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ABSTRACT 

Batracylin (8-aminoisoindolo[l,2-b]quinazolin-12(lOH)

one), a heterocyclic amine developed as an antitumor agent, 

displays species variation in its adverse effects. Studies 

were initiated to determine if N-acetyltransferase plays a 

role in the observed species difference using genotoxicity 

as a toxicological endpoint. Initial studies examining 

batracylin genotoxicity demonstrated that the drug was 

mutagenic in Salmonella typhimurium, and addition of an S9 

activating system was required for its mutagenicity. The N

acetylated metabolite of batracylin, acetylbatracylin, was 

mutagenic in the presence and absence of S9. Mutagenicity 

assays performed in bacteria expressing various levels of N

acetyltransferase established a correlation between 

batracylin mutagenicity and N-acetyltranferase activity. 

Batracylin was also found to be genotoxic in rat (F-

344) and mouse (C-57BI/6J and A/J) hepatocytes. The 

genotoxic effects of batracylin were greater in rat cells 

than in mouse cells. It was determined that the species 

variations were due to differences in N-acetylation. 

Acetylation of batracylin in rat hepatic cytosol was six

fold greater than mouse cytosol. No significant difference 

was observed between the two mouse strains. 
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Studies were also conducted to determine if batracylin 

was a substrate for human N-acetyltransferase. Studies 

showed that human hepatic N-acetyltransferases enhanced the 

mutagenic effects of batracylin. Human liver samples 

phenotyped by measuring sulfamethazine acetylation showed a 

significant difference in the rate of batracylin acetylation 

between rapid and slow acetylators. The activity in rapid 

acetylators was similar to that observed in rat liver and 

activity measured in slow acetylators was similar to mouse 

liver. Kinetic parameters for batracylin acetylation were 

compared to those for sulfamethazine and para-aminobenzoic 

acid. The mean Km for all three substrates did not differ 

among phenotypes; however, differences were observed in the 

Vmax for batracylin and sulfamethazine, but not for para

aminobenzoic acid. A significant correlation was observed 

between batracylin and sulfamethazine intrinsic clearance 

(Vmax/Km), suggesting batracylin is acetylated by the 

polymorphic N-acetyltransferase isozyme. Since a high rate 

of batracylin acetylation has been associated with adverse 

effects, patients who are rapid acetylators would be at risk 

of developing drug-induced toxicity when exposed to 

batracylin. 
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CHAPTER ONE 

INTRODUCTION 

Bioactivation of Heterocyclic and Aromatic Amines 

Batracylin (BAT; 8-aminoisoindolo[1,2-b]quinazolin-

12 (10H) -one) is a heterocyclic aromatic amine with a free 

amino group at the eight position (Figure 1.1). The 

presence of this substituent indicates that this compound 

may be a carcinogen. Extensive investigations of the 

biotransformation and carcinogenicity of aromatic amines 

have shown that compounds of this class, such as 2-

aminofluorene (2-AF), benzidine, 2-amino-3,8-

dimethylimidazo[4,5-f]quinoxaline (MeIQx), and 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) form DNA 

reactive products via the free amine (Dybing and Huitfeldt, 

1992). MeIQx and other heterocyclic amines have been shown 

to be formed in cooked meats and found to be potent mutagens 

(Felton and Knize, 1991). Appreciable amounts of these 

mutagens have been identified in human urine and bile 

following the ingestion of charcoal-broiled meat (Murray et 

al., 1989; Manabe and Wada, 1990). Rats chronically fed 

with these compounds developed liver, lung, mammary and/or 

intestinal tumors (Ohgaki et al., 1991; Ito et al., 1991). 
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Therefore, many of these compounds may pose a significant 

threat to humans. 

The proposed mechanism for the bioacti ~,ation of 

heterocyclic amines occurs through initial N-hydroxylation 

(Figure 1.1). A majority of the N-hydroxylamines are 

sufficiently reactive to produce DNA adducts; however, 

further activation via phase II enzymes enhances their 

genotoxic effects. The major enzyme system involved in the 

hydroxylation of arylamines and arylamides is the cytochrome 

P450 mixed function oxidases (Miller, 1978), predominately 

cytochrome P450 1A2 (Butler et al., 1989; McManus et al., 

1989; Boobis et al., 1994). Other forms, such as P450 1A1 

and the 3A family are also capable of bioactivating 

arylamines (Kato, 1986) . Extrahepatic oxidation of 

arylamines is catalyzed by prostaglandin H synthase and 

other peroxidases (Zenser, et aI, 1983). Target organs of 

aromatic amines, such as urinary bladder and colon, express 

high levels of prostaglandin H synthase (Flammang, 1989). 

N-Hydroxylamines are further activated through 

esterification by phase II. enzymes, mainly sulfotransferase 

and/or N-acetyltransferase (NAT). The resulting esters are 

highly reactive and are believed to form arylnitrenium ions 

which react with cellular nucleophiles. The reaction of the 

electrophilic derivatives with DNA results in the formation 

of characteristic C8-guanine adducts. These adducts result 
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in frameshifts, base pair substitutions, as well as G ~ T 

transversion mutations (Heflich and Neft, 1994). 

One of the first examples of N-hydroxylamine 

conjugation was observed with N-hydroxy-2-

acetylaminofluorene (N-OH-AAF). Cytosolic sulfotransferase 

catalyzes the formation N-O-sulfate ester resulting in the 

formation of the ultimate hepatocarcinogen in the rat 

(DeBauun et al., 1970; Weisburger et al., 1972; Kadlubar et 

al., 1976). O-Sulfation has been observed in rats (Kadlubar 

et al., 1976), mice (Lai et al., 1986), and humans (Abu-Zeid 

et al., 1992), with rats exhibiting the highest activity. A 

considerable amount of variation in sulfotransferase 

activity was observed in humans. Abu-Zeid et al., (1992) 

demonstrated a significant correlation between DNA binding 

of N-OH-AAF and O-sulfotransferase activity. The 

predominant DNA adduct observed was dG-C8-AAF. 

N-Acetyltransferase 

Metabolic activation of N-hydroxylamines is also 

catalyzed by NAT. The resulting N-acetoxy intermediate 

undergoes heterolytic cleavage of the N-O bond to produce an 

arylnitrenium ion (Figure 1.2). Evidence indicates that the 

enzyme involved in the N-acetylation of aromatic amines is 

the same enzyme involved in the O-acetylation of 

hydroxylamines and N,O-acetylation of hydroxamic acids {Hein 
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et al., 1994). NAT is widely distributed throughout the 

body. Tissues exhibiting the highest level of activity are 

the liver and colon (Weber, 1987), both of which are targets 

for aromatic and heterocyclic amine carcinogens (Sugimura, 

1988; Ito et al., 1991). 

The O-acetylation of N-OH-AAF was first reported by 

Bartsch et al. (1972). Many of the early studies with 2-AF 

suggested that NAT was not capable of acetylating N-OH-AF 

(Kadlubar et al., 1976; Allaben and King, 1984). It was 

later discovered that O-acetylation by NAT was substrate 

specific. Many of the N-hydroxy derivatives of the food 

carcinogens are good substrates for this enzyme and 

demonstrated to be bioactivated to potent mutagens by 0-

acetylation. The activity was found in rat (Kato et al., 

1986), mouse (Shinohara et aI, 1985), hamster (Sato et al., 

1986), and rabbit livers (Shinohara et al., 1986). A marked 

difference in the amount of DNA adducts formed was observed 

among species (Shinohara et al., 1986). The formation of 

DNA adducts was also found to be substrate specific 

(Flammang and Kadlubar, 1986). 

Species and inter-individual differences in the 

bioactivation and detoxification of many arylamine drugs and 

carcinogens have been observed (Dybing and Huitfeldt, 1992). 

Existence of the NAT polymorphism in animals and humans has 

been studied extensively since its discovery in the 1950's. 
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Individuals were classified as slow isoniazid inactivators 

(acetylators) based on isoniazid metabolism (Hughes, 1953). 

Investigations utilizing twin studies and family pedigrees 

(Evans, 1960) demonstrated that variations in the 

disposition of isoniazid was genetically determined. It was 

shown from these studies that individuals expressing the 

slow acetylator phenotype were homozygous for the autosomal 

recessive NAT allele (Evans, 1960), and rapid acetylators 

were heterozygous or homozygous for the dominant allele. 

Population studies revealed that u.s. Caucasians are equally 

distributed between rapid and slow acetylators (Mandel et 

al., 1959). Japanese populations are predominately rapid 

acetylators and Middle Eastern populations are predominately 

slow acetylators (Weber, 1987). 

with the advent of molecular biological and biochemical 

techniques, two distinct NAT enzymes (NAT1 and NAT2) have 

been identified. Both enzymes are expressed in a number of 

species including humans. NAT1 is considered monomorphic 

and NAT2 is associated with the polymorphic trait in vivo. 

The two enzymes are encoded by two separate genes located on 

chromosome 8 separated by a 25 kb sequence (Grant 1991). 

NAT1* and NAT2* are each approximately 870 bp in length and 

each encode a 290 amino acid peptide (31 kDa). The 

nucleotide sequences are 87 % homologous and both genes lack 

introns. 
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The polymorphism observed in humans with substrates 

such as sulfamethazine appears to be due to a series of 

point mutations in NAT2* (Vatsis et al., 1991; Deguchi, 

1992). A large number of NAT2* allelic variations have been 

identified (Vatsis et al., 1995). Many of the alleles 

posses a combination of one to three nucleic acid 

substitutions at seven specific sites in NAT2* (Vatsis et 

al., 1995). Some of the alterations in nucleotide sequence 

are silent mutations, while others result in various amino 

acid substitutions. Variations in amino acid sequence 

result in decreased enzyme activity, which appears to be due 

in part, to reduced intrinsic stability of the protein 

(Grant et al., 1990; Blum et al., 1991; Vatsis et al., 

1995). This is supported by Northern blot analysis of human 

liver demonstrating no difference in NAT2* mRNA levels 

between rapid and slow acetylators (Blum et al., 1991). In 

addition, the slow acetylator phenotype does not involve 

alterations in the active site. It has been shown that the 

active site of the enzyme contains a cysteine residue at 

position 68 (Dupret and Grant, 1992). None of the 

identified NAT2* variants have amino acid substitutions at 

this site (Vatsis et al., 1995). It is conceivable that 

substitutions elsewhere in the amino acid sequence could 

alter tertiary structure of the protein and impede binding 

of substrate to the cysteine residue. Many of these 
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alterations may be responsible for the marked differences 

observed in substrate specificity. 

Variations in the disposition of drugs such as 

sulfamethazine, hydralazine, 

dapsone have been shown to 

Isoniazid-induced peripheral 

isoniazid, procainamide, and 

result in adverse effects. 

neuropathy was the first 

instance of toxicity associated with the slow acetylator 

( inact iva tor) phenotype (Hughes et al . , 1954). A more 

frequent observation of drug-induced toxicity in slow 

acetylators was the development of systemic lupus 

erythromatosis (SLE) in patients receiving the anti

hypertensive agent hydralazine (Perry, 1954). Other 

arylamine drugs have also been shown to induce SLE in slow 

acetylators, with procainamide being the most prevalent 

since the 1970's (Weber, 1987). 

In addition to drugs, many arylamine carcinogens are 

substrates for NAT. These include known human carcinogens, 

such as 2-aminonaphthalene, benzidine, and 4-aminobiphenyl 

(Hein, 1988). Occupational exposure to these arylamines has 

been associated with elevated risks of bladder cancer. In 

addition, some of these carcinogens are present in cigarette 

smoke (Patrianakos et al., 1979), and are implicated in the 

initiation of bladder cancer in smokers (Clavel et al., 

1990 ; Silverman et al., 1992). Epidemiological evidence 

indicates slow acetylators are at greater risk for 
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developing bladder cancer (Cartwright et al., 1982). It is 

presumed that decreased N-acetylation of these compounds 

results in their ability to form a-esters such as 

glucuronide conjugates. Following transport to the bladder 

via the kidney, the conjugate is cleaved due to decreased 

pH, resulting in an electrophile capable of binding with 

nucleophiles present in the bladder epithelium (Kadlubar et 

al., 1977; Poupko et al., 1979). Other studies demonstrate 

that human uroepithelium has the capacity to bioactivate N

hydroxylamine carcinogens (Schut et al., 1984; Kerlin et 

al., 1989). 

Some reports indicate rapid acetylators have a greater 

risk of developing colorectal cancer (Ilet, 1987; Lang 

1986) . However, other studies observed no significant 

relationship between phenotype and colorectal cancer (Ladero 

et al., 1991). Many of these discrepancies may be due to 

dietary differences and a small population size. A more 

recent study demonstrated a significant correlation between 

rapid acetylators who exhibit high P450 1A2 activity and the 

onset of colon cancer (Lang, 1993). In addition the authors 

demonstrated a positive correlation between the consumption 

of "well done" red meat and colon cancer. Heterocyclic 

amines present in cooked meats may be partly responsible. 
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Figure 1.1 Chemical structure of BAT and other 
representative aromatic and heterocyclic amines. 
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1 

Figure 1.2 Metabolic activation of aromatic amines (NAT, N
acetyltransferase; DA, microsomal deacetylase; OAT, 0-
acetyltransferase; N,O-AT, N,O-acetyltransferase; ST, 
sulfotransferase) . 
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Chemical Characteristics of Batracylin 

BAT is a heterocyclic aryl amine that exists as a 

yellow solid. BAT has a molecular weight of 249.1 

It is very 

insoluble in water but dissolves well in organic solvents 

such as methylsulfoxide (DMSO). Fortunately, BAT absorbs 

light in the visible spectrum with a maximum absorbtion 

occurring at 413 nm providing an easy means of detection and 

quantification. BAT is also fluorescent with an emission 

maximum of 565 nm and an excitation maximum of 390 nm. 

Antitumor Activity of Batracylin 

Much of the early interest in BAT was due to its 

exceptional activity against solid tumor cell lines. BAT 

was shown to be effective in treating subcutaneously 

implanted colon-adenocarcinoma 38 (Atassi et al., 1989). 

Tumor growth was completely inhibited in 80-90 % of the mice 

and the drug was capable of inducing tumor regression in 

advanced stages of tumorigenesis. The drug was active 

following subcutaneous, i.p., and to a lesser extent, oral 

administration. 

In addition to its activity against early and advanced 

stage adenocarcinoma 38, BAT was active against murine 

leukemia P-388 cell 

adriamycin, cisplatinum, 

lines expressing 

and methotrexate 

resistance to 

(Plowman et al., 
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1988; Waud et al., 1991). BAT also exhibited antitumor 

activity against pancreatic ductal adenocarcinoma No. 3 and 

adenocarcinoma No. 9 cell lines (Mucci-LoRusso et al., 

1989) . BAT was ineffective against L1210 leukemia, mouse 

B16 melanoma, Lewis lung carcinoma, and mammary 

adenocarcinoma No. 16/C (Mucci-LoRusso et al., 1989). 

The precise mechanism(s) involved in the antitumor 

effects of BAT is(are) unknown. However, recently BAT was 

found to act as a topoisomerase II inhibitor (Luo et al., 

1993) . Several structural analogues of BAT were shown to 

stimulate topoisomerase II-mediated DNA cleavage. Of 

interest was that the cleavage pattern differed from that of 

VM-26, a known topoisomerase II inhibitor. This suggests 

the mechanism of topoisomerase II inhibition by BAT differs 

from that of teniposide (VM-26). 

Preclinical Toxicity of Batracylin 

The clinical use of BAT as a chemotherapeutic agent has 

been withheld due to severe toxicity observed in rats (Ames 

et al., 1991). Adverse effects observed in rats included, 

gastrointestinal and testicular toxicity, as well as 

hepatotoxicity and nephrotoxicity following administration 

of 2.2 mg/kg BAT for 9 days. variations in the sensitivity 

to the adverse effects of BAT were observed when the drug 

was administered to mice, rats, and dogs (EI-Hawari et al., 
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1989). Oral administrations of BAT to male F-344 rats at a 

dose that was determined to be one-tenth the mouse (CD2F1) 

equivalent LD10 was found to be lethal to all rats treated. 

Dogs were relatively insensitive to the drug and could 

tolerate twice the LD10 of mice. 

Following the administration of a single equivalent 

dose of BAT to mice and rats the peak plasma concentrations 

were observed from 30 to 120 min. (Ames et al., 1991). The 

plasma concentration of BAT was consistently higher in mice 

than rats. Subsequently, the authors identified a non-polar 

metabolite in the plasma that was nine-times greater in the 

rat than in the mouse as determined from the area under the 

curve. The metabolite was isolated and identified as the N

acetyl metabolite of BAT. The urinary excretion of N

acetylbatracylin (ABAT) was very low in both species; 

however, excretion was greater in the rat than in the mouse. 

Neither species exhibited signs of toxicity following oral 

administration of ABAT at concentrations that were ten times 

that of BAT. Interestingly, the authors found that ABAT 

exhibited poor oral bioavailability ( < 50 ng/ml) which may 

account for the lack of ABAT toxicity. 
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Statement of the Problem 

BAT, an antitumor agent, exhibits a species-dependent 

difference in its adverse effects. The studies presented in 

this dissertation were designed to test the hypothesis that 

the species variations observed in the adverse effects of 

BAT are due to differences in NAT activity. The structural 

similarity of BAT to aromatic amine carcinogens implies that 

the adverse effects of the drug include genotoxicity. 

Therefore, initial studies were performed to determine if a 

species difference exists in the adverse effects of the drug 

using genotoxicity as a toxicological endpoint. 

Understanding the mechanism(s) of BAT genotoxicity will lead 

to a greater understanding of the biotransformation of 

structurally related aromatic amines. These studies will 

also be helpful in the synthesis of similar antitumor agents 

that exhibit greater chemotherapeutic activity but lack many 

of the adverse effects observed with BAT. 

Research Objectives 

The major research objective was to determine the role 

of NAT in the bioactivation of BAT. A number of specific 

aims were established to address this objective. 



1. Assess the genotoxic effects of batracylin in 

Salmonella typhimurium, as well as rat and mouse 

hepatocytes. 
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2. Determine the role of N-acetylation in the genotoxicity 

of batracylin. 

3. Measure the rate of BAT acetylation in mice, rats, and 

humans. 

Each aim is presented in one of the following chapters: 

Chapter 2. Genotoxicity studies were performed in 

several strains of Salmonella typhimurium to assess the 

mutagenic potential of BAT. Rat hepatic S9 fraction was 

utilized to determine if bioactivation was required to 

induce mutagenicity. Genotoxicity assays were also 

performed in primary cultures of rat and mouse hepatocytes. 

BAT-induced DNA repair was measured in cells isolated from 

F-344 rats, C-57BI/6J and A/J mice. The two mouse strains 

were chosen based on their known differences in NAT activity 

(Glowinski and Weber, 1982). Genotoxicity was assessed by 

measuring the induction of DNA repair or unscheduled DNA 

synthesis (UDS). 

Chapter 3. In an effort to determine the structural 

moiety responsible for the genotoxic effects of BAT, a 

structure activity study was performed. This was a large 

collaborative study initiated to synthesize chemotherapeutic 
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agent(s) that maintained antitumor activity but lacked the 

genotoxic effects observed with BAT. The genotoxic effects 

of the synthetic analogues of BAT were evaluated in rat 

hepatocytes. 

To further assess the role of NAT in the mutagenicity 

of BAT, several strains of Salmonella typhimurium expressing 

various levels of NAT were utilized. Assays were also 

performed in Salmonella typhimurium strains expressing 

either human NATl or NAT2 to determine if the human enzymes 

were capable of bioactivating BAT. 

Chapter 4. NAT activity was evaluated in hepatic 

cytosol from rats and mice to determine the species 

difference in the rate of BAT acetylation. Since 

deacetylation is also involved in the 

bioactivation/detoxification of other aromatic aIrlines, 

deacetylase assays were performed in hepatic microsomal and 

cytosolic fractions. 

Studies were conducted using human liver to determine 

if batracylin is acetylated by human NATs. The kinetics of 

NAT using BAT as a substrate were compared to that with 

sulfamethazine (SMZ), a preferential substrate for human 

NAT2 and para-aminobenzoic acid (PABA) a known substrate for 

human NAT1. 

Chapter 5. Summary. A comprehensive summary of the 

results and significance of the findings are included. 
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CHAPTER TWO 

THE GENOTOXICITY OF BATRACYLIN IN SALMONELLA TYPHIMURIUM AND 

RAT AND MOUSE HEPATOCYTES 

Batracylin (BAT; 8-aminoisoindolo[l,2-b]quinazolin-

12(10H)-one) is a heterocyclic aryl amine with a free amino 

group in the 8-position (Figure 1.1). The presence of this 

substituent has been identified as a structural feature 

indicating potential carcinogenicity (Ashby et al., 1989). 

Whether BAT is capable of forming DNA reactive products via 

the free amine is unknown. 

As described in Chapter 1, it is well-known that 

carcinogenic aromatic amines are bioactivated by a number of 

phase I and phase II enzymes including NAT. A polymorphism 

in the activity of NAT is expressed in a number of species 

including humans. The role of the acetylation polymorphism 

in aromatic amine carcinogenicity has been investigated in 

animal models, including rabbits (McQueen et al., 1982), 

hamsters (Hein et al., 1982), and mice (Glowinski and Weber, 

1982) . In an evaluation of the genotoxic potential of 

arylamines and hydrazino compounds, hepatocytes from rapid 

acetylator rabbits were more susceptible to the genotoxic 

effects of 2-AF (McQueen et al., 1982), than cells from slow 

acetylator rabbits. This study not only demonstrated an 
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association between aromatic amine induced DNA damage, but 

also showed that in vivo phenotypic differences in N

acetyltransferase are maintained in cultured hepatocytes. 

A model of the human acetylator polymorphism has been 

developed in mice. The molecular basis for the difference 

in NAT activity between rapid (C-57Bl/6J) and slow (A/J) 

acetylator mice is due to a single base change in the NAT2 

gene (Weber, 1987). Kinetic differences have been observed 

between the two strains with 2-AF. Following in vivo 

exposure to 2-AF, rapid acetylator mice accumulated twice 

the hepatic DNA adducts of slow acetylators (Levy and Weber, 

1989). Therefore, this mouse model allows for the 

determination of the genotoxic potential of arylamines in 

mice that differ in NAT activity. The present study was 

conducted to determine the genotoxic effects of BAT in rapid 

(C-57Bl/6J) and slow (A/J) acetylator mice. Genotoxicity 

was measured by the induction of DNA repair in monolayer 

cultures of hepatocytes. To evaluate whether there were 

species differences in the genotoxicity of BAT similar to 

the differences in toxicity observed in the preclinical 

studies (Ames et. al., 1991), DNA repair was measured in 

hepatocytes derived from F-344 rats. 

Mutagenicity of BAT was also assessed in Salmonella 

typhimurium with and without the addition of rat liver 89. 

Assays were performed in several Salmonella typhimurium 
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strains including TA 98, a strain sensitive to aromatic 

amine carcinogens. Experiments performed with the addition 

of an 89 activating system would provide evidence for 

requirement of phase I metabolism. 
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MATERIALS AND METHODS 

Chemicals 

Williams medium E (WME) , Hank's balanced salt solution 

and gentamicin were purchased from Gibco-BRL (Grand Island, 

NY) . Collagenase was purchased from Boehringer Mannheim 

(Indianapolic, IN). Male F-344 and Sprague-Dawley rats were 

from Charles River (Kingston, NY). Male C-57BI/6J and A/J 

mice were obtained from Jackson Laboratories (Bar Harbor, 

Maine). Salmonella typhimurium strains TA 98, 100, and 102 

were provided by Dr. Bruce Ames (University of California at 

Berkley, CA). BAT (NSC-320846) was supplied by the 

Pharmaceutical Resources Branch, Division of Cancer 

Treatment National Cancer Institute (Bethesda, MD), and Dr. 

Edmond J. LaVoie (Rutgers University, NJ). [methyl-3H]

Thymidine (50-90 Ci/mmol) was purchased from DuPont-NEN 

(Boston, MA). Aroclor-1254 was obtained from Chern Service 

(West Chester, PA). 

Mutagenicity Assays 

Mutagenesis in Salmonella typhimurium was evaluated 

using the procedures of Maron and Ames (1983) using the 

preincubation method (Suigimura and Nagoa, 1980). Hepatic 

9000 x g supernatants (S9) were prepared from Aroclor-1254 

induced male Sprague-Dawley rats as previously described 

(Maron and Ames, 1983). BAT, dissolved in dimethyl 
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sulfoxide (DM80), was tested in all three bacterial strains 

in the presence and absence of 89. Following a 72 hr 

incubation at 37·C, revertant colonies were counted using an 

Artek 880 colony counter (Dynatech Laboratories Inc., 

Chantilly, VA). At least a two-fold increase or a 

significant difference in the number of revertants compared 

to the vehicle control (0.1 ml/plate DM80) was defined as a 

positive response. Each concentration was assayed in 

triplicate and each experiment performed three times. 

Hepatocyte Primary Culture (HPC)/DNA Repair Assay 

Hepatocytes were isolated from F-344 rats (200-300 g), 

C-57Bl/6J (25-30 g) and A/J (25-30 g) mice, using a two-step 

in situ perfusion with collagenase as previously described 

(McQueen, 1989). Only preparations with a viability, 

determined by trypan blue exclusion, of greater than 85% 

were used. Approximately 5 x 105 cells were seeded into 6 

well dishes each containing plastic thermonox coverslips. 

After 2 hrs, cultures were washed, refed with serum free WME 

and simultaneously exposed to 10 pCi/ml tritiated thymidine 

(50-90 Ci/rrunole), and BAT dissolved in DM80. The final 

concentration of DM80 in the cultures was 1%. After 18-20 

hrs, the coverslips were washed and incorporation of labeled 

thymidine was determined by autoradiography (Williams, 1977; 

McQueen and Williams, 1985). Nuclear and cytoplasmic grain 
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counts were determined using an Artek 880 colony counter. 

The Artek was connected to an Olympus-BH2 microscope through 

an Hitachi KP160 solid state 

counts were calculated by 

camera. Net 

subtracting 

nuclear grain 

the highest 

cytoplasmic count from the nuclear count for each cell. 

Twenty cells were counted per slide and each concentration 

performed in triplicate. A compound was considered to 

elicit a positive response when net grain counts are greater 

than zero, are statistically significant compared to solvent 

controls, and a dose response is observed (McQueen, 1989). 

Data are expressed as the mean ± s. D. of three to four 

experiments. 

Cytotoxicity was determined using morphology and the 

number of cells remaining following drug exposure. Pyknotic 

and misshapen nuclei or those without a complete cytoplasm 

were not counted. Previous reports have demonstrated a good 

correlation between cell morphology and markers of toxicity, 

such as enzyme leakage (McQueen and Williams, 1982). 

Statistics. 

All comparisons between groups were made using a one 

way analysis of variance. When appropriate, significance 

was determined using the Student-Newman-Keuls test. Data 

are considered significantly different at p < 0.05. 
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RESULTS 

BAT induced mutations in all three Salmonella 

typhimurium strains, although there were differences among 

the strains in both the maximum number of revertants and the 

lowest positive concentration. TA 98 was the most sensitive 

to the mutagenicity of BAT. In the absence of S9, a 

significant increase in revertants was observed at 

concentrations ranging from 10 to 250 pg/plate, the highest 

concentration tested (Figure 2.1). The mutagenicity and 

toxicity of BAT was dramatically increased by the addition 

of mammalian biotransformation enzymes (89) . BAT 

concentrations greater than 10 pg/plate were toxic only if 

89 was present. At 1 pg/plate, 2490 ± 229 revertants/plate 

were observed with 89 compared to 52 ± 16 without 89. A 

positive response was obtained at 0.1 pg/plate in the 

presence of the 89 activating system with 967 ± 165 

revertants compared to 67 ± 19 in the solvent control. 

BAT was less mutagenic in strain TA 100 than TA 98. In 

the absence of 89, BAT-induced revertants were apparent at 

concentrations above 10 pg/plate and were significant at 100 

and 250 pg/plate with 239 ± 22 and 292 ± 21 

revertants/plate, respectively (Figure 2.2). In the 

presence of 89, approximately twice the revertants occurred 

at 10 pg/plate compared to solvent exposed plates. BAT was 
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toxic at concentrations greater than 10 pg/plate only with 

89. In TA 102, the number of mutants also increased with 

increasing BAT concentrations from 10 to 250 pg/plate 

(Figure 2.3). A 6 and 8-fold increase in the number of 

mutants was observed at 10 and 100 pg/plate, compared to the 

solvent exposed plates. In the absence of 89, a significant 

increase in revertants was observed only at 250 pg/plate. 

DNA repair was observed in hepatocytes exposed to BAT. 

BAT induced DNA repair at concentrations from 5 x 10- 8 to 

10- 6 M in hepatocytes from male F-344 rats (Figure 2.4). At 

10-6 M, net grain counts were 137 ± 28 compared to solvent 

exposed samples which were 12.8 ± 3.6. Toxicity was 

apparent at concentrations above 10- 6 M. Hepatocytes 

isolated from rats required less drug than mouse hepatocytes 

to elicit DNA repair. In the two mouse strains, BAT induced 

maximum DNA repair at 5 x 10-5 M, a concentration toxic to 

rat cells. Toxicity was only observed in C-57BI/6J or A/J 

mice at concentrations greater than 5 x 10-5 M (Figure 2.5). 

DNA repair was observed at 5 x 10-7 to 10-5 M in rapid 

acetylator (C-57BI/6J) and 10-6 to 10-5 M in slow acetylator 

(A/J) mice. The differences between the two mouse strains 

were not significant, indicating BAT may be a poor substrate 

for mouse NAT. 



38 

BAT (Ilg/plate) 

Figure 2.1. Mutagenic activity of BAT in strain TA 98. 
Assays were performed in the presence (+S9) and absence (
S9) of Aroclor induced rat liver S9. Each concentration was 
performed in triplicate and data expressed as the mean ± 
S.D. of three independent experiments. *Significantly 
different from corresponding solvent control (p < 0.05). 
Controls for -S9 consisted of vehicle (34 ± 2 
revertants/plate) and 2-nitrofluorene (1082 ± 162 
revertants/plate), +S9 consisted of vehicle (67 ± 19 
revertants/plate) and 2-aminoanthracene (1909 ± 142 
revertants/plate) . 
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Figure 2.2. Mutagenic activity of BAT in strain TA 100. 
Assays were performed in the presence (+89) and absence (-
89) of Aroclor induced rat liver 89. Each concentration was 
performed in triplicate and data expressed as the mean ± 
8.D. of three independent experiments. *8ignificantly 
different from corresponding solvent control (p < 0.05). 
Control for -89 consisted of vehicle (107 ± 10 
revertants/plate) and sodium azide (997 ± 76 
revertants/plate), +89 consisted of vehicle (110 ± 3 
revertants/plate) and 2-aminoanthracene (1419 ± 264 
revertants/plate) . 
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Figure 2.3. Mutagenic activity of BAT in strain TA 102. 
Assays were performed in the presence (+89) and absence (-
89) of Aroclor induced rat liver 89. Each concentration was 
performed in triplicate and data expressed as the mean ± 
8.D. of three independent experiments. *8ignificantly 
different from corresponding solvent control (p < 0.05). 
Control for -89 consisted of vehicle (253 ± 26) and 
mitomycin C (1107 ± 195 revertants/plate), +89 consisted of 
vehicle (212 ± 50 revertants/plate) and danthron (622 ± 46 
revertants/plate) . 
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Figure 2.4. BAT induced DNA repair in male F-344 rat 
hepatocytes. Each point represents the average of twenty 
cells per slide, three slides per concentration, and 
expressed as the mean ± S. D. of four independent 
experiments. *Significantly different from corresponding 
solvent control (p < 0.05). 



100 

* * 
so 

o 

* 

* 

* 

• C-S7Bl/6J 

o A/J 

* 

* 

-SO+---~----r---~---.----~---r--~----~--~---. 

o 2x10- 6 4x10- 6 6x10- 6 8x10- 6 1x10-5 

BAT Cone. (M) 

42 

Figure 2.5. BAT induced DNA repair in C-57BI/6J and A/J 
mice. Each point represents the average of twenty cells per 
slide, three slides per concentration, and expressed as the 
mean ± S. D. of three independent experiments. 
*Significantly different from corresponding solvent control 
(p < 0.05). 
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DISCUSSION 

BAT was found to be mutagenic to bacteria and to induce 

DNA repair in rat and mouse hepatocytes. These results 

demonstrate that BAT is genotoxic and give some insight into 

the mechanism by which the interaction with DNA may occur. 

In comparing the bacterial mutagenicity of BAT with that of 

the structurally related compound ellipticine, several 

similarities are apparent. Both compounds preferentially 

revert strain TA 98 and the number of revertants are greater 

with an S9 activating system. TA 98, which was the most 

sensitive to BAT, possesses the hisD3052 mutation that is 

responsive to a diverse set of frameshift mutagens (Ames et 

al., 1972; Ames et al., 1973). The frameshift results from 

the deletions of a CG from a CG rich sequence. Ellipticine 

has been shown to induce selective mutations resulting in CG 

or GC deletions (DeMarini et al., 1992). A number of 

compounds are known to revert this strain including 2-AF and 

its metabolites (Ames et al., 1972), as well as the 9-amino 

derivative of ellipticine (DeMarini et al., 1983). The 

mutagenicity of the 9-amino derivative of ellipticine was 

also enhanced in the presence of S9. BAT was minimally 

mutagenic in TA 100 with and without S9. Strain TA 100 

possess the hisG46 mutation and detects base pair mutagens 

in GC rich regions (Miller and Barns, 1986). Several 
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analogues of ellipticine, including the 9-amino, failed to 

revert this strain (DeMarini et al., 1983). These results 

suggest that BAT may be interacting with DNA in a manner 

similar to that of ellipticine, which has been demonstrated 

to both intercalate and alkylate DNA, as well as to inhibit 

topoisomerase II (Auclair, 1987). 

BAT was also tested in strain TA 102, which is 

sensi ti ve to compounds producing reactive oxygen species. 

Strain TA 102 detects mutagenic changes in AT rich regions 

of hisG428 (Levin et al., 1984). Interestingly, BAT was 

found to revert this strain with enhanced mutagenic activity 

in the presence of S9. This suggests that BAT may be 

mutagenic through a bioacti vation pathway leading to the 

formation of oxidative products, although this has not yet 

been demonstrated. It is also possible that BAT induces 

mutants in this strain by its action on bacterial 

topoisomerase (DNA-gyrase). It has been observed that known 

topoisomerase inhibitors, such as amsacrine and its 

structural analogue CI-921, revert TA 102 (Ferguson et al., 

1988) . Since BAT has recently been identified as a 

topoisomerase inhibitor (Luo et al., 1993), the response 

observed in this strain may be due to inhibition of 

bacterial DNA-gyrase. Thus BAT, like ellipticine may have 

mUltiple mechanisms for the induction of DNA damage and 

cytotoxicity. 
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The genotoxicity of BAT observed in bacteria was 

further assessed in a mammalian system. The DNA repair 

assay in hepatocytes 

identifying xenobiotics 

provides a 

capable of 

sensitive means for 

interacting with DNA. 

This test does not require an exogenous activating system 

and DNA damage is monitored as DNA repair. BAT induced DNA 

repair in both mouse and rat hepatocytes indicated by a 

statistically significant increase in net grain counts 

compared to solvent controls. The latter species was more 

sensitive to the cytotoxic and genotoxic effects of BAT. A 

concentration as low as 5 x 10-8 M induced DNA repair in rat 

hepatocytes, while a positive response was only observed in 

mouse hepatocytes at ten times that concentration. 

Similarly, cytotoxicity was observed in rat hepatocytes at 1 

x 10-5 M, a non-toxic concentration in mice. 

The mechanism by which BAT elicits UDS is not apparent 

from these results. Ellipticine, which has some structural 

similarities to BAT, induced UDS in rat hepatocytes at 10- 5 

M (Williams et al., 1989). Other topoisomerase inhibitors 

such as doxorubicin did not elicit DNA repair in 

hepatocytesi however, the addition of a free amino group to 

doxorubicin results in a compound that can induce DNA repair 

(Westendorf et al., 1984). 

Species variation in BAT genotoxicity was noted. In 

the current study, as well as one previously reported on in 
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vivo toxicity (Ames et al., 1991), rats were more sensitive 

to BAT than mice. It has been proposed that differences in 

the amount of acetylated product may account for the 

variation in BAT toxicity (Ames et al., 1991). N

Acetylation may also be involved in BAT genotoxicity, and 

may explain the greater sensitivity of rat hepatocytes to 

the drug compared to mouse hepatocytes. 

The possibility that the genotoxicity of BAT is 

associated with acetylator phenotype was investigated in 

hepatocytes from mice with differing NAT activities. Rapid 

(C-57BL/6J) and slow (A/J) acetylators produced similar dose 

response curves (Fig 6). Al though the curves were not 

significantly different, the rapid acetylators had an 

overall greater number of net grain counts. At 5 x 10-7 M 

BAT, a positive response was observed in the rapid 

acetylators (28 ± 24.3) while a negative response was 

observed in the slow acetylators (-7.3 ± 1.8). Although the 

data suggest that genotoxicity of BAT may be associated with 

phenotype, further studies are necessary to determine if 

acetylation plays a role in the pharmacological and/or 

toxicological mechanisms of the drug. 

The results of the studies in bacteria and hepatocytes 

clearly indicate that BAT was genotoxic and consequently a 

potential carcinogen. This is not unexpected since many 

chemotherapeutic agents or their products act directly with 
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DNA and are carcinogens. Of interest was the observation 

that the species difference seen in vivo in BAT toxicity was 

also evident in BAT-induced genotoxicity in isolated 

hepatocytes. These results, as well as the enhancement of 

bacterial mutagenicity with 89, suggest that BAT requires 

biotransformation to form DNA-reactive products. 
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CHAPTER THREE 

THE ROLE OF N-ACETYLATION IN THE GENOTOXICITY 

OF BATRACYLIN 

Structural analysis 

demonstrates the free 

interaction with DNA. 

of aromatic amine carcinogens 

amino group is required for 

The best example of this is the 

comparison between fluorene and 2-AF. Fluorene is a non

genotoxic compound; however, addition of the 2-amino group 

results in 2-AF, a compound that can damage DNA (McQueen and 

Williams, 1981). Another example of activation via a free 

amine is with the anti-cancer agent, doxorubicin, which 

lacks the ability to elicit DNA repair in rat hepatocytes. 

In contrast, the structural analogue, differing only in the 

presence of an amine, induces DNA repair (Westendorf et al., 

1984). The data suggest that the free amine is required for 

the genotoxic effects of both 2-AF and doxorubicin. This 

chapter describes evidence that the free amine of BAT is 

required for its genotoxicity, and NAT enhances these 

adverse effects. 

The heterocyclic structure of BAT includes sites other 

than the free amine that may be involved in its 

genotoxicity. Aromatic epoxidation could occur at any of 

the ring unsaturated sites. Although ring hydroxylation of 
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2-AF is considered a detoxification pathway (Heflich and 

Neft, 1994), such metabolic pathways could not be ruled out 

for BAT. Therefore, a number of BAT analogues were 

evaluated for their ability to elicit DNA repair in rat 

hepatocytes. 

In addition to the genotoxic effects of the analogues, 

collaborative studies were conducted to determine the 

chemotherapeutic potential of these compounds. Cytotoxicity 

assays were performed by Dr. L. Barrows (University of 

Utah), using a human T-cell leukemia cell line and 

topoisomerase II assays were performed by Dr. L. Liu 

(Children's Hospital, Rutgers University). These results 

were compared to the genotoxicity results in rat hepatocytes 

(Meegalla et al., 1994). 

Pre-clinical studies performed in rats and mice 

implicate NAT in the bioactivation of BAT. To determine the 

involvement of NAT in the genotoxicity of BAT, mutagenicity 

assays were performed in Salmonella typhimurium strains 

expressing various levels of NAT activity (McCoy et al., 

1983; Watanabe et al., 1990). These strains contain a 

plasmid encoding the bacterial enzyme responsible for both 

N- and O-acetyltransferase activities (Watanabe et al., 

1987; Watanabe et al., 1990). Strains expressing elevated 

levels of NAT activity are more sensitive to the mutagenic 

effects of many arylamines than are the parent strains 
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(Einisto et al., 1991). To determine if human NATs enhance 

the mutagenicity of BAT, assays were also performed in 

bacteria expressing the human monomorphic enzyme NAT1 or the 

human polymorphic enzyme, NAT2. 
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MATERIALS AND METHODS 

Chemicals 

BAT and the various analogues tested (Tables 3.1 

through 3.3) were synthesized by Drs. Sanath Mageella and 

Edmond LaVoie (Meegalla et al., 1994). Aroclor 1254 was 

obtained from Chern Service (West Chester, PA). HPLC grade 

solvents were purchased from Fisher Scientific (Springfield, 

NJ). All other chemicals used were of reagent grade. 

Structure Activity Study in Rat Hepatocytes 

DNA repair assays were performed in isolated F-344 

(200-300 g) rat hepatocytes. The cell isolation and method 

for the assays was performed as described in Chapter 2. All 

of the test compounds were dissol ved in DMSO and 

administered to hepatocytes at concentrations ranging from 5 

x 10-8 M to 5 x 10-4 M. BAT (5 x 10-7 M) was included in 

the assays for comparison. 

performed for each compound. 

cells per slide from a 

Two separate experiments were 

Data were averaged from twenty 

total of six slides per 

concentration. The highest non-toxic concentration for each 

test compound is presented. 
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Bacterial N-Acetyltransferase Activity 

The ability of each strain to N-acetylate BAT was 

assessed under conditions that were identical to those used 

in the mutagenicity assays. Strains used, their source, and 

acetylation characteristics are presented in Table 3.5. 

Bacteria were grown overnight in nutrient broth until the 

optical density (O.D.) reached 1.0 at 650 nm. A 100 111 

aliquot of the bacterial suspension was diluted with 500 111 

of 100 mM sodium phosphate buffer (pH 7.4) containing 60 mM 

potassium chloride. Culture tubes were kept on ice until 

reactions were started with the addition of 50 111 BAT (10-
3 

M) dissolved in DMSO. Tubes were placed in an orbital 

shaker (225 rpm) at 37· C for varying times and reactions 

were terminated with the addition of 600 111 cold methanol. 

Bacteria were sonicated and centrifuged for 5 min at 5000 

xg. A 50 111 aliquot of the supernatant was analyzed by 

reversed-phase HPLC using a Spectra-Physics P200. The HPLC 

conditions were modified from the method described by Ames 

and Mathiesen (1989). Briefly, BAT and ABAT were eluted 

using a C18 (Microsorb-MV 5.6 x 250 mm, 5 11m) column 

(Rainin, Woburn, MA) under isocratic conditions. The mobile 

phase consisted of 75 % 40 mM ammonium acetate and 25 % 

acetonitrile, pumped at 1 ml/min. The absorbance for BAT 

and ABAT was monitored at 413 nm. Under these conditions, 

retention times for BAT was 9.5 min and ABAT was 12.3 min 
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(Figure 3.1). ABAT was the only metabolite produced by the 

bacteria as determined by HPLC. The amount of ABAT produced 

at various time points was calculated from a standard curve 

generated using authentic ABAT and the data expressed as 

nrnol ABAT / incubation. For the purpose of comparing BAT 

acetylation to mutagenicity, the rate of BAT acetylation 

(nrnol ABAT/min) was calculated using the linear portion of 

the time curves. 

Mutagenicity Assays 

Mutagenicity in Salmonella typhimurium was evaluated as 

described in the previous Chapter using the procedures of 

Maron and Ames (1983) with the preincubation method 

(Suigimura et al., 1980). All strains tested contained the 

hisD3052 mutation and only differed in either the presence 

of the pKM101 plasmid or in NAT activity. Strains used, 

their source, and acetylation characteristics are presented 

in Table 3.5. The bacterial cultures were grown in nutrient 

broth until the OD at 650 nm reached 1.0. Ampicillin (25 

~l/ml) was included when required. Hepatic 9000 x g 

supernatants were prepared from male Sprague-Dawley rats 

(Charles River, Kingston, NY) exposed to a single dose of 

Aroclor-1254 (500 mg/kg i.p.) five days before sacrifice. 

BAT or ABAT dissolved in dimethylsulfoxide (DMSO) was tested 

in the strains as indicated in the figure legends. 
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Following a 72 hr incubation at 37' C, revertant colonies 

were counted using an Artek 880 colony counter (Dynatech 

Laboratories Inc. , Chantilly, VA) . A statistically 

significant difference in the number of revertants compared 

to the vehicle control (0.1 ml/plate DMSO) was necessary for 

a positive response. 

in triplicate. 

Statistics 

Each concentration tested was assayed 

All comparisons were made using analysis of variance. 

When appropriate, significance was determined using a 

Student-Newman-Keuls test. Data were considered 

significantly different at p < 0.05. Correlation of BAT 

mutagenicity and bacterial NAT activity was determined using 

a one-sample t Test for correlation coefficient. The 

highest number of revertants/nmol calculated for each strain 

was used for the correlation. 
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RESULTS 

Three classes of BAT analogues were evaluated for their 

ability to elicit unscheduled DNA synthesis (UDS) in primary 

cultures of rat hepatocytes (Tables 3.1, 3.2, and 3.3). In 

the quinazoline class of compounds (Table 3.1) the 

structural backbone of BAT is maintained, but modifications 

are present in the 8-position. Alterations at this position 

had significant effects on genotoxicity. At 5 x 10-7 M BAT, 

net grain counts were 93.1 ± 20.8 compared to 10-5 M 8-

desaminoBAT (SM/2/101), which were -4.5 ± 3.5. SM/2/78 

which differs from BAT by the replacement of the C8 with a 

nitrogen was also inactive. At 5 x 10-5 M the net grain 

count (-5.2 ± 2.5) was similar to control levels (-5.9 ± 3.7 

net grains /nucleus) . Replacing the 8-amino group with a 

nitro resulted in a compound that was less active in the DNA 

repair assay. 8-NitroBAT (SM/2/1/2) produced a net grain 

count of 10.4 ± 13.9 at 5 x 10-4 M. For comparison, 

etoposide (VP-16), a known topoisomerase II inhibitor which 

is structurally dissimilar from BAT was included in these 

studies. This compound lacked the ability to induce DNA 

repair at concentrations as high as 10-4 M. 

The second class of compounds tested were the imidazole 

compounds (Table 3.2). These derivatives differ from BAT by 
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contracting the 

imidazole ring. 

"C" ring (removal of C10) creating an 

All the compounds in this class failed to 

induce DNA repair at concentrations as high as 5 x 10-4 M, 

the highest concentration tested. Even SM/2/97, a compound 

which contains a primary amine, was negative in the DNA 

repair assay. Concentrations greater than 5 x 10-4 M were 

insoluble for most of the compounds tested. 

The last group of compounds tested was the ring opened 

structures. These analogues were tested based on the 

observation that BAT can reversibly form a ring opened 

compound at a pH < 2.0 (Ames and Mathiesen, 1989). It is 

conceivable that this could occur in the stomach following 

oral administration of BAT. 

SM/1/157, was capable of 

The ring-opened form of BAT, 

inducing DNA repair in rat 

hepatocytesi however the response was weak. AT 10-4 M, 6.4 

± 7.4 net grains/nucleus were observed. The other ring 

opened compounds lacked the ability to elicit DNA repair. 

As part of a collaborative study, the UDS data were 

compared to that obtained from the cytotoxicity and 

topoisomerase II inhibition assays. Each of the imidazole 

and ring opened compounds lacked cytotoxicity and 

topoisomerase II inhibition. Table 3.5 summarizes the 

findings of representative compounds from each class. The 

data suggest that NAT may be involved in the activation of 

BAT, since the free amine is required for its genotoxicity. 
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In efforts to determine the role of NAT in the 

bioactivation of the 8-amino group of BAT, the extent of 

ABAT formation by bacteria expressing either bacterial or 

human NAT enzymes was investigated. These strains were 

previously characterized for the N-acetylation of model 

aromatic amine carcinogens such as MeIQx, 2-aminofluorene, 

and benzidine (Watanabe et al., 1987; Smith et al., 1992; 

wild et al., 1995). Strains expressing high NAT activity 

for these model aromatic amines also had the greatest 

capacity to N-acetylate BAT. Following a 60 min incubation, 

YG 1012 and YG 1024 formed 31.4 ± 3.9 nmol ABAT/incubation 

and 29.6 ± 6.0 nmol ABAT/incubation, respectively (Figure 

3.2) . This was in contrast to the strains expressing 

endogenous levels of 

approximately 80 fold 

formed (Figure 3.3). 

ABAT/incubation and TA 

NAT (TA 98 and TA 1538) with 

less of the acetylated metabolite 

produced 0.41 ± 0.02 nmol 

produced 0.63 ± 0.09 nmol 

TA 98 

1538 

ABAT/incubation within one hour. No detectable levels of 

ABAT were observed even after 4 hrs of incubation with 

strains lacking NAT activity. 

The formation of ABAT by strains encoding human NAT1 

and NAT2 was also evaluated (Figure 3.4). In the NAT2 

expressing strain (DJ 460) 4.9 ± 0.4 nmol ABAT/incubation 

were produced within the first hour compared to 1.8 ± 0.3 

nmol ABAT/incubation in the NAT1 expressing strain (DJ 400). 
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Since these strains lack the bacterial NAT (Grant et al., 

1992) the formation of ABAT was catalyzed solely by the 

human enzymes. 

BAT, in the presence of S9, was mutagenic in several 

Salmonella typhimurium strains and the number of revertants 

increased with increasing levels of bacterial NAT 

expression. At a concentration of 0.1 pg/plate, BAT induced 

1958 ± 329 revertants/plate in YG 1012 a strain 

overexpressing NAT, compared to 576 ± 146 revertants/plate 

in TA 1538 with lower enzyme activity (Figure 3.5). In 

contrast, the strain expressing no NAT activity, TA 

1538/1, 8-DNP6 was the least sensitive, with only 39 ± 5 

revertants /nrnol at 0.1 pg /plate. Concentrations greater 

than 0.5 pg/plate of BAT were required to induce a 

significant increase in the number of revertants in TA 

1538/1,8-DNP6· 

A similar response was observed in TA 98, TA 98/1,8-

DNP6 and YG 1024 (Figure 3.6). The strain having the 

highest level of NAT (YG 1024) was the most sensitive to the 

mutagenicity of BAT. At 0.1 pg/plate YG 1024 formed 2062 ± 

344 revertants/plate, while TA 98 and TA 98/1,8-DNP6 

produced 288 ± 83 revertants/plate and 56 ± 16 

revertants/plate, respectively. 

The mutagenicity of BAT was evident in strains having 

human NAT1 (DJ 400) and NAT 2 (DJ 460). The presence of 
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either human NAT resulted in a greater number of mutants at 

both 0.5 and 1.0 pg/plate compared to the parental strain, 

TA 1538/1,8-DNP6 (Figure 3.7). At these two concentrations, 

the mutant incidence was higher in DJ 460 than in DJ 400 (p 

< 0.05). 

The mutagenic potential of ABAT was evaluated in TA 98. 

In the absence of S9, a concentration dependent increase in 

the number of revertants occurred above 1.0 pg/plate (Figure 

3.8) . At 250 pg/plate, the highest concentration tested, 

ABAT induced 1764 ± 327 revertants/plate. Although 

revertants were observed without S9, the mutagenicity of 

ABAT was dramatically increased by the addition of mammalian 

biotransformation enzymes. At a concentration' of 1 

pg/plate, 2004 ± 198 revertants/plate were observed with S9 

compared to 76 ± 3 revertants/plate without. 

For each strain, the highest number of revertants/nmol 

was calculated and compared to the rate of BAT acetylation 

(Table 3.6). A significant correlation (r2 = 0.97, p < 

0.001) was observed between NAT activity and BAT-induced 

mutagenicity. Strains YG 1024 and YG 1012, which expressed 

the highest rate of BAT acetylation were also the most 

sensitive to the mutagenic effects of BAT. 



Table 3.1 

DNA repair results from the quinazolin class of BAT 
analogues. a 

Compound Conc. (M) Net grains/Nucleus b 

H2~N 
~t.I~;.J---Z 

N 

93.1 ± 20.8 

BAT 

o 

O(i)) -4.5 ± 3.5 

8-DesaminoBAT 

o 

CCI 'N~ ~ N)--V 5 x 10-5 -5.2 x 2.5 

SM/2/78 

o,NyY'N~ 
~NJ--V 5 x 10-4 10.5 x 12.9 

SM/2/1/2 

VP-16 -7.5 ± 4.5 

a Vehicle control (1 % DMSO) -5.9 ± 3.7 net 
grains/nucleus. 

b Mean ± S.D. of six slides from two separate 
experiments. 
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Table 3.2 
DNA repair results from the imidazole analogues. a 

Compound 
o 

H2N~N~ 
~N)-V 

SMJ2/97 
o 

~f-N~ 
~N)-V 

SMJ217 

o 

~N~ 
~N)-V 

SMJ2/1 

MeOY')-N~ 
~N)-.ltJ 

SMJ2/24 

CH3 0 

0-N~ 
UN)-V 

SMJ2/31 

SMJ2/19 

Cone. (M) Net grains/Nucleusb 

-4.4 ± 2.6 

-10.9 ± 5.9 

-7.4 x 4.0 

-3.6 x 2.5 

-3.7 ± 2.1 

-3.5 ± 1. 4 

a Vehicle control (1 % DMSO) -5.9 ± 3.7 net 
grains/nucleus. 

b Mean ± S.D. of six slides from two separate 
experiments. 
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a 

b 

Table 3.3 
DNA repair results from "ring opened" class of BAT 

Compound 

o 

(YN 0 
YN02 

CH3 

SMl2/12 

analogues. a 

Conc. (M) Net grains/Nucleusb 

6.4 ± 7.4 

-8.9 ± 1. 7 

-8.7 x 4.4 

-4.1 x 2.8 

Vehicle control (1 % DMSO) -5.9 ± 3.7 net 
grains/nucleus. 
Mean ± S.D. of six slides from two separate 
experiments. 
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Table 3.4 

Summary of results obtained from the structure activity 
study with BAT analogues. a 

Compound 

o 

H2~N~ 
~N)-V 

Batracylin 

o 

ry'N~ 
~N}----V 

8-DesaminoBAT 
o 

0-N~ 
~N)-V 

8M/2/1 

oy-{) 
CH30u~N~ 

I 0 
~ NH2 

8M/2/24/1 

VP-16 

UDS 

+++ 

Topo II 
Cytotoxic Inhibition 

+++ +++ 

+++ +++ 

++++ ++++ 

a Data from Meegalla et al., (1994). 

63 



Table 3.5: 

Source and characteristics of the Salmonella typhimurium 
strains tested. 

Strain 

TA 1538 

TA 1538/ 
l,8-DNP6 

YG 1012 

DJ 400 

DJ 460 

TA 98 

TA 98/ 
l,8-DNP6 

YG 1024 

Description Source 

hisD3052 B. N. Ames 

As TA 1538 but deficient M.Watanabe 
in NAT 

TA 1538/1,8-DNP6 (pYG213): M. Watanabe 
NAT/OAT overproducing strain 

TA 1538/1,8-DNP6 (pNAT1): P. D. Josephy 
human NAT1 expressing strain 

TA 1538/1,8-DNP6 (pNAT2): P. D. Josephy 
human NAT2 expressing strain 

hisD3052 (pKM101) B. N. Ames 

As TA 98 but deficient in E. McCoy 
NAT 

TA 98 (pYG219): NAT M. Watanabe 
overproducing strain 
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Figure 3.1. Representative HPLC chromatogram for the 
separation of BAT from ABAT. The HPLC conditions are as 
described in the Materials and Methods. 
Proprionylbatracylin (PBAT) which was used as an internal 
standard was prepared by mixing batracylin with proprionic 
anhydride and mixed overnight at 40·C. The resulting 
precipitate was dried-filtered and structure varified by 
mass-spectrometry. 
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Figure 3.2. The formation of ABAT by the NAT-endogenous 
expressing strains TA 1538 and TA 98. Each strain was grown 
overnight to an D.D. of 1.0 at 650 nm and exposed to BAT at 
37·C from 0 to 240 min. Each time point represents the mean 
± S.D. of four separate experiments. 
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Figure 3.3. The formation of ABAT by NAT-overexpressing 
strains YG 1012 and YG 1024. Each strain was grown 
overnight to an c.D. of 1.0 at 650 nm and exposed to BAT at 
37'C from 0 to 240 min. Each time point represents the mean 
± S.D. of four separate experiments. 
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Figure 3.4. The formation of ABAT by Salmonella typhimurium 
strains expressing human NAT1* (DJ 400) and NAT2* (DJ 460) 
was measured over a 4 hr time period. Each strain was grown 
overnight to an O.D. of 1.0 to 650 nm and incubated with BAT 
at 37·C. Each time point represents the mean ± S.D. of four 
separate experiments. 
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Figure 3.5. BAT induced revertants in TA 1538, TA 1538/1,8-
DNP6 , and YG 1012. All incubations were performed in the 
presence of Aroclor induced rat liver S9. Each 
concentration was performed in triplicate and data expressed 
as the mean ± S.D. of three to four independent experiments. 
Revertants/plate in the presence of DMSO was 31 ± 2, 35 ± 9 
and 119 ± 4 for TA 1538, TA 1538/1,8-DNP6 , and YG 1012, 
respectively. 
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Figure 3.6. BAT induced revertants in TA 98/1,8-DNP6 , TA 
98, and YG 1024. All incubations were performed in the 
presence of Aroclor induced rat liver S9. Each 
concentration was performed in triplicate and data expressed 
as the mean ± S.D. of three to four independent experiments. 
Revertants/plate in the present of DMSO was 35 ± 9, 40 ± 7 
and 130 ± 16 for TA 98, TA98/1,8-DNP6 , and YG 1024, 
respectively. 
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Figure 3.7. BAT induced revertants in TA 1538/1,8-DNP6, DJ 
400 and DJ 460. All incubations were performed in the 
presence of Aroclor induced rat liver S9. Each 
concentration was performed in triplicate and data expressed 
as the mean ± S.D. of three independent experiments. 
Revertants/plate in the presence of DMSO was 35 ± 9, 26 ± 
13, and 46 ± 4 for TA 1538/1,8-DNP6 , DJ 400, and DJ 460, 
respectively. 
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Figure 3.8. Mutagenicity of ABAT in strain TA 98 incubated 
in the presence and absence of Aroclor induced rat liver 89. 
Each concentration was performed in triplicate and data 
expressed as the mean ± 8.D. of three independent 
experiments. Revertants/plate in the presence of DM80 was 
34 ± 2 in the absence of 89 and 67 ± 19 in the presence of 
89. 



Table 3.6 

Comparison between BAT mutagenicity and the rate of BAT 
acetylation in Salmonella typhimurium. 

BAT Conc. 
Strain (1l9/plate)a Revertants/nmolb nmol ABAT/minb 

TA 98 0.05 1016 ± 136 0.009 ± 0.002 

TA 1538 0.05 1594 ± 398 0.013 ± 0.002 

YG 1012 0.001 37351 ± 7437 0.511 ± 0.08 

YG 1024 0.001 49863 ± 14243 0.547 ± 0.06 

DJ 400 0.05 413 ± 165 0.030 ± 0.002 

DJ 460 0.05 613 + 196 0.087 + 0.003 

a Concentration used to calculate the number of 
revertants/nmol. 

b Data represent the mean ± S.D. (n = 3 or 4) . 
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DISCUSSION 

The results demonstrate that the 8-amino group of BAT 

is required for its genotoxic effects and that bioactivation 

of the amine via NAT significantly enhances these effects. 

Of particular importance was the observation with 8-

desaminoBAT. This compound lacks the free amine and was 

incapable of inducing UDS in rat hepatocytes, but maintained 

chemotherapeutic activity (Mageella et al., 1994). This 

shows that the genotoxic effects of BAT are separable from 

the chemotherapeutic effects. Based on the unusual activity 

of BAT against drug resistant cell lines (Waud et al., 1991) 

and its unique topoisomerase II cleavage patterns (Luo et 

al., 1993), 8-desaminoBAT may prove to be less toxic than 

BAT. 

Unfortunately, many of the structural analogues of BAT 

lacked biological activity. This included an imidazole 

compound which has a free amine and was expected to be 

genotoxic. The lack of activity in the DNA repair assay for 

this compound (SM/2/97) may be due to its inability to 

either enter the cell, or become bioactivated. The latter 

was investigated by performing DNA repair assays with an 

acetylated form of SM/2/97. This acetylated derivative also 

lacked activity (data not shown). preliminary evidence 

obtained using molecular modeling (energy minimized) 
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indicates the keto group of SM/2/97 is approximately 2.2 A 

closer to the amine compared to BAT. This suggests that 

this compound may be incapable of undergoing N-hydroxylation 

due to steric hindrance. The lack of cytotoxicity of these 

imidazole compounds is also consistent with the failure 

these analogues to enter cells. 

Nevertheless, the structure activity study provided 

compelling evidence that the genotoxic effects of BAT are 

due to the presence of the free amine. These results, as 

well as the observation in the pre-clinical studies of the 

drug (Ames et al., 1991), indicate a role for NAT in the 

bioactivation of BAT. This was investigated in bacteria 

expressing varying capacities for acetylation. A 

significant correlation (p < 0.001) was observed between 

BAT-induced mutagenicity and the initial rate of BAT 

acetylation by NAT enzymes (Table 3.6). Strains YG 1024 and 

YG 1012, reported to have high NAT activity with other 

substrates, produced the greatest amount of ABAT (Figure 

3.3). These strains also proved to be the most sensitive to 

the mutagenic effects of BAT (Figure 3.5 and 3.6). YG 1024 

was 50 times more sensitive to the mutagenic effects of BAT 

than TA 98. There were 1016 revertants/nmol in TA 98 

compared to 49863 revertants/nmol produced in the YG 1024 

strain, while the strains lacking NAT (TA 98/1,8-DNP6) had 

less than 200 revertants/nmol. Similarly, the amount of 
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ABAT produced by YG 1024 was 60 fold higher than produced by 

TA 98 and no ABAT was detected in those incubations with 

strains lacking NAT activity. These data suggest that NAT 

is involved in the mutagenicity of BAT. 

Although a S9 activating system was generally required 

for the mutagenicity of BAT, two exceptions were noted. 

First, BAT induced revertants in YG 1012 and YG 1024, the 

NAT over expressing strains, without S9; however, the number 

of revertants was 10 fold less than with S9 (data not 

shown). A similar response was observed in YG 1012 with 

benzidine (Smith et al., 1992). Second, when ABAT was 

tested for mutagenicity it was found to be a direct acting 

mutagen capable of inducing revertants in TA 98 without the 

addition of S9. Again, a greater number of revertants was 

induced when S9 was present. This suggests that other 

bioactivation steps contribute to the genotoxicity of BAT. 

While NAT plays a major role in the mutagenicity of BAT, 

revertants were observed in TA 98/1,8-DNP6 and TA 1538/1,8-

DNP6 despite the lack of detectable levels of ABAT. This 

supports a bioacti vation pathway independent of NAT. One 

possibility is N-hydroxylation of BAT since other N-hydroxy 

heterocyclic amines such as PhIP have been shown to be 

direct acting mutagens (Lin et al., 1992; Buonarati et al., 

1990) . 
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Acetylation was shown to increase BAT toxicity in vivo 

and in vitro, and may be involved in human toxicity of BAT, 

a potential cancer chemotherapeutic agent. In humans, 

acetylation of aromatic amines is catalyzed by two enzymes, 

NAT1 and NAT2. The latter enzyme is responsible for the 

human polymorphism which has been associated with 

susceptibility to drug toxicity (Weber, 1987; Hein et al., 

1992) . 

The ability of human NAT1 and/or NAT2 to acetylate BAT 

was investigated in Salmonella strains that lack bacterial 

NAT but express either human NAT1 or NAT2 (Grant et al., 

1992) . The number of revertants seen when acetylation was 

catalyzed by the strains expressing either of the human 

enzymes (DJ 400 and DJ 460) was lower than with TA 1538, 

expressing the bacterial enzyme (Figure 3.7). This may be 

due to variations in the level of NAT expression. Previous 

work suggests that the bacterial NAT enzyme may have a 

greater ability to O-acetylate N-hydroxylamines than the 

human enzymes (Grant et al., 1992). Comparison of the two 

strains with the human enzymes reveals that DJ 460 (NAT2) 

produced a significantly greater amount of ABAT and more 

revertants than DJ 400 (NAT1) (Figure 3.4 and 3.7). 

Differences in revertant frequencies between DJ 400 and DJ 

460 have been observed with several other aromatic and 

heterocyclic amines (Grant et al., 1992; wild et al., 1995). 
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A recent report demonstrates NAT1 lacks the ability to 0-

acetylate heterocyclic hydroxylamines (Kato and Yamazoe, 

1994), which may account for the higher mutagenic response 

of BAT in DJ 460. 

The positive responses induced in the DJ strains 

demonstrate that the human enzymes are capable of activating 

BAT. This implies BAT is a substrate for the polymorphic 

NAT 2 in humans, although the precise kinetics involved in 

BAT acetylation will need to be performed in human tissue. 

Consequently, rapid acetylators may be at greater risk of 

toxicity if exposed to this drug than slow acetylators. 

Therefore, compounds such as 8-desaminoBAT may prove to be 

more efficacious since it lacks the free amine and many of 

the adverse effects observed with BAT. 



79 

CHAPTER FOUR 

N-ACETYLATION OF BAT IN MICE, RATS, AND HUMANS 

variations among species in the N-acetylation of 

aromatic amines have been described; however, the number of 

arylamine substrates evaluated is limited. The best 

examples are the 

aminonaphthalene, 

aromatic amine 

4-aminobiphenyl, and 

carcinogens, 

2-AF. 

2-

The 

acetylation rate of these carcinogens by various species was 

hamster » guinea pig » mouse » rat (Lower and Bryan, 

1973) . A similar species difference was observed with 

heterocyclic amines derived from protein pyrolysates; 

however, acetylation of these compounds was considerably 

lower than 2-AF (Shinohara et al., 1984). 

The N-acetylation of carcinogenic aromatic amines 

appears to be associated with organ susceptibility. For 

example, dogs which lack the ability to N-acetylate 2-AF, 2-

aminonaphthalene, and 4-aminobiphenyl, predominately form 

urinary bladder tumors following exposure to these 

carcinogens. In contrast, administration of the acetylated 

form of these arylamines result in the formation of both 

urinary bladder tumors and liver hepatomas (Lower and Bryan, 

1973) . These data suggest that decreased N-acetylation of 

arylamine carcinogens results in an increased risk of 
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developing urinary bladder cancer. Epidemiological data in 

humans support this hypothesis. Individuals classified as 

slow acetylators appear to be at greater risk of developing 

aromatic amine-induced urinary bladder cancer (Cartwright et 

al., 1982; Hayes et al., 1993). Evidence indicates rapid 

acetylators may be at greater risk of developing colorectal 

cancer (Ilett et al., 1987; Lang et al., 1994; Minchin et 

al., 1993). Other reports demonstrate an association with 

an increased rate of carcinogenic arylamine acetylation and 

the development of liver cancer (Miller, 1970). 

In efforts to study the role of human NAT polymorphism 

in the bioactivation of arylamines, a number of animal 

models have been established and include mice (Glowinski and 

Weber, 1982), rats (Juberg et al., 1991), hamsters (Hein et 

a1., 1982) and rabbits (Hein et a1., 1982b). With the 

exception of rabbits, the substrate specificity in these 

species differs from humans. Many of the substrates that 

are N-acetylated by the polymorphic enzyme (NAT2) in 

rodents, such as PABA and para-aminosalicylic acid, are N

acetylated by NAT1 in humans. In addition, many of the 

arylamine substrates 

phenotype are poor 

extrapolating risk 

used to determine human acetylator 

substrates in rodents. Therefore, 

of arylamine induced toxicity or 

carcinogenicity in humans based on rodent data is difficult. 
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It has been suggested that in rodents, NAT is involved 

in the adverse effects of BAT (Ames et al., 1991). Pre

clinical studies demonstrated that rats exhibit an eight

fold higher plasma ABAT concentration compared to mice 

following a single equivalent dose of BAT (Ames et aI, 

1991) . The high plasma ABAT concentration paralleled the 

severe toxicity observed in rats. Moreover, 

express low NAT activity (Lower and Bryan, 

tolerate high doses of the drug. 

dogs which 

1973), could 

A similar species difference was observed in the 

genotoxicity of BAT. Studies presented in Chapter 2 

demonstrated that rats (F-344) were more sensitive to the 

genotoxic effects of BAT compared to mice. Two mouse 

strains classified as rapid (C-57Bl/6J) and slow (A/J) 

acetylators lacked a significant differance in the genotoxic 

effects of BAT. Subsequent studies presented in Chapter 3 

showed that the free amine of BAT was required for its 

genotoxicity, and NAT enhanced these effects. These data 

strongly suggested that NAT is involved in the adverse 

effects of BAT. Therefore, studies were initiated to 

determine if differences exist in the rate of BAT 

acetylation in mice (C-57Bl/6J and A/J), rats (F-344), and 

humans. 
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MATERIALS AND METHODS 

Chemicals 

BAT was obtained from the Pharmaceutical Resources 

Branch, Division of Cancer Treatment, National Cancer 

Institute (Bethesda, MD) or provided by Dr. Edmond LaVoie 

(Meegalla et al., 1994). Solvents used were of HPLC grade 

obtained from Fisher Scientific (Springfield, NJ) . 

Carnitine acetyltransferase (pigeon breast muscle), 

acetylcarnitine, 2-aminofluorene, 2-acetylaminofluorene, 

para-aminobenzoic acid, and sulfamethazine were obtained 

from Sigma Chemical Co. (St. Louis, MO). 

Acetylsulfamethazine was obtained from ICN (Costa Mesa, CA) 

and 4-acetamidobenzoic acid was from Aldrich (Milwaukee, 

WI) . Acetyl-Coenzyme A was 

Mannheim (Indianapolis, IN). 

reagent grade. 

Animals 

purchased from Boehringer 

All other chemicals used were 

Male F-344 rats (180-200 g)were obtained from Charles 

River (Kingston, NY). Male C-57Bl/6J and A/J mice (18-25 g) 

were obtained from Jackson Laboratories (Bar Harbor, ME). 

Animals were given access to food and water ad libitum and 

exposed to a 12-hr light/dark cycle. 
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Cytosolic and Microsomal Preparation 

Animals were killed with CO2 and livers excised. The 

liver samples were homogenized in 3 volumes of buffer 

consisting of 20 mM Tris-HCI, pH 7.5, 1 mM dithiothrietol, 

1mM EDTA, 50 ~M phenylmethylsulfonylfluoride and 10 ~M 

leupeptin (Mattano and Weber, 1987). Homogenates were 

centrifuged for 10 min at 9000 g and the resulting 

supernatant was centrifuged at 100,000 g for 1 hr. The 

cytosolic fractions (supernatant) were stored at -80'C prior 

to use. 

Human liver samples, obtained from morphologically 

normal human donor tissue, were provided by Brent Bardsley 

(Human Cell Culture Center, Folkston, GA). The liver 

sections were immediately frozen in liquid nitrogen and 

stored at -80·C. Cytosol was prepared as described above. 

Hepatic microsomes were prepared from uninduced rat and 

mouse liver and stored at -80'C prior to use (Guengerich, 

1982) . Protein was determined using a Coomassie Plus 

Reagent from Pierce (Rockford, IL) with bovine serum albumin 

as standard. 

N-Acetyltransferase Assays 

NAT activity for BAT, 2-AF, 8MZ, and PABA was 

determined using 

(Mattano and Weber, 

an acetylcoenzyme A recycling system 

1987) . Reaction mixtures consisted of 
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50 pI of appropriately diluted cytosol, 20 pI of the 

recycling mixture (consisting of acetylcarnitine and 

carnitine acetyl transferase in a Tris-EDTA buffer) 

containing the appropriate amount of substrate. Reactions 

were initiated with the addition of 20 pI of AcCoA at a 

final concentration of 0.5 roM. Control reactions were 

performed in the absence of AcCoA to determine the 

dependence of cofactor in the reaction. Following 

incubation at 37 ·C, the reaction was terminated with the 

addition of ice-cold methanol. The samples were centrifuged 

at 14,000 rpm for 1 min and the supernatant analyzed by 

HPLC. The acetylated products were separated using a 

Microsorb-MV C18 (4.6 x 250 mm, 5pM) column (Rainin, Woburn, 

MA) • 2-AF samples were eluted using a linear gradient of 

55% 20 roM ammonium acetate and 35% methanol to 100% methanol 

over 30 min at a flow rate of 1 ml/min. The absorbance was 

monitored at 245 nm. Under these conditions, retention 

times were 20.4 min and 22.4 min for 2-AF and 2-AAF, 

respectively. Separation of SMZ from its acetylated 

derivative was performed using a linear gradient of 98% 20 

roM ammonium acetate and 2% methanol ramped to 100% methanol 

over 30 min at a flow of 1 ml/min. The absorbance was 

monitored at 254 nm with retention times of 12 and 14 min 

for SMZ and acetylsulfamethazine (AcSMZ), respectively. 

PABA samples were separated under isocratic conditions 
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(90:10) of 50 mM acetic acid and acetonitrile. The 

absorbance was monitored at 270 nrn with retention times of 7 

min for PABA and 13 min for 4-acetylaminobenzoic acid 

(AcPABA) . The HPLC conditions for the separation of BAT 

from acetylbatracylin (ABAT) are as previously described in 

Chapter 3. 

Rodent N-Acetyltransferase Assays: NAT assays were 

performed to determine the linearity of the reaction with 

respect to time and protein. Initial velocity for 2-AF 

acetylation was measured at 1 mg/ml cytosolic protein for 10 

min at a substrate concentration of 0.2 mM. Activity for 

BAT acetylation was determined at 1 mg/ml for 10 min at a 

substrate concentration of 25 pM. Concentrations greater 

than 25 pM were inhibitory. Due to low activity in mouse 

tissue and a greater than 30% loss of substrate in rat 

tissue, kinetic parameters could not be accurately 

determined. 

Human N-Acetyltransferase: Initially, assays were performed 

to ensure NAT activity was linear with time and protein 

concentration. BAT kinetic determinations were performed 

using substrate concentrations ranging from 0 to 25 pM. 

Concentrations greater than 25 pM were inhibitory. SMZ 

concentrations ranged from 0 to 1000 pM and PABA 

concentrations ranged from 0 to 220 pM. PABA concentrations 

greater than 220 pM proved to be inhibitory. For each 
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substrate and individual donor samples assays were performed 

for 10 min at protein concentrations that resulted in less 

than 30 % conversion of substrate to acetylated product. 

For determination of kinetic constants, the data were 

linearized by plotting S/V vs. S (Hanes-Wolf plots). Using 

linear regression the equation of the best fit line was used 

to calculate KIn (x-intercept) and Vmax (reciprocal of the 

slope) . 

Deacetylase Assays 

Rates of 2-AAF and ABAT deacetylation were determined 

by modifying the method of Jarvinen et al., (1971). 

Incubation mixtures (80 pI) contained 52 pI of 1 M Tris-HCl 

buffer (pH 7.0), 8 pI of 1 roM AAF or ABAT, and microsomal 

protein ranging from 0.6 to 2.0 mg/ml. Following a 20 min 

reaction at 37·C, the reaction was terminated with the 

addition of 80 pI methanol. The extent of deacetylation for 

both compounds were measured by HPLC as described above, and 

activity expressed as nrnol/min/mg protein. 

Statistics 

Comparisons among F-344 rats, C-57Bl/6J and A/J mice 

were determined using an analysis of variance, followed by a 

Student-Newrnan-Keuls test. Student-t tests were performed 

to determine significance between phenotypes in NAT 
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activity. Correlation of BAT and SMZ acetylation rate was 

determined using linear regression. 

significantly different at p < 0.05. 

Data are considered 
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RESULTS 

BAT was acetylated by both mouse and rat hepatic 

cytosol preparations. The activity for both species was 

linear with respect to time (Figure 4.1) and protein (Figure 

4.2). A distinct species difference in the formation of ABAT 

was apparent. The activity in F-344 cytosol was six-fold 

greater than that of the two mouse strains (Table 4.1). The 

rapid acetylator strain (C-57Bl/6J) had an initial velocity 

of 0.81 ± 0.12 nmol ABAT/min/mg which did not differ from 

the slow acetylators (A/J) , with a velocity of 0.85 ± 0.13 

nmol ABAT/min/mg. 

A significant difference in the acetylation of 2-AF was 

observed between the two mouse strains, a response 

previously reported by Glowinski and Weber, (1982) (Table 

4.1). Activity in the rapid acetyl at or mice (C-57Bl/6J) was 

11. 77 ± 0.40 nmol ABAT/min/mg compared 5.18 ± 0.96 nmol 

ABAT/min/mg in the slow acetylator strain (A/J). A 

significant difference was also observed between A/J and C-

57Bl/6J mice in their ability to deacetylate 2-AAF (Table 

4.2). Deacetylase activity was two-fold greater in the C-

57Bl/6J (0.60 ± 0.09 nmol 2-AF/min/mg) than the A/J strain 

(0.43 ± 0.11 nmol 2-AF/min/mg). These differences in the 

two mouse strains were similar to previous studies (Hultin 

and Weber, 1987). Activity in the F-344 hepatic microsomes 
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was significantly (p < 0.05) lower than that of the two 

mouse strains. No deacetylation of ABAT was detectable in 

either rat or mouse microsomal incubations. Assays 

performed with as much as 2 mg/ml microsomal protein lacked 

activity. 

Human liver tissue was obtained from nine Caucasian 

donors (Table 4.3). N-Acetylation of BAT, SMZ, and PABA by 

these samples was extremely variable (Table 4.4). The 

activity for SMZ was used to classify the donor samples as 

rapid or slow acetylators. BAT kinetic parameters were 

compared to SMZ, a preferential substrate for the human 

polymorphic NAT, and PABA, a preferential substrate for the 

human monomorphic enzyme. 

to determine the proper 

Initially, assays were performed 

conditions to be used for the 

estimation of Km and Vmax. Assays were performed with BAT, 

SMZ and PABA to assess the effects of time and protein on 

NAT activity. BAT activity was linear with most of the 

samples up to 60 min (Figure 4.3) and 0.05 mg protein 

(Figure 4.4). HL-3, which exhibited the highest rate of BAT 

acetylation, lacked linearity at time points greater than 20 

min and protein concentrations greater than 0.05 mg. 

Reactions performed with SMZ and PABA were linear under 

identical conditions (data not shown). Based on these 

results, reactions were performed for 10 min at protein 
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concentrations that resulted in less than a 30 % conversion 

of substrate to the acetylamine. 

N-Acetylation of BAT by human cytosol at substrate 

concentrations ranging from 0 to 22 pM is shown in Figure 

4.5. The hyperbolic plot was linearized to create Eadie

Hofstee plots (Figure 4.6). Similarly, transformation of 

the substrate vs. 

Hanes-Wolf plots 

velocity data was linearized to create 

(Figure 4.7). Hanes-Wolf transformations 

were performed for all samples and substrates, which were 

used to calculate kinetic parameters. 

The calculated KIn values for BAT, SMZ, and PABA are 

presented in Table 4.5. There were no significant 

differences between rapid and slow acetylators in KIn for any 

of the substrates. For BAT activity, HL-3 had the lowest KIn 

of 2.98 pM and HL-5 had the highest at 9.13 pM. Greater 

variability was observed with KIn values for SMZ, ranging 

from 97 to 351 pM. Variability was also noted with PABA. 

As previously observed in human liver (Kilbane et al., 

1991), a significant difference between phenotypes was 

present in the Vmax of SMZ acetylation (Table 4.6). A 

similar difference was observed with BAT. Although there 

was variability in the Vmax for PABA acetylation, the 

variability was not significantly different based on the 

classification of the donors. To determine if a correlation 

exists between BAT acetylation kinetics and those for PABA 
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and SMZ, the intrinsic clearance (Vmax/Km) (Table 4.7) for 

each substrate was compared (Figure 4.8 A and B). BAT and 

SMZ clearance values were highly correlated (r2 = 0.97). No 

correlation was observed between PABA and BAT (r2 = 0.02). 

Inhibition of BAT acetylation was monitored in the 

presence of either 250 pM SMZ or 250 pM PABA (Figure 4.9). 

A greater than 65 % inhibition of BAT acetylation was 

observed with SMZ in the rapid acetylators (HL-l and HL-3), 

whereas only a 20 to 30 % inhibition was observed in the 

slow acetylator samples (HL-2 and HL-3). PABA had little 

effect on BAT acetylation in the four samples. 
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Figure 4.1. Relationship between protein concentration and 
ABAT formation in rat and mouse cytosolic NAT activity. 
BAT I diluted in the reaction mixture I was incubated with 
varying concentrations of cytosol and incubated at 37'C for 
10 min. Data represent the mean ± SD of three separate 
samples. 
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Figure 4.2. N-Acetylation of BAT in hepatic cytosol 
prepared from F-344 rats and C-S7Bl/6 and A/J mice. Assays 
were performed over a 30 time period to determine if there 
exists a linear relationship between formation of ABAT and 
length of incubation time. Data represent the mean ± S.D. 
of three separate samples. 



Table 4.1 

BAT and 2-AF acetylation by rat and mouse hepatic cytosol. 

N-Acetyltransferasea 
nmol/min/mg 

2-AF BAT 

F-344 2.93 ± 0.03 (3)b 5.32 ± 0.16 (3)b 

0.81 ± 0.12 (3) C-57Bl/6J 11.77 ± 0.40 (4)C 

5.18 ± 0.96 (4) A/J 

a 

b 

c 

0.85 + 0.13 (3) 

Data represent the mean ± S.D. and the number of 
experiments in parentheses. 

Significantly different from C-57Bl/6J and A/J mice 
(p < 0.05). 

Significantly different from A/J mice (p < 0.05). 
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Table 4.2 

ABAT and 2-AAF deacetylation by rat and mouse hepatic 
microsomes. 

Deacetylasea 
nmol/min/mg 

2-AAF ABAT 

F-344 O.lS ± 0.01 (3) b N.D.c 

C-S7Bl/6J 0.60 ± 0.09 (4) d N.D. 

A/J 0.43 ± 0.11 (4 ) N.D. 

a Data represent the mean ± S.D. and the number of 
experiments in parentheses. 

b Significantly different from C-S7Bl/6J and A/J mice 
(p < o. OS) . 

c Deacetylation of ABAT was undetectable in either rat 
or mouse microsomes. 

d Significantly different from A/J mice (p < O.OS). 
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Donor # 

HL-1 

HL-2 

HL-3 

Table 4.3 

Human liver donor characteristics. 

Procurement 
Date Sex Age 

? 66 

F 52 

F 47 

Cause of Smoker/ 
Deatha Drinker 

Drug 
Exposureb 

CVA ? ? 

SAH -/+ D,Dl,P,M,LX 

IPH +/- D,N,L 
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HL-4 

12/25/94 

1/3/95 

1/6/95 

1/18/95 

1/19/95 

1/24/95 

1/25/95 

1/28/95 

M 45 

42 

CHI +/+ M,Lx,G,T,F,Al 

HL-S M +/+ RO,D 

HL-6 F 64 CVA -/- P,M 

HL-7 F 51 SAH +/+ De, Di, M 

HL-8 M 2 CHI -/- D, Dl, P, C 

HL-9 2/1/95 M 51 MVA ? G, C, P 

a Cause of death; cardiac ventricular arrhythmia (CVA) , 
subarachnoid hemorrhage (SAH) , intraparenchymal 
hemorrhage (IPH) , chronic head injury (CHI), motor 
vehicle accident (MVA). 

b Drug abbreviations; cefaxotin (C), decadron (De), 
dilantin (Di), dopamine (D), dolbutamine (Dl), lasix 
(Lx), lidocaine (L), mannitol (M), nipride (N), 
pitressin (P), gentamicin (G), thyroxine (T), 
allopurinol (Al), fluconazole (F), rocephin (Ro). 



Table 4.4 

Human liver NAT activity using BAT, SMZ and PABA as the 
arylamine substrate. 

Initial Velocity (nmol/min/mg) 

Donora BAT 

Rapid 
H1 6.42 
H3 14.86 
H5 6.13 

mean ± SD 9.14 ± 4.96 

Slow 
H2 0.89 
H4 0.59 
H6 1. 32 
H7 0.58 
H8 1.60 
H9 0.56 

mean ± SD 0.92 ± 0.44b 

SMZ 

0.87 
2.15 
0.87 

1.30 ± 0.74 

0.16 
0.13 
0.14 
0.11 
0.34 
0.15 

0.17 ± 0.08b 

a Phenotype determined based on SMZ activity. 

PABA 

1. 98 
1. 53 
2.76 

2.09 ± 0.62 

0.64 
0.46 
1.62 
5.47 
0.95 
0.20 

1.56 + 1.98 
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b Significantly different from rapid acetylators (p < 0.05). 
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Figure 4.3. Effect of incubation time on BAT acetylation by 
human hepatic cytosol. Assays were performed at 0.25 mg/ml 
protein and each point represents the mean (n = 2). 
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Figure 4.4. Effect of protein concentration on BAT 
acetylation by human hepatic cytosol. Assays were performed 
for 10 min at 37· C and the data represent the mean of 
duplicate samples. 
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Figure 4.5. Effect of BAT concentration on the velocity of 
ABAT formation in human cytosol. Assays were performed 
according to the procedure described in the Materials and 
Methods. Data represent the mean of duplicate experiments. 
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Figure 4.7. Hanes-Wolf transformation for BAT acetylation 
in human cytosol. The substrate concentration was plotted 
against substrate concentration divided by reaction 
velocity. The x-intercept represents estimated Km and the 
slope is l/Vmax. 
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Table 4.5 

Calculated Km values for BAT, SMZ, and PABA acetylation in 
human liver cytosol. 

Km (pM) 

Donora BAT SMZ PABA 

Rapid 
H1 7.65 212.5 22.9 
H3 2.98 269.5 25.1 
H5 9.13 350.6 45.6 

mean ± SD 6.59 ± 3.20 277.5 ± 69.4 31.2 ± 12.5 

Slow 
H2 6.46 159.3 21.4 
H4 3.43 97.15 28.7 
H6 4.23 181.1 34.3 
H7 3.64 254.8 31. 9 
H8 6.39 365.3 29.4 
H9 5.59 197.0 8.13 

mean ± SD 4.94 ± 1. 39 209.1 ± 92.1 25.6 ± 9.62 

Phenotype determined based on SMZ activity. 
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Table 4.6 

Calculated Vmax values for BAT, SMZ, and PABA acetylation in 
human liver cytosol. 

Vmax (nmol ABAT/min/mg) 

Donora BAT SMZ PABA 

Rapid 
H1 8.01 2.53 4.43 
H3 9.24 6.50 3.77 
H5 9.18 3.59 6.63 

mean ± SD 8.81 ± 0.69 4.20 ± 2.06 4.94 ± 1.50 

Slow 
H2 2.52 0.39 1. 08 
H4 0.58 0.20 0.89 
H6 1.29 0.44 3.05 
H7 0.58 0.30 11. 7 
H8 2.47 1.49 1. 52 
H9 0.96 0.40 0.25 

mean ± SD 1. 40 ± O. 81b 0.53 ± 0.48b 3.08 + 4.32 

a Phenotype determined based on SMZ activity. 

b Significantly different from rapid acetylators (p < 0.05). 



Table 4.7 

Human liver intrinsic clearance values calculated for 
BAT, SMZ, and PABA acetylation. 

Intrinsic Clearance (Vmax/Km) 

Donora BAT SMZ 

Rapid 
H1 1.05 0.012 
H3 3.10 0.024 
H5 1.01 0.010 

mean ± SD 1.72 ± 1.20 0.015 ± 0.008 

Slow 
H2 0.39 0.003 
H4 0.17 0.002 
H6 0.31 0.002 
H7 0.16 0.001 
H8 0.39 0.004 
H9 0.17 0.002 

mean + SD 0.27 + 0.10b 0.002 + O.OOlb 

a Phenotype determined based on SMZ activity. 

PABA 

0.193 
0.150 
0.146 

0.16 ± 0.03 

0.051 
0.031 
0.089 
0.367 
0.052 
0.030 

0.10 + 0.13 

105 

b Significantly different from rapid acetylators (p < 0.05). 
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Figure 4.8. Comparison between BAT intrinsic activity with 
PABA (A) and SMZ (B). Using linear regression analysis a 
significant correlation was observed between BAT and SMZ (p 
< 0.05). 
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Figure 4.9. Inhibition of BAT acetylation by addition of 
250 pM SMZ or 250 pM PABA to the reaction mixture. Percent 
inhibition of BAT acetylation is presented in parentheses. 
Data represent the mean of two separate experiments. 
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DISCUSSION 

The results presented in this chapter support the 

hypothesis that the species variations observed in the 

adverse effects of BAT are due to differences in NAT 

activity. Male F-344 rat hepatic cytosol had a six-fold 

higher rate of BAT acetylation compared to the two mouse 

strains. The high rate of BAT acetylation may account for 

the high plasma levels of ABAT and severe toxicity observed 

in rats (Ames et al., 1991). Since NAT enhances the 

genotoxic effects of BAT, the higher rate of BAT acetylation 

in rats also accounts for the greater genotoxicity observed 

in rat hepatocytes compared to mouse cells (Chapter 1) . 

N-Acetylation of 2-AF was significantly different 

between rats and mice (Table 4.1); however, the activity was 

opposite that observed for BAT. The rate of 2-AF 

acetylation in rats was considerably lower than in mice. 

Activity in rapid and slow acetylator mouse strains also 

differed significantly. The C-57BI/6J strain had a two fold 

higher rate of 2-AF acetylation compared to A/J mice, a 

response previously reported (Glowinski and Weber, 1982). 

No difference was observed in the rate of BAT acetylation in 

these two strains. This may account for a lack of a 

significant difference in the genotoxicity of BAT in C-

57BI/6J and A/J mice (Chapter 2). 
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It has been reported that N-acetylation of 2-AF is a 

detoxification reaction resulting in a decreased ability to 

undergo N-hydroxylation (Miller and Miller, 1983). Rats 

have been shown to be more sensitive to the carcinogenic 

effects of 2-AF than mice (Miller, 1970). These effects 

have been partly attributed to low NAT activity for 2-AF, 

decreased deacetylation of 2-AAF, and high sulfotransferase 

activity in rat liver (Miller and Miller, 1969; Yamada et 

al., 1988). In the present study a significant difference 

was observed between rats and mice in the deacetylation of 

2-AAF (Table 4.2); however, deacetylation of ABAT was non

detectable. The data indicate that the metabolism of BAT 

differs from that of 2-AF. 

Species differences in the N-acetylation of 

heterocyclic amines found in protein pyrolysates have also 

been described (Shinohara et al., 1984). A marked species 

and substrate difference was also observed in the N

acetylation of these heterocyclic amines; however, the NAT 

activity in rat liver was considerably lower than with 2-AF 

as a substrate. Therefore, the high rate of BAT acetylation 

in rats is unusual with respect to other aromatic and 

heterocyclic amines. 

Since BAT has been proposed for use as a 

chemotherapeutic agent, it was of interest to determine the 

acetylation rate of BAT in humans. The results of this 



110 

study demonstrate that acetylation of BAT is extremely 

variable and is associated with acetylator phenotype. Rapid 

acetylators N-acetylate BAT to a degree similar to that 

observed in rats, while slow acetylators express activity 

similar to mice. Consequently, rapid acetylators may have 

greater susceptibility to side effects than slow acetylators 

when exposed to BAT. 

The kinetic parameters for the marker substrates (PABA 

and SMZ) determined in this study are similar to those 

previously reported for human tissue (Grant et al., 1991; 

Kilbane et al., 1991; Derewlany et al., 1994). Estimated Km 

for SMZ and PABA did not differ among phenotypes (Table 

4.6). For SMZ, rapid acetylators have a mean Km of 296.3 ± 

81.5 pM and slow acetylators have a Km of 220.2 ± 104.2 pM. 

The calculated Km for PABA was 26.1 ± 7.67 pM and 26.4 ± 

10.6 pM for rapid and slow acetylators, respectively. From 

comparison of the Km values for BAT with SMZ and PABA, BAT 

has an extremely high affinity for NAT. The Km for BAT was 

50-fold lower than SMZ and 5-fold lower than PABA. 

A significant difference in the Vmax of SMZ acetylation 

was observed between phenotypes. These results are similar 

to previous reports attributing the phenotypic variation in 

the rate of SMZ acetylation to differences in the Vmax of 

the reaction (Kilbane et al. , 1991) . Considerable 

similarity was observed between BAT and SMZ kinetics, with 
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an 8-fold difference in Vmax between phenotypes for both 

substrates. Kinetic parameters for all three substrates 

were compared using intrinsic clearance (Vmax/Km). Figure 

4.8 demonstrates a significant correlation between BAT and 

SMZ intrinsic clearance values. The mean intrinsic activity 

for BAT was 1.72 ± 1.20 ml/min/mg for rapid acetylators and 

0.27 ± 0.10 ml/min/mg for slow acetylators (Table 4.7). 

These values were 100-fold higher than those calculated for 

SMZ Based on these results the conversion of BAT by human 

NAT is extremely rapid compared to SMZ. 

Individual differences in Vmax were also observed with 

PABA; however, they did not correlate to SMZ acetylation 

characteristics. Previous studies indicated that PABA 

acetylation was catalyzed by the NAT1 * enzyme, which was 

thought to be monomorphic (Weber, 1987). Recent reports 

show that the acetylation of PABA is actually polymorphic 

when measured in vitro (Vatsis and Weber, 1993). In 

addition, allelic variants in NAT1* have been identified but 

their significance is unclear. The Vmax values obtained in 

this study ranged from 0.88 to 11.9 nmol/min/mg. Although 

the population size was small, a significant difference in 

the Vmax was observed between rapid and slow acetylators. 

These data support the hypothesis that NAT 1 is also a 

polymorphic enzyme (Vatsis et al., 1995). 
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Acetylation of BAT by both human NATl and NAT2 was 

evident from studies in bacteria expressing either enzyme 

(Chapter 3). While the activity in bacteria expressing 

human NAT2 was much greater than in bacteria expressing 

NAT 1 , it is difficult to compare expression in artificial 

systems with what may occur in human tissue. To 

differentiate between the acetylation of BAT by NATl and 

NAT2 in liver samples, N-acetylation of BAT was measured in 

the presence of either SMZ or PABA. Figure 4.9 demonstrates 

SMZ was capable of inhibiting BAT acetylation in the rapid 

acetylator tissue by 65 %. Inhibition by PABA was limited 

to less than 32 % and was only observed in one of the 

samples. Inhibition of BAT acetylation in the slow 

acetylator tissue with SMZ was only around 20 %. Addition 

of SMZ and PABA in the reaction at concentrations greater 

than 250 pM failed to further inhibit BAT acetylation. The 

remaining activity may be due to the high affinity observed 

with BAT compared to the other substrates. Furthermore, the 

linearity observed in the Eadie-Hofstee plots is consistent 

with the involvement of a single enzyme. These results 

suggest that BAT is predominately acetylated by NAT2, but 

does not exclude NAT1. The high affinity of BAT for NAT2 

may result in saturation at low concentrations (> 5 pM), 

allowing acetylation by NATl to occur. Moreover, in vitro 

studies demonstrate that the majority of the NAT substrates 
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exhibit cross-selectivity. A more extensive population 

study of BAT acetylation may reveal a greater range of 

acti vi ties than presented in this chapter. Nevertheless I 

the kinetic data strongly suggest BAT is a preferential 

substrate for human NAT2. These results may have clinical 

importance if BAT were to be used as an antitumor agent in 

humans. 
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CHAPTER FIVE 

Summary 

The findings presented in this dissertation support the 

hypothesis that the species variations observed in the 

adverse effects of BAT are due to differences in NAT 

activity. 

found to 

bacteria, 

were more 

In summary: (1) The adverse effects of BAT were 

include genotoxicity. BAT was genotoxic in 

as well as rat and mouse hepatocytes. Rat cells 

sensitive to the genotoxic effects of the drug 

than mouse hepatocytes. These results paralleled the in 

vivo toxicity of BAT with rats being more sensitive to the 

adverse effects of the drug than mice (Ames et al., 1991). 

The mutagenic effects of BAT observed in several strains of 

Salmonella typhimurium required the addition of rat liver 

S9, indicating the involvement of P450 in the activation of 

BAT. (2) The structure activity study demonstrated that the 

free amine of BAT was required for its genotoxic effects. 

In addition, the data obtained with 8-desaminoBAT 

demonstrate the genotoxic effects of BAT are separable from 

its chemotherapeutic effects. 8-DesaminoBAT was capable of 

inhibiting topoisomerase II and killing a human T-cell 

leukemia cell line to a degree similar to BAT, but was non

genotoxic (Meegalla et al., 1994). Therefore, 8-desaminoBAT 
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may have a greater therapeutic index. than that of BAT. (3) 

Data obtained from the mutagenicity studies with bacteria 

expressing various levels of NAT indicate BAT is 

bioactivated to a genotoxic species via NAT. A significant 

correlation (p < 0.05, r2 = 0.97) was observed between BAT 

acetylation rate and mutagenicity in bacteria. Of interest 

was the finding that the human NAT enzymes were capable of 

enhancing the mutagenic activity of BAT. The strain 

expressing human NAT2 produced a greater amount of ABAT and 

was more sensitive to the mutagenic effects of BAT, compared 

to the strain expressing human NATl. This suggests BAT is a 

substrate for the polymorphic NAT2 enzyme in humans. (4) To 

further assess the role of human acetylation of BAT, as well 

as acetylation by rats and mice, NAT assays were performed. 

Assays performed in rat and mouse hepatic cytosol 

demonstrated that rats exhibit a six-fold higher rate of BAT 

acetylation compared to mouse cytosol. In addition, 

deacetylation of ABAT was not detected in rats or mice. No 

difference in the rate of acetylation was observed between 

rapid (C-57BI/6J) and slow (A/J) acetylator mice. In 

contrast, a considerable amount of variability was observed 

in human NAT activity. The rate of BAT acetylation in human 

tissue classified as rapid acetylators was similar to rats, 

while the rate in slow acetylators was similar to that 

observed in mice. Kinetic parameters for BAT acetylation 
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were compared to SMZ and PABA. The Km for BAT acetylation 

was considerably lower than that for SMZ and PABA. 

Estimated Km for each of the substrates did not differ 

between rapid and slow acetylators. In contrast, the Vmax 

values did vary significantly (p < 0.05) for BAT and 8MZ. 

Rapid acetylators expressed Vmax values eight-fold greater 

than those of slow acetylators for both substrates. 

Comparisons between SMZ and BAT acetylation kinetics 

revealed a significant (p < 0.05) correlation (r2 = 0.97) 

between BAT and 8MZ intrinsic clearance. No correlation was 

observed between BAT and PABA. These data demonstrate that 

BAT is a preferential substrate for NAT2 with an extremely 

high affinity for the enzyme. Data obtained from bacteria, 

rodents, and humans show that NAT is involved in the 

bioactivation of BAT. 

Although there is a species difference in the rate of 

BAT acetylation, other metabolic pathways (Figure 1.2) may 

also contribute to the species difference in the adverse 

effects observed between mice and rats. Since the 

mutagenicity of BAT requires an 89 activating system, P450 

mediated pathways such as N-hydroxylation are involved. It 

is well established that N-hydroxylation is the primary step 

in the bioactivation of mutagenic heterocyclic amines (Lynch 

et al., 1992). N-Hydroxylation of heterocyclic amines is 

substrate (McManus et al., 1989) and species specific (Schut 
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et al., 1991). Species variation in the N-hydroxylation of 

heterocyclic amines have been reported by Lin et al., 

(1995) . Preliminary data indicate rat and mouse S9 

bioactivate BAT to the same degree (data not shown). 

Mutagenicity assays in TA 98 using S9 derived from F-344 

rats and C-57BI/6J mice were identical. This suggests that 

there is no species variations in P450 mediated 

biotransformation of BAT. Therefore, phase II metabolic 

pathways, such as NAT, are most likely responsible for the 

observed species variation. 

Studies performed with other aromatic amines 

demonstrate that N-hydroxylamines are further bioactivated 

by esterification reactions (Malfatti et al., 1994). The 

two major pathways involved in the esterification of N

hydroxylamines are acetyl transferase and/or sulfotransferase 

(Buonarati et al., 1990 i Davis et al., 1993a). Species 

variations have been observed in most of the steps involved 

in aromatic amine biotransformation (Miller and Miller, 

1983 i Buonarati et al., 1990 i Malfatti et al., 1994). In 

addition, the majority of the enzymes exhibit a high degree 

of substrate specificity (Davis et al., 1993b). This is 

evident with BAT, since acetylation of this arylamine 

differs from other heterocyclic amines, such as PhIP 

(Chapter 4) . Recently, species differences in 

biotransformation of the heterocyclic amine, PhIP, were 



118 

observed in rats, mice, and humans (Lin et al., 1995). Mice 

were shown to express low O-acetyltransferase activity and 

the high O-sulfotransferase activity compared to rats and 

humans. Whether the species differences in the 

bioactivation of BAT are due to differences in 

esterification of N-hydroxyBAT is unknown. Investigation of 

N-hydroxyBAT as an N-hydroxylamine substrate may answer many 

of these questions. Another interesting aspect would be to 

compare the metabolic activation of N-hydroxyBAT to that of 

other heterocyclic amine mutagens. Data presented in this 

dissertation demonstrate that O-acetylation of BAT may not 

be the predominate pathway in the bioactivation of the drug. 

The differences in the adverse effects among species 

may also be related to the relati ve rate of BAT 

detoxification. For example, ring hydroxylation of 2-AF and 

PhIP is considered an important detoxification pathway 

(Heflich and Neft, 1994; Zhao et al., 1994). The extent of 

ring hydroxylation of BAT in rats and mice is unknown. 

Radiolabeled drug would help determine the plasma kinetic 

profile of the parent compound and the toxic metabolites(s) 

of BAT. Further, the major plasma and urinary metabolites 

could be isolated and identified. The pathways involved in 

the bioactivation and detoxification of the drug would then 

be discernible and compared among species. Attempts were 

made at identifying the metabolites of BAT in mice and rats. 
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Although there were differences in the metabolite profiles 

in these two species, ABAT was the only product that could 

be definitively identified. The methadology and results 

from these studies are presented in Appendix B. 

Regardless of other pathways involved in the metabolism 

of BAT, data presented in this dissertation support the 

hypothesis that NAT is a critical step in the bioactivation 

of BAT and that the acetylation characteristics of BAT 

differ from most heterocyclic and aromatic amines. BAT 

acetylation in rats was significantly greater than mice; the 

opposite was observed for 2-AF. In addition, deacetylation 

of ABAT was non-detectable in rat or mouse liver, a response 

unlike that observed with 2-AAF. 

BAT has a high affinity for human NAT and demonstrates 

a bimodal distribution in its acetylation. Therefore, one 

would predict variability in the pharmacological and 

toxicological response of BAT if used clinically. Since 

rats are extremely sensitive to the adverse effects of BAT 

and acetylate BAT to a high degree, rapid acetylators of BAT 

may be at greater risk to the adverse effects of BAT. A 

similar relationship was observed with amonafide. 

Amonafide, a chemotherapeutic agent acting as a 

topoisomerase II inhibitor (Andersson et al., 1987), was 

shown to be a substrate for human NAT2 (Felder et al., 1987; 

Ratain et al. , 1991) . Patients classified as rapid 
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acetylators were found to have a significantly greater 

myelosuppression following amonafide treatment than slow 

acetylators (Ratain et al., 1991). This implies that the 

acetylated product is involved in the toxicity of this drug. 

Similarly, the findings presented in this dissertation 

support the involvement of ABAT in the adverse effects of 

BAT (Ames et al., 1991). 

Several lines of evidence have led to the conclusion 

that acetylation is a critical step in the bioactivation of 

BAT. Species differences observed in the adverse effects of 

BAT are due to differences in NAT activity. 

the polymorphic acetylation of BAT 

In addition, 

has important 

ramifications if BAT were to be used as an antitumor agent. 

This is unlikely, based on the species variation in the 

adverse effects of the drug, as well as its polymorphic 

acetylation in humans. It would be of interest to pursue 

structurally related compounds such as 8-desaminoBAT, which 

exhibits similar antitumor activity yet lacks the toxic 

potential of BAT. The identification of antitumor agents 

that act against solid tumors as well as drug resistant 

cancers may prove to be highly beneficial in the fight 

against cancer. 
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APPENDIX B 

Metabolism of Batracylin in Rat and Mouse Hepatocytes 
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Objective: 

Efforts were made at identifying the metabolic profile of 

BAT in isolated rat and mouse hepatocytes. The obj ecti ve 

was to determine if the species variations observed in the 

genotoxici ty of batracylin were due to metabolic pathways 

independent of NAT. 

Experimental Design: 

Hepatocyte Exposure: Rat (F-344) and mouse (C-57Bl/6J) 

hepatocytes were isolated according to the procedure 

described in Chapter 2. Cells (3 x 106
) were plated onto 

100 mm tissue culture plates and allowed to attach for two 

hrs. The culture medium (William's Medium E) was then 

replaced with serum free medium. BAT, dissolved in DMSO, was 

administered at a final concentration of 10-5 M and the cells 

allowed to incubate for four hrs. 

Metabolite Isolation: After the four hour incubation time, 

two volumes of cold methanol was added to each plate. Cells 

were scraped, three plates pooled, and protein pelleted by 

centrifugation at 3000 rpm for 5 min. The supernatant was 

evaporated to dryness using a Brinkman Rotavapor (Westbury, 

NY) . The precipitate was resuspended in 5 ml of mobile 
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phase (75% 40 roM ammonium acetate:25% acetonitrile). 

Samples were syringe filtered and subjected to HPLC. 

HPLC Analysis: The method was essentially as described in 

Chapter 3. To prevent loss of acid labile metabolites, the 

buffer utilized in the mobile phase was 40 roM ammonium 

acetate at a neutral pH. It was necessary to use a gradient 

system for the separation of polar metabolites. The linear 

gradient consisted of 85% 40 roM ammonium acetate to 65% 40 

roM ammonium acetate for 35 min. Figure A.l is a 

representati ve chromatogram from rat and mouse hepatocyte 

incubations using an analytical C18 5 pm column. Retention 

times were 16 min, 27 min, and 29 min, for phenol-red, BAT, 

and ABAT, respectively. 

Due to interference with phenol-red, it was necessary 

to obtain culture medium void of the color indicator. 

Utilizing the phenol-red free medium, the manual collection 

of the unknown peaks were possible. To hasten the process 

of metabolite collection, a C18 prepatory column (10 pm 10 

mm x 25 cm) was utilized. The flow rate was increased to 2 

ml/min and the linear gradient extended to 60 min. Three 

metabolites, designated Ml-3, were observed in mouse 

incubations, and only one metabolite (Rl) was observed in 

rat hepatocytes (Figure A.2). Individual peaks were 

isolated, rotoevaporated to dryness and subjected to 



atmospheric pressure chemical ionization 

spectrometry (MS). The resulting molecular 

from the isolated peaks corresponded to BAT 

indicating a high degree of degradation. 
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(APCI) mass 

ion obtained 

(m/z 250), 

LC-MS: In order to perform LC-MS, the mobile phase for BAT 

metabolism studies had to be changed to 10 roM ammonium 

acetate:methanol (85:15) using the gradient described above. 

Following rotoevaporation of the methanol/culture medium 

mixture, the precipitate was subjected to LC-MS (Figure 

A. 3) • R1, BAT, and ABAT had a retention time of 9 min, 23 

min, and 24 min, respectively. 

Resul ts: In rat hepatocytes incubated with 10-5 M BAT for 4 

hrs, the major metabolite was ABAT (Figure A.1). Supporting 

the NAT data, mouse hepatocytes generated a considerablely 

lower amount of ABAT. Rat hepatocytes also formed a 

metabolite that eluted around 9 min which was not present in 

the mouse incubations. Mouse hepatocytes produced a 

metabolite that eluted at 14 min that was not apparent in 

the rat hepatocyte incubations. 

Incubations performed in phenol-red medium demonstrate 

that the R1 metabolite competes with phenol-red conjugation. 

The amount of metabolite was much greater in hepatocytes 

incubated in phenol-red free medium. In addition, 
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cytotoxicity studies performed in rat hepatocytes 

demonstrate that BAT is more toxic in hepatocytes incubated 

in medium containing phenol-red (data not shown). This 

implies that RI is a detoxification product. 

The individual metabolites were isolated and analyzed 

by APCI-MS. Unfortunately the isolated metabolites rapidly 

degraded. Isolated Rl was also analyzed by the MS facility 

at The University of Nebraska. They were also unsuccessful 

at identifying the structure of RI. Efforts were then made 

to use LC-MS to identify RI. The LC-MS data proved to be 

complex. The molecular ion (m/z = 223) corresponded to a 

loss of C-NH2 from BAT. It was apparent from the high 

degree of fragmentation of BAT under these conditions, 

determination of structure could not be ascertained. 
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Figure A.l. Representative chromatograms from rat and mouse 
hepatocyte incubations. Cells were exposed to 10-5 M BAT 
for 4 hrs, lysed with two volumes of methanol and resulting 
methanolic extract rotoevaporated to dryness. Phenol-red, 
BAT, and ABAT, had a retention time of 15.5 min, 27 min, and 
29 min, respectively. 
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Figure A.2. Representative chromatograms from rat and mouse 
hepatocytes exposed to 10-5 M BAT for 4 hrs. The 
metabolites were separated on a C18 prepatory column at a 
flow rate of 2 ml/min. The PR (phenol-red) was a 
contaminate in rat hepatocyte incubations when medium 
containing phenol-red was used for cell attachment. 
Subsequent experiments, as shown with the mouse hepatocytes, 
phenol-red was completely omitted from hepatocyte 
incubations. 
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Figure A. 3. LC-MS of BAT treated rat hepatocytes. The 
"user" spectrum represents the chromatographic separation of 
Rl (9 min) from BAT (23 min) and ABAT (24 min). The 
molecular ion for Rl was 223. Ionization of Rl at 250, 292, 
and 322 demonstrates a considerable amount of fragmentation 
of Rl. Therefore, structural determination of Rl could not 
be assessed. 
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Conclusion: In summary, the Rl metabolite is most likely a 

detoxification product and presumably an N-glucuronide. 

This is based on the observation that the amount of Rl is 

greater and the toxicity of BAT is lower in phenol-red free 

medium. Rl also lacks mutagenicity when applied to TA 98, 

demonstrating Rl is not an activated product of BAT. The 

precise structural identity of Rl remains unknown. 

Metabolites generated in mouse hepatocytes were not 

subj ected to LC-MS. Other methods may be required to 

determine the structure of Rl. One approach would be the 

synthesis of an N-glucuronide of BAT to determine its 

stability and chromatographic characteristics compared to 

Rl. Another approach would be the use of radiolabeled BAT 

and derivative samples following incubation with 

hepatocytes. Once the proper conditions are developed for 

the analysis of BAT metabolism, the structure of BAT 

metabolites could be confirmed with synthetic standards. 

Based on the high rate of BAT acetylation in vivo and in 

vitro and ABAT is the major metabolite, efforts at 

identifying the minor metabolites are not necessary to 

support the current working hypothesis. Nevertheless, 

identification of the minor metabolites of BAT would support 

the hypothesis and provide addition information on arylamine 

metabolism. 
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