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5.1 INTRODUCTION

A central tenet of chemical carcinogenesis is that the covalent binding of
carcinogens to DNA is causally related to tumorigenesis. This belief is supported
by a number of observations, including the facts that:

1. the majority of carcinogens are also mutagens;

2. the mutagenic and carcinogenic properties of many carcinogens depend upon
their conversion to electrophilic derivatives that react with nucleophilic sites
within DNA;

3. the extent of DNA adduct formation can often be correlated with the
magnitude of mutagenic and carcinogenic responses; and

4. the activation of certain proto-oncogenes can be accomplished through the
interaction of carcinogens with DNA,

DNA adducts are typically formed in very low concentrations in vive (<100 fmol/ug
DNA; <3 adducts/10° nucleotides), which has made their detection difficult;
however, with the advent of immunoassays (Poirier, 1984) and **P-postlabelling
(Gupta et al., 1982), their occurrence in exposed human populations has become
possible to investigate. In this review, the DNA adducts obtained from four classes
of carcinogens for which there is substantial evidence of human exposure are
considered: N-nitrosamines, aflatoxins, aromatic amines, and polycyclic aromatic
hydrocarbons. For each class, the metabolic activation pathways that lead to DNA
adduct formation will be discussed briefly. The adducts that have been identified
in vitro will be compared with those found in vivo in experimental animals and
humans.  Whenever possible, the discussion will include dose-response
relationships, the significance of particular adducts in tumorigenesis, the
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heterogeneity of adduct distribution and processing, and the role of the adducts in
oncogene activation.

5.2 N-NITROSAMINES

Humans are exposed to N-nitrosamines from a wide variety of sources, including
foods, beverages, tobacco, cosmetics, cutting oils, hydraulic fluids, and rubber
products (Preussmann and Eisenbrand, 1984). Over 300 N-nitrosamines have been
demonstrated to be carcinogenic in experimental animals (Preussmann and Stewart,
1984). As with the majority of chemical carcinogens, these chemically inert
compounds are metabolized to reactive electrophiles before binding to cellular
macromolecules (Lawley, 1984). This process typically involves the oxidation of
the carbon adjacent to the amine nitrogen (a-hydroxylation), as is illustrated by the
ubiquitously distributed N-nitrosodimethyl amine, and the tobacco-specific
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (Hecht et al., 1986). The resultant
o-hydroxy-N-nitrosoalkylamines are unstable, and rapidly decompose to produce
aldehydes and alkyl diazohydroxides, the latter of which have the ability to alkylate
DNA.  N-Nitrosodimethylamine is a symmetrical N-nitrosamine; thus, o-
hydroxylation of either carbon will yield the same methylating agent. Since
4-(methylnitrosamino)- 1-(3-pyridyl)- 1-butanone is asymmetrical, DNA is methylated
or pyridyloxobutylated depending upon the carbon that undergoes a-hydroxylation.
To date, the N-nitrosamine DNA adducts that have been identified and studied most
rigorously result from either methylation or ethylation of DNA,

As noted earlier, N-nitrosamines do not react directly with DNA; therefore, to
characterize the methylated and ethylated DNA adducts resulting from exposure to
these compounds, experiments have been conducted with direct-acting compounds
that yield the same electrophilic intermediates. Table 5.1 illustrates the distribution
of adducts observed in DNA from in vitro reactions with a series of
dialkylsulphates, alkyl methanesulphonates, and N-alkylnitrosoureas (Singer and
Grunberger, 1983). A general rule regarding these alkylating agents is that the
potential exists to form adducts with all exocyclic oxygens and ring nitrogens, with
the exception of the N' site of guanine. Except for N-ethylnitrosourea, the primary
site of substitution is N of guanine. Ethylating agents bind to a greater extent than
methylating agents with phosphodiesters, and exocyclic oxygens are preferentially
modified by N-alkylnitrosoureas as compared with dialklysulphates and alkyl
methanesulphonates.

The distribution of DNA adducts found in vivo from direct-acting alkylating
agents is similar to that observed in virro, with two notable exceptions: N°-
methyladenine and O°-methylguanine are present in decreased quantities in vivo,
suggesting that these adducts are subject to enzymatic repair processes. Since N-
alkylnitrosoureas are more carcinogenic than dialkylsulphates and alkyl
methanesulphonates, a comparison of the distribution of adducts from these agents
indicates that substitution of exocyclic oxygens (e.g., O° of guanine) is more
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important for the induction of tumours than reaction with the ring nitrogens (e.g.,
N’ of guanine; Frei and Lawley, 1976; Frei et al., 1978). This interpretation is
supported by experiments demonstrating that O°-alkylguanines and O*-alkyl-
thymines give rise to base substitution mutations, of which the majority are
transitions, whereas alkylation of ring nitrogens does not cause miscoding (Abbott
and Saffhill, 1977, 1979; Saffhill and Abbott, 1978).

Table 5.1. Alkylation of DNA in vitro and in vivo®

Alkylating agent Percentage of total alkylation
(DNA Source) Adenine Guanine Thymine Cytosine Phospho-
NNN NON O*NO»* 0N diester

Dimethylsulphate
(In vitra) 19 18 1.9 1.1 0.2 74 - - = nd <2.0 1

Diethylsulphate
(In vitro) 20 10 1.5 09 02 67 — nd — =HE 16

Methyl methane-
sulphonate
(in vitro) 38 10 1.8 06 03 8 nd 0.1 nd nd<l10 1

Ethyl methane-

sulphonate

(in vitro) 1749 1.1 092065 nd nd nd nd 06 13
(in vivo) — 33 — = Q50 = = = =i = —

n-Methyl-
nitrosourea
(in vitro) 139017 0863 67 010304 0106 16
(in vivo) = 36 = — 36 70 - = - - = -

n-Ethyl-

nitrosourea

(in vitro) 024003 0678 12 740825 3502 57
(in vivo) — 4106 147214 74 — 23 13 — 60

n-Nitroso-
dimethylamine
(in vivo) 082415 0666 68 — 04 — — 06 9

n-Nitroso-
diethylamine
(in vivo) - 37 — — 5615 60 — 07 — — =

"Data are from Singer and Grunberger (1983). [n vivo refers to the alkylation pattern in rat liver DNA. A dash
indicates that the adduct was not analyzed; "nd" indicates that the adduct was not detected.
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The adduct distribution obtained from N-nitrosodimethylamine and N-nitroso-
diethylamine after metabolism in vivo is shown in Table 5.1. The pattern is very
similar to that observed with the respective N-alkylnitrosourea, which supports the
proposition that they share a common reactive electrophile. These data are from
rat liver; however, the ratio of adducts in other tissues and species appears similar
(Lawley, 1976). In general, the administration of direct-acting alkylating agents,
such as alkyl methanesulphonates or N-alkylnitrosoureas, results in a similar adduct
concentration in all tissues. In contrast with N-nitrosodialkylamines which require
metabolism, the concentration of adducts depends upon the capability of the specific
tissue to catalyze o-hydroxylation (liver tissue > kidney tissue > lung tissue;
Lawley, 1976). The ability of N-nitrosodialkylamines to undergo a-hydroxylation
can also vary within cell types of a particular tissue. For example, Belinsky er al.
(1987) found preferential alkylation of Clara cells as compared with alveolar small
cells or type II cells in the lungs of rats administered 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone. This trend was more pronounced at low doses of the
compound, and was not found with N-nitrosodimethylamine, which is weakly
carcinogenic for lung tissue.

A non-random distribution of alkylation within DNA exists. With N-
methylnitrosourea, for instance, the in vitro formation of O°- and N'-methylguanine
in small oligonucleotides is favoured in positions with an adenine or thymine 5 to
the adducted guanine (Dolan et al., 1988). Other alkylating agents, including
dimethylsulphate, have been shown to react preferentially in vitro with guanine-
cytosine-rich sequences in the 5’-flanking region of the c-Ha-ras oncogene (Mattes
et al.,, 1988). A similar degree of resolution has not been obtained in vivo;
nevertheless, using immune electron microscopy, Nehls et al. (1984) demonstrated
a non-random distribution of O%-ethylguanine in brain DNA from fetal rats treated
with N-ethylnitrosourea. Likewise, Ryan ef al. (1986) found enhanced O°-
methylguanine formation in transcriptionally active chromatin and nuclear matrix-
associated DNA as compared with bulk chromatin in livers from rats administered
N-nitrosodimethylamine. Recently, Milligan and Archer (1988) observed an excess
of strand breaks, presumably due to 7-methylguanine and 3-methyladenine, in the
transcriptionally active albumin gene as compared with the non-transcribed IgE
gene in the livers of rats treated with the same carcinogen. The non-random
distribution of adducts is also reflected in the observed mutations. In Escherichia
coli treated with N-methylnitrosourea, 95% of the mutations are guanine-to-adenine
transitions, and these are 10 times more likely to occur in a 5-purine-guanine-3’
sequence than in a 5'-pyrimidine-guanine-3” sequence (Burns et al., 1988). Ras
oncogene activation in rats (Zarbl et al., 1985) and mice (Belinsky et al., 1989)
administered alkylating agents is associated primarily with a guanine-to-adenine
transition in a 5'-purine-guanine-3’ sequence.

The kinetics of DNA adduct formation in vivo with alkylating agents are
dependent upon the treatment regimen. Following the administration of single
doses of N-ethylnitrosourea or N-methylnitrosourea to mice (Frei et al., 1978) or
a linear relationship was observed between dose and adduct concentration with the
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adduct profile being similar to that shown in Table 5.1. In rats given a single dose
of N-nitrosodimethylamine, the hepatic concentrations of N’-methylguanine also
increased linearly with dose; however, the amount of O°-methylguanine increased
in a sublinear manner, which was attributed to the saturation of repair of O°-
methylguanine at higher doses of N-nitrosodimethylamine (Pegg and Hoi, 1978).
A similar sublinear dose-response relationship was found for the formation of O°-
ethylguanine in the livers of rats treated with a single dose of N-nitrosodiethylamine
(Scherer et al., 1977). In contrast, in the lungs of rats treated multiple times with
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, the correlation between admin-
istered dose and the concentration of O°-methylguanine was supralinear (Belinsky
et al., 1987). This effect was suggested to result from a decreased rate of
metabolism at higher doses of the carcinogen. During continuous administration
of N-nitrosodiethylamine, an essentially linear relationship between dose and DNA
adduct concentration appears to exist (Boucheron ef al., 1987); however, the adduct
profile can differ markedly from that observed after a single treatment. For
example, in hepatic DNA from rats treated once with N-nitrosodiethylamine, three
to four times more O°ethylguanine is formed compared with O‘-ethylthymine,
whereas the amount of O*-ethylthymine produced during continuous administration
is 50 times greater than that of O°-ethylguanine (Richardson et al., 1985).
Likewise, following a single dose of the rat hepatocarcinogen, 1,2-
dimethylhydrazine, the ratio of O%methylguanine to O*-methylthymine is 100:1,
whereas this ratio falls to <2:1 during chronic exposure (Richardson er al., 1985).
The change in adduct profiles that occurs during continuous dosing is the result of
the preferential repair of O°-alkylguanines by alkyltransferases. Differences in
alkyltransferase activity between liver cell types also may account for the
preferential accumulation of O°-methylguanine in non-parenchymal cells as
compared with hepatocytes in rats administered 1,2-dimethylhydrazine (Lewis and
Swenberg, 1980).

With the exception of the induction of oral cancer in snuff dippers (Winn, 1986;
Montesano er al., 1988), no conclusive epidemiological evidence exists for the
carcinogenicity of N-nitrosamines in humans. Nevertheless, the types of DNA
adducts formed in exposed individuals are similar to those observed in experimental
animals. For example, Herron and Shank (1980) found N’- and O°-methylguanine
in the liver of a victim poisoned with N-nitrosodimethylamine. More recently,
Umbenhauer et al. (1985) detected O°-methylguanine in stomach and oesophageal
tissue and oesophageal tumor DNA from Chinese cancer patients. This adduct was
also found at lower levels in the same tissues in Europeans, who are at lower risk
for developing oesophageal tumors. Similar results were obtained by Saffhill er al.
(1988) when comparing individuals in Southeast Asia with those in England.
Likewise, Hsieh et al. (1988) found higher levels of O*-ethylthymine in DNA from
Japanese cancer patients compared with non-tumor-bearing control patients.

5.3 AFLATOXINS
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Humans are exposed to aflatoxins through the consumption of mouldy cereals,
grains, and nuts (Busby and Wogan, 1984). Four major naturally occurring
aflatoxins, aflatoxin B, (AFB,), aflatoxin B,, aflatoxin G,, and aflatoxin G,, have
been characterized. AFB, is the most abundant as well as the most carcinogenic.
The metabolic activation of AFB, involves oxidation of the 8,9-olefinic bond to
give AFB,-89-oxide (Baertschi et al., 1988), which reacts with DNA to yield
trans-8,9-dihydro-8-(deoxyguanosin-7-yl)-9-hydroxy AFB, (AFB,-N7-dG; Essig-
mann et al., 1977), a structure consistent with trans opening of the epoxide ring
and simultaneous attack on N’ of guanine. AFB,-N7-dG carries a positive charge
and is, therefore, unstable. It can undergo depurination to give trans-8,9-dihydro-8-
(guan-7-yl)-9-hydroxy AFB, (AFB,-N7-Gua) (Essigmann et al., 1977) or base-
catalyzed opening of the imidazole ring to yield two pyrimidine adducts: 8.9-
dihydro-8-(2,6-diamino-4-0x0-3 4-dihydropyrimid-5-yl formamido)-9-hydroxy AFB,
(AFB,-N7-P4r major) and 8,9-dihydro-8-(2-amino-6-formamido-4-0xo0-3 4-
dihydropyrimid-5-y1)-9-hydroxy AFB, (AFB,-N7-P4r minor) (Hertzog et al., 1982).

Several investigators have demonstrated that AFB,-89-oxide does not react
randomly with DNA in vitro (D’Andrea and Haseltine, 1978; Misra ef al., 1983:
Muench et al., 1983; Marien et al., 1987). This finding has been studied in greatest
detail by Benasutti et al. (1988) who showed that the reactivity of a particular
guanine was markedly affected by the 5- and 3’- flanking bases. The most reactive
sequence was 5-GGG-3" followed by 5-CGG-3’ and 5-GGT-3’; these were
approximately 20-fold more reactive than the least reactive sequence, 5-TGA-3’.
Whether a similar sequence specificity occurs in vivo is unknown; however, AFB,
preferentially binds (a) linker, as compared with core, DNA sequences of
nucleosomes in trout liver (Bailey et al., 1980), (b) mitochondrial, as compared
with nuclear, DNA in rat liver (Niranjan et al., 1982), and (c) transcriptionally
active, as compared with bulk, DNA in rat liver (Irvin and Wogan, 1984).

The hepatocarcinogenicity of AFB, varies among species with the relative order
of sensitivity being: trout > rat >> hamster = mouse = salmon (Busby and Wogan,
1984; Bailey ef al., 1988). A similar relationship appears to hold for the extent of
binding to liver DNA; thus, the magnitude of adduct formation correlates with the
relative degree of hepatocarcinogenicity (Gamer and Wright, 1975; Lutz et al.,
1980; Ueno et al., 1980; Croy and Wogan, 1981b; Bailey et al., 1988). Adduct
formation is also dose-related; for instance, following a single administration of
AFB, to rats, the extent of hepatic DNA binding is linear over a 10°-fold dose
range (Appleton et al., 1982; Lutz, 1986; Wild ef al., 1986). The analysis of AFB,
DNA binding is complicated by the instability of AFB,-N7-dG and the persistence
of AFB,-N7-P4r major and AFB,-N7-P4r minor. In rat liver, AFB,-N7-dG has a
half-life of 7.5 hours (Croy and Wogan, 1981a), compared with 3 to 4 weeks in
trout liver (Goeger et al., 1986). Therefore, DNA binding measured during the
chronic administration of AFB, reflects a mixture of adducts, which will
presumably be species-dependent.

The instability of AFB,-N7-dG also complicates the analysis of mutations induced
by AFB,. Base-substitution and frameshift mutations have been detected in
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Salmonella, and these have been attributed to AFB,-N7-dG (Stark et al., 1979);
whereas the guanine-to-thymine transversions in E. coli (Foster ef al., 1983) and the
mutations induced by AFB, in human diploid Iymphoblasts (Kaden et al., 1987)
have been ascribed to the existence of apurinic sites that result from the loss of
AFB,-N7-Gua. Likewise, the induction of liver tumors in rats by AFB, has been
associated with a guanine-to-adenine transition at codon 12 of the ras oncogene
(McMahon et al., 1987); yet whether this effect is due to AFB,-N7-dG, its
imidazole-ring-opened derivatives, or the apurinic site remains unknown. It has
been noted that tumor initiation best correlates with initial levels of DNA damage
(Kensler et al., 1986; Bailey et al., 1988), suggesting that AFB,-N7-dG may be the
critical lesion.

During the continuous administration of AFB,, steady-state hepatic DNA-adduct
levels are observed after approximately 2 to 6 weeks in rats (Wild er al., 1986;
Buss and Lutz, 1988) and after 3 weeks in trout (Bailey er al., 1988). In both
species, steady-state adduct concentrations appear to be linearly related to the
concentration of AFB, administered chronically (Dashwood ef al., 1988, 1989; Buss
and Lutz, 1988). Furthermore, if steady-state adduct levels are compared with
hepatic tumor incidence, a nearly identical linear relationship is observed for both
species (Bechtel, 1989).

In humans, a positive correlation exists between the amount of AFB, ingested and
the incidence of liver cancer (Busby and Wogan, 1984). Furthermore, AFB, DNA
adducts have been detected in tissues and urine from exposed humans (Autrup et
al., 1983; Groopman et al., 1985; Hsieh et al., 1988). Recently, a highly significant
correlation was observed between daily consumption of AFB, and concentrations
of serum adducts of AFB, and urinary AFB,-N7-Gua (Gan ef al., 1988; Groopman
et al., 1989), representing perhaps steady-state levels.

54 AROMATIC AMINES

Human exposure to aromatic amines and amides occurs from a number of sources,
including various industrial processes, cigarette smoke, and certain foods (Beland
and Kadlubar, 1990). Widespread exposure also exists to nitropolycyclic aromatic
hydrocarbons, which are products of incomplete combustion and are converted to
aromatic amines by nitroreduction (Tokiwa and Ohnishi, 1986). The initial
activation of aromatic amines and amides generally consists of an N-oxidation to
yield N-hydroxy arylamines and N-hydroxy arylamides (arylhydroxamic acids),
respectively. Similarly, the first step in the activation of nitropolycyclic aromatic
hydrocarbons is a nitroreduction to an N-hydroxy arylamine. N-Hydroxy
arylamines can react directly with DNA or be further activated through the
formation of acetate and sulphate esters. Arylhydroxamic acids are not directly
electrophilic and must be further metabolized to reactive esters (Figure 5.1).
Typically, major adducts from these electrophilic intermediates are formed through
covalent linkage of the amine or amide nitrogen to the C* of guanine, whereas
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Figure 5.1. Metabolic activation pathways of aromatic amines,
aromatic amides, and mtropolycyclic aromatic hydrocarbons

minor adducts arise from reactions between carbons in the ortho position in relation
to the amine or amide nitrogen and the exocyclic nitrogens and oxygens of guanine
and adenine. Non-acetylated C®-substituted guanine adducts are the predominant
products at doses normally used in carcinogenesis experiments, even when aromatic
amides or arylhydroxamic acids are administered.

The distribution and mutagenic processing of aromatic amine DNA adducts
appear to be non-random and influenced by the nature of the surrounding
nucleotides at the binding site of the carcinogen. While this phenomenon has been
studied most extensively with the adducts derived from 2-acetylaminofluorene, it
applies to other compounds as well. For example, in plasmid DNA reaction with
model electrophile N-acetoxy-2-acetylaminofluorene, the extent of modification of
specific guanines varied 40-fold (Fuchs, 1983). Similar differences in reactivity,
although smaller in magnitude, have been observed with N-hydroxy-2-
aminofluorene (Bichara and Fuchs, 1985), N-acetoxy-2-trifluoroacetoxy-2-
aminofluorene (Mah et al., 1989), and N-hydroxy-1-aminopyrene (Yang er al.,
1988). In each case, no obvious reasons for the differences are apparent. A non-
random induction of mutation is also found in the modified plasmids; however, the
nucleotides most frequently mutated do not always correspond to those containing
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the most adducts. Plasmids modified with N-(deoxyguanosin-8-yl)-2-
acetylaminofluorene and transformed into E. coli cause frameshift mutations almost
exclusively, and these occur in guanine repeatitions or in cytosine-guanine
sequences (Koffel-Schwartz et al., 1984). In the same system, the non-acetylated
adduct N-(deoxyguanosin-8-yl)-2-aminofluorene induces mainly guanine-to-thymine
transversions, but with no apparent sequence specificity (Bichara and Fuchs, 1985).
Plasmids modified with N-(deoxyguanosin-8-yl)-2-aminofluorene or N-
(deoxyguanosin-8-yl)-1-aminopyrene and transformed into human cells cause
primarily guanine-to-thymine mutations in 5’-purine-guanine-purine-3” sequences
(Yang et al., 1988; Mah et al., 1989). Guanine-to-thymine transversions are also
observed in Chinese hamster ovary cells exposed to N-acetoxy-2-
acetylaminofluorene to produce N-(deoxyguanosin-8-yl)-2-aminofluorene-modified
DNA (Carothers et al., 1989). Similar mutations occur in the c-Ha-ras proto-
oncogene in the livers of B(C,F, mice administered N-hydroxy-2-
acetylaminofluorene (Wiseman et al., 1986), presumably through the formation of
N-(deoxyguanosin-8-yl)-2-aminofluorene (Lai er al., 1985). The reaction of
aromatic amine metabolites with DNA is strongly influenced by chromatin
structure. In cells treated with N-acetoxy-2-acetylaminofluorene, for example, more
extensive binding occurs in internucleosomal linker regions as compared with the
nucleosome core (Kaneko and Cerutti, 1980; Lang ef al., 1982). Likewise, in the
livers of rats administered 2-acetylaminofluorene or its arylhydroxamic acid, more
extensive binding has been observed in staphylococcal nuclease-sensitive (Metzger
et al., 1976) and DNAse I-resistant (Ramanathan ef al., 1976; Metzger et al., 1977;
Baranyi-Furlong and Goodman, 1984) regions of chromatin, transcriptionally active
DNA (Moyer et al., 1977; Schwartz and Goodman, 1979; Walker et al., 1979), and
repetitive DNA sequences (Gupta, 1984).

2-Acetylaminofluorene is more hepatocarcinogenic in rats than in mice; in both
species, a linear relationship exists between the concentration of a single oral dose
of carcinogen and the extent of hepatic DNA binding, with higher binding levels
being observed in rats (Pereira er al., 1981). A linear relationship has also been
observed between the amount of benzidine administered intraperitoneally to mice
and hepatic DNA adduct levels (Talaska et al., 1987). Inrats, the highest quantities
of aromatic amine DNA adducts are typically found in liver (Neumann, 1983;
Gupta er al, 1988, 1989), but while this organ is a target tissue for 2-
acetylaminofluorene tumorigenesis, it is refractory to tumor induction by a number
of other aromatic amine carcinogens (Garner er al., 1984; Beland and Kadlubar,
1990). Within rat liver, more extensive adduct formation from 2-
acetylaminofluorene occurs in hepatocytes, the presumed target cells for this
aromatic amide, as compared with non-parenchymal cells (Westra et al., 1983;
Swenberg et al., 1983; Poirier et al., 1989).

During the continuous administration of aromatic amine carcinogens to rats or
mice, steady-state concentrations of the amine in blood (Jackson et al., 1980; Green

et al., 1984) and tissue (Jackson et al., 1980), hepatic DNA adducts (Poirier et al.,
1984; Buss and Lutz, 1988; Beland et al., 1990a), and bladder DNA adducts
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Figure 5.2. Metabolism of benzo[a]pyrene to syn- and anti-
benzo[a]pyrene 7,8-dihydrodiol-9,10-epoxides

(Beland et al., 1990a; Talaska et al., 1990) appear after approximately 1 month of
dosing. These steady-state levels are dose-related (Jackson et al., 1980; Buss and
Lutz, 1988; Beland et al., 1990a); and a linear correlation exists between the DNA-
adduct concentration and the hepatic tumor incidence in rats (Buss and Lutz, 1988),
in mice administered 2-acetylaminofluorene (Beland et al., 1990a), and in mice
treated with 4-aminobiphenyl (Beland et al., 1990b). A linear relationship has also
been observed between bladder tumor incidence and bladder DNA adduct
concentration in male mice given 4-aminobiphenyl (Beland et al., 1990b); however,
in female mice fed 2-acetylaminofluorene, the correlation between the occurrence
of bladder tumors and DNA-adduct concentration is non-linear (Beland er al.,
1990a). Hepatic tumor induction by 2-acetylaminofluorene in mice and rats is sex-
related. In mice, tumorigenesis is correlated with the extent of DNA adduct
formation; in rats, nearly equal concentrations of adducts are found in both sexes,
but males have a much higher tumor yield (Pereira et al., 1981; Beland et al.,
1982).

Aromatic amines are clearly implicated in the induction of bladder cancer in
humans (Parkes and Evans, 1984). Haemoglobin adducts of 4-aminobiphenyl have
been detected in blood samples from humans, and these concentrations are higher
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in smokers than in non-smokers (Bryant e al., 1987, 1988), which is consistent
with tobacco-related increases in the incidence of bladder cancer (Mommsen and
Aagaard, 1983). In other studies, **P-postlabelling and immunoassays have
indicated the presence of 4-aminobiphenyl DNA adducts in human lung and bladder
samples (Kadlubar er al., 1988, 1989; Wilson er al., 1989; Talaska et al., 1990),
with the concentration in the bladder increasing in the following order: smokers
> ex-smokers > non-smokers (Kadlubar er al., 1989).

55 POLYCYCLIC AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs) are by-products of combustion processes,
resulting in ubiquitous human exposure to this class of carcinogens (Dipple, 1985).
The initial step in the activation of PAHs (e.g., benzo[a]pyrene) typically involves
an epoxidation in a terminal benzo ring (e.g., carbons 7, 8, 9, and 10 of
benzo[a]pyrene; Figure 5.2) (Dipple et al., 1984). This step is followed by
hydrolysis of the epoxide to a dihydrodiol and then an additional epoxidation in the
same benzo ring to give a vicinal dihydrodiol epoxide. Since PAHs are generally
asymmetrical, more than one geometric dihydrodiol epoxide can be formed; for
example, the metabolism of benzo[a]pyrene can give rise to both a 7.8
dihydrodiol-9,10-epoxide and a 9,10-dihydrodiol-7,8-epoxide. However, tumor data
as well as theoretical calculations (Jerina and Daly, 1977) support the concept that
the most active derivatives are those in which the epoxide function is pointed
toward the angular "bay" region of the PAH (e.g., carbons 9, 10, 11, and 12 in
benzo[a]pyrene). The metabolism of PAHSs is further complicated by the fact that,
in addition to geometric isomers, both diastereomeric (e.g., syn- and anfi-
benzo[a]pyrene 7,8-dihydrodiol-9,10-epoxide) and enantiomeric (e.g., (+)- and (-)-
anti-benzo(a]pyrene 7,8-dihydrodiol-9,10-epoxide) stereoisomers can be formed that
have markedly different biological properties. For example, (+)-anti-
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide is more mutagenic in mammalian cells
(Brookes and Osborne, 1982) and tumorigenic in experimental animals (Buening
et al., 1978; Slaga et al., 1979) than the (-)-anti or (+)-syn isomers. Likewise, (-)-
anti-benzo[c]phenanthrene-3,4-dihydrodiol-1,2-epoxide is the most mutagenic
(Wood er al., 1983) and tumorigenic (Levin et al., 1986) dihydrodiol epoxide
stereoisomer obtained from benzo[c]phenanthrene,

DNA adducts of PAH dihydrodiol epoxides have been studied exhaustively for
benzo[a]pyrene (Baird and Pruess-Schwartz, 1988) and to a lesser extent for
benz[alanthracene (Hemminki er al., 1980), chrysene (Hodgson et al., 1983),
dibenzo[a,e]fluoranthene (Perin-Roussel er al., 1984), benzo[c]phenanthrene
(Agarwal et al., 1987), 7,12-dimethylbenz[a]anthracene (Cheng er al., 1988),
dibenz[a jlanthracene (Chadha e al., 1989), and fluoranthene (Gorelick and Wogan,
1989). Adduct formation normally involves cis or trans opening of the epoxide
ring with covalent attachment at the benzylic carbon (e.g., carbon 10 of
benzo[alpyrene  7.8-dihydrodiol-9,10-epoxide) of the dihydrodiol epoxide.

Generally, guanine is the preferred base for reaction; however, depending upon the
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PAH, considerable binding can also occur with adenine and cytosine (Table 5.2).
Furthermore, the extent of reaction with a particular nucleic acid base will depend
upon the particular stereoisomer being considered. For instance, with (+)-syn-
benzo[c]phenanthrene-3,4-dihydrodiol-1,2-epoxide, =10% of the binding is to
guanine; this binding increases to =40% with the (-)-anti isomer (Dipple et al.,
1987).

As with other carcinogens, PAH dihydrodiol epoxides do not appear to bind
randomly to DNA. When studied by a photochemical cutting technique, ()-anfi-
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide was found to bind preferentially to
guanines in 5-XGG-3" and 5"-GGX-3’ sequences (Boles and Hogan, 1986), whereas
alkali-labile lesions occur mainly in 5’-pyrimidine-guanine-3’ sequences
(Lobanenkov er al., 1986). The differences between these results may be due the
nature of the adduct being examined, with the former reflecting N*-deoxyguanosine
lesions and the latter indicating the location of N’-deoxyguanosine adducts.

The mutagenic processing of PAH dihydrodiol epoxide DNA adducts is also
nonrandom. Guanine to thymine transversions are the primary mutations found in
Chinese hamster ovary cells treated with (%)-anti-benzolalpyrene 7.8-
dihydrodiol-9,10-epoxide and these tend to occur in 5-AG,A-3" sequences (Mazur
and Glickman, 1988). Similar mutations are observed in human cells treated with
an (+)-anti-benzola]pyrene-7,8-dihydrodiol-9,10-epoxide-modified shuttle vector,
and these are found mainly in runs of guanines (Yang ef al., 1987). In the same
human cell system, (-)-anti-benzo[c]phenanthrene-3,4-dihydrodiol-1,2-epoxide
causes adenine-to-thymine and guanine-to-cytosine (or cytosine-io-guanine)
transversions primarily in 5’-AGA-3", 5-AAC-%’, and 5"-GAG-3’ sequences (Bigger
et al., 1989). Guanine-to-thymine transversions are associated with the activation
of the c-Ha-ras proto-oncogene treated with ()-anti-benzolalpyrene 7.8-
dihydrodiol-9,10-epoxide and transvected into NIH 3T3 cells (Vousden et al.,
1986). In contrast, the activation of the ras proto-oncogene by 7,12-
dimethylbenz[a]anthracene appears to involve an adenine-to-thymine transversion
(Zarbl et al., 1985; Bizub et al., 1986; Dandekar et al., 1986; Quintanilla er al.,
1986).

Higher level chromatin structure also affects the binding of PAH metabolites. In
in vitro incubations with rat liver or lung tissue, cells, or nuclei, benzo[a]pyrene has
been found to bind to a greater extent to nuclear matrix associated DNA than bulk
chromatin (Blazsek ef al., 1979; Hemminki and Vainio, 1979; Ueyama et al., 1981;
Mironov et al., 1983; Obi et al., 1986). Similar observations have been made with
7,12-dimethylbenz[oJanthracene and (+)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide in rat liver nuclei (Mironov et al., 1983) and with dibenzo[a,e]fluoranthene
in mouse fibroblasts (Perin-Roussel ef al., 1988). In other in vitro experiments,
benzol[a]pyrene and its (+)-anfi- and (%)-syn-7,8-dihydrodiol-9,10 epoxides
demonstrated greater binding to linker sequences than to the core sequences of
nucleosomes (Koostra and Slaga; 1980; Jack and Brookes, 1981) and to transcribed
as compared to nontranscribed regions of DNA (Arrand and Murray, 1982; Obi et
al., 1986). Fewer studies have been conducted in vive; however, a single dose of
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benzo[a]pyrene was found to bind preferentially to the nuclear matrix DNA isolated
from lungs and livers of rats (Hemminki and Vaino, 1979).

Table 5.2. Sites of modification in DNA in vive by aromatic amine and
nitropolycyclic aromatic hydrocarbon carcinogens

Nucleic acid base

Carcinogen Guanine Adenine
c N O0° C8 N°

1-Naphthylamine ++

2-Naphthylamine ++ o+

4-Aminobiphenyl ++ o+ +

4-Acetylaminobiphenyl 4 4

4-Nitrobiphenyl ++ o+ +

4’-Fluoro-4-

acetylaminobiphenyl ++ 4+

2-Aminofluorene ++

2-Acetylaminofluorene + o+

Benzidine ++

NN’-Diacetylbenzidine ++°

4-Aminoazobenzene ++

N-Methyl-4-aminoazobenzene ++° o+ +

NN-Dimethyl-4-aminoazobenzene ++° +

2-Acetylaminophenanthrene’ =+ 4

4-Acetylaminostilbene ++

1-Nitropyrene ++

1,6- and 1,8-Dinitropyrene e

*Data are from Beland and Kadlubar (1985, 1990). Results are from target tissues,
typically after the administration of a single dose. For aromatic amines or amides, their
N-hydroxy derivatives may have been given.

++ = >75% binding; + = <25% binding.

*Both N-acetylated and non-acetylated adducts are found in a ratio of =1:3.

‘Both N-methylated and non-methylated adducts are found.

“Data are from Gupta et al. (1989).

PAHs induce primarily skin, stomach, lung, and mammary gland tumors in
experimental animals (Dipple et al., 1984). Following a single dose, PAH-DNA
adducts are formed in both target and nontarget tissues, with the concentration
being relatively uniform between tissues (Stowers and Anderson, 1985). A number
of dose-response studies have also been conducted with PAHSs; in nearly all of
these, DNA adducts are linearly related to dose. In mice administered
benzo[a]pyrene orally over a 10°-fold range in dose, the extent of DNA binding in
liver and stomach increased in a linear fashion (Dunn, 1983). In another study, a
decrease in the extent of adduct formation was observed at higher doses of
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benzo[a]pyrene, which may be due to a saturation of the metabolic activation
pathways (Adriaenssens ef al., 1983). Supralinear dose—response relationships
between cancer incidence and the binding to epidermal DNA have also been
observed in mice treated topically with benzo[a]pyrene (Pereira et al., 1979; Perera
et al., 1982; Nakayama er al., 1984) and 7,12-dimethylbenz[a]anthracene (Phillips
et al., 1978). The correlation between administered dose and DNA-adduct
concentration does not appear to have been examined in the mammary gland;
however, an adduct formed by the reaction of (+)-agnfi-benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide with N* of deoxyguanosine is the major product detected
in mammary gland DNA when benzo[a]pyrene is administered orally to rats
(Seidman et al., 1988). DNA-adduct dose—response experiments have not been
reported for the continuous administration of PAHs.

PAHs are probably carcinogenic in humans (IARC, 1983); nevertheless, attempts
to detect DNA adducts from these compounds in exposed populations have met
with mixed success. Since cigarette smoke contains substantial quantities of PAHs
(Surgeon General, 1982), a number of studies have compared DNA adduct
concentrations in various tissues from smokers and non-smokers. Immunoassays
with antibodies elicited against (+)-anti-benzo[a]pyrene-7.8-dihydrodiol-9,10-
epoxide-modified DNA have revealed that smokers generally have slightly higher
PAH-DNA adduct levels (termed benzo[a]pyrene antigenicity) than non-smokers
(Everson et al., 1986, 1988; Perera et al., 1987), although this is not always the
case (Perera er al., 1982, 1988; Harris et al., 1985; Shamsuddin et al., 1985;
Haugen et al., 1986). More dramatic differences have been found when assays are
based upon **P-postlabelling. Depending upon assay conditions, smokers have had
higher levels of discrete adducts (Everson er al., 1986, 1988; Randerath et al.,
1986), or a diffuse area of adducts (Phillips et al., 1988; Randerath et al., 1989),
than non-smokers. However, none of these adducts has been characterized
chemically, and most cannot be attributed to specific PAH DNA adducts. The
presence of benzo[a]pyrene dihydrodiol epoxide DNA adducts in human placenta
has been established by subjecting placental DNA to immunoaffinity
chromatography followed by high pressure liquid chromatography and synchronous
fluorescence spectroscopy, as well as gas chromatography—mass spectrometry;
however, the levels did not appear to be related to smoking (Manchester et al.,
1988). Exposure-related increases in benzo[alpyrene antigenicity have been
reported in peripheral blood lymphocytes from iron-foundry workers (Perera et al.,
1988) and individuals ingesting charcoal-broiled beef (Rothman er al., 1990).
Positive results for PAH-DNA adducts (or benzo[a]pyrene antigenicity) have also
been found in blood samples from coke oven workers (Harris ef al., 1985), foundry
workers, roofers (Shamsuddin et al., 1985), and fire fighters (Liou er al., 1989).

5.6 SUMMARY

Some interesting similarities and differences observed between the classes of
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carcinogen—-DNA adducts considered in this review include the following:

I;

With alkylating agents, mutations and, presumably, tumors result from minor
adducts (e.g., O°-alkylguanine and O*-alkylthymine); whereas with the other
carcinogens, the biological responses are normally associated with the major
forms of DNA damage.

The site of substitution for biologically important adducts appear to be
chemical-class specific. Mutations and tumor induction from alkylating
agents are correlated with O°-guanine and O°-thymine substitution. For
aflatoxins, these responses are best correlated with reaction at the N site of
guanine; with aromatic amines, C*-guanine substitution generally appears to
be the critical lesion; and for PAHs, N* of guanine and/or N° of adenine
appear to be the important sites for substitution.

Reactions with DNA are clearly non-random. Sequence specificity for adduct
formation has been demonstrated in vitro with chemicals of each of class;
however, presently not enough information is available to determine if
significant differences exist between classes or what factors are critical in
determining the sequence specificity for both the formation and processing
of the adducts. Furthermore, essentially nothing is known about the sequence
specificity of adduct formation and processing in vivo.

Higher order chromatin structure affects the binding of carcinogens to DNA.
With each of the classes, for example, more extensive binding has been found
with transcriptionally active DNA, presumably due to its open conformation.
Nevertheless, most observations concerning the distribution of DNA adducts
in chromatin have been made after single doses of carcinogen, rather than
after dosing regimens that give rise to tumors. The distribution of DNA
adducts during continuous dosing reflects not only a dynamic process of
adduct formation and removal, but also changes in chromatin structure as a
function of time. How these factors affect the final distribution of adducts
is unknown.

For several carcinogens, the relationship between administered dose and
DNA-adduct concentrations is linear after both single doses and continuous
administration. In certain instances, however, correlations are non-linear,
which may be due to saturation of activation or detoxification pathways at
high doses of carcinogen. Thus, caution must be exercised in extrapolating
from high to low doses.

Steady-state DNA-adduct concentrations are obtained during continuous
carcinogen administration, and this condition typically occurs after
approximately 1 month of chronic dosing. Because steady-state DNA-adduct
levels occur, an estimation of the risk for developing a tumor cannot be
obtained from the DNA-adduct concentration by itself, but must include both
the DNA adduct concentration and the length of carcinogen exposure.
DNA adducts have been measured in target tissues following dosing regimens
that induce tumors. DNA adduct concentrations necessary to induce a 50%
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tumor incidence have been measured. The results are both interesting and
troubling. For example, a 10-fold higher concentration of O°-methylguanine
as compared with O°-ethylguanine is required to induce a 50% incidence of
thymic lymphoma. This difference may reflect the fact that the former is
repaired more readily than the latter. Likewise, the inability of O*-
ethylguanine to be repaired probably accounts for the even lower
concentrations of this adduct necessary to induce the equivalent hepatic tumor
incidence. The observation that in two species the identical levels of
AFB,-DNA adducts induce the same incidence of hepatic tumors indicates
that making cross-species comparisons may be possible. In addition, the data
from mice treated with 2-acetylaminofluorene and 4-aminobiphenyl suggest
that structurally similar DNA adducts in different organs are processed in a
similar manner. Nonetheless, the apparent 100-fold range in the ability of
DNA adducts to induce the same tumor incidence raises concerns about the
prospect of being able to predict the tumor induction potential of unknown
DNA adducts.

8. DNA adducts can be detected in humans using immunoassays and *?P-
postlabelling. In some instances exposure-related increases in DNA-adduct
concentrations have been demonstrated. At times, however, the correlation
between different types of assays has been unsatisfactory; for example,
positive results have been obtained for benzo[a]pyrene antigenicity, and yet
identifiable PAH-DNA adducts have not been detected in the same samples
by *’P-postlabelling. When used alone, neither technique has chemical
specificity, but when combined with other adduct-detection procedures (e.g.,
immunoaffinity ~chromatography followed by high-pressure liquid
chromatography or gas chromatography/mass spectrometry), these methods
have allowed the identification of specific DNA adducts in human samples.
Such an approach holds promise for much improved sensitivity and
specificity.
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