            0.28  ± 0.04                                                n.d.   
Adduct 2                            0.12  ± 0.02                                                 n.d.   
Adduct 3                            0.11  ± 0.05                                                 n.d.   
Total                                  0.51  ±±±± 0.06                                                 n.d.   
 
Spleen                                                              
Adduct 1                           0.08  ± 0.01                                                  n.d.   
Adduct 2                                   n.d.                                                       n.d.   
Adduct 3                                   n.d.                                                      n.d.   
Total                                 0.08 ±±±± 0.01                                                 n.d.   
___________________________________________________________________ 
aRAL (relative adduct labelling) values represent mean ± S.E.M. (n = 6) of six treated rats; each 
DNA sample was analyzed by two postlabelled analyses. 
 bn.d. not detectable (the detection limit of RAL was 0.1 adducts/108 nucleotides and  
10 adducts/108 nucleotides for nuclease P1 version and the standard procedure  
of the 32P-postlabelling assay). 
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Figure 19: Autoradiographic profiles of 32P-labelled DNA adducts in DNA of urinary bladder  
of rats treated with o-anisidine 1 day (A), 13 days (B), 10 weeks (C) and 36 weeks (D) 
 after administration and (E) rats treated with vehicle (oil) only (control rats). 

 

The major adducts resulting from N-hydroxyarylamines (Marques et al., 1997) are the C8 

adducts of dGp. These adducts are frequently dephosphorylated by nuclease P1 and therefore will 

not be detected by the nuclease P1 version of the 32P-postlabelling assay. Of o-anisidine-DNA 

adducts, adduct 3 (see spot 3 in Fig. 18; p. 72, and Fig. 19) was shown to exhibit sensitivity to 

dephosphorylation by nuclease P1 (Fig. 18; p. 72 and Tab. 8; p. 73). Using the standard 

procedure of the 32P-postlabelling assay to analyze o-anisidine-DNA adducts in urinary bladder, 

this adduct accounts more than 80% of the total RAL level, whereas only 13% when DNA was 

analyzed with the nuclease P1 version of the assay (Tab. 8; p. 73). However, when we used  

the standard 32P-postlabelling method, which is less sensitive than the nuclease P1 version  

of the 32P-postlabelling assay, for analysis of DNA adducts in liver, kidney and spleen,  

no o-anisidine-derived DNA adducts were detectable in these tissues (Tab. 8, p. 73). 

7.3.2 The Persistence of o-Anisidine-DNA Adducts in Rats 

Levels of o-anisidine-derived DNA adducts were analyzed in urinary bladder, liver, kidney 

and spleen of rats not only 1 day, but also 13 days, 10, and 36 weeks after administration  

of a total dose of 0.53 mg o-anisidine/kg body weight. For analyses of DNA adducts  

in the urinary bladder, both versions of the 32P-postlabelling assay, the nuclease P1 version and 

the standard procedure, were again used, but because of its low sensitivity, the standard 

procedure could not be employed for analysis of DNA adducts formed in  liver, kidney and 

spleen (see the data shown in Tab. 8, p. 73).  
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Table 9: Levels of Individual o-Anisidine-derived DNA Adducts in the Urinary Bladder  

of Rats over Time after Treating with 0.53 mg/kg Total Dose of o-Anisidine (Persistence  

of DNA Adducts)  

___________________________________________________________________ 
Tissue (adduct)                                 RALa (mean ± S.E.M./107 nucleotides) 
                                   The nuclease P1 version                     The standard procedure 
                                                              of the 32P-postlabelling assay 
 ___________________________________________________________________ 
1. day 
Adduct 1                             6.3  ± 1.05                                            5.8  ± 0.98 
Adduct 2                             1.0  ± 0.21                                            0.8  ± 0.14 
Adduct 3                             1.1  ± 0.15                                            32.0  ± 3.1 
Total                                   8.4  ±±±± 1.54                                           38.6  ±±±± 4.21 
 
13. day 
Adduct 1                            3.02  ± 0.95                                             2.4  ± 0.57 
Adduct 2                            0.40  ± 0.11                                             0.3  ± 0.15  
Adduct 3                            0.50  ± 0.13                                           15.1  ± 1.9  
Total                                  3.92  ±±±± 1.02                                           17.8  ±±±± 2.10 
 
10. week 
Adduct 1                            2.50  ± 0.45                                             2.8  ± 0.31 
Adduct 2                            0.30  ± 0.12                                             0.2  ± 0.10 
Adduct 3                            0.40  ± 0.10                                            12.0  ± 1.1 
Total                                  3.20  ±±±± 0.06                                            15.0  ±±±± 2.15 
 
36. week 
Adduct 1                           2.60  ± 0.45                                              2.7  ± 0.38  (46.6 %) 
Adduct 2                           0.30  ± 0.10                                              0.15 ± 0.08  (18.8 %) 
Adduct 3                          0.35  ± 0.12                                             12.2   ± 2.12  (38.3 %)   
Total                                3.25 ±±±± 0.72                                             15.05  ±±±± 2.38  (39.0 %) 
___________________________________________________________________ 
aRAL (relative adduct labelling) values represent mean ± S.E.M. (n = 6) of six treated rats; each 
DNA sample was analyzed by two postlabelled analyses. 
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Table 10: Levels of Individual o-Anisidine-derived DNA Adducts in Liver, Kidney and 
Spleen of Rats over Time after Treatment with 0.53 mg/kg Total Dose of o-Anisidine 
(Persistence of DNA Adducts)  
___________________________________________________________________ 
Tissue (adduct)                                 RALa (mean ± S.E.M./107 nucleotides) 
                                           The nuclease P1 version  of the 32P-postlabelling assay 
 ___________________________________________________________________ 
Liver 
                                              1. day                                                  13. day 
Adduct 1                             0.28  ± 0.02                                        0.03  ± 0.01 
Adduct 2                             0.14  ± 0.02                                        0.01  ± 0.01 
Adduct 3                             0.10  ± 0.15                                               n.d.b 
Total                                   0.52  ±±±± 0.05                                       0.04  ±±±± 0.01 
 
Kidney 
                                           1. day                                                  13. day 
Adduct 1                           0.28  ± 0.04                                          0.02 ± 0.01 
Adduct 2                           0.12  ± 0.02                                                 n.d. 
Adduct 3                           0.11  ± 0.01                                                 n.d. 
Total                                 0.51  ±±±± 0.06                                           0.02 ±±±± 0.01 
 
Spleen 
                                             1. day                                                  13. day 
Adduct 1                           0.08 ± 0.01                                              n.d. 
Adduct 2                                  n.d.                                                   n.d. 
Adduct 3                                  n.d.                                                   n.d. 
Total                                   0.08 ±±±± 0.06                                           n.d.                                                 
 
___________________________________________________________________ 
aRAL (relative adduct labelling) values represent mean ± S.E.M. (n = 6) of six treated rats; each 
DNA sample was analyzed by two postlabeled analyses.  
bn.d. not detectable (the detection limit of RAL was 0.1 adducts/108 nucleotides and  
10 adducts/108 nucleotides for nuclease P1 version and the standard procedure  
of the 32P-postlabelling assay). 
 

Maximum adduct levels in tissues were always found 1 day post-treatment (Tab. 9 and 10; 

page 75 and this page), the earliest time point at which DNA samples were collected. As shown 

in Tables 9 and 10 (page 75 and this page), persistence of o-anisidine-derived DNA adducts  

in the respective rat tissues was not identical. The highest total DNA binding was found  

in the urinary bladder at all time points, whereas after 13 days after administration of o-anisidine 

more than 50, 90, 95, and 100% of the adducts were removed in urinary bladder, liver, kidney 

and spleen, respectively (Tab. 9 and 10; page 75 and this page).  
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As shown in Table 9 (p. 75), for urinary bladder total adduct levels decreased over time to 

about 39 % of the initial level after 36 weeks. DNA adduct elimination kinetics in the urinary 

bladder showed a biphasic profile with a steep decline during the first 13 days, then reaching  

a plateau thereafter in this organ (Fig. 20). However, persistence of individual o-anisidine-derived 

DNA adducts in this rat tissue was not identical; adducts 1 and 3 are removed faster from DNA 

than adduct 2; the 46.6, 18.8, and 38.3 % of adduct 1, 2 and 3 were remained in this tissues  

36 weeks after the treatment, respectively (Tab. 9; p. 75). 
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Figure 20: Time course of total o-anisidine-derived DNA adduct levels in urinary bladder of rats 
treated intraperitoneally with 0.53 mg/kg total dose of o-anisidine. RAL (relative adduct 
labelling) values are expressed as adducts per 107 nucleotides. Results represent mean ± SD from 
three treated rats for time points 1 day, 13 days and six animals for time point 10 and 36 weeks. 
DNA from each organ was analyzed with the standard procedure of the 32P-postlabelling assay 
in duplicate. 

 

7.3.3 Synthesis and Characterization of Adducts Formed  

from Deoxyguanosine and N-(2-Methoxyphenyl)hydroxylamine   

To characterize the o-anisidine-derived DNA adducts found to be formed in vitro (Stiborova 

et al., 2005) and in vivo (Stiborova et al., 2005 and present study), we needed to prepare modified 

deoxyguanosine (the target deoxynucleoside modified by activated o-anisidine in DNA, 



Results 

 78 

Stiborova et al., 2005) as standards in sufficient quantity for structural characterization.  Because 

N-(2-methoxyphenyl)hydroxylamine is responsible for formation of o-anisidine-derived 

deoxyguanosine adducts in DNA (Stiborova et al., 2005), we attempted to prepare 

deoxyguanosine adducts directly by reaction of deoxyguanosine with this compound.   

The reaction of N-(2-methoxyphenyl)hydroxylamine with deoxyguanosine at pH 5.0 gave 

three adducts that were separated from original reactants (deoxyguanosine and  

N-(2-methoxyphenyl)hydroxylamine) by HPLC (Fig. 21A). The major adduct peak, eluted  

at 41.9 min was purified by additional chromatography (at least four-times) under the same 

conditions to obtain this adduct at high purity (Fig. 21B) for its further structural characterization 

by mass spectrometry (MS) and nuclear magnetic resonance (NMR).  

 

Figure 21: HPLC elution profile of the major deoxyguanosine adduct formed  
by N-(2-methoxyphenyl)hydroxylamine. The major adduct has retention time 41.9 min and the 
retention time 23.7 corresponds to position of deoxyguanosine. Experimental conditions are 
described in the Experimental Procedures section; p. 44-45. Gradient used for separation  
of adducts is shown in the figure (the violet dashed line). 

 

 

-25

500

1000

1750

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 100.0 %
90.0

40.0

0.0

100.0

OCH3

NH-OH

-5

25

50

75

100

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

mAU

min

major adduct

B

Flow: 0.700 ml/min

0.500

0.700

%B: 100.0 %
90.0

40.0

0.0

100.0

minor adducts

deoxyguanosine

major adduct

A

-25

500

1000

1750

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 100.0 %
90.0

40.0

0.0

100.0

OCH3

NH-OH

-5

25

50

75

100

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

mAU

min

major adduct

B

Flow: 0.700 ml/min

0.500

0.700

%B: 100.0 %
90.0

40.0

0.0

100.0

-5

25

50

75

100

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

mAU

min

major adduct

B

Flow: 0.700 ml/min

0.500

0.700

%B: 100.0 %
90.0

40.0

0.0

100.0

minor adducts

deoxyguanosine

major adduct

A

 



Results 

 79 

To improve the HPLC separation of original reactants, deoxyguanosine and  

N-(2-methoxyphenyl)hydroxylamine, from adducts, another HPLC method was also developed.  

Using different separation conditions [gradient of formic acid in distilled water (pH 5.0) to 100 % 

methanol, see the Experimental Procedures section; p. 44-45], not only the major, but also two 

minor deoxyguanosine adducts, were clearly separated from deoxyguanosine and the major 

adduct (Fig. 22A). Both minor adducts, isolated by this HPLC procedure, were additionally  

re-chromatographed (for used chromatographic conditions, see Figure 22B and Experimental 

procedures section; p. 44-45), and utilized for their further structural characterization by mass 

spectrometry (MS).  

 

Figure 22: HPLC elution profiles of (A) the major and two minor adducts formed  
from deoxyguanosine and N-(2-methoxyphenyl)hydroxylamine and (B) HPLC elution profile  
of re-separation of these two minor adducts. Experimental conditions are described  
in the Experimental Procedures section p.44-45. Gradient used for separation of adducts is 
shown in the figure (the violet dashed line). 

 

 

 

-50

500

1000

1500

2000

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 68.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 0.0 %

28.0 32.0

100.0

0.0

deoxyguanosine
major adduct

Minor adducts

-50

500

1000

1500

2000

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 68.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 0.0 %

28.0 32.0

100.0

0.0

-50

500

1000

1500

2000

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 68.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 0.0 %

28.0 32.0

100.0

0.0

deoxyguanosine
major adduct

Minor adducts

-5

25

50

75

100

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 0.0 %

22.0 23.0

100.0

0.0

deoxyguanosine

minor adducts

-5

25

50

75

100

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0

mAU

min

Flow: 0.700 ml/min

0.500

0.700

%B: 0.0 %

22.0 23.0

100.0

0.0

deoxyguanosine

minor adducts

 

A 

B 



Results 

 80 

On positive- and negative-ion MS, all adducts gave molecular ions at m/z 388.4 and 387.0, 

respectively (Fig. 23), corresponding to the adducts of deoxyguanosine with nitrenium/carbenium 

ion of o-anisidine.  

A B

C

D

A B

C

D

 

Figure 23: The positive- and negative-ion mass spectra of the major adduct formed by reaction 
of deoxyguanosine and N-(2-methoxyphenyl)hydroxylamine (A,B) and negative-ion mass spectra 
of two minor adducts formed in this reaction (C,D). The protonated ion at m/z 388.4 and  
the negative-ions at m/z 387.0, indicate the molecular masses of adducts formed  
by deoxyguanosine and nitrenium/carbenium ions originated  
from N-(2-methoxyphenyl)hydroxylamine. 

 

The structure of the major deoxyguanosine adduct formed from deoxyguanosine and  

N-(2-methoxyphenyl)hydroxylamine was elucidated from 1H (Fig. 24; p. 81) and 13C NMR 

spectra and from 2D correlated NMR spectra (COSY, ROESY, H,C-HSQC and H,C-HMBC). 

Four signals of aromatic hydrogens corresponding to one spin system (1,2-disubstituted benzene) 

were present in the 1H spectrum. On the other hand, no signal corresponding to the hydrogen  

in position 8 of the guanine residue was found. Using COSY and heteronuclear correlation 

experiments the presence of deoxyribose residue attached to the nitrogen in the position 9 and  

N-substituted 2-methoxyaniline attached to the carbon in the position 8 of the guanine residue 
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was evidenced. The most important three bond HMBC correlations were: H1´-C4, H1´-C8, 

ArNH-Ar2 and ArNH-Ar6. The NH hydrogen from the anisidine residue is in space vicinity 

(determined from ROESY) of hydrogens 1´, 2´, 3´, 5´ and 5´´ of the deoxyribose residue,  

of the methoxy group and of the hydrogen Ar6 (Fig. 24). The ROESY contacts further confirmed 

the structure of the adduct to be N-(deoxyguanosin-8-yl)-2-methoxyaniline (Fig. 25). 

 

Figure 24: 1H NMR spectrum of the major deoxyguanosine adduct, N-(deoxyguanosin-8-yl)-2-
methoxyaniline 
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Figure 25:  The structure of the major deoxyguanosine adduct, N-(deoxyguanosin-8-yl)-2-
methoxyaniline 
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7.3.4 N-(Deoxyguanosin-8-yl)-2-methoxyaniline Adduct is the Major 

DNA Adduct Formed by o-Anisidine in DNA in Vitro and in Vivo  

Using HPLC, we compare the chromatographic properties of the N-(deoxyguanosin-8-yl)-2-

methoxyaniline adduct with those of the dephosphorylated adduct formed from dGp and  

N-(2-methoxyphenyl)hydroxylamine [see the adduct spot 3 in Figure 18 (p. 72) detected as  

3´,5´-bisphosphate by the 32P-postlabelling assay]. This adduct is identical with that formed  

in DNA in vitro by o-anisidine activated with microsomes (Stiborova et al., 2005) and in vivo  

in rats treated with this carcinogen (Stiborova et al., 2005 and present study). When the 3´and 

5´phosphate residues were dephosphorylated from the adduct 3, the residual deoxyguanosine 

adduct exhibited identical chromatographic properties with those of N-(deoxyguanosin-8-yl)-2-

methoxyaniline (Fig. 26). These findings suggest that the major deoxyguanosine adduct formed 

by o-anisidine in DNA in vivo is N-(deoxyguanosin-8-yl)-2-methoxyaniline. 

  
Figure 26: HPLC elution profiles of (A) the purified major deoxyguanosine adduct formed by  
N-(2-methoxyphenyl)hydroxylamine (B) the major adduct formed from deoxyguanosinephosphate 
and N-(2-methoxyphenyl)hydroxylamine detected by 32P-postlabelling after its dephosphorylation 
to deoxyguanosine adduct. Experimental conditions are described in the Experimental 
procedures section; p. 44 and p.49. Gradient used for separation of adducts is shown  
in the figure (the violet dashed line). 
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7.4 Formation and Partial Characterization 

of Deoxyguanosine Adduct  Formed by  

13-Hydroxyellipticine 

     Deoxyguanosine nucleotide in DNA is predominantly modified by many carcinogens 

including o-anisidine and 2-nitroanisole and also anticancer drugs such as ellipticine has 

carcinogenic effect and is able to form covalent deoxyguanosine adduct, predominantly through 

its metabolites, N(2)oxide ellipticine and 13-hydroxyellipticine (Stiborová et al., 2006a).  

We investigated the modulation of the reaction of 13-hydroxyellipticine with DNA  

(or deoxyguanosine) by pH and/or by its conjugation with PAPS or acetyl-CoA catalyzed  

by the phase II biotransformation enzymes, human SULT1A1/2 and NAT1 and NAT2. 

7.4.1 The Effect of pH on Formation of 13-Hydroxyellipticine 

Deoxyguanosine Adduct in DNA 

     13-Hydroxyellipticine incubated with DNA in vitro generates the major deoxyguanosine 

adduct, which was detected and quantified by the nuclease P1 version of 32P-postlabelling 

technique (Tab. 11; p. 84). The yield of formation of this ellipticine-DNA adduct is  

pH-dependent. Only low levels of this DNA adduct was detectable at pH 6.0, while increasing 

pH resulted in a substantial increase in formation of this adduct (Tab. 11; p. 84).  
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Table 11: The Effect of pH on Levels of the Adduct Formed by Reaction of  

13-Hydroxyellipticine with DNA a, Detected by 32P-Postlabelling 

_______________________________________________ 

pH                         RALa (mean ± S.E.M./107 nucleotides)   
_______________________________________________ 

6.0                                           1.3  ± 0.3 

7.4                                         23.3  ± 2.0 

8.4                                         49.7  ± 3.2 
_______________________________________________ 

 aRAL, relative adduct labelling; averages ± S.E.M. of three determinations in separate 
experiments. 

 

    The 13-hydroxyellipticine-derived adduct is also formed by incubation of  

13-hydroxyellipticine with deoxyguanosine in vitro. In order to isolate the 13-hydroxyellipticine-

derived deoxyguanosine adduct, a novel HPLC procedure was developed.  The reversed-phase 

HPLC was found to be appropriate to isolate this adduct from residual deoxyguanosine and  

13-hydroxyellipticine. An increase of pH of the incubation mixture led again to an increase  

in formation of this adduct. An extended description is in the publication Moserová et al. (2008) 

in the supplement 2 of the thesis. 

7.4.2 The Effect of Conjugation Enzymes on the Quantity  

of the Adduct Formation 

     The levels of 13-hydroxyellipticine-derived DNA adduct were significantly increased  

by incubation of 13-hydroxyellipticine and DNA with the human SULT1A1 and 1A2 conjugation 

enzymes and their cofactor, PAPS, by 1.7- and 26-fold, respectively. Likewise, NAT1 and NAT2 

in the presence of their cofactor, acetyl-CoA, stimulated the formation  

of the 13-hydroxyellipticine-derived DNA adduct, by 33- and 288-fold. An increase in its 

formation was detected both by the 32P-postlabelling assay and by HPLC. A detailed description 

of the results found in these experiments is shown in the publication Moserová et al. (2008)  

in the supplement 2 of the presented thesis. 
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Scheme 5: Pathways of o-anisidine, N-(2-methoxyphenyl)hydroxylamine and o-aminophenol 
metabolism showing the characterized metabolites and those proposed to form DNA adducts. 
The compounds shown in brackets were not detected under the experimental conditions. 
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metabolite of carcinogenic o-anisidine and o-nitroanisole can be metabolised by rat and rabbit 

hepatic microsomes. The hepatic microsomal CYP enzymes of rabbit and rat catalyze both  
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a reactive metabolite, N-(2-methoxyphenyl)hydroxylamine, which was found previously to 

generate deoxyguanosine adducts in DNA in vitro (Stiborová et al., 2005, for further information 

see chapter 8.2; p. 93). The same adducts are also formed from o-anisidine or from its oxidized 

counterpart, 2-nitroanisole, in vivo (Stiborová et al., 2004b, Stiborová et al., 2005). The data 

indicate that the reactive N-(2-methoxyphenyl)hydroxylamine formed as a metabolite of both 

carcinogens is critical for the formation of DNA adducts in target organs. Therefore, the rat and 

rabbit CYP enzymes tested in this study participate in the activation pathway of o-anisidine. 

Using a combination of chromatographic and mass spectrometric methods, we were able to 

identify further o-anisidine metabolites, generated both from this compound and from its reactive 

metabolite, N-(2-methoxyphenyl)hydroxylamine. The results show that o-anisidine is a subject  

of complex redox cycling reactions. It is primarily oxidized to o-aminophenol and  

N-(2-methoxyphenyl)hydroxylamine. N-(2-methoxyphenyl)hydroxylamine is additionally 

converted to the nitrenium/carbenium ion and/or a product whose mass spectrum corresponds to 

this ion. Furthermore, N-(2-methoxyphenyl)hydroxylamine is metabolised by hepatic microsomal 

CYP enzymes not only to o-aminophenol but also to two metabolites (M1 and M2) and, 

particularly, to parental o-anisidine in relatively substantial quantity. The formed o-anisidine may 

be O-demethylated again to o-aminophenol (Scheme 5; p. 85). The question whether  

o-aminophenol is also formed from N-(2-methoxyphenyl)hydroxylamine by its O-demethylation 

to N-(2-hydroxyphenyl)hydroxylamine, which is subsequently reduced to o-aminophenol 

(Scheme 5; p. 85), remains to be answered. Because one  

of the N-(2-methoxyphenyl)hydroxylamine metabolic products has not still been identified,  

we cannot exclude that this metabolite might be N-(2-hydroxyphenyl)hydroxylamine. In contrast 

to rabbit hepatic microsomes, which oxidize N-(2-methoxyphenyl)hydroxylamine also to  

2-methoxynitrosobenzene, this nitrosoderivative was not found to be generated by rat hepatic 

microsomes. 

     The structure of o-anisidine and N-(2-hydroxyphenyl)hydroxylamine metabolic products M1 

and M2 remains to be characterized. Aromatic hydroxylamine derivatives are known to react 

with aromatic nitroso compounds forming azoxy compounds (Müller and Kreutzman, 1932).  

We prepared two isomeric azoxy derivatives by reaction of N-(2-methoxyphenyl)hydroxylamine 

with o-nitrosoanisole (Müller and Kreutzman, 1932). None of the prepared azoxy derivatives had 

similar chromatographic properties as the metabolites (results not shown). Another possible 
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reaction, which could occur, is Bamberger rearrangement (Kohnstam et al., 1984) of  

N-(2-methoxyphenyl)hydroxylamine that would result in 4-amino-3-methoxyphenol.  

This compound is unstable (Jurlina et al., 1987), and it is possible that it would give an ion with 

m/z 122 in mass spectra after protonation and loss of neutral water molecule. However, we did 

not have any standard of this compound, and thus, we could not evaluate whether the structure  

of M1 and M2 is 4-amino-3-methoxyphenol.   

      Redox cycling reactions similar to those we found with o-anisidine and  

N-(2-methoxyphenyl)hydroxylamine were observed by Kim et al., 2004, who studied metabolism 

of several aromatic and heterocyclic amines by a CYP1A2/NADPH:CYP reductase enzymatic 

system. They reported that the CYP system catalyzes oxidation of the N-hydroxylated 

intermediate formed from the carcinogenic heterocyclic amine 2-amino-3-methylimidazo[4,5-

f]quinoline (IQ) to a nitrosoderivate. They demonstrated that NADPH:CYP reductase can 

catalyze the reduction of the IQ oxidation products, N-nitroso-IQ and N-hydroxyl-IQ, to N-

hydroxyl-IQ and the parent amine, IQ (Kim et al., 2004). N-hydroxylation products of two other 

aromatic amines investigated by Kim et al. (2004), 2-aminofluorene and 4-aminobiphenyl, are, 

however, reduced non-enzymatically, by NADPH. The results of our study show that reduction 

of N-(2-methoxyphenyl)hydroxylamine to o-anisidine is essentially not mediated  

by NADPH:CYP reductase, but it is catalyzed by other enzymes present in hepatic microsomes 

used in this work. Because the efficiency of microsomes to reduce  

N-(2-methoxyphenyl)hydroxylamine to o-anisidine depends on levels of individual CYP enzymes 

present in hepatic microsomes of rats pre-treated with selective inducers of individual CYPs,  

the CYP enzymes should be more effective in this reduction than NADPH:CYP reductase.   

     To elucidate the role of individual CYP enzymes in the metabolism  

of N-(2-methoxyphenyl)hydroxylamine, we employed liver microsomal CYPs inhibited and/or 

induced by their specific inhibitors and/or inducers, respectively. The results found in this work 

indicate that N-(2-methoxyphenyl)hydroxylamine is a promiscuous substrate of rat hepatic CYP 

enzymes, being metabolised by rat hepatic CYP1A1, 1A2, 2B1, 2B2, 2C, 2D, 2E1 and 3A.  

The principal enzyme responsible for reduction of  N-(2-methoxyphenyl)hydroxylamine seems to 

be CYP2E1. The major role of this CYP was supported using recombinantly expressed rat CYPs. 

The most efficient enzyme reducing N-(2-methoxyphenyl)hydroxylamine to o-anisidine was 

CYP2E1 and 2C11, followed by CYP2A2, 2D2, 2A2, 2C12, 2D1, 3A1, and 3A2.    
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     The results found in this work indicate that o-anisidine is also a promiscuous substrate of rat 

and rabbit hepatic CYPs. CYPs of 1A, 2B, 2E, and 3A subfamilies metabolise o-anisidine  

in hepatic microsomes of studied species. Using purified CYP enzymes (CYP1A1, 1A2, 2B2, 

2B4, 2E1, and 3A6) reconstituted with NADPH:CYP reductase, their ability to metabolise  

o-anisidine was confirmed. In the reconstituted CYP system, rabbit CYP2E1 was the most 

efficient enzyme metabolising o-anisidine.            

     Our former study (Stiborová et al., 2005) documents the role of specific human microsomal 

enzymes in activation pathways of o-anisidine. Again, CYP2E1 seems to be the enzyme 

responsible for activation of o-anisidine in human liver. The role of this CYP enzyme  

in o-anisidine activation was supported by strong correlation coefficients between the rates  

of chlorzoxazone 6-hydroxylation, a CYP2E1-dependent reaction, and the rate of o-anisidine 

oxidation. Besides the CYP2E1, several other CYP enzymes might also participate in o-anisidine 

oxidation in humans, because the human recombinant CYP1A2 and, to a lesser extent, CYP2B6, 

1A1, 2A6, 2D6, and 3A4 oxidized this carcinogen.  The present study documents the role  

of human CYPs participating in the metabolism of N-(2-methoxyphenyl)hydroxylamine. The 

results show the principal role of human CYP2E1 also in the metabolism  

of N-(2-methoxyphenyl)hydroxylamine, the intermediate in the metabolism of o-anisidine. 

Besides CYP2E1, several other CYP enzymes participate in N-(2-methoxyphenyl)hydroxylamine 

reduction in humans such as CYP1A1, 2C19, 2B6, 1A2, 3A4, 2D6, and 2A6, but to a lower 

extent.  

      The results of our present and former studies (Stiborová et al., 2005) show a similarity among 

CYPs metabolising o-anisidine and N-(2-methoxyphenyl)hydroxylamine in humans and animal 

models. o-Anisidine and N-(2-methoxyphenyl)hydroxylamine were found to be a substrate  

for several human CYPs, mainly, CYP1A1, 1A2, 2A6, 2B6, 2D6, 2E1, and 3A4, and thus 

orthologous human and animal CYP enzymes are responsible for the metabolism of these 

compounds. As mentioned above, the most efficient CYP in the metabolism of both these 

substances seems to be CYP2E1. This conclusion might be one of the criteria indicating that 

rodents might be suitable models to predict human metabolic susceptibility to o-anisidine.  

It might be important in the evaluation of o-anisidine carcinogenicity as a carcinogenic risk factor 

for humans, particularly persons exposed to o-anisidine during azo dye production. The analysis 

of o-anisidine metabolites in the urine of such individuals as well as the determination  
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of o-anisidine-derived DNA adducts (see chapter 8.2; p. 93 and chapter 8.3; p. 98)  

in lymphocytes should be used to monitor these workers.  

          The finding that the human recombinant CYP1A1, 1A2, 2B6, 2D6, and 2E1 efficiently 

metabolise o-anisidine and N-(2-methoxyphenyl)hydroxylamine may be of great significance. 

Human exposure to o-anisidine is thought to occur primarily via the respiratory tract and 

microsomes in this tissue comprise CYP1A1 (inducible), 1B1, 2B6, 3A5, and also low levels  

of CYP2D6 and 2E1 (Leclerc et al., 2010). On the contrary, CYP1A2 and CYP2E1 are present 

mainly in liver. Both CYPs produce free radicals causing molecule alterations (Siraki et al., 2002; 

Lieber, 1997). However, phase 2 enzymes, namely, SULTs, present in the human hepatic cytosol, 

are also involved through O-sulfonation, resulting in the formation of a highly reactive 

electrophilic nitrenium ion. In contrast to SULTs, NATs have a marginal impact on o-anisidine-

DNA binding under the used conditions (Stiborová et al., 2005). These results are consistent  

with the finding that detectable amount of o-anisidine-DNA adducts was found in kidney and  

the highest level of o-anisidine-DNA adducts were found in the urinary bladder of rats treated 

with this carcinogen (see chapter 8.3; p. 98). It is well known that N-sulfonyloxyesters of many 

N-hydroxyarylamines formed in the liver are unstable under acidic conditions in the urinary 

bladder and decompose to electrophilic nitrenium ions capable of reacting with DNA in the target 

organ and also in kidney, where urine is formed. In addition, in human liver, kidney and lungs 

sulfotransferases were detected (Riches et al., 2009). Their expression in the human tissues could 

contribute to the metabolic activation of o-anisidine.  

      Since N-(2-methoxyphenyl)hydroxylamine is responsible for formation of DNA adducts, its 

formation is the activation pathway of o-anisidine and/or o-nitroanisole metabolism (Stiborová et 

al., 2004b, 2005). Because a role of o-aminophenol and its metabolism in detoxication and/or 

activation of o-anisidine were not known, these subjects were studied in this work.  The results  

of this study demonstrate that metabolism of o-aminophenol by hepatic microsomes or 

peroxidases did not lead to formation of covalent DNA adducts. No metabolism of and DNA 

adduct formation by this compound were found in the microsomal system. No DNA adducts were 

also generated during its oxidation with peroxidases. This oxidation leads to formation  

of an o-quinoimine metabolite (Akazawa et al., 2000; Puiu et al., 2008), but this intermediate 

seems not to be reactive enough to react with DNA. Formation of 2-aminophenoxazine-3-one 

that is a final metabolite of the o-aminophenol oxidation by peroxidases seems to be preferred 
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(Scheme 5; p. 85). This final 2-aminophenoxazine-3-one metabolite is known to have significant 

biological activities such as anti-inflammatory and immunomodulatory properties (Kohno et al., 

2008) and/or antimycobacterial (Uruma et al., 2005) and anticancer activities (Nakachi et al., 

2010; Miyano-Kurosaki et al., 2009; Zheng et al., 2010). Furthermore, o-aminophenol is  

a suitable substrate for major human hepatic sulfotransferase, SULT 1A1 (Riches et al., 2007) 

and after conjugation with sulfate might be easily excreted from body. All these findings suggest 

that o-aminophenol and its metabolism by peroxidases are not included into genotoxic processes 

occurring during carcinogenesis caused by o-anisidine. Nevertheless, o-aminophenol might be 

considered to be mutagenic because it induces sister chromatid exchanges in a dose-dependent 

manner in cultured human lymphocytes in vitro and in Chinese hamster bone marrow cells  

in vivo (Kirchner  and Bayer, 1992). In addition, Brennan and Schiestl (1997) reported that  

o-aminophenol is positive in the deletion recombination assay in Saccharomyces cerevisiae. Even 

though o-aminophenol has not been found to form covalent DNA adducts, it was demonstrated  

in in vitro experiments to cause DNA damage, forming 8-oxy-7,8-dihydro-22-deoxyguanosine  

in the presence of metal ions such as Cu(II) (Okhuma and Kawanishi, 2001). Hence, because  

of such processes, o-aminophenol may contribute to the initiation of the carcinogenesis mediated 

by o-anisidine in the urinary bladder and to the development of tumours induced by other bladder 

carcinogenic aromatic amines (Rehn, 1895), which produce this compound as one  

of the metabolites, cannot be excluded (Brennan and Schiestl, 1997; Rehn, 1895). Furthermore,  

O-demethylation reactions produce formaldehyde (Scheme 5; p. 85), which is known to modify 

DNA, generating several products including hydroxymethyl adducts and cross-links (Beland et 

al., 1984; Huang et al., 1993; Cheng et al., 2003). Formaldehyde is mutagenic in a variety  

of different test systems and carcinogenic in laboratory animals (IARC, 2006) and has been 

described as “carcinogenic to human” by the IARC and “reasonably anticipated to be a human 

carcinogen” by the Department of Health and Human Services in the United States of America 

(U.S. Department of Health and Human Services, 2004; Spratt et al., 1990). Therefore,  

on the one hand, it is plausible that formaldehyde-DNA adducts could also play a role  

in carcinogenesis by o-anisidine. On the other hand, however, formaldehyde produced in the cell 

is also detoxified by conjugation with glutathione and oxidized (Dhareswar et al., 2008); 

therefore, it is not likely a strong contributor to carcinogenicity by o-anisidine. 
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     It should be noted that tumour development in a specific organ is influenced by promotional 

pressures on initiated cells in target organs and not only by the levels of DNA adducts formed  

by the compounds like o-anisidine. It is known that radicals formed from several carcinogens 

producing oxidative DNA damage, such as 8-hydroxy-2’-deoxyguanosine, are important not only 

in initiation, but also in promotion phases of carcinogenesis (Imaoka et al., 2004). Therefore, 

their formation from o-aminophenol (Kim et al., 2004) and o-anisidine (Siraki et al., 2002) may 

be one of the factors contributing to tumour promotion in o-anisidine- and/or o-nitroanisole-

mediated carcinogenesis.  

     In addition, o-anisidine is oxidized by several peroxidases, which are expressed in target 

organs, to form radicals besides DNA adducts (Stiborová et al., 2001b, 2002a) (Scheme 4; p. 35). 

Hence, the production of such free radicals in or near the target cells may be another factor 

important in the promotional process in o-anisidine-mediated tumour development. However,  

the exact functions of such and/or other promotional pressures caused both by o-anisidine and  

o-aminophenol in an o-anisidine-mediated tumourigenesis remains to be resolved. 

     Furthermore, elucidation of the carcinogenic effect of o-anisidine shed more light  

on the activation metabolism of its oxidative counterpart, 2-nitroanisole. Both carcinogens are 

activated to the same proximate carcinogenic metabolite, N-(2-methoxyphenyl)hydroxylamine, 

which is responsible for genotoxic mechanism of the o-anisidine and 2-nitroanisole 

carcinogenicity (Scheme 6; p. 92). Details are described in the publication Stiborová et al. (2009) 

that is attached as supplement 4 to the thesis. 
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2005, 2009; Mikšanová, 2003;  Rýdlová et al., 2005; Naiman et al., 2008a, 2010a) 

 



Discussion 

 93 

8.2 Formation and Persistence of DNA 

Adducts of o-Anisidine and Structural 

Characterization of the Major Adduct 

 

The results found in this and former (Stiborova et al., 2005) studies demonstrate that  

o-anisidine forms multiple covalent DNA adducts in four organs from rats treated with this 

carcinogen. The adduct pattern consisted of three DNA adducts formed from o-anisidine reactive 

species, which we shown to be nirenium/carbenium ions generated from  

N-(2-methoxyphenyl)hydroxylamine (Scheme 7; p. 94). We found that nuclease P1 digestion led 

to pronounced dephosphorylation of one adduct (spot 3 in Fig. 18 and 19; p. 72 and p. 74),  

the major adduct formed from deoxyguanosine and N-(2-methoxyphenyl)hydroxylamine 

detectable by the 32P-postlabelling assay without any enrichment procedures. Because of its 

sensitivity to nuclease P1, which is a general feature of N-(deoxyguanosin-8-yl)arylamine-3’-

phosphates, this adduct was suggested previously (Stiborova et al., 2005) to be  

N-(deoxyguanosin-8-yl)-2-methoxyaniline. Indeed, using MS and NMR of the major adduct 

formed by reaction of deoxyguanosine with N-(2-methoxyphenyl)hydroxylamine under the acidic 

conditions (pH 5.0), which is the same as the major adduct found in rats in vivo, was identified to 

be the C8 adduct of deoxyguanosine, N-(deoxyguanosin-8-yl)-2-methoxyaniline. The other two 

adducts detected by the 32P-postlabelling technique and found to be formed by the reaction  

of deoxyguanosine with N-(2-methoxyphenyl)hydroxylamine are adducts with mass 

corresponding to deoxyguanosine adducts formed from nitrenium/carbenium ions of o-anisidine. 

These two adducts might be N2- and O6-substituted deoxyguanosine adducts,  

with the N2-substituted being the most prominent. Nevertheless, detailed chemical 

characterization of these deoxyguanosine adducts has to be performed. 
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Scheme 7: Pathways of o-anisidine activation showing the characterized activation metabolites 
and DNA adducts. Characterization of compounds shown in brackets by MS indicate to be  
the adducts of deoxyguanosine with nitrenium/carbenium ions, but their structures were not 
exactly identified under the experimental conditions. 

  

The results found in this and previous (Stiborova et al., 2005) studies, showing formation  

of covalent DNA adducts by o-anisidine, demonstrate a genotoxic mechanism of o-anisidine 

carcinogenicity. The highest level of DNA adducts was always found in urinary bladder; 

however, DNA adduct formation was seen also in liver, kidney and spleen, but at levels more 

than one order of magnitude lower than in the urinary bladder. The levels of DNA adducts 

expressed as RAL indicate that the binding was the order of 4 adducts per 106 nucleotides  

in DNA of the urinary bladder. This is similar to what has been observed for the levels of adducts 

in the urinary bladder of mice fed carcinogenic regimens of aromatic amines (Poirier et al., 1991; 

1995). 

In an earlier study, we had administered five doses of 0.15 mg of o-anisidine per body weight 

to rats (Stiborová et al., 2005). Compared to the different schedule of doses (0.15, 0.18 and  

0.2 mg/kg) used here, the same adduct profile was found in the respective organs. However,  

the total levels of o-anisidine-derived DNA adducts in urinary bladder of rats exposed to five 

times 0.15 mg/kg of o-anisidine, determined by the nuclease P1 version of the 32P-postlabelling 

assay, were only one half (4.1 adducts per 108 nucleotides) (Stiborová et al., 2005) of the adduct 
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levels in urinary bladder of rats treated with the different procedure of o-anisidine treatment.  

The adduct 1 was formed at higher amounts than in our former work. The question whether  

the different levels of fractionated doses induced enzymes repairing the DNA adducts in this 

tissue remains to be answered. Total levels of DNA adducts in liver, kidney and spleen found  

in previous study were also lower, but the differences between the results of both studies could be 

attributed to amounts of adduct 3, which was not quantified in our former work (Stiborova et al., 

2005).  

Several studies have found a positive correlation between DNA adduct levels of carcinogens 

or genotoxic agents, their persistence and their mutagenicity in the target organ and/or tumour 

formation (Randerath  et al., 1984; Ross et al., 1995; Smith et al., 1995; Godschalk et al., 2003; 

Poirier, 2004). Therefore, to better understand the role of these DNA adducts for potential 

genotoxic effects of this carcinogen, we analyzed the persistence of these DNA adducts found  

in the urinary bladder, liver, kidney and spleen of rats treated with o-anisidine.  Adducts found  

in DNA of liver, kidney and spleen did not persist in these organs; no o-anisidine-derived DNA 

adducts were detectable in these tissues 10 weeks after the treatment. In spleen, no DNA adducts 

were even found 13 days after the o-anisidine administration. On the contrary, in the urinary 

bladder levels of the o-anisidine-derived DNA adduct decreased over time, showing a biphasic 

profile. In fact, similar pharmacokinetics for DNA adduct persistence have already been reported 

for several other genotoxicants (Randerath et al., 1984; 1985a; Fernando et al., 1993; Ross et al., 

1995; Smith et al., 1995; Godschalk et al., 2000; Poirier, 2004; Bieler et al., 2007). However, 

studies on DNA adduct loss over periods longer than 20 weeks are rare. For example, Randerath 

et al. (1985a) reported similar profiles of adduct removal from mouse skin after topical 

application of 7,12-dimethylbenz[a]anthracene (DMBA). In this case DMBA-DNA-adducts 

decreased rapidly initially, but attained virtually constant levels up to 42 weeks after treatment 

even in this rapidly proliferating tissue. It is not clear why a fraction of the damage persists,  

even in a proliferating tissue such as skin. Levels of DNA adducts of the plant carcinogen 

aristolochic acid I and 3-nitrobenzanthrone also showed biphasic removal curves till 36 weeks 

post-treatment (Fernando et al., 1993; Bieler et al., 2007). DNA adducts of these carcinogens 

persist at high levels in organs analyzed (up to 30% of the initial levels). Such high levels  

of persisted adducts were also found in this study, with persisted o-anisidine-derived DNA 

adducts in the urinary bladder.  
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All these findings are highly consistent with the carcinogenic activity of o-anisidine; it induces 

the highest levels of persistent adducts in DNA of the urinary bladder, thereby initiating 

neoplastic transformation predominantly in this organ (NTP, 1978; IARC, 1982).  

The same deoxyguanosine adducts as those found in DNA of tissues of rats treated  

with o-anisidine were detected in DNA of the urinary bladder of rats treated with o-nitroanisole, 

an oxidized counterpart of o-anisidine, indicating that the reactive  

N-(2-methoxyphenyl)hydroxylamine metabolite of both carcinogens is critical for the formation 

of DNA lesions in target organs. DNA adduct levels formed in bladders, kidneys and livers  

of rats treated by either carcinogen, determined by the nuclease P1 version  

of the 32P-postlabelling assay, are comparable, but 2-fold higher amounts of adducts was found in 

spleen after exposure of rats to o-nitroanisole (Stiborova et al., 2004b) than those exposed to  

o-anisidine. Further studies into the involvement of the o-anisidine/o-nitroanisole-derived 

deoxyguanosine adducts in the genotoxic effects of both carcinogens in mammals including 

humans seem warranted.  

      Nevertheless, also other criteria, such as the type of tumour or organs of tumourigenesis, 

might be even more important to estimate o-anisidine carcinogenicity to human. Recently it was 

revealed that in the permanent hair dyes are used azo dyes, which are metabolised to  

the corresponding amines by liver enzymes and the intestinal microflora after absorbing  

into human body (Platzek et al., 1999). Small amounts of these potentially carcinogenic 

substances may be absorbed percutaneously during normal use. (Kiese and Rauscher, 1968; 

Maibach et al., 1975). Moreover, the ability to cleave azo dyes seems to be widely distributed 

among human skin bacteria (Platzek et al., 1999). Four azo compounds are actually permitted for 

fabrication of hair dyes, namely Sudan red G, Resorcin Braun, Sudan III, and Crocein Scharlach 

(Platzek et al., 2005). The first named, Sudan 

red G can be cleaved by human skin bacteria 

to o-anisidine (Fig. 27; Balszuweit et al., 

2004). Gago-Dominguez et al. (2001a, b) 

conducted a study concerning use  

of permanent hair dyes and bladder cancer 

risk among humans. Women were noted to 

 

Figure 27:The cleavage of Sudan red G to o-
anisidine mediated by human skin bacteria 
(Source: Platzek et al., 2005). 

o-anisidine 
Sudan red G 
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experience statistically significant increasing risk of bladder cancer with increasing frequency 

and duration of use of permanent hair dyes. In summary, the study implicates long-term use  

of permanent hair dyes as a risk factor in bladder-cancer development. It was estimated that 19% 

of bladder cancers in women in Los Angeles County (California) may be attributed to permanent 

hair-dye use (Gago-Dominguez et al., 2001a). Moreover, in 1993, the International Agency  

for Research on Cancer (IARC, 1993) concluded that “occupation as a hairdresser or barber 

entails exposures that are probably carcinogenic”. Nevertheless, there are not enough evidences 

of increased bladder-cancer risk with personal use of hair dyes. Recently, studies have been 

carried out, which have not confirmed any association between the use of permanent hair dye and 

bladder cancer risk (Henley and Thun, 2001; Lin et al., 2006). 

     Besides use of permanent hair dyes, other potentially substantial source of human exposure  

to arylamines is cigarette smoking. o-Anisidine is also a constituent of cigarette smoke (IARC, 

1982; Stabbert et al., 2003). When cigarette smoking and permanent hair dye use were examined 

simultaneously for their combined effect on risk of bladder cancer in women, the results indicated 

an additive effect of the two exposures on bladder cancer development (Gago-Dominguez et al., 

2001b). Anyway, smoking is estimated to account for 50% of all bladder cancer cases diagnosed 

in the United States today (Yu et al.; 2002). Smokers have a roughly 2–2.5-fold higher risk  

of bladder cancer relative to non-smokers, and risk increases with elevating  number of smoked 

cigarettes (Yu et al., 2002). 

     Arylamines require metabolic activation to be transformed into ultimate carcinogens. The first 

step in the activation is N-oxidation mediated by CYPs or, generally, radical formation mediated 

by peroxidases, which are expressed in the target organ (Stiborová et al., 2001b, 2002a).  

The N-hydroxylamines can form protein or DNA adducts or circulate freely.  

The N-hydroxylamines can be transformed to glucuronide and sulphate conjugates and be 

excreted through the kidney. These compounds might be hydrolyzed in the acidic environment  

of the bladder lumen and can form highly electrophilic compounds, which can covalently bind to 

DNA (Yu et al., 2002; Rouissi et al., 2009; Song et al., 2009).  Furthermore, glutathione  

S-transferases and its genetic polymorphism were extensively studied from the point of view  

of the urinary bladder cancer (Rouissi et al., 2009). In a recent study, GSTM1, GSTT1 and 

GSTP1 null genotypes were associated with a 19–48% increase in bladder cancer incidence 

(Yuan et al., 2008; Song et al., 2009). It was also revealed that there is a correlation between 
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mechanism for repairing DNA damage and risk factors of bladder cancer (Figueroa et al., 2007; 

Arizono et al., 2008). A remarkable observation is the fact that individuals with seemingly equal 

exposure to environmental carcinogens vary enormously in their risk of cancer development.  

     Although bladder cancer is very common, little is known about their molecular 

pathogenesis. It has been found alterations of P53 suppressor gene (Schlichtholz et al., 2004; 

Eissa et al., 2009) and Rb inactivation in bladder tumours (Hurst et al., 2008). Our next goal is 

therefore to elucidate if o-anisidine-derived deoxyguanosine adducts in DNA are pre-mutagenic 

lesions in the urinary bladder and if so, which genes are the targets. The transgenic Big Blue rat 

(Chen et al., 2006; Mei et al., 2006) or transgenic MutaTMMouse (Arlt et al., 2004; Kohara et al., 

2002) models are planned to be used for such experiments. Consequent exploitation of molecular 

etiology of bladder cancer could facilitate novel targeted approaches and, in the longer term, it 

enables application of personalized healthcare. 

     Finally, in this study we identified for the first time the structure of the major adduct formed 

by o-anisidine in vivo.  This study can form the basis for chemical characterization of further  

o-anisidine adducts found in vivo and subsequently for development of methods to monitor 

human exposure. To better understand the potential role of o-anisidine-DNA adducts in induction 

of cancer, our results require confirmation by additional animal studies, monitoring  

the dose-dependent formation and persistence of o-anisidine-DNA adducts in target tissues after 

inhalative and oral exposure, which is similar to exposure of humans to this carcinogen. 

. 

8.3 Partial Characterization of 

Deoxyguanosine Adduct  Formed  

by 13-Hydroxyellipticine 

      The results show that the formation of the major DNA adduct by ellipticine in vitro and  

in vivo, 13-hydroxyellipticine-derived DNA adduct, is increased by an increase in pH  

of the incubation mixture. This adduct was proposed to be formed from the reactive species, 

carbenium ion (ellipticine-13-ylium), formed in the ellipticine oxidation with CYPs and 

peroxidases (Stiborová et al., 2007). The carbenium ion reacted with one of the nucleophilic 
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centres in the deoxyguanosine residue (the 2-NH2 group of guanine) in DNA (Stiborová et al., 

2008, 2006b). Decrease in pH leads to protonation of the NH2 group of guanine in the DNA 

chain, causing decrease in its nucleophilicity, essential for binding of ellipticine-13-ylium.  

     The formation of the 13-hydroxyellipticine-derived DNA adduct was also significantly 

increased by conjugation of 13-hydroxyellipticine with PAPS or acetyl-CoA to the sulphate and 

acetate esters catalyzed by SULTs and NATs. This finding might have physiological 

significance. Some of these conjugation enzymes were found to be expressed in the target 

tumours for ellipticine action (e.g. breast cancer) (Williams and Phillips, 2000). Therefore,  

by stimulation of the formation of the 13-hydroxyellipticine-derived DNA,  

by 13-hydroxyellipticine conjugation to sulphate and acetate esters, the pharmacological 

efficiency of ellipticine could be increased. 

     In conclusion, the results support the proposed mechanism of the reaction responsible  

for formation of the major deoxyguanosine adduct formed in DNA by ellipticine. Ellipticine is 

bound to deoxyguanosine by its 13-methyl group, which is activated after hydroxylation due to 

CYP-mediated oxidation to alcohol (13-hydroxyellipticine). Namely, this hydroxylated methyl 

group either alone or as the sulfate or acetate ester acts as the precursor of the vinylogous imine 

intermediate or the carbenium ion. Michael-type addition of the intermediates to external amino 

group deoxyguanosine to form the adduct found in DNA (Donaghy et al., 1999). The study 

targeted to confirm this suggestion is under way in our laboratory. 

     Moreover, it follows from the results found in this work that it will be possible to prepare 

sufficient amount of deoxyguanosine adduct with 13-hydroxyellipticine for further structural 

characterization of the deoxyguanosine adduct. 
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9 Summary 

    The present study has contributed to increase our knowledge on o-anisidine induced 

carcinogenesis and activation metabolism mediated by N-(2-methoxypfenyl)hydroxylamine.  

This reactive compound is the proximate carcinogen formed not only from o-anisidine but also 

from its oxidative counterpart, 2-nitroanisole. 

The main conclusions followed from the results found in this thesis are as follows: 

• The CYP enzymes of rat and rabbit liver microsomes participate in the activation 

pathway of o-anisidine and 2-nitroanisole through their common metabolite,  

N-(2-methoxypfenyl)hydroxylamine. The results show that o-anisidine is a subject  

of complex redox cycling reactions. It is primarily converted to o-aminophenol,  

N-(2-methoxyphenyl)hydroxylamine and metabolite M1.  

N-(2-methoxyphenyl)hydroxylamine is additionally converted to  

the nitrenium/carbenium ion and/or a product whose mass spectrum corresponds to this 

ion. Furthermore, N-(2-methoxyphenyl)hydroxylamine is metabolised by hepatic 

microsomal CYP enzymes not only to o-aminophenol but also to two metabolites  

(M1 and M2) and, particularly, to parental o-anisidine. 

•  The results of the study show that reduction of N-(2-methoxyphenyl)hydroxylamine to 

o-anisidine is essentially not mediated by NADPH:CYP reductase, but it is catalyzed  

by other enzymes present in hepatic microsomes. These enzymes were identified to be 

CYP enzymes. 

• The role of specific microsomal CYP enzymes in the metabolism of o-anisidine was 

identified. The results found also indicate that o-anisidine is a promiscuous substrate  

of rat and rabbit hepatic CYPs. CYPs of 1A, 2B, 2E, and 3A subfamilies metabolise  

o-anisidine in hepatic microsomes of studied species. Using purified enzymes 

(CYP1A1, 1A2, 2B2, 2B4, 2E1, and 3A6) reconstituted with NADPH:CYP reductase, 

their ability to metabolise o-anisidine was confirmed. In the reconstituted CYP system, 

rabbit CYP2E1 was the most efficient enzyme metabolising o-anisidine.   
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• The role of CYP enzymes in the metabolism of N-(2-methoxyphenyl)hydroxylamine 

was characterized in the present study. The results indicate that  

N-(2-methoxyphenyl)hydroxylamine is also a promiscuous substrate of rat hepatic CYP 

enzymes, being metabolised by rat hepatic CYP1A1, 1A2, 2B1, 2B2, 2C, 2D, 2E1, and 

3A. The results also show that rat CYP2E1 was the most efficient enzyme metabolising 

this compound. The role of these CYPs was confirmed by recombinantly expressed rat 

CYPs. The most efficient enzymes reducing N-(2-methoxyphenyl)hydroxylamine to  

o-anisidine were CYP2E1 and 2C11, followed by CYP2A2, 2D2, 2A2, 2C12, 2D1, 

3A1, and 3A2.    

• o-Anisidine (Stiborová et al., 2005) and N-(2-methoxyphenyl)hydroxylamine were 

found to be suitable substrates of human CYP2E1 and of several other human CYPs, 

namely, CYP1A1, 1A2, 2A6, 2B6, 2D6, and 3A4. Thus orthologous human and animal 

CYP enzymes are responsible for the metabolism of these compounds. This conclusion 

might be one of the criteria indicating that rodents might be suitable models to predict 

human metabolic susceptibility to o-anisidine. It might be important in the evaluation  

of o-anisidine carcinogenicity as a carcinogenic risk factor for humans. 

• The major adduct formed by reaction of deoxyguanosine  

with N-(2-methoxyphenyl)hydroxylamine under the acidic conditions is the same as  

the major adduct found in rats in vivo. This major adduct was characterized both  

by mass spectrometry and nuclear magnetic resonance, and identified to be  

N-(deoxyguanosin-8-yl)-2-methoxyaniline. The other two adducts detected  

by the 32P-postlabelling technique and found to be formed by the reaction  

of deoxyguanosine with N-(2-methoxyphenyl)hydroxylamine are adducts with mass 

corresponding to deoxyguanosine adducts formed from nitrenium/carbenium ions  

of o-anisidine. These two adducts might be N2- and O6-substituted deoxyguanosine 

adducts, with the N2-substituted being the most prominent. On positive and negative ion 

MS, all adducts gave molecular ions at m/z 388.4 and 387.0, respectively, 

corresponding to adducts of deoxyguanosine with nitrenium/carbenium ion  

of o-anisidine.  
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• The results found in this and previous (Stiborova et al., 2005) studies, showing 

formation of covalent DNA adducts by o-anisidine, demonstrate a genotoxic 

mechanism of o-anisidine carcinogenicity. The highest level of DNA adducts was 

always found in the urinary bladder, the target organ for tumour development  

by o-anisidine. DNA adduct formation was also seen in liver, kidney and spleen, but  

at levels more than one order of magnitude lower than in the urinary bladder. The levels 

of DNA adducts was 4 adducts per 106 nucleotides in DNA of the urinary bladder.  

• The adducts found in DNA of liver, kidney and spleen did not persist in these organs; 

no o-anisidine-derived DNA adducts were detectable in these tissues 10 weeks after  

the treatment. In spleen, no DNA adducts were even found 13 days after the o-anisidine 

administration. On the contrary, in the urinary bladder levels of the o-anisidine-derived 

DNA adduct decreased over time, showing a biphasic profile of their repair, but 

considerable amount of DNA adducts persisted even after 36 weeks after o-anisidine 

administration. 

• Formation of the major DNA adduct by anticancer drug, ellipticine, in vitro and in vivo, 

13-hydroxyellipticine-derived DNA adduct, is increased by an increase in pH  

of the incubation mixture. The formation of the DNA adduct was also significantly 

increased by conjugation of 13-hydroxyellipticine to the sulfate and acetate esters 

catalyzed by SULTs and NATs, which were found to be expressed in the target tumours 

for ellipticine action (Williams and Phillips, 2000). Therefore, by stimulation  

of the formation of the DNA adduct, by 13-hydroxyellipticine conjugation to sulfate 

and acetate esters, the pharmacological efficiency of ellipticine could be increased. 

Moreover, it follows from the results found in this work that it will be possible to 

prepare sufficient amount of deoxyguanosine adduct with 13-hydroxyellipticine  

for further structural characterization. 

  

    Elucidation of the carcinogenic effect of o-anisidine shed more light also on the activation 

metabolism of its oxidative counterpart, 2-nitroanisole. Both carcinogens are activated to  

the same proximate carcinogenic metabolite, N-(2-methoxyphenyl)hydroxylamine, which is 

responsible for DNA adduct formation. Further piece of scientific information was added to  
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the mosaic of complex metabolism and carcinogenic effect of o-anisidine and its oxidized 

counterpart, 2-nitroanisole. Thereby, our study contributes to the evaluation of o-anisidine and  

2-nitroanisole carcinogenicity as a carcinogenic risk factor for humans.  
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