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Interspeciesmetabolism of heterocyclic aromatic
amines and the uncertainties in extrapolation of
animal toxicity data for human risk assessment
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Heterocyclic aromatic amines (HAAs) are potent bacterial mutagens that are formed in cooked
meats, tobacco smoke condensate, and diesel exhaust. Many HAAs are carcinogenic in experimental
animal models. Because of their wide-spread occurrence in the diet and environment, HAAs may con-
tribute to some common types of human cancers. The extrapolation of animal toxicity data on HAAs
to assess human health risk has many uncertainties, which can lead to tenuous risk assessment estima-
tes. Perhaps the most critical and variable parameters in interspecies extrapolation are the effects of
dose, species differences in catalytic activities of xenobiotic metabolism enzymes (XMEs), human
XME polymorphisms that lead to interindividual differences in carcinogen metabolism, and dietary
constituents that may either augment or diminish the carcinogenic potency of these genotoxins. The
impact of these parameters on the metabolism and toxicological properties of HAAs and uncertainties
in extrapolation of animal toxicity data for human risk assessment are presented in this article.
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1 Introduction

More than 20 heterocyclic aromatic amines (HAAs) are
formed in meat, fish, and poultry prepared under common
household cooking practices [1, 2]. A number of HAAs
have also been detected in tobacco smoke condensate, beer,
wine, and diesel fuel exhaust [2–6], which can lead to con-
tamination of the water supply [7]. Two classes of HAAs
have been identified. One class is formed through the con-
densation of creatinine with fragmented hexoses and pyr-
azine or pyridine derivatives that occur during cooking of
foods to form aminoimidazoarenes or the 2-amino-3-
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Abbreviations: AA, aromatic amine; 2-AaC, 2-amino-9H-pyrido[2,3-
b]indole; CYP, cytochrome P450; 7,9-DiMeIgQx, 2-amino-1,7,9-tri-
methylimidazo[4,5-g]quinoxaline; 4,8-DiMeIQx, 2-amino-3,4,8-tri-
methylimidazo[4,5-f]quinoxaline; 7,8-DiMeIQx, 2-amino-3,7,8-tri-
methylimidazo[4,5-f]quinoxaline; GSH, glutathione; GST, glutathione
S-transferase; HAA, heterocyclic aromatic amine; IQ, 2-amino-3-
methylimidazo[4,5-f]quinoline; IQx, 2-amino-3-methylimidazo[4,5-
f]quinoxaline; MeAaC, 2-amino-3-methyl-9H-pyrido[2,3-b]indole; 8-
MeIQx, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline; NAT, N-
acetyltransferase; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]-
pyridine; SULT, sulfotransferase; UGT, UDP-glucuronosyltransferase;
XME, xenobiotic metabolism enzyme
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methylimidazo[4,5-f]quinoline (IQ)- and 2-amino-3-meth-
ylimidazo[4,5-f]quinoxaline (IQx)-type compounds [3]. A
second class of HAAs, the pyrolysis-type HAAs, are
formed through thermal decomposition of amino acids,
such as tryptophan or proteins at elevated temperature
[1, 8, 9]. The concentration of HAAs in cooked meats
usually occurs at the low parts per billion (ppb) level; how-
ever, the concentration of HAAs may exceed 300 ppb in
some well-done grilled or barbecued meats [10, 11]. The
chemical structures of some of the more prevalent HAAs
are shown in Fig. 1.

HAAs are potent bacterial mutagens that induce tumors at
multiple sites in experimental laboratory animals [1]. One
HAA, namely IQ, is also a powerful liver carcinogen in non-
human primates [12]. Because of the wide-spread occur-
rence of HAAs in cooked meats, it is thought that HAAs
may contribute to the etiology of several common human
cancers that are often associated with frequent meat con-
sumption [1, 13–17].

Many genotoxins, including HAAs, require metabolism to
exert their biological effects. The extrapolation of animal
carcinogenicity data to assess human health risk of HAAs
requires consideration of species differences in the catalytic

activities and expression of xenobiotic metabolism
enzymes (XMEs) that are involved in the bioactivation and
detoxication of HAAs [18]. In contrast to many experimen-
tal animal models, humans show large interindividual varia-
tion in the levels of expression of phase I and II XMEs.
Many of the XMEs involved in HAAmetabolism in humans
display common genetic polymorphisms that may affect the
levels of protein expression, protein stability and catalytic
activities, which influence the biotransformation of toxi-
cants and health risk in exposed populations [19–23].
These species differences in the levels of XME expression
and catalytic acitivities may lead to uncertainties in extra-
polation of animal toxicity data for human risk assessment
of HAAs and are highlighted in this review.

2 HAAmetabolism by phase I and II enzymes

The metabolic pathways of the several HAAs formed in
cooked meats, IQ, 2-amino-3,8-dimethylimidazo[4,5-f ]-
quinoxaline (8-MeIQx), 2-amino-1-methyl-6-phenylimid-
azo[4,5-b]pyridine (PhIP), and 2-amino-9H-pyrido[2,3-b]-
indole (2-AaC), that have been reported in experimental ani-
mals and humans, are depicted in Fig. 2. Both phase I and II
enzymes that include cytochrome P450s (CYPs), sulfotrans-
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Figure 1. Chemical structures of some of the more prevalent HAAs formed in cooked meats. More than
20 HAAs have been identified in cooked meats [1, 2].
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ferases (SULTs), UDP-glucuronosyltransferases (UGTs),
N-acetyltransferases, and glutathione S-transferases
(GSTs), are involved in HAA metabolism [24–27]. CYPs
catalyze the oxidation at the aromatic ring system of HAAs
to produce detoxicated products and also oxidize the exocyc-
lic amine groups of HAAs to produce the genotoxic N-
hydroxy-HAA metabolites. The N-hydroxy-HAA metabo-
lites have a number of biochemical fates as shown in Fig. 3.
TheN-hydroxy-HAAsmay bind to DNA, or undergo further
activation throughphase II enzymes, such asNATsorSULTs
to form unstable esters that readily react with DNA princi-
pally at the C8 and N 2 atoms of deoxyguanosine [28–30].
Alternatively, some of the electrophilic N-hydroxy-HAAs
and esters ofN-hydroxy-HAAsmay undergo reduction back
to the parent amines by glutathione (GSH) alone, or through
catalysis with GSTs, possibly through the formation of
unstable GSH conjugates as intermediates [31, 32]. An
NADPH-dependent reductase [33, 34] also has been
reported to reduce severalN-hydroxy-HAAs back to the par-
ent amines as a mechanism of detoxication. Peroxidases and
prostaglandin H synthases (COX) also may contribute to the
bioactivation of HAAs by oxidation of the exocyclic amine
groups [16, 35, 36]. The peroxidases may be of particular
importance in breast tissue, a target of someHAAs in experi-
mental animal models and possibly in humans [16, 35, 37,
38]. For IQ and MeIQx, direct conjugation of the exocyclic
amine group occurs through SULTs leading to stable sulfa-
mic acid derivatives. These sulfamates are important detoxi-
cation products in rodents, nonhuman primates, and humans
[24, 39–43]. UGT-catalzyed glucuronidation of HAAs and
N-hydroxy-HAAmetabolites at the excocyclic or imidazole
nitrogen atoms is another important metabolic pathway that

occurs in various animal species and in humans [24, 26, 27,
41, 44–46].

3 CytochromeP450metabolism

Based upon in vitro metabolism studies, liver microsomal
fractions containing CYPs are the most active tissue in oxi-
dation of HAAs [25, 47]. CYP1A2 (for nomenclature see:
www.imm.ki.se/CYPalleles/), which is principally express-
ed in liver [18, 48, 49], is the predominant CYP involved in
the N-oxidation of carcinogenic aromatic amines (AAs) and
HAAs in rodents and humans [25, 47, 50–53]. Both CYP
1A1 and 1B1 have been reported to catalyze this N-oxida-
tion pathway of HAAs in extrahepatic tissues [54–56].

3.1 Species differences in regioselectivity of
CYP1A2-catalyzedmetabolism of HAAs

The human and rat CYP1A2 are 75% identical in amino
acid sequence [57, 58]. Despite these similarities, the
changes in amino acid sequence may have a profound effect
on the enzyme substrate specificity and catalytic activity.
The regioselectivity of HAA oxidation by human and rat
CYP1A2 is quite different. Human CYP1A2 is regioselec-
tive for the N-oxidation of HAAs, such as IQ, MeIQx, and
PhIP (bioactivation), and does not catalyze the oxidation
(detoxication) of the heteroaromatic ring systems [42, 53,
59]. Human CYP1A2 also catalyzes the three-step oxida-
tion of the C8-methyl group of 8-MeIQx to form the car-
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Figure 2. Major pathways of HAA metabolism in experimental animal models and humans.
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boxylic acid derivative, 2-amino-3-methylimidazo[4,5-f]-
quinoxaline-8-carboxylic acid [27, 60], a major pathway of
detoxication 8-MeIQx in vivo [42]. This oxidation pathway
is specific for human CYP1A2, and CYPs of rodents and
nonhuman primates do not form this product [24, 41]. The
49-hydroxylation of PhIP has been reported to occur in
human hepatocytes [61], and the oxidation product is
excreted in urine of humans predominantly as the sulfate
conjugate [45]. However, 49-HO-PhIP formation is not cata-
lyzed by CYP1A2, nor do other CYPs in human liver appear
to catalyze this oxidation process [27, 53, 61]. In contrast to
human CYP1A2, the rodent isoform does catalyze the ring
oxidation of IQ, MeIQx, and PhIP, and these are major path-
ways of metabolism and detoxication of these HAAs in
rodents [24, 26, 53, 62]. These heterocyclic ring oxidation
products are also observed nonhuman primates that have
been used for studies on metabolism and long-term carcion-
gen biossays of HAAs [63]. However, CYP1A2 was
reported not to be expressed in liver of this species (Cyno-
molgus monkeys) [64] and other CYPs, including CYP3A4
and/or CYP2C9/10 appear to contribute to both ring and
exocyclicN-oxidation of HAAs [63].

In contrast to the aminoimidazoarene HAAs, the pyrolysis-
derived HAAs, 2-AaC and MeAaC, undergo extensive ring

oxidation by human CYP1A2 and other CYPs [65, 66].
Thus, important species differences in the regioselectivity
of CYP-catalyzed oxidation of HAAs exist, which may
influence the toxicological properties of these procarcino-
gens.

3.2 Differences in kinetic parameters of rat and
humanCYP1A2 inN-oxidation of HAAs and
ensuing DNA damage

The kinetic parameters of HAA N-oxidation by purified rat
CYP1A2 and recombinant human CYP1A2 are different.
The catalytic efficiency (kcat /Km) of recombinant human
CYP1A2 in N-oxidation of MeIQx and PhIP was reported
to be 10- and 19-fold greater than that of CYP1A2 of the rat
[53, 67], a species used in long-term carcinogen bioassays
(see Fig. 4) [1, 68]. In the case of MeIQx, the Km values for
rat CYP1A2- and recombinant human CYP1A2-mediated
N-oxidation of MeIQx were similar (Fig. 4) but the kcat for
human CYP1A2 was 16-fold greater than that of rat
CYP1A2. Comparable kcat activities were observed for rat
and recombinant human CYP1A2-catalyzed N-oxidation of
PhIP; however, the Km value for human CYP1A2 was 13-
fold lower than the Km of rat CYP1A2, resulting in a 19-fold
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Figure 3. Metabolic fate of N-hydroxy-HAA metabolites. The detoxica-
tion reactions with GSH alone or with GSTs may occur through formation
of unstable GST conjugates [31, 32].
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greater catalytic efficiency (kcat/Km). These differences in
catalytic activities were also observed in human and rat
liver microsomes [53]. However, the kcat and Km values
determined for methoxyresorufin O-demethylation with
purified rat CYP1A2 and recombinant human CYP1A2
were comparable [53]. Thus, there are important differ-
ences in catalytic activities of rat and human CYP1A2,
which depend upon the chemical structure of the substrate.

Several studies have shown that some human liver S-9 frac-
tions or microsomal samples are highly active at transform-
ing grilled meat extracts containing HAAs and HAAs into
bacterial mutagens [53, 67, 69–71]. The abilities of human
and rat liver microsomal samples to transform MeIQx and
PhIP into bacterial mutagens were investigated in the Ames
reversion assay using Salmonella typhimurium TA98 strain
(Fig. 5). Many human liver samples were more efficient
than rat liver samples at activating these HAAs to muta-
gens. In fact, a number of human liver microsomal samples
were as effective at inducing mutants as liver microsomal
samples of rats pretreated with polychlorinated biphenyls, a
powerful inducer of CYP1A2 and CYP1A1 [47, 50, 72],
which also catalyzes the N-oxidation of MeIQx and PhIP
[25, 53, 62, 73]. The higher mutagenicity induced by many
human liver microsomal samples compared to untreated rat
liver microsomal samples is consistent with the superior
catalytic activity of human CYP1A2 towards N-oxidation
of HAAs, and the greater level of CYP1A2 expression in
human liver than liver of untreated rodents [53].

Differences in CYP1A2 activities also exist between human
and rat hepatocytes onN-oxidation of HAAs, where the per-

cent of the dose of MeIQx and PhIP transformed intoN-glu-
curonide conjugates of these N-hydroxy-HAAs is greater in
human than rat hepatocytes [27]. These findings are
consistent with superior catalytic activity displayed with
human CYP1A2 than rat CYP1A2 in microsomal assays
and with the purified proteins [53]. Human CYP1A2 is a
major enzyme involved in the biotransformation of MeIQx
and PhIP in human hepatocytes based upon studies with fur-
afylline, a selective, mechanism-based inhibitor of
CYP1A2 [74]. Pretreatment of hepatocytes with furafylline
resulted in a strong, concentration-dependent decrease in
the amounts of the N-glucuronide conjugates of N-hydroxy-
MeIQx and N-hydroxy-PhIP, and the 8-carboxylic acid oxi-
dation product of MeIQx by more than 90%, while the
amounts of unmetabolized PhIP and MeIQx increased by
more than 10-fold [27].

The importance of CYP1A2 in metabolism of MeIQx and
PhIP in humans in vivo has been demonstrated through
pharmacokinetic studies with furafylline, where as much as
91% of the elimination of MeIQx and 70% of the PhIP
could be accounted for by CYP1A2-catalyzed metabolism
[75]. In the case of MeIQx, the 8-carboxylic acid derivative,
which is formed by CYP1A2 [60], accounts for more than
50% of the metabolites of MeIQx in human urine [42].
Moreover, a higher percent of the dose of MeIQx and PhIP
also appears to be converted into N-hydroxylated metabo-
lites in humans than rodents in vivo, based upon the detec-
tion of the N-glucuronide conjugates of the N-hydroxy-
HAA metabolites in urine [24, 42, 45, 46]. The superior
catalytic efficiency of human CYP1A2 over rat CYP1A2 in
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Figure 4. Kinetic parameters of MeIQx and PhIP N-oxidation and methoxyresorufin O-demethylation by purified rat CYP1A2 and
recombinant human CYP1A2. Adapted from [67].
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N-oxidation of HAAs also appears to correlate to a greater
percentage of the HAAs that is converted to the biologically
effective dose in vivo that binds to DNA. A direct compari-
son of the abilities of rats and human subjects to form
HAA-DNA adducts in vivo was assessed by accelerator
mass spectrometry (AMS), a highly sensitive technique to
measure radiolabeled isotopes at trace levels [76]. AMS
analysis revealed that a higher percentage of the dose of
MeIQx bound to colon DNA of humans than colon DNA of
rats or mice [77–79]. In another study, PhIP-DNA adducts
were detected in human breast [80]. These data demonstate
that HAA-DNA adduct formation can occur in humans at
low, dietary relevant concentrations, and that humans
appear to be more efficient than rodents at biotransforma-
tion of HAAs to the genotoxic N-hydroxy metabolites both
in vitro and in vivo.

3.3 Human CYP1A2 polymorphisms affecting
HAAmetabolism

In addition to species differences in catalytic activities of
CYP1A2, there are also important species differences in the
levels of expression of CYP1A2. The constitutive CYP1A2
mRNA expression levels in human liver can vary by as
much as 15-fold [81, 82], and interindividual expression of
CYP1A2 protein may vary by 60-fold in human liver
[48, 49, 53, 83]. In contast to humans, the level of expres-
sion of CYP1A2 protein in liver of several different strains
of rat varies by only several fold [53]. The variable expres-
sion of CYP1A2 in humans is attributed to environmental
and dietary factors, such as smoking [84–86], consumption
of cruciferous vegetables [87, 88], and grilled meats [89],

which induce CYP1A2 expression. Several genetic poly-
morphisms [90, 91] and a variation in the level of CpG
methylation [82] have been detected in the upstream 59-reg-
ulatory region of the CYP1A2 gene that affect the level of
CYP1A2 mRNA expression and may lead to variations in
the level of protein expression. An example of the interindi-
vidual variation in CYP1A2 protein expression in human
liver samples (5–250 pmol/mg microsomal protein, median
71 pmol/mg, N = 51) is shown in Fig. 6. Forty-three out of
the 51 human liver samples contain higher CYP1A2 protein
levels than liver samples of rats, where CYP1A2 content
ranged from 5 to 35 pmol/mg microsomal protein, depend-
ing upon the strain, source, and diet [53]. The wide range in
human CYP1A2 levels is paralleled by a large variation in
the rates ofN-oxidation of MeIQx and PhIP, which correlate
to the levels of CYP1A2. The rates of N-oxidation of
MeIQx and PhIP are much lower in rat liver microsomes,
which is reflective of the lower amounts of CYP1A2 protein
expressed in rat liver and the poorer catalytic activity of rat
CYP1A2 relative to human CYP1A2 (Figs. 4 and 6) [53].
The rates of N-oxidation and ranges of interindividual var-
iation of CYP1A2 activity towards 4-aminobiphenyl, 4,49-
methylenebis-2-chloroaniline [51, 92], IQ [51, 92], and 2-
AaC [65] by human liver microsomes are similar to those
values cited for MeIQx and PhIP.

There are at least ten different allelic variants in the coding
region of the CYP1A2 gene [93, 94]. Several of these allelic
variants display altered catalytic activities towards several
HAAs [95] and other CYP1A2 substrates [94]. In indivi-
duals with high CYP1A2 activity, the amount of unmetabo-
lized MeIQx recovered in urine was lower than in indivi-
duals with low CYP1A2 activity, suggesting that CYP1A2
is an important enzyme in the metabolism of MeIQx in
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Figure 5. Mutagenicity of (A) MeIQx and (B) PhIP in the Ames reversion assay with four different human liver microsomal samples
with high (HL-G) and intermediate levels (HL-28, HL-31, and HL-111) of CYP1A2 expression and rat liver microsomes obtained from
an untreated rat and a rat pretreated with polychlorinated biphenyls. All assays were done with microsomal protein (20 lg/mL).
Adapted from [53].
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vivo. In contrast to MeIQx, a poor correlation was observed
between CYP1A2 activity and the levels of unmetabolized
PhIP in urine of the same individuals, suggesting that
CYP1A2 may be less important in PhIP metabolism in
vivo. However, GSTs have been reported to catalyze the
reduction of CYP1A2-mediated N-hydroxylated metabo-
lites of PhIP back to the parent compound, and this GST-
mediated detoxication pathway of N-hydroxy-PhIP may
have confounded the correlation between CYP1A2 activity
and PhIP metabolism. The prevalence of CYP1A2 poly-
morphisms in human populations and their possible effects
on HAA metabolism and DNA adduct formation requires
investigation.

4 MetabolismofN-hydroxy-HAAs by phase II
enzymes

The genotoxic effects of the N-hydroxy-HAAs are greatly
influenced by phase II enzymes, such as N-acetyltrans-
ferases (NATs) (for nomenclature see: www.louisville.edu/
medschool/pharmacology/NAT.html) and sulfotransferases
(SULTs) (for nomenclature see: [96]), which catalyze the
binding of N-hydroxy-HAA metabolites to DNA through
formation of highly reactive esters that undergo heterolytic
cleavage to produce the reactive nitrenium ion [29, 30]
(Fig. 2). Phosphorylases and aminoacyl-tRNA synthetases
also have been reported to activate N-hydroxy-HAAs in
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Figure 6. Frequency of distribution of CYP1A2 in 51
human liver samples and correlation of CYP1A2 content to
rates of N-oxidation of MeIQx and PhIP. The arrow in the left
panel represents the upper level of CYP1A2 expressed in rat
liver, and the dashed lines in the regression curves delineate
the levels and correlation of CYP1A2 content and rates of
MeIQx and PhIP N-oxidation in rat liver samples relative to
human liver samples. Adapted from [53].
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experimental animals, although the contribution of these
phase II enzymes to bioactivation of N-hydroxy-HAAs in
humans has not been studied extensively [30]. A number of
genetic polymorphisms in phase II enzymes have been
reported and may impact the toxicological properties of
HAAs [97–100].

4.1 N-Acetyltransferases and polymorphisms
affecting HAAmetabolism

There are at least two and ten polymorphic genotypes of
human NAT1 and NAT2, respectively [19, 20, 99]. NAT1 is
primarily expressed in extrahepatic tissues, while NAT2 is
expressed predominantly in the liver and intestinal epithe-
lium [101, 102].NATsmetabolize a number of clinical drugs
containing amine and hydrazine functional groups [20]. The
N-acetylation of AAs is recognized as a major detoxication
pathway in arylamine metabolism in experimental animals
and humans [19, 103]. In addition, NATs catalyze the intra-
molecular N,O-acetyltransfer of N-hydroxy-N-acetyl-AAs
to produce reactive N-acetoxy intermediates that bind to
DNA [19, 103]. It is noteworthy that many HAAs are poor
substrates for NAT and do not undergo N-acetylation as a
mechanism of detoxication in either rodents or humans [28,
104, 105]. Instead, the NATs catalyze bioactivation of theN-
hydroxy-HAAs to form the highly reactiveN-acetoxy esters
that readily bind toDNA [106]. TheN-acetoxy derivatives of
N-hydroxy-IQ and N-hydroxy-MeIQx are highly unstable
with lifetimes of seconds or less [29]. In contrast to these
HAAs, N-acetoxy-PhIP is sufficiently stable and has been
isolated by HPLC [107]. The O-acetylation of many N-
hydroxy-HAAs is catalyzed to a greater extent by human
NAT2 than NAT1 [106], although N-hydroxy-PhIP and N-
hydroxy-2-AaC, in particular, are bioactivated by NAT1 at
appreciable levels [106, 108]. Both rapid and slow O-acety-
lator phenotypes of N-hydroxy-HAAs are present in human
liver samples [28]. O-Acetylation of N-hydroxy-HAAs also
occurs in human colon, a putative target tissue of HAAs;
however, a rapid O-acetylation polymorphism is not clearly
discerned in colon [28], which may be due to the relatively
low expression of NAT2 protein in colon [101]. The bioacti-
vation of N-hydroxy-HAAs may be carried out largely by
NAT1 in this tissue. The NAT1 enzyme also contributes to
the bioactivation of several N-hydroxy-HAAs in human
breast, where NAT2 activity is low [109]. The NAT1 is
expressed at relatively high levels in extrahepatic tissues
[101, 102] and may contribute to bioactivation of N-
hydroxy-HAAs in putative target tissues such as the colon,
prostate and mammary glands [110–112]. PhIP has been
identified in breast milk of healthy women who ate well-
donemeat [113], and a recent study reported the detection of
PhIP-DNA adducts in human breast tissue by means of
immunohistochemistry [114]. Moreover, among well-done
meat consumers, women with a rapid NAT2 genotype were

reported to have a higher level of PhIP-DNA adducts than
those individuals with a slow NAT2 genotype. This finding
suggests that N-acetoxy-PhIP formed by NAT2 in liver may
be sufficiently stable to be transported through the blood
stream and react with DNA in the breast. Further investiga-
tions on the potential role of PhIP and other HAAs in breast
cancer arewarranted.

The NAT2 fast acetylator type (NAT2*4 wild-type allele)
has been linked with increase risk of colorectal cancer in
some epidemiological studies [19, 20]. Moreover, a positive
interactive effect was observed among individuals who fre-
quently consumed grilled meats and who were both rapid
acetylators and CYP1A2 N-oxidizers, which suggests a
putative role for HAAs in the etiology of colorectal cancer
[115–117]. However, the molecular epidemiology data on
the associations between drug metabolism activity
(CYP1A2 or NAT2), consumption of cooked meat, and
colorectal cancer development are inconsistent, and the
findings of some studies have questioned the role of HAAs
and these associations in colorectal cancer risk [20, 91, 118,
119] (and references within). The elevated risk of colorectal
cancer may be conferred only in individuals who are both
rapid NAT2 and CYP1A2 phenotypes and who are frequent
consumers of cooked meat products containing high con-
centrations of HAAs [115, 116].

4.2 Sulfotransferases and polymorphisms
affecting HAAmetabolism

The human SULTs also catalyze the sulfation ofN-hydroxy-
HAAs thatmay bind toDNAand enhancemutagenicity, par-
ticularly, for the N-hydroxy derivatives of PhIP, 2-AaC, and
MeAaC [108, 120–122]. However, N-hydroxy-IQ and N-
hydroxy-MeIQx do not appear to be substrates for human
SULTs and DNA binding is not enhanced in the presence of
these enzymes [121, 123]. The highest SULT activities for
N-hydroxy-HAAs are associated with SULT1A1, followed
by SULT1A2 and SULT1A3, and SULT1B1 [120, 122].
SULT1E1, which is under hormonal regulation and induc-
ible by progesterone, also was reported to enhance the bind-
ing ofN-hydroxy-PhIP to DNA in cultured human epithelial
cells [124]. Depending upon the N-hydroxy-HAA substrate,
N-sulfation catalyzed DNA binding by some human liver
cytosols is greater than liver cytosols of rats or mice [108,
120]. SULTs are expressed in a wide variety of tissues,
including breast and colon [110, 111, 113], putative target
tissues of PhIP and other HAAs in humans [1, 77]. In addi-
tion to bioactivation, SULTs alsomay contribute to detoxica-
tion of HAAs. Sulfamation is an important detoxication
pathway of IQ andMeIQx (Fig. 2) in rodents, nonhuman pri-
mates, and humans [24, 42]. Human SULT1A1 appears to be
the principal isoform involved in this conjugation pathway
[43]. The sulfamation of PhIP is also catalyzed by rat liver
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cytosols [120]; however, this pathway has not been reported
invivo in rodents or humans [24, 26, 45, 46].

A large interindividual variation has been observed in
bioactivation ofN-hydroxy-HAAs by SULTs in human liver
cytosols [123]. Several common polymorphisms have been
reported for SULT1A1, which may affect the expression or
stability of the protein and catalytic activity [125–127].
One common polymorphism in SULT1A1 occurs at codon
213, where a G fi A transition results in an arginine
(SULT1A1*1 (wild type)) to histidine substitution
(SULT1A1*2) [127, 128]. Subjects with the homozygous
His allele display substantial decreases in N-sulfation cata-
lyzed DNA binding of N-hydroxy-4-aminobiphenyl and N-
hydroxy-PhIP [97]. It is noteworthy that one recent epide-
miological study [129] reported that women who were fre-
quent consumers of well-done meat and who carried the
His/His genotype with diminished N-sulfation activity of
N-hydroxy-HAAs and N-hydroxy-AAs, were at decreased
risk for breast cancer relative to women who carried the
functional homozygous wild type Arg/Arg allele
(SULT1A1*1). These findings are suggestive of a role of
AAs or HAAs as etiological agents in breast cancer. The
detection of PhIP-DNA adducts in breast tissue by immuno-
chemical detection leads credence to the potential role of
this carcinogen in breast cancer development [114]. Further
investigations on the roles of HAAs and SULT polymorph-
isms in breast cancer are warranted.

4.3 UDP-glucuronosyltransferases and
polymorphisms affecting HAAmetabolism

The UGT-catalyzed glucuronidation of many HAAs and
their N-hydroxy-HAA metabolites occurs at the excocyclic
or imidazole nitrogen atoms to form stable conjugates. Glu-
curonidation is a major metabolic pathway of detoxication
of these dietary carcinogens in rodents, nonhuman primates,
and prominently in humans [24, 26, 27, 41, 42, 44–46]. The
conjugation is catalyzed by a number of UGT1A isoforms
(for nomenclature see: http://som.flinders.edu.au/FUSA/
ClinPharm/UGT/currnom.htm) that are expressed in human
liver and extrahepatic tissues [100, 130]. The highest activ-
ities were observed for UGT1A1, UGT1A9, followed by
UGT1A8, UGT1A7, and UGT 1A3, which catalyzed the N 2

and N 3 glucuronidation of N-hydroxy-PhIP but with differ-
ent regioselectivities [131–133]. The rates of glucuronida-
tion of N-hydroxy-PhIP by some human colon samples
approached the levels observed in human liver, demonstrat-
ing the importance of UGT-catalyzed detoxication of this
carcinogenic metabolite in colon, a putative target organ of
PhIP-induced carcinogenesis [131]. The UGT isoforms that
contribute to the metabolism of other HAAs, such as IQ and
MeIQx, have not been reported but most likely also involve
the 1A family [24]. Several commongenetic polymorphisms

have been reported in the UGT1A family [100, 130]. Since
significant interindividual variation of glucuronidation of
MeIQx, PhIP, as well as their N-hydroxylated metabolites
has been reported in humans [11, 42, 46, 134], the the role of
UGT polymorphisms in metabolism and detoxication of
HAAs may be an important factor to consider in the risk
assessment of these genotoxins.

4.4 Glutathione S-transferases and
polymorphisms affecting HAAmetabolism

The GSTs (for nomenclature see [135, 136]) are another
important class of phase II enzymes involved in the detoxi-
cation of numerous xenobiotics that include: endogenous
electrophiles, aldehydes and radicals derived from lipid per-
oxidation products, and various genotoxins, including N-
acetoxy-PhIP [135, 137]. The family of cytosolic GSTs and
a second family of structurally unrelated insoluble microso-
mal GSTs have been identified but their capacity to detoxi-
cate HAAs have not been reported. There are eight classes
of cytosolic GSTs (Alpha, Kappa, Mu, Omega, Pi, Sigma,
Theta, and Zeta). The catalytically active cytosolic proteins
are dimers of subunits from within the same class of pro-
teins [135, 137]. Amongst the N-hydroxy-HAAs, only N-
acetoxy-PhIP has been reported to be a substrate for GSTs,
which diminished the binding of this reactive PhIP metabo-
lite to DNA [31, 98]. Human GST A1-1 (a-class) was
reported to most efficiently detoxicate this carcinogen, fol-
lowed by A2-2, P1-1, T1-1, T2-2, which displayed lower
activities, while no activities were detected for GSTs A4-4,
M2-2, M4-4, and Z1-1 [31, 98]. Analyses of incubation
mixtures containing N-acetoxy-PhIP, glutathione (GSH)
and GST A1-1 revealed the presence of oxidized GSH
(GSSG) and PhIP but not GSH conjugates of PhIP [31].
The stoichiometry of GSSG and PhIP formation suggested
that the reaction was not a simple redox reaction; however,
the formation of an unstable GSH conjugate of PhIP as an
intermediate can not be excluded. The DNA-binding of N-
acetoxy-IQ, N-acetoxy-MeIQx, and N-acetoxy-2-AaC
were not diminished by GSTs, but some of the respectiveN-
hydroxy- and N-acetoxy-HAAs underwent partial reduction
back to the parent amines by GSH alone [31, 32, 108].

The expression and distribution ofGSTs is highly variable in
humans and inducible [138, 139], suggesting the potential
for chemoprevention strategies towards N-acetoxy-PhIP.
The highest level of expression of the GST a-class occurs in
the liver, while the amount of GSTA1 expressed in colon is
approximately 100-fold less [140–142]. A common poly-
morphism was reported in the 59-regulatory region of
GSTA1. The GSTA1*B variant was associated with 4-fold
lower mean hepatic GSTA1 expression compared to
GSTA1*A [143]. In a case-control study for colorectal can-
cer, approximately 35%of aCaucasian population contained
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*A/*A genotype, followed by 51% *A/*B heterozygotes, and
14% *B/*B homozygotes in the control population, while
the *B/*B individuals were over represented in cases at 24%
[98, 143]. The odds ratio for risk of colorectal cancer with
homozygous *B/*B individuals was 2.0. However, when the
analysis was conducted with preference for well-done meat,
which contain high concentrations of PhIP and other HAAs
[2], the health risk association was apparent only with fre-
quent consumption ofwell-done beef where the odds ratio of
*B/*B individuals was approximately 3-fold relative to the
*A/*A and *A/*B genotypes [32]. These protective effects of
GSTA1 observed in individuals who frequently consume
well-done meat are suggestive of an etiologic role of PhIP or
otherHAAs in colorectal cancer.

A mechanistic model for the chemical carcinogenesis of
colorectal cancer has been proposed based upon the meta-
bolism of PhIP and other HAAs in cooked meats [32, 144].
The bioactivation of PhIP occurs in the liver through
CYP1A2-catalyzed N-oxidation, followed by NAT-cata-
lyzed O-acetylation of N-hydroxy-PhIP to form N-acetoxy-
PhIP [32, 144]. The N-acetoxy-PhIP intermediate is readily
inactivated by GSTA1 in the liver of individuals of *A/*A
and *A/*B genotypes; however, relatively higher amounts
of N-acetoxy-PhIP may escape inactivation in the liver of
*B/*B individuals who express less GSTA1 and higher
amounts of this genotoxin are transported into the blood
stream. In the colon, a presumed target organ of PhIP, the
protective effects of GSTs are largely lacking due to the
poor expression of GSTA1, and N-acetoxy-PhIP may read-
ily form DNA adducts leading to mutations [32]. In this
mechanistic model, the protective effects of GSTA1 would
only be detected in individuals who are exposed to HAAs
and who display both rapid CYP1A2 and NAT activities to
form the critical genotoxic PhIP metabolite [32]. However,
other XMEs expressed in liver or colon that are involved in
detoxication of N-hydroxy-PhIP, such as UGTs [131, 132,
145], may provide significant protection against this geno-
toxin and may obscure the interaction amongst frequent
meat consumption, GSTA1 genotypes, and colorectal can-
cer risk. In an independent small pilot study on colorectal
cancer patients (N = 76), PhIP-DNA adducts were approxi-
mately 2-fold higher in the lymphocytes of *B/*B carriers
than in *A/*A and *A/*B genotypes [146]. This data rein-
forces the notion that GSTA1 polymorphisms and exposure
to PhIP may be important risk factors for colorectal cancer
development.

4.5 Challenges of in the extrapolation of
interspecies toxicity data to assess human
health risk of HAAs

The cancer risk of HAAs is uncertain and risk factor esti-
mates have ranged widely. An upper limit was estimated at

1 cancer case per 1000 individuals [147], intermediate risk
factors of 1 in 5000, and 1 in 10 000 [148–152], and a lower
limit of 50 cancer cases per 106 individuals was reported
[153]. These divergent estimates can be attributed to the
different assumptions that are used in calculating risk fac-
tors. The estimated daily intake of HAAs, which may vary
by more than 100-fold in cooked meats [10, 11, 154], can
lead to disparate risk factor estimates. Another important
parameter is the usage of different total doses for 50%
tumor incidence values (TD50) from various animal carcino-
gen bioassays, which show strong differences in HAA car-
cinogenic potencies [1, 147, 152]. Dose concentrations
used in animal carcinogen bioassays are another important
variable, where the doses of HAAs have been conducted at
104- to 106-fold greater amounts than daily human exposure
[1, 68]. These high levels of HAA exposure may result in
metabolic pathways that preferentially lead to formation of
chemically reactive metabolites, which may not arise under
low-dose treatments. High-dose exposure may also lead to
saturation of enzymatic detoxication systems and result in
an enhanced HAA toxicity. However, an approximate linear
response in IQ-DNA [155] and MeIQx-DNA [76, 79]
adduct formation has been observed in rats as a function of
dose over a wide range of dose treatments, indicating that a
constant proportion of these HAAs are bioactivated to gen-
otoxic species. Tumor incidence in animal models and
extrapolation of DNA adduct-based measurements for
human cancer risk assessment have been evaluated for sev-
eral different classes of carcinogens [156–159]. However,
HAA-DNA adduct formation occurs at significant levels in
many tissues of experimental animal models that do not
develop cancer [30], indicating that factors in addition to
DNA adduct formation, such as base misincorporation dur-
ing translesional synthesis, cell proliferation, and other
tumor promotion factors are required for cancer develop-
ment [68, 160–162].

Another variable between species which may affect the
toxicity of HAAs is the diet. In contrast to the standardized
diet of experimental animals, the human diet is highly
diverse and complex, and there are numerous dietary con-
stituents that may obscure the extrapolation of animal toxi-
city data to assess human health risk. For example, there are
components in grilled meats [89] that increase the expres-
sion of CYP1A2 [89], which may increase the bioactivation
of HAAs in humans. Caffeine, tea, and coffee also have
been reported to increase the expression of hepatic
CYP1A2 in rats [163–166], and caffeine has been reported
to modulate the genotoxic potential of HAAs in vivo [167].
Fortunately, dietary components, such as cruciferous vege-
tables containing indole-3-carbinol and organic isothiocya-
nate derivatives [88, 168–170] and beverages, such as cof-
fee and tea, contain constituents that inhibit CYP1A2-cata-
lyzed N-oxidation of HAAs [171, 172]. Constituents in
these foods and beverages also increase the expression of
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phase II enzymes that detoxicate HAAs [87, 138, 172–
174]. Conjugated linoleic acids also have been reported to
modulate the metabolism of several HAAs through a
decrease in CYP-catalyzed N-oxidation activity, which
results in decreased levels of DNA adduct formation and a
decreased incidence of tumor incidence in experimental
animal models [175, 176]. Two extensive review articles
have recently been published on dietary constituents that
may influence the toxicological properties and health risks
associated with HAAs [177, 178].

Another uncertainty in risk assessment of HAAs is the bio-
availability of HAAs in cooked foods, where the estimates
of HAAs in cooked meats may not be reflective of the actual
daily exposure levels and, thus, affect risk estimates. For
example, the bioavailability of HAAs may be reduced by
dietary constituents, such as chlorophyll, which bind to
HAAs [179], or by the cooked meat matrix, where increas-
ing the doneness of the meat appears to decrease the amount
of HAA accessible from the meat matrix [180]. Moreover,
cooked meats contain a variety of carcinogens at low con-
centrations that include: polycyclic aromatic hydrocarbons,
N-nitroso compounds, lipid peroxides, and other pro-oxida-
tive agents, and fungal products, in addition to HAAs. The
carcinogenic potency of grilled meats and health risk may
be related not only to HAAs, but to this complex mixture of
genotoxic compounds [1, 181–185], all of which are
affected by various XME polymorphisms. Because of these
complex genetic-environment interactions, it may be diffi-
cult to identify a polymorphism of a specific XME and cor-
relate it to the heath risk associated with one class of geno-
toxins in cooked meats.

5 Conclusions

The biochemical data summarized in this review highlights
some of the many important species differences in XMEs
that both activate and detoxicate HAAs. Comparison
between experimental animals and human CYPs and phase
II enzymes is essential for the extrapolation of animal carci-
nogenicity data to assess human health risk, and considera-
tion of species differences in catalytic activities of these
enzymes is important. The low level of CYP1A2 expressed
in rat liver combined with the strong differences between
rat and human CYP1A2 activities in HAA activation sug-
gest that the carcinogenicity data of the rat may underesti-
mate the human health risk of HAAs. However, interspecies
comparisons of HAA toxicity must be made with caution as
XME detoxication pathways may be different in humans
and experimental animals and affect the toxicological prop-
erties of HAAs. Moreover, the large interindividual varia-
tions in the expression of CY1A2 and phase II enzymes that
are involved in both the bioactivation and detoxication of

HAAs most likely results in different health risks for indivi-
duals. The development of sensitive analytical mass spec-
trometry methods has enabled investigators to measure
HAAs [134, 186, 187], their metabolites [42, 46] and DNA
adducts in humans [77, 78, 188]. These chemical markers
may be used to more accurately determine the inter-rela-
tionship amongst dietary factors, XME polymorphisms,
and susceptibility factors in HAA diet-related carcinogen-
esis [23, 189, 190].

Disclaimer: The views presented in this article do not
necessarily reflect those of the United States Food and
Drug Administration.
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