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Abstract The etiology of chemically induced cancer is thought to involve the covalent binding of
carcinogens to DNA (adducts) leading to mutations in oncogenes or tumor suppressor genes, and
ultimately to tumors. Thus, the DNA-carcinogen adduct has been used as a measurable biochemical
endpoint in laboratory studies designed to assess carcinogen exposure, carcinogen metabolism,
mutagenesis, and tumorigenesis. Unfortunately, the significance of adducts in the etiology of human
cancer is still unclear. This is partially due to the difficulty detecting adducts at carcinogen exposures
relevant to humans, which are often orders of magnitude lower than animal model exposures. The
relationship between adducts and higher biological effects is also not known at low doses. We have
been assessing the DNA damage caused by exposure to heterocyclic amine carcinogens in the diet.
Using the technique of *P-postlabeling in combination with accelerator mass spectrometry, we have
determined that DNA adduction in rodents decreases linearly with decreasing dose from the high
doses used in typical cancer bioassays to the low doses relevant to human exposures. For a given
tissue, adduct levels are correlated with dose, but the level of DNA modification by carcinogens is
tissue-specific and does not completely correlate with tumor site. This lack of correlation may be due
to differences in adduct formation and repair rates among tissues. Comparison of carcinogen
metabolism routes between rodents and humans also indicates that species differences could influence
the amount and type of damage resulting from exposure to these carcinogens. The use of model
systems to study dosimetry, species differences in adduction, and role of adducts in mutation will
ultimately lead to a better understanding of the significance of adducts in human disease. This should
eventually allow the use of adducts as biomarkers for estimating carcinogen exposure and individual

susceptibility.  © 1993 Wiley-Liss, Inc.*
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Adduction is the covalent bonding of xenobi-
otics or indigenous chemicals with macromole-
cules. Adduction most often occurs after chemi-
cals metabolize to reactive electrophilic or nu-
cleophilic intermediates (bioactivation). These
intermediates then covalently bind to their
respective nucleophilic or electrophilic centers
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in macromolecules such as DNA or protein.
DNA adduction is thought to be the initiating
event in mutagenesis and chemical carcinogene-
sis, and is of great interest as an indicator of
exposure, individual susceptibility, and biologi-
cal effect [1]. DNA adducts are very useful end-
points in mechanistic studies designed to under-
stand the modulation events leading to muta-
genesis and tumorigenesis. This results from
the fact that adduct levels are the integrated
result of carcinogen absorbtion, carcinogen
metabolism, and adduct repair. DNA adduction
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may also be a target for intervention modalities
to reduce individual cancer risk.

We have used a number of models, including
whole animals, tissue fractions, and bacterial
assays, to study the mechanisms leading to
DNA adduct formation, species differences in
these mechanisms, and the dosimetry of DNA
adduction. In particular, we have examined a
group of dietary heterocyclic amine carcinogens
that may be causative factors in the incidence of
human colon cancer [2]. We have principally
used the techniques of accelerator mass spec-
trometry (AMS) and **P-postlabeling. AMS is a
low-energy nuclear physics technique for mea-
suring isotopes, making it ideal for isotope trac-
er studies [3]; it isolates and counts specific
nuclei particle by particle as opposed to measur-
ing atomic decay. Depending on the isotope,
AMS gives a 103 to 10°fold improvement in
isotope detection efficiency relative to decay
counting, allowing us to quantitatively measure
DNA adduct levels on the order of one adduct
per 10'-10" nucleotides (1 adduct/100-1000
cells) [3,4]. This sensitivity has made possible
studies on DNA adduction at doses of chemical
carcinogens close to actual human exposures
from environmental sources. *?P-postlabeling is
an assay for DNA adduct detection that uses
thin-layer chromatographic (TLC) separation of
specific adducted nucleotides after the DNA is
digested to deoxyribonucleotides [5]. In practice,
the method has a sensitivity of 1 adduct per
10%-10" nucleotides, corresponding to approxi-
mately 0.1 to 10 DNA adducts per cell [5]. The
assay’s principal use is in analyzing a large
complement of structurally diverse adducts
without prior knowledge of the adduct structure
or exposure. It is very useful in studies to assess
mechanisms and levels of DNA binding and
potential human exposures.

DIETARY HETEROCYCLIC AMINE
CARCINOGENS

A great deal of concern has been expressed
recently that cooking meat produces genotoxic
substances which may contribute to the inci-
dence of GI tract or other human cancers. Of all
the substances known to be produced during
cooking, the most important may be the hetero-
cyclic amines. These compounds are considered
significant because they are produced at tem-

peratures needed to grill, fry, and broil red
meats, poultry, and fish [2,6]. The heterocyclic
amines formed in meat through cocking have
been collectively referred to as the amino-imid-
azoazaarenes (AIA); they consist of several
quinolines, quinoxalines, and a phenylpyridine
(Fig. 1). Fourteen have been identified to date
[2]. All are formed from the condensation of
amino acids with creatin(in)e during pyrolysis
[7]. These heterocyclic amines may also occur in
cigarette smoke, although the precursors are
currently undefined [8,9]. Importantly, all het-
erocyclic amines are mutagenic in bacterial
assays [10]. Nine have been tested and shown to
be carcinogenic in rodents [11]; one, 2-amino-3-
methylimidazo(4,5-f)quinoline (IQ), has been
shown to be a potent inducer of hepatocellular
carcinomas in non-human primates [12].

HETEROCYCLIC AMINE-DNA ADDUCT
DOSIMETRY

As with most environmental carcinogens, the
cancer risk posed to humans by heterocyclic
amines in the diet is difficult to ascertain accu-
rately. Studies in laboratory animals have been
traditionally carried out at doses well in excess
of actual human exposure levels. Human expo-
sure to these environmental agents occur at the
part-per-billion to part-per-trillion level. The
rodent and non-human primate bioassays have
been carried out at doses at least 10,000-fold
greater [11,12]. Metabolism studies, DNA bind-
ing studies, and tissue distribution studies have
all been done at doses in excess of 1,000-fold
greater than those anticipated for human expo-
sure. Thus, it is important to understand the
specific effects of the chemicals at human expo-
sure levels so that realistic risk estimates be-
come possible.

To assess the relationship between the bind-
ing of heterocyclic amine carcinogens to DNA at
the high doses used in traditional cancer bio-
assays and the low doses relevant for human
dietary exposure, we have used *C-labeled AIA
molecules and the isotope detection sensitivity
offered by AMS. Administration of "“C-MelQx
[2-amino-3,8-dimethylimidazo(4,5-f)quinoxaline]
to rodents at doses ranging from 5 mgkg to
5 pg/kg (ig), followed 24 hours later by isolation
of hepatic DNA, showed that adducts decrease
linearly with decreasing dose [4]. Since exposure
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Fig. 1. Classes of amino-imidazoazaarene heterocyclic amines found in the western-type diet. Fourteen
specific compounds, varying in number and location of the methyl groups, have been identified to date.

to these heterocyclic amines is chronic rather
than acute, we have also investigated the kinet-
ics of chronic exposure to MelQx (Fig. 2). "C-
labeled MelQx was administered to rodents
daily in the diet at a dose of 100 ng/kg/day to
mimic the human exposure route and concen-
tration. Adduct levels were detectable 24 hours
after ingestion and continued to increase in the
liver and kidney; by 42 days, adduct levels had

achieved a steady-state level. Tissue concentra-
tions of MelQx reached steady-state in 7 days.
Adduct levels at steady-state in the liver were
16 + 1.4 adducts/10" nucleotides for this dose.
Sub-chronic (7-day exposure) dose-response
data, again covering the dose range between
relevant human exposure and the exposure used
in cancer bioassays, suggests a linear dose-re-
sponse for adducts and administered dose
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Fig. 2. Kinetics of MelQx-DNA adduct. Animals were given '“C-MelQx (2-amino-3,8-dimethylimidazo(4,5-f)-
quinoxaline) in the diet (100 ng/kg/day). DNA adduction was determined using accelerator mass

spectrometry.

(Fig. 3). The biologically available doses present
in the tissues also decreased linearly with de-
creasing dose (biologically available dose). These
data suggest that DNA adducts are present at
human exposure levels and are indicative of
exposure dose for this carcinogen. Longer-term
chronic dose-response studies are now in prog-
ress with this heterocyclic amine.

Analysis of DNA adducts among tissues of
rodents given the heterocyclic amines 2-amino-
1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP),
MelQx, and 1Q by **P-postlabeling show that
the slope of the dose-response is dependent on
the tissue type. In studies conducted in our
laboratory, the pancreas yields the greatest level
of adducts with PhIP and also the greatest slope
of the dose-response curve (Fig. 4). Although
preliminary in nature, these data are important
because high levels of adducts are found in the
pancreas and thymus, not in the liver. In direct
contrast, MelQx and IQ result in high levels of
adducts in the liver relative to other tissues
[13,14]. It is also interesting that PhIP does not
cause liver tumors while MelQx does [15,16].
Although PhIP generates high levels of adducts

in the pancreas, it does not cause pancreatic
tumors [15]. Thus, DNA adduct levels of hetero-
cyclic amines correlate with exposure but are
not highly correlated with tissue-specific tumor
development. Other factors, such as DNA re-
pair, in the tissues will likely influence these
relationships and needs to be investigated.

MECHANISTIC STUDIES

Metabolism of DNA-Binding Intermediates
Using Tissue Fractions and Bacteria

A number of in vitro systems have been used
to identify key metabolic steps in the activation
of these carcinogens to DNA-adducting interme-
diates. Metabolism of heterocyclic amines is
required for DNA adduction. This process has
been shown to involve N-hydroxylation by the
P-450IA family of cytochrome P-450 [17,18].
Studies using reconstituted P-450 isozymes
purified from rodents and humans have demon-
strated that P-450IA2 is the principal isozyme
carrying out the N-hydroxylation of these com-
pounds, followed by P-450IA1, and that the
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Fig. 3. Sub-chronic (7-day) rat liver DNA adduct dosimetry found with MelQx. Rats were administered
varying doses of “C-labeled MelQx (2-amino-3,8-dimethylimidazo(4,5-f)quinoxaline) for 7 days in the diet,
DNA from the liver was analyzed for adduct levels using AMS. Response was linear from doses used in
rodent cancer assays down to doses relevant for human exposure (y = 5.2278™* + 2.74497'%, R = 0.99).
Human daily exposure range is shown for consumption of 100-200 g of ground beef/day.

2-N-hydroxylamine is the principle mutagenic
product formed by these enzymes in animal
tissue fractions [19].

Further metabolism involves esterification of
the N-hydroxylated amine to biologically active
acetates, sulfates, and other possible conjugates
[17]. These conjugates appear necessary for
adduction in vivo. Further, these metabolic
pathways are compound-specific [17,20,21].
DNA binding directly with the N-hydroxyl
amines can be shown to occur, but with rela-
tively low affinity. Rather, studies with the

quinoline and quinoxaline heterocyclic amines
have shown that the compounds are mutagenic
to Salmonella strains TA98 and TA98NR (nitro-
reductase deficient); but not to TA98/1,8DNP,
(acetyltransferase deficient), suggesting a re-
quirement for N:O-acetyltransferase (Fig. 5).
DNA adduct analysis by 3’P-postlabeling of
these bacterial strains show that there is no
difference in adduct levels between the nitro-
reductase-deficient and the parent strains, but
adduct levels are significantly lower in the
N:O-acetyltransferase-deficient Salmonella
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Fig.4.PhIP [2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine]-DNAadduct dose-response amongtissues
ofthe C57BI/6 male mouse 24 hours after exposure. Adduct levels were greatest in the pancreas, followed
by the thymus and heart. Adducts were measured by **P-postiabeling [22].
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Fig. 5. Effect of N:O-acetylation capacity on the mutagenicity of 2-amino-3,4,8-trimethylimidazo(4,5-f)-
quinoxaline (4,8-DiMelQx) in the Ames Salmonella assay. Salmonella TA98 is N:O-acetyltransferase
competent, while the mutant strain TA98/1,8DNP is N:O-acetyltransferase deficient [30]. The Ames
Salmonella assay was carried out as described [31].
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strain, suggesting a requirement for N:O-acetyl-
ation [22]. Similar results were found with 1Q
[23,24]. PhIP, however, is equally mutagenic in
all three of these Salmonella strains. DNA
adduction can be seen in sulfate as well as
acetate-supplemented cytosolic enzyme-mediat-
ed reactions, suggesting that PhIP does not
absolutely require N:O-acetylation for mutage-
nicity and DNA adduct formation [17,21].

Besides specific routes of metabolism, studies
of DNA adduction have demonstrated that met-
abolic capacity influences adduct levels. This
can be demonstrated by the effects of several
agents known to increase the levels of P-450
isozymes (P-450 inducers) on DNA adduct gen-
eration in rodents exposed to MelQx [22]. Meta-
bolic capacity was examined because earlier
studies from our laboratory showed that poly-
chlorinated biphenyl (PCB)-induced rodent liver
S9 and human liver S9 were more similar in
their ability to activate heterocyclic amines to
mutagens in the Ames Salmonella assay than
they were to S9 from non-induced animals. In
these studies, MelQx was administered follow-
ing induction with phenobarbital (PB), Arochlor
1254, B-naphthoflavone (BNF), or corn oil. DNA
was isolated from the livers 24 hours after expo-
sure to MeIlQx and analyzed by **P-postlabeling
analysis. Induction by Aroclor and BNF pro-
duced DNA with significantly more adducts
than either the corn oil- or PB-treated animals.
Both corn oil- and PB-treated animals were
similar. These data suggest that P-450IA type
isozymes are involved in the activation of
MelQx in vivo and that the metabolic capacity
of the animal does affect the rate of DNA ad-
duction.

Biointoxification of DNA-Damaging
Intermediates in Human Tissue Fractions

The role of these pathways in activating
heterocyclic amines by humans has been under
investigation. Studies using human microsomal
fractions show that N-hydroxylation is catalyzed
by cytochrome P-4501A [25,26]. In vitro studies
in our laboratory use systems containing calf
thymus DNA to trap unstable electrophilic
intermediates. Human cytosolic fractions have
demonstrated that N-hydroxy-PhIP is N:O-acet-
ylated and N:O-sulfated but that N:O-acetyla-
tion of PhIP is more active than N:O-sulfation

(Fig. 6). In rodent cytosols, sulfation was quan-
titatively more important than acetylation [21].
Examination of tissue specificity in these meta-
bolic reactions demonstrated that human liver
cytosol is the most active for both acetylation
and sulfation of the N-hydroxylated intermedi-
ate of PhIP (Fig. 6). Such species and tissue
differences may, depending on the stability of
the intermediate and the rates of activation,
result in differences in potency of the heterocy-
clic amines in DNA adduction and, ultimately,
cancer risk. In addition, the fact that metabo-
lism is most active in liver fractions while ad-
duct levels are low and tumors are infrequent
suggests that active metabolites may circulate
throughout the organism.

Chemical Characterization of the
Heterocyclic Amine DNA Adducts

The chemical structures of several heterocy-
clic amine DNA adducts have recently been
determined through use of in vitro incubations
of DNA or deoxynucleotides with acetylated N-
hydroxyl-AIA intermediates. **P-postlabeling of
DNA from animal and bacterial models indi-
cates that between 3 to 4 principal DNA ad-
ducts are formed by most AIA heterocyclic
amines with DNA in vivo [13,14,21-23]. To
date, an N-(deoxyguanosin-8-yl)-1Q-3’-mono-
phosphate adduct, an N-(deoxyguanosin-8-yl)-
MelQx-3’'-monophosphate adduct, and an N-(de-
oxyguanosin-8-y)-PhIP-3’-monophosphate ad-
duct for 1Q, MelQx, and PhIP respectively, have
all been found as principal adducts in in vitro
assays using cell homogenates or by incubating
reactive metabolites of these compounds with
DNA (24, 27-29). An N?-(deoxyguanosinyl)-
MelQx-3'-monophosphate adduct has also been
identified by incubation of N-hydroxy-MelQx
with deoxyguanosine in the presence of acetic
anhydride [27]. Other likely adducts of 1Q,
MelQx, and PhIP are probably also derived
from guanine, since incubations of DNA-reac-
tive heterocyclic amine intermediates with
deoxyadenosine,deoxycytosine, anddeoxythymi-
dine show no adducts by postlabeling (Fig. 7).
These data suggest that the AIA heterocyclic
amines prefer the C%-position of guanine for
adduction. The role of adduct structure on
mutation and biological damage has yet to be
determined for the AIA heterocyclic amines.
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Fig. 6. Comparison of N:O-sulfation and N:O-acetylation of N-hydroxy-PhIP by human tissue cytosols.

Assays were conducted as described [21].

CONCLUSIONS

DNA adducts are molecular lesions that de-
velop early in the progression to cancer, a dis-
ease with a long latency. These biochemical
changes are believed to be proximate causes of
mutation and are critically involved in the
mechanism of chemically induced cancer. DNA
adducts have thus been suggested as potential
markers of human carcinogen exposure and
potential indicators of cancer risk. Adducts have
also been used to study the metabolism of car-
cinogens to reactive intermediates using the
DNA target as a trap for the unstable reactive
metabolites. We have discussed the use of some
very sensitive new tools in a number of model
systems to help determine if dietary heterocyclic
amines play a role in human cancer. We have

also discussed the use of adducts to define the
mechanisms by which heterocyclic amines lead
to DNA adducts. These tools are now being
applied to the study of other chemical carcino-
gens and the binding of carcinogens to protein.

DNA adduct dosimetry data with the hetero-
cyclic amine MelQx suggest that exposure dose
is highly correlated with the biologically avail-
able dose and with the bioactive dose. Adduct
levels decrease linearly with administered dose
from the high doses used in cancer bioassays to
relevant human exposure levels for all tissues
we have studied in both single-dose 24 hour
studies and sub-chronic 7-day exposures. Longer
term chronic studies are underway. Comparison
of adduction in different tissues with PhIP and
MelQx suggests that DNA adduct levels are
tissue-dependent and that tumorigenesis in
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anhydride with deoxyadenosine-3’-monophosphate, deoxycytosine 3’-monophosphate, c‘leoxygua.nosine
3’-monophosphate, and deoxythymidine monophosphate. Adduct spots were seen only with deoxyg'l.lano-
sine. Similar results were found with MeIQx. (B) Demonstration that spot 1 from in vivo samples is the
N2-(2'-deoxyquanosin-8-yl)-PhIP adduct using authentic N*-(2'-deoxyquanosin-8-y)-PhIP (PhIP C*-dGp),
pancreatic DNA from a C57Bl/6 male mouse exposed to PhIP (20 mg/kg; PhIP-exposed DNA) .and
co-chromatography of the two (PhIP-C®-dGp/PhIP DNA). $2P.postlabeling was carried out as described
[22]. Authentic NZ-(2'-deoxyquanosin-8-y1)-PhIP waskindly provided by Dr. H. Frandsen (National Food

Agency of Denmark, Danish Ministry of Health).

target tissues is not necessarily correlated with
adduct levels found in single-dose 24 hour stud-
ies or with biointoxification rates. Metabolism
of the heterocyclic amines to DNA-damaging
intermediates is somewhat compound-specific
and, at least with PhIP, somewhat species-spe-
cific. Ultimately, metabolism and/or adduct
repair rates among tissues and compounds may
explain the lack of relationship between adducts
and tumors for PhIP. Some of the adducts have
been chemically identified, but the relationship
between the adduct’s structure and biological
effect (mutation and tumors) are not presently
known so risk estimates probably cannot be
made as yet. What these data mean relative to
determining human cancer risk from dietary
exposure to heterocyclic amines remains to be
determined. Since DNA damage by adduction is
an early lesion that can begin the process of
carcinogenesis, the linear dose-response sug-

gests that adducts may be useful for identifying
individuals receiving high exposure. Likewise,
the relationship between metabolic capacity and
adduct levels suggests that the AIA adduct
levels may be somewhat useful in pinpointing
individuals at high health risk when exposed to
these compounds. However, much more work in
assessing the role of specific adducts in muta-
tion and tumorigenesis, as well as on DNA
repair, needs to be carried out prior to linking
biological outcome (i.e., tumorigenesis) with
molecular changes in the DNA and, ultimately,
human cancer risk.
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