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Review

Two food-borne heterocyclic amines: Metabolism
and DNA adduct formation of amino-a-carbolines

Hanne Frederiksen

Department of Toxiclogy and Risk Assessment, Danish Institute for Food and Veterinary Research, Søborg,
Denmark

The amino-a-carbolines 2-amino-9H-pyrido[2,3-b]indole (AaC) and 2-amino-3-methyl-9H-pyrido-
[2,3-b]indole (MeAaC) are two mutagenic and carcinogenic heterocyclic amines formed during ordi-
nary cooking. Amino-a-carbolines can be formed in model systems by pyrolyzing tryptophan or pro-
teins of animal or vegetable origin, furthermore they are found in many cooked foods, such as fish,
meat, and chicken. The specific mutagenicity of the amino-a-carbolines are lower in the Ames Sal-
monella assay than other heterocyclic amines, but in rodent studies the carcinogenicity of the amino-
a-carbolines are comparable to other heterocyclic amines. The metabolic pathways of the amino-a-
carbolines have been studied in vitro and in vivo, and the detoxified phase I and phase II metabolites
characterized and quantified. The metabolic activation of the amino-a-carbolines and the formation
of DNA-adducts have also been studied. Characteristic for the amino-a-carbolines are that relatively
large amounts of these compounds in rat and human hepatic microsomes are activated to potent carci-
nogenic compounds compared with other heterocyclic amines, but further in vivo studies of the
amino-a-carbolines are needed to highlight these indications. In this review, the main characteristics
with focus on the metabolism and the DNA-adduct formation of the amino-a-carbolines are described
and compared with other heterocyclic amines.
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1 Introduction

Diet is generally accepted as one of the important factors in
human cancer development. Heterocyclic amines are a
group of mutagens and carcinogens isolated from heated
amino acids, proteins, and protein-rich foods. Cigarette
smoke contains mutagenic compounds and this inspired
Japanese researchers to investigate smoke from grilled fish
and meat for mutagenic activity. In 1977, the first studies in
this area showed mutagen activity in pyrolyzed proteins and
amino acids and in smoke and charred surface of broiled
fish and meat [1, 2]. Today more than 20 heterocyclic
amines have been discovered and structurally characterized.
They are divided into two classes, where the first class con-
tains pyrolyzate mutagens, which are formed during treat-
ment of amino acids or proteins at very high temperatures
(A3008C). The pyrolyzate mutagens are derivates of amino-
a-carbolines, c-carbolines, and dipyridoimidazoles [3]. The
second class of heterocyclic amines, the aminoimidazoa-
zaarenes, are formed during ordinary cooking conditions
(150–2008C) and are characterized as one or two hetero-
cyclic rings fused to an aminoimidazo ring [4]. Figure 1
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shows the structures of selected pyrolyzate and aminoimi-
dazoazaarene mutagens.

Since the aminoimidazoazaarenes were discovered in the
eighties, there has been a lot of focus on these compounds.
2-Amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine (PhIP)
and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) and its
methyl homologues are well-described as regards their for-
mation and occurrence, mutagenicity and carcinogenicity,
metabolism and DNA-adduct formation [5–8]. In compari-
son, there has been much less attention on the pyrolyzate
mutagens, therefore, the aim of this minireview is to
describe previous studies of the amino-a-carbolines and
particularly recent studies of the metabolism and DNA-
adduct formation of amino-a-carbolines.

2 Amino-a-carbolines

Two of the first discovered heterocyclic amines derived
from heated food were the amino-a-carbolines. In 1978, a

fraction containing mutagenic activity was isolated from a
pyrolyzate of soybean globulin. The mutagenic fraction
was analyzed by mass spectrometry and crystallized fol-
lowed by X-ray analysis. Two compounds were character-
ized as 2-amino-9H-pyrido[2,3-b]indole (AaC) and its
methyl homologue 2-amino-3-methyl-9H-pyrido[2,3-
b]indole (MeAaC) (Fig. 1) [9]. In model systems amino-a-
carbolines can be formed by pyrolyzing either tryptophan
or proteins of animal or vegetable origin, e.g., albumin,
casein, or soybean globulin [6]. The chemical synthesis of
the amino-a-carbolines has been carried out by various
attempts. The most successful method was performed by a
thermal electrocyclic reaction of 2-azahexa-1,3,5-triene
resulting in the formation of AaC with a yield of 40%. The
chemical synthesis of MeAaC was carried out in an analo-
gous way [10]. Today the amino-a-carbolines are commer-
cial available compounds.

3 Occurrence

There are sincere problems associated with the determina-
tion of heterocyclic amines in cooked food because they
occur in low amounts in a complex matrix. For several
years, the amino-a-carbolines were thought to be formed
exclusively under extreme conditions, such as high-tem-
perature pyrolyzis of protein, but during the past 5–10
years the development of new analytical methods has
shown that the amino-a-carbolines are common in the Wes-
tern diet [11]. The levels of AaC found in fried red meat
and fish are generally 0–20 ng/g and 0–10 ng/g, respec-
tively (limit of detection A0.01–0.05 ng/g), but higher
amounts of AaC have been reported, too [12]. Only few
studies have made comparable investigations of the con-
tents of amino-a-carbolines and other heterocyclic amines
in food [13]. Table 1 shows some selected data of AaC,
MeAaC, PhIP, and MeIQx found in fish, beef, chicken, and
vegetables, such as mushroom and onion [14–22]. Espe-
cially in fish AaC was found in concentrations comparable
with those of PhIP [15], whereas the level of AaC in beef is
comparable with the level of MeIQx [18, 19]. Like other
heterocyclic amines it is characteristic for the amino-a-car-
bolines that the level is increasing in food prepared at high
temperature [22]. The average daily intakes of heterocyclic
amines in descending order are estimated to PhIP AAaC A

MeIQx A 2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxa-
line (DiMeIQx) A IQ [23]. However, recent studies have
shown that the content of amino-a-carbolines are low (a1
ng/g) in ordinary home-cooked dishes with beef, chicken,
or fish (content of PhIP and MeIQx of up to 11.1 ng/g and
2.3 ng/g, respectively [14, 17]), but it was also concluded
that the amino-a-carbolines were among the frequently
found heterocyclic amines in cooked food [17].
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Figure 1. (A) Structures of selected pyrolyzate mutagens: 2-
amino-9-pyrido[2,3-b]indole (AaC), 2-amino-3-methyl-9H-pyr-
ido[2,3-b]indole (MeAaC), 2-amino-1-methyl-5H-pyrido[3,4-
b]indole (Trp-P-2), and 2-amino-dipyrido[1,2-a:39,29-d]imida-
zole (Glu-P-2); (B) selected aminoimidazoazaarene muta-
gens: 2-amino-3-methylimidazo[4,5-f]quinoxaline (IQ), 2-
amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) and 2-
amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine (PhIP).
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MeAaC was also found in wine in a study where 25 wines
from various regions were analyzed for heterocyclic
amines. MeAaC was found to be the most widely distribu-
ted one, ranging from a7.5 to 107 ng/L, while the amounts
of PhIP and IQ ranged from nd –83 ng/L and nd –10 ng/L,
respectively (limit of quantification A0.1 ng/L; nd, not
detected). Data on AaC content in wine were not reported
[24]. Contents of amino-a-carbolines in other beverages
have not been reported. Finally, both AaC and MeAaC are
found in cigarette smoke condensates ranging from 2 to 260
ng/cigarette and 0.4–40 ng/cigarette, respectively [20, 25–
27]. From the above data it appears that AaC is formed in
amounts about tenfold higher than MeAaC in foods and
cigarettes.

4 Mutagenicity and carcinogenicity

Metabolic activated amino-a-carbolines have shown muta-
genicity in the Salmonella assay. Compared with other het-
erocyclic amines, the specific mutagenic activity of the
amino-a-carbolines was very low. Table 2 shows the muta-
genicities of selected heterocyclic amines in two Salmo-
nella typhimurium strains. Generally the specific mutagenic
activity of heterocyclic amines was much higher in Salmo-
nella typhimurium TA98 than in Salmonella typhimurium
TA100, indicating that heterocyclic amines induced frame-
shift mutations [28]. The mutagenic activity of the amino-
a-carbolines compared with other heterocyclic amines such
as MeIQx, DiMeIQx, IQ and PhIP was also low in the Sal-
monella strains, TA1538 and YG1019 [29]. Metabolic acti-
vated amino-a-carbolines were also mutagenic in cultivated

lung cells of Chinese hamsters and in Drosophila melano-
gaster [30].

The International Agency for Research on Cancer (IARC)
regards the amino-a-carbolines as possible carcinogens to
humans (IARC, 1987, Class 2B, vol. 40, Suppl. 7). Table 3
shows the carcinogenicities of selected heterocyclic amines
in rats and mice reviewed by Sugimura [2]. Furthermore,
Ohgaki et al. [31] have shown that dietary administration of
amino-a-carbolines to CDF1 mice of both sexes induced
tumors in liver and blood vessels. In this study, it was shown
that the level of tumors induced by amino-a-carbolines was
similar to the level of tumors induced by 2-amino-6-
methyl-dipyrido[1,2-a:39,29-d]imidazole (Glu-P-1) and
Glu-P-2 [31]. One other study has shown that MeAaC
caused a dose-related response in development of GST-P+

foci in the liver of male F344 rats. In contrast, PhIP only
increased foci development in the highest dose group when
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Table 1. Occurrence of selected heterocyclic amines (ng/g) in cooked foods

Sample/Cooking method Temp.
(8C)

Time
(min)

AaC MeAaC PhIP MeIQx Ref.

Fish oven-broileda) 200 20 0.1 0.1 1.7 5 [14]
Fish pan-broiled 200 266 4.6 – 23 5 [15]
Fish pan-broiled 200 2612 9 – 17 3.7 [15]
Fish barbecued 200 266 6.9 – 6.2 a1 [15]
Fish barbecued 200 2612 109 – 73 a1 [15]
Meat extractb) – – 8.1 4.0 – – [16]
Beef hamburger frieda) 175–200 265.6 a0.1 a0.04 0.6 0.7 [17]
Beef broiled – – 1.2 – 15.7 2.11 [18]
Beef steak fried 190 6 3.2 – 23.5 5.1 [19]
Beef steak fried 190 13 8.9 – 48.5 8.3 [19]
Beef steak grilleda) 180–210 262 0.5 0.4 4.8 2.9 [17]
Beef steak grilled – – 650 63 – – [20]
Chicken pan-fried (wok)a) – 3 0.1 0.05 11.1 – [14]
Chicken broiled – – 0.21 nd 2.33 38.1 [21]
Chicken grilled breasta) 175–200 266.5 0.2 a0.02 2.3 0.3 [17]
Chicken grilled breast 350 – 170 – 21 nd [22]
Chicken grilled sliced – – 180 15 – – [20]
Mushroom grilled – – 47.2 5.4 – – [20]
Onion grilled – – 1.5 nd – – [20]

– not reported; nd, not detected; a) content in home-cooked dishes; b) ng/g dry product

Table 2. Mutagenicities of selected heterocyclic amines in
Salmonella typhimurium TA98 and TA100

Revertants/lg

Compound TA98 TA100

AaC 300 20
MeAaC 200 120
Trp-P-2 104200 1800
Glu-P-2 1900 1200
IQ 433000 7000
MeIQx 145000 14000
PhIP 1800 120

Data were reviewed in [28]
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given at the same dosage [32]. Other studies have shown
that AaC induced preneoplastic colonic aberrant crypt foci
(ACF) in colon and small intestine of C57BL/N6 mice [33],
DNA adducts in colon and small intestine of Sprague-Daw-
ley rats [34], and mutations in the colon of Big BlueTM mice
[35]. Recently, it was shown that AaC, but not MeAaC,
increased the number and diameter of small intestinal
tumors in C57BL/6J-Min/+ mice [36].

While the mutagenicities of the amino-a-carbolines were
very low compared with other heterocyclic amines, the car-
cinogenicities of the amino-a-carbolines were on the same
order as those of, e.g., IQ and MeIQx and even higher than
the carcinogenicity of PhIP in some studies. However, most
of the rodent carcinogenicity studies were performed with
dietary administrated doses close to the maximum tolerable
dose of the rodents.

5 In vitrometabolism

Heterocyclic amines including amino-a-carbolines follow
two metabolic pathways, detoxification or activation
(Fig. 2). The first step in the metabolism of the heterocyclic
amines is a phase I hydroxylation catalyzed by cytochrome
P450 enzymes. Detoxified compounds are often ring-
hydroxylated followed by phase II conjugation with glu-
curonic or sulfonic acid. However, conjugation of the exo-
cyclic amino group with glucuronic or sulfuric acid is also a
usual detoxification pathway. Activated compounds are

hydroxylated in their characteristic exocyclic amino group,
usually followed by O-esterification catalyzed by, e.g.,
acetyltransferase or sulfotransferase. This results in forma-
tion of reactive derivates, which spontaneously undergo
heterolytic fission to electrophilic arylnitrenium ion inter-
mediates, which are able to form adducts with macromole-
cules, such as proteins and DNA [5, 30].

In vitro studies have shown that amino-a-carbolines were
activated to mutagenic N 2-hydroxy derivates by hepatic
microsomes from various species, such as rats, mice, ham-
sters, guinea pigs, and humans [9, 37–39]. Previously, the
major metabolites of AaC in human and rodent hepatic
microsomes and the major metabolites of MeAaC in hepa-
tic microsomes from polychlorinated biphenyl (PCB)-
induced rat were characterized [39, 40], and recently the
metabolisms of both AaC and MeAaC were compared in
hepatic microsomes from PCB-induced rat, untreated rat,
and human [41].

In the latter study the phase I metabolites were character-
ized and the distributions between detoxification and acti-
vation were determined. In addition to three minor detoxi-
fied metabolites, two major detoxified metabolites of AaC
were characterized as 3-OH-AaC and 6-OH-AaC. MeAaC
was metabolized to one minor and three major detoxified
metabolites characterized as 3-CH2OH-MeAaC, 6-OH-
MeAaC, and 7-OH-MeAaC (Fig. 3). The minor detoxified
metabolites of both AaC and MeAaC were proposed to be
other ring-hydroxylated metabolites based on MS data and
comparison of UV data with the major metabolites. Both
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Figure 2. Metabolic pathway for amino-a-carbolines
(MeAaC).

Table 3. Carcinogenicities of selected heterocyclic amines in
rats and mice

Compound Species Concentra-
tion (%)a)

Target organs

AaC Mice 0.08 Liver, blood vessels
MeAaC Mice

Rats
0.08

0.02, 0.01
Liver, blood vessels
Liver

Trp-P-2 Rats
Mice

0.02
0.01

Liver
Liver, urinary bladder

Glu-P-2 Mice
Rats

0.05
0.05

Liver, blood vessels
Liver, small and large intes-
tines, Zymbal gland, clitoral
gland

IQ Mice
Rats

0.03
0.03

Liver, forestomach, lung
Liver, small and large intes-
tines, Zymbal gland, clitoral
gland, skin

MeIQx Mice
Rats

0.06
0.04

Liver, lung, hematopoietic
system
Liver, Zymbal gland,
clitoral gland, skin

PhIP Mice
Rats

0.04
0.04

Lymphoid tissue
Large intestines, mammary
gland

Data were reviewed in [2]
a) The dose was given in the daily food
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AaC and MeAaC were activated to their respective N 2-
hydroxy derivates. In the microsomal incubations of AaC,
the N 2-OH-derivate was detected, but not in incubations of
MeAaC. Incubations of both AaC and MeAaC contained
products, proposed to be dimers formed from the reactive
N 2-OH-derivates and their parent compounds. Also, rela-
tively large amounts of AaC and MeAaC were bound to the
microsomal proteins, indicating an adduct formation of
reactive metabolites with proteins (Fig. 3) [41].

The percentage distribution between detoxification and
activation of the amino-a-carboline metabolites in the
different types of hepatic microsomes showed similar pat-
terns for both AaC and MeAaC. In PCB-induced rat micro-
somes, the major part of the metabolites was detoxified;
only a small amount (l10%) was activated. In the untreated
rat microsomes there was a 50:50% distribution between
detoxification and activation, while the major part of the
metabolites from the human microsomes (l60%) was acti-
vated and reacted further to dimers and protein adducts
[41]. The distribution between detoxification and activation
of MeAaC in PCB-induced hepatic rat microsomes was
comparable with a previous study of the MeAaC metabo-
lism, where about 13% of MeAaC was activated [40]. On
the contrary, an other study has shown that the activation of
AaC by PCB-induced hepatic rat microsomes increased the
amount of revertants in Salmonella typhimurium TA98
assays sixteenfold compared with activation of AaC by
untreated hepatic rat microsomes [37]. Raza et al. [39],
found a lower degree of activation of AaC by human hepa-
tic microsomes, only 15% of AaC was activated and 85%
was detoxified. In this study, however, binding of the acti-

vated metabolite to protein was not taken into consideration
[39]. However, in vitro studies of PhIP have shown species
variation in metabolic distribution similar to the present
results on AaC and MeAaC. The ratios of N-hydroxylation
to 49-hydroxylation of PhIP was 97:1, 3.3 :1, and 1.7 :1 for
humans, rats, and mice, respectively [42].

Species differences between rats, mice, hamsters, and gui-
nea pigs in the activity of hepatic cytochrome P450
enzymes responsible for the activation of MeAaC have
been reported [38]. In vitro studies of the activation of AaC
catalyzed by recombinant cytochrome P450 enzymes
showed that rat CYP1A1 activated AaC more efficiently
than rat CYP1A2 [43]. In accordance with that, the activa-
tion of AaC was shown to be about 56% catalyzed by rat
CYP1A1 and 23% catalyzed by rat CYP1A2. Also, the total
amount of AaC metabolized by rat CYP1A1 was about
threefold higher than AaC metabolized by rat CYP1A2
[44]. For other heterocyclic amines of the aminoimidazoa-
zaarene type, such as PhIP, IQ, MeIQ, and MeIQx, rat
CYP1A2 was the major activating enzyme [43, 45]. Also,
MeAaC was primarily metabolized by rat CYP1A1
(l57%), while only a small amount (l7%) was metabo-
lized by rat CYP1A2. The degree of activation was low,
about 10% and 2% catalyzed by rat CYP1A1 and rat
CYP1A2, respectively [44].

The metabolism of amino-a-carbolines catalyzed by
recombinant human cytochrome P450 enzymes showed
that human CYP1A2 was the major activating enzyme,
while human CYP1A1 and human CYP2C10 showed low
catalytic activities and human CYP3A4 showed no catalytic
activity towards AaC or MeAaC [39, 44]. These data were
in accordance with in vitro studies of other heterocyclic
amines, where enzymes from the CYP1A-family and espe-
cially human CYP1A2 were shown to be involved in the
phase I metabolism and activation of heterocyclic amines
[7, 46, 47]. Only 2% of both AaC and MeAaC were meta-
bolized without activation by human CYP1A1, while 64%
and 13% of AaC and MeAaC, respectively were metabo-
lized by human CYP1A2. The activation catalyzed by
human CYP1A2 was about 27% and 1% of total metabo-
lized AaC andMeAaC, respectively [44].

The activation of AaC and MeAaC was about 50% in hepa-
tic microsomes from untreated rats and about 60% in
human hepatic microsomes [41]. The catalytic activity of
human CYP1A2 and rat CYP1A1 were very low towards
MeAaC compared with AaC. Therefore, it was suggested
that the methyl group sterically hinders activation of
MeAaC and that other microsomal enzymes than CYP1A
may be involved in the activation of AaC and particularly
MeAaC [44].

The in vitro phase II metabolism of the amino-a-carbolines
has been described in few studies. Correlations and inhibi-
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Figure 3. In vitro metabolites of amino-a-carbolines cata-
lyzed by phase I enzymes (–OH, hydroxylation). Furthermore
three minor hydroxylated AaC metabolites and one minor
hydroxylated MeAaC metabolite were identified and proposed
to be other ring-hydroxylated metabolites.
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tion studies suggested that the isoform of sulfotransferase
primarily responsible for bioactivation of N 2-OH-AaC in
human liver cytosol was SULT1A1, but also the N-acetyl-
transferases, NAT1 and NAT2, catalyzed the bioactivation
of N 2-OH-AaC. The rate of bioactivation of N 2-OH-AaC
catalyzed by SULT1A1, NAT1, and NAT2 was significantly
higher than the bioactivation of N 2-OH-PhIP [48]. A recent
study has shown similar results for the bioactivation of
MeAaC in recombinant test systems expressing human
xenobiotic-metabolizing enzymes. MeAaC induced gene
mutations in Chinese hamster V79-derived cells co-expres-
sing human CYP1A2 and human SULT1A1, but was inac-
tive in cells co-expressing CYP1A2 and NAT1 or NAT2.
MeAaC, tested in the presence of rat liver postmitochon-
drial fraction, showed strongly enhanced mutagenicity in a
strain expressing SULT1A1 compared to control strains,
Salmonella typhimurium TA1538 and TA1538/1,8-DNP
(deficient in endogenous acetyltransferase). N 2-OH-
MeAaC was a direct mutagen to Salmonella typhimurium
strains TA1538 and TA1538/1,8-DNP, and the mutagenicity
was strongly enhanced in corresponding strains expressing
SULT1A1. A moderate enhancement was observed when
SULT1A2, SULT1B1, SULT1C2, or NAT2 were expressed,
while several other enzymes tested (SULT1A3, 1C1, 1E1,
2A1, 2B1a, 2B1b, 4A1, and NAT1) did not indicate any
activation of N 2-OH-MeAaC. Finally, 3-CH2OH-AaC
showed a week mutagenic activity in Salmonella typhimur-
ium TA1538 expressing SULT1A1, while the other major
detoxified metabolites, 6-OH-MeAaC and 7-OH-MeAaC,
were inactive under the conditions studied [49].

6 In vivometabolism

Compared with other heterocyclic amines, little is known
about the in vivo metabolism of the amino-a-carbolines.
While the in vitro metabolism of amino-a-carbolines has
been studied [50, 51], the in vivo metabolism of amino-a-
carbolines has only been described in rats in two recent
studies [52, 53].

For both AaC and MeAaC the superior excretion in urine
and faeces was similar in the rats dosed with each of the
compounds, but large individual differences were found
between the metabolic pattern of AaC and MeAaC (Fig. 4).
AaC showed a very simple metabolic pattern compared
with MeAaC. In 24 h urine collections unmetabolized AaC
and seven conjugated AaC metabolites were characterized.
Three minor metabolites were characterized as AaC-N 2-
glucuronide and glucuronic acid conjugates of 3-OH-AaC
and 6-OH-AaC. Four metabolites were all characterized as
sulfuric acid conjugates and accounted for the largest
amount of metabolites excreted in urine. The two major sul-
furic acid conjugates were identified as AaC-3-O-sulfate

and AaC-6-O-sulfate, while the minor sulphuric acid conju-
gates were proposed to be other O-sulfonated metabolites
[52].

MeAaC showed a more complex metabolic pattern com-
pared with AaC (Fig. 4). In 24 h urine collections both
unmetabolized MeAaC and the following phase I and phase
II metabolites were identified: 6-OH-MeAaC and 7-OH-
MeAaC, MeAaC-N 2-glucuronide, AaC-3-CH2O-glucuro-
nide, 3-carboxy-AaC and 3-carboxy-AaC-glucuronide, sul-
fate and glucuronide conjugates of 6-OH-MeAaC and 7-
OH-MeAaC. The major metabolite was a very unstable
compound, proposed to be MeAaC-N 1-glucuronide [53]. It
was remarkable that AaC primarily was metabolized to sul-
fate conjugates, while MeAaC primarily was metabolized
to glucuronide conjugates.

The major amounts of both the AaC and MeAaC doses
were excreted in the urine samples collected in 24 h, 34%
and 31%, respectively. Only a few percent of the doses were
excreted in the urine samples collected in 48 and 72 h. In
the 24 h faeces samples a large amount of unmetabolized
AaC andMeAaCwas excreted, 26% and 22%, respectively.
In 48 h urine samples 8% and 7% of the doses were excreted
in faeces as unmetabolized AaC and MeAaC, respectively.
The only metabolite found in the faeces samples was a few
percent of the phase I metabolite, 7-OH-MeAaC [52, 53].

Hydroxylation of the exocyclic amino group followed by
glucuronic acid conjugation is a usual route for detoxifica-
tion of phase I activated heterocyclic amines [7, 8], but acti-
vated metabolites excreted in urine or faeces were not
detected in vivo [52, 53]. All the identified AaC and
MeAaC metabolites were conjugated detoxification pro-
ducts. Less than 2% of the excreted AaC and MeAaC was
bound to urine precipitate and it is possible that activated
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Figure 4. In vivo metabolites of amino-a-carbolines cata-
lyzed by phase I and phase II enzymes.
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N 2-OH-AaC or N 2-OH-MeAaC could be bound to proteins
or other macromolecules in these precipitates [52, 53].

The total recoveries of the AaC and MeAaC doses in rat
urine and faeces collected during three days were about
55% and 65%, respectively [52, 53]. These data were in
accordance with the previous in vitro studies on AaC or
MeAaC, where a 50:50 distribution between detoxification
and activation in rat liver microsomes was found [41]. Com-
pared with other in vivo studies of heterocyclic amines, a
55–65% recovery of the dose was low, e.g., the total recov-
ery of urinary metabolites in rats was about 80–90% after
dosing with PhIP, IQ, and MeIQx [54, 55]. However, many
studies have shown that the metabolism of heterocyclic
amines was highly species-dependent [8]. The phase I
metabolism of AaC and MeAaC in hepatic microsomes
from PCB-induces Wistar rats and control Wistar rat
showed remarkable differences, about 90% and 50% detox-
ification, respectively. In human hepatic microsomes only
about 40% of both AaC and MeAaC were detoxified [41].
The in vivometabolism of the amino-a-carbolines indicates
according to the in vitro metabolism, that a considerable
amount of the amino-a-carbolines probably was activated
in rats and maybe the amino-a-carbolines differ from other
heterocyclic amines by a metabolism dominated of activa-
tion.

7 DNA adduct formation

The adduct formation is the final step in the bioactivation
of heterocyclic amines (Fig. 2). Heterocyclic amines, like
other chemical carcinogens, have been shown to form
adducts with cellular macromolecules, such as DNA, RNA,
and proteins. DNA-adducts are generally regarded as a cel-
lular event which can result in genetic mutations; several
studies support the role of DNA-adducts in carcinogenesis.
Generally, it is proposed that the arylnitrenium ions of het-
erocyclic amines form adducts by covalent modification of
bases in deoxyribonucleic acid. To date, the guanine
adducts of MeAaC, AaC, Trp-P-2, Glu-P-1, MeIQ,
DiMeIQx and PhIP have been characterized [5].

The chemical syntheses of DNA adducts of heterocyclic
amines have been carried out by several methods. A well-
described method with a high yield of DNA-adducts
involvedO-acetylation of the N-hydroxylamine derivates of
the heterocyclic amines by acetic anhydride, followed by
incubation with nucleotides or DNA [56, 57]. Previously
DNA-adducts of the amino-a-carbolines were synthesized
by an alternative route, where nitro derivates of the amino-
a-carbolines were chemically reduced in the presence of
DNA. The major adducts synthesized by this method were
characterized as N 2-(deoxyguanosin-8-yl)-MeAaC (dG-
MeAaC) and N 2-(deoxyguanosin-8-yl)-AaC (dG-AaC)
[50, 58]. Recently, the chemical syntheses of dG-MeAaC

and dG-AaC succeeded by using the O-acetylation method
(Fig. 5) [59].

The yields of synthetic dG-MeAaC and dG-AaC were very
dependent on parameters, such as absence of atmospheric
oxygen, reaction time, and temperature. The highest yields
of dG-MeAaC and dG-AaC were obtained by acetylation
at –208C in argon atmosphere for a short time, followed by
reaction with a large amount of 29-deoxyguanosine at room
temperature [59]. The reaction temperatures used were
different from the temperature used for the synthesis of dG-
PhIP and dG-4,8-DiMeIQx where the acetylation were car-
ried out 08C and –508C, respectively [56], this indicates
that different heterocyclic amines require different reaction
conditions for optimum yield [57]. Surprisingly, it was
found that dG-amino-a-carbolines and 39-phospho-dG-
amino-a-carbolines were unstable compounds at pH-values
a7 and easily decomposed to the N 2-(guanin-8-yl)-adducts
(G-MeAaC and G-AaC) and the parent compounds
(MeAaC and AaC), respectively [59]. Such pH-dependent
instability of the dG-adduct of heterocyclic amines has not
been reported before.

Under the above-mentioned condition, N 2-acetoxy-deri-
vates did not form DNA-adducts with the other deoxynu-
cleosides; 29-deoxyadenosine, 29-deoxycytidine, or 29-deox-
ythymidine [59]. Other studies of heterocyclic amines
showed similar results: AaC, IQ, MeIQx, 4,8-DiMeIQx,
Glu-P-1, Trp-P-2, and PhIP formed major adducts by cova-
lently binding to the C8-carbon atom on the guanine base in
DNA. IQ and MeIQx in addition formed minor adduct
where the C5 atom was attached to N2 of deoxyguanosine
[34, 56, 57, 60].

The amount of DNA-adducts formed in vivo is often very
low and therefore the 32P-postlabeling analysis is a common
method to analyze DNA modified with heterocyclic
amines. The detection limits for quantitative assays are
typically in the range of one adduct/109 nucleotides [61–
64]. Only few in vivo studies have focused on DNA-adduct
formation of the amino-a-carbolines. The adduct level in
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Figure 5. Structure of N 2-(deoxyguanosin-8-yl)-MeAaC (dG-
MeAaC).
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the liver of male Wistar rats dosed with a single dose of
MeAaC was found to be about 50 adducts/109 nucleotides
three days after dosing. A four fold lower adduct level was
found in the DNA from colon and heart and a twelvefold
lower adduct level in the kidney [59]. These adduct levels
were low as expected because the adduct level decrease
over time, e.g., the level of tritium labeled PhIP in liver of
rats decreased fourteenfold from 2 to 72 h after single dos-
ing [65]. In comparison female F344 rats fed MeAaC acet-
ate showed higher adduct levels: 128 adducts/107 nucleo-
tides in the liver and two- to threefold lower adduct level in
other organs, such as kidney, lung, spleen, and salivary
glands [51]. In another study of male F344 rats fed 100–
800 ppm of MeAaC showed a dose-response dependent
adduct formation of 1–5 adducts/107 nucleotides in the
liver. This adduct level was up to tenfold higher than the
PhIP-DNA adduct level in similar studies [32]. Studies of
AaC-DNA adduct formation in tissues of male and female
Spague Dawley rats showed an adduct level of 15–17
adducts/107 nucleotides in the liver. A 12- to 34-fold lower
adduct level was found in the DNA from stomach, small
intestine, colon, kidney, and mammary gland of female
Spague Dawley rats [34]. In all studies of amino-a-carbo-
line-DNA-adduct formation it was found that the adduct
level was highest in the liver of rats, compared with other
investigated organs. Table 4 shows the adduct levels found
in rat liver in different investigations [32, 34, 50, 51, 59].
The liver of rats seems to be the major target tissues for acti-
vated amino-a-carbolines, like many of the aminoimida-
zoazaarenes that form the highest adduct level in the liver
of different species. In contrast, PhIP forms low adduct
levels in the liver relative to many extrahepatic tissues e.g.,
the colon and kidney [5]. One explanation for the relatively
low level of amino-a-carboline-adduct formation in extra-
hepatic tissues could be that activated amino-a-carbolines
are extremely unstable and reactive substances compared
with other activated heterocyclic amines [41]. The in vivo

phase I activation of amino-a-carbolines primarily takes
place in the liver and the metabolites may be too unstable to
be transported to other organs via the bloodstream.

8 Conclusions

The amino-a-carbolines were among the first food-borne
heterocyclic amines discovered, but compared with other
heterocyclic amines there has not been much attention to
these compounds and relatively little is known about the
metabolism and bioactivation of the amino-a-carbolines.
They are found in various proteinouceous food, wine, and
cigarette smoke. Modern analysis methods have recently
shown that the amino-a-carbolines are common in the Wes-
tern food and the contents in food are comparable with that
of, e.g., PhIP andMeIQx.

The amino-a-carbolines have been shown to be mutagenic
in bacterial and mammalian tests and carcinogenic in rat
and mice. The mutagenicity of the amino-a-carbolines are
low in the Ames test compared to other heterocyclic
amines, but the carcinogenicity is moderate to high com-
pared to other heterocyclic amines. The amino-a-carbolines
form a high level of DNA adduct in the liver compared with
other organs in rats.

The phase I and phase II metabolites of amino-a-carbolines
have been characterized and quantified. Both in vitro and in
vivo metabolism studies in rats showed that the distribution
between detoxification and activation differs from other
heterocyclic amines by the low degree of detoxification,
indicating that high amounts of the amino-a-carbolines
were activated. Metabolism studies in rats showed that AaC
is excreted in urine mainly as metabolites conjugated with
sulfates, while MeAaC is excreted in urine mainly as meta-
bolites conjugated with glucuronic acid. The parent com-
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Table 4. Total adduct levels in liver from rats dosed with amino-a-carbolines

Species Compound Dose
(mg/kg)

Adduct/107

nucleotides
Ref.

MaleWistar rats MeAaC 8.6a) 0.5 [59]
Male F344 rats MeAaC 100–800b) 1–5 [32]
Female F344 rats MeAaC acetate 800c) 128 [51]
Female F344 rats AaC acetate 800c) 27 [51]
Male F344 rats AaC 160–800d) 0.1–2 [50]
Male Spague Dawley rats AaC 75a) 15 [34]
Female Spague Dawley rats AaC 75a) 17 [34]
Female Spague Dawley rats AaC 75e) 51 [34]

a) single dose
b) six weeks in food
c) one week in food
d) two weeks in food
e) multi dose612



Mol. Nutr. Food Res. 2005, 49, 263–273 Metabolism and DNA adduct formation of amino-a-carbolines

pounds of both amino-a-carbolines are excreted unmetabo-
lized in faeces. The total excretion of the amino-a-carbo-
lines is low compared with other heterocyclic amines.

Amino-a-carbolines are carcinogenic in rodents when
exposed to high doses. Humans are exposed to low doses of
these compounds through the diet. Risk extrapolation from
high-dose animal studies to low-dose human exposure is
associated with uncertainty. Furthermore, differences in the
metabolism between man and rodents may influence the
relative risk. Also, differences in metabolism within the
human population may affect the individual cancer risk
from exposure to these substances.

In future, further investigations, on the metabolism, bioacti-
vation, and DNA binding of the amino-a-carbolines are
needed particularly in applying low doses. The distribution
of activated amino-a-carbolines in various organs of rats
may be studied to establish whether the liver is the major
target organ of activated amino-a-carbolines. Furthermore,
the binding of activated amino-a-carbolines to proteins has
to be studied. The ultimate advance in the study of the
amino-a-carbolines will be to find and develop a human
biomarker, which reflects the human intake and the amount
of compounds activated in human, like the recently discov-
ered human biomarker of PhIP [66].
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