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Abstract

Heterocyclic aromatic amines (HAs) are mutagenic and carcinogenic substances that are formed in significant amounts during heating of
meat or fish at temperatures of at least 160To investigate the chemistry lying behind the formation of these harmful substances model
systems were established. The first aim was to identify the naturally occurring precursors, namely creatinine, amino acids and carbohydrates.
Later these model systems were used to develop strategies for a reduction of the content of the heterocyclic aromatic amines and for the
evaluation of the reaction mechanisms that lead to the formation of these substances. All these aspects are discussed in this review.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction since from it the imidazo moiety is formed. If it is not
present no HAs of the IQ and 1Qx type are formed. The
Heterocyclic aromatic amines (HAs) are substances with temperature that is needed for the formation of significant
a high mutagenic and carcinogenic potenfidl They oc-  amounts is between 150 and 28D At higher temper-
cur in heated meat and fish. During boiling of meat the HAs atures the non-polar HAs are formed preferably. They
are formed at very low concentrations but if the cooking are usually assigned as pyrolysis products of the amino
temperature is increased above 160the formation of the acids.
HAs increases significantly. These temperatures are reached The concentration of the HAs is normally in the low ppb
at the surface when meat or fish is fried, grilled, baked, or range. Using the Ames test the mutagenicity can be tested
roasted. Research on carcinogenicity of heated meat goesgising sensitive bacterial test strains. The carcinogenicity
back to the year 1939 when the Swedish chemist Widmark was shown in mouse and rat modm The International
found that extracts of fried horse meat induces cancer if they Agency for Research on Canddi collated the studies on
are applied to the skin of mid@]. Further research on mu-  carcinogenicity and classified 1Q @sobably carcinogenic
tagenicity and carcinogenicity was reviewed by Sugimura to humans(Group 2A and MelQ as well as MelQx and
[3]. The HAs identified and characterized to date are sum- ph|P and the apolar HAsdC, MeAxC, Glu-P-1, Glu-P-2,
marized inTable 1 The chemical names that are commonly Trp-P-1, and Trp-P-2 apossibly carcinogenic to humans
used are not according to the latest IUPAC rules but give an (Group 23 Further work on the Carcinogenicity of HCA
explanation for the internationally used abbreviations. has underlined the mutagenic and carcinogenic potential of
In general, the HAs can be divided into two groups namely these substances.
the polar which are mainly of the imidazoquinoline type  The formation of the HAs can be studied in chemical
(IQ) and imidazoquinoxaline type (IQx) as well as the im- model system$5]. The advantage of the model system is
idazopyridine typeKigs. 1 and 2and the non-polar which  that complex side reactions are reduced and reactions from
have a common pyridoindole or dipyridoimidazole moiety other constituents of the meat that are not involved in the
(Fig. 3. formation of the HAs are excluded. Additionally, some of
The polar HAs are formed from amino acids, carbohy- the HAs were first identified in the model systems and later
drates and creatinine. Especially creatinine is necessaryfound in heated meat.
This review will give a critical overview of the investiga-
* Tel.: +43-316-8736495: fax:-43-316-8736971. tive work on formation of these carcinogenic compounds by
E-mail addressmichael.murkovic@tugraz.at (M. Murkovic). using model systems.
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Table 1
Heterocyclic aromatic amines
Quinolines
[0) 2-Amino-3-methylimidazo[4,5}quinoline
MelQ 2-Amino-3,4-dimethylimidazo[4,5lquinoline
Quinoxalines
1Qx 2-Amino-3-methylimidazo[4,5}quinoxaline
MelQx 2-Amino-3,8-dimethylimidazo[4,5lquinoxaline
4,8-DiMelQx 2-Amino-3,4,8-trimethylimidazo[4,8guinoxaline
7,8-DiMelQx 2-Amino-3,7,8-trimethylimidazo[4,8quinoxaline
4,7,8-TriMelQx 2-Amino-3,4,7,8-tetramethylimidazo[4fJguinoxaline
4-CH,OH-8-MelQx 2-Amino-4-hydroxymethyl-3,8-dimethylimidazo[4ffiuinoxaline
7,9-DiMelgQx 2-Amino-1,7,9-trimethylimidazo[4,5lquinoxaline
Pyridines
PhIP 2-Amino-1-methyl-6-phenylimidazo[4,B}pyridine
4'-OH-PhIP 2-Amino-1-methyl-6-(4-hydroxyphenyl)imidazo[4pyridine
DMIP 2-Amin-1, 6-dimethylimidazo[4,®]pyridine
TMIP 2-Amino-1,5,6-trimethylimidazo[4,®]pyridine
Furopyridines
IFP 2-Amino-1,6-dimethylfuro[3,Z]imidazo[4,5b]pyridine
Pyridoimidazoles and indoles
Trp-P-1 3-Amino-1,4-dimethyl43-pyrido[4,3+]indole
Trp-P-2 3-Amino-1-methyl-B-pyrido[4,3blindole
Glu-P-1 2-Amino-6-methyl-dipyrido[1,2:3',2 -d]imidazole
Glu-P-2 2-Amino-dipyrido[1,2a:3,2 -d]imidazole
AaC 2-Amino-H-pyrido[2,3blindole
MeAaC 2-Amino-3-methyl-$1-pyrido[2,3b]indole
Norharman B-Carboline
Harman 9-MethyIB-carboline

Benzoxazines
2-Amino-3-methylimidazo[4,5}-4H-1,4-benzoxazine
2-Amino-3,4-dimethylimidazo[4,5}-4H-1,4-benzoxazine

Other structures

Lys-P-1 3,4-Cyclopentenopyrido[3&earbazole
Orn-P-1 4-Amino-6-methyl--2,5,10,1@-tetraaza-fluoranthene
Phe-P-1 2-Amino-5-phenylpyridine
2. ldentification of the precursors comparably low temperatures but using longer times for
processing.

The first published model systems where mutagenic Most polar HAs are formed from creatine or creati-
compounds were identified were pyrolysis reactions of nine, amino acids and carbohydrates. The heating of the
amino acids and proteins. Other food constituents did not reaction systems was done as a dry powder or dissolved

form mutagenic substances during pyroly{§]. The sub- in diethylene glycol. Both methods of heating lead to the
stances identified were the same as found in the charredsame heterocyclic aromatic amines with more or less the
parts of roasted or grilled meat and fig}. Nucleic acids, same quantitative results. All this work is reviewed in

starch, or oil did not form mutagenic substances during [10].

pyrolysis. Heating of single amino acids also resulted in  When using meat juice for model systems the complexity

the formation of mutagenic substances that were identified increases since several polar and non-polar HAs are formed
as heterocyclic aromatic amines. In general, the products[9,11]. Since the composition of the precursors (amino acids,
of pyrolysis assigned as non-polar HAs are listedrig. 3. glucose, creatine) simulates the chemical environment in the
In contrast, harman and norharman are both formed atmeat much better than a solution of single amino acids in
lower temperatures and Trp-P-1 was also shown to occurdiethylene glycol the results are more relevant but much

in cooked meat which was prepared at lower temperaturesmore complicated to interpret. Depending on the type of

[9]. In contrast to the non-polar HAs the polar HAs are meat from which the juice is derived the amino acid com-

formed at normal cooking temperatures. These mutagensposition and the glucose and creatine content vary to a
were identified in fried meat and fish. They were also found great extend. This results in a specific pattern of the formed
in meat products, e.g. in meat extract that is extracted atHAs.
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3. Chemistry of HCA formation NH,
1
At the beginning of last century, Maillard proposed the N N
browning reaction to account for the brown pigments and RN “CH,
polymers produced from the reaction of the amino group 8\ |
of an amino acid and the carbonyl group of a sugay. N ﬁ
The chemistry underlying the Maillard reaction is very — C, of amino acid
complex. It encompasses not one reaction pathway but a from sugar
whole network of various reactions. The original compre- Fig. 5. Origin of carbon atom of IQ and IQx type HARL]).

hensive reactions scheme of Hod@8] has been improved
continuously since that time. At some stages of the brown-

ing_dre%czi({)jrj, %.g. pIJyralzfiSne[;M]f quingxz?:ines [15] ar|1d d 19.7 kd/mol for Norharman. Earlier work from Arvidsson
pyrido[3,4dlimidazoles[16] are formed that are involve et al.[23] gave similar results. In both studies PhIP was the

in the fgrmatlon OT HAs. The formation of mutagens d_urmg most susceptible to degradation at 225followed by the
the Maillard reaction was shown by the groups of Spingarn quinoxalines

and Garvig17], Shibamoto et alf18], and Wei et al[19].
The involvement of théN-heterocycles derived from the
Maillard reaction in the formation of HAs is shownlfiig. 4.

It can be seen that methylated pyridines and pyrazines are | ee et al.[24] investigated the formation of MelQx and
precursors in this reaction pathway. Aldehydes that are also7 g-piMelQx in a model system containing glycine, creati-
products resulting from the high temperature reaction are pine and glucose. The mixture was heated in the azeotrop
necessary as well as creatinine which forms the imidazo of giethylene glycol with 14% water at a boiling tempera-
moiety of all polar HAS[20]. _ ture of 128 C. The addition of flavone led to a significant
Experiments using“C-labelled glucose in a model sys- reduction of the mutagenicity of the fractions eluting at the
tem with threonine and creatinine showed that the radioac- sagme time from a chromatographic column as MelQx and
tive C-atoms of the glucose are incorporated into the HAs 7 g pjMelQx. They suggested that flavone inhibits the for-
[21]. A combination of these results with those of Hwang mation of Maillard reaction products which are necessary
et al. [14] lead to the suggestion that the carbon atoms fqr the formation of the HAs.
from the pyridine or pyrazine moiety originate from glucose  Fykuhara et al[25] found that the mutagenic activity
which is cleaved into two C-3-fragments. Additionally, the gnd the contents of 2-amind49pyrido[2,34]indole in py-
C-4 of the HAs is derived from the C-2 of the amino acid yolysates of albumin were decreased by the addition of tannic

degradation was in the range of 1.9 kd/mol for MelQx and

3.2. Influence of polyphenols on the formation of HAs

(Fig. 9. acid, quercetin, rutin, catechim-propylgallate and BHA.
The same model system was used by other auf2éijsbut
3.1. Stability of HAs during heating phenols from olive oil were investigated. Fresh olive oil in-

hibited the formation of IQx, MelQx, and 4,8-DiMelQx by
A study by Chiu and ChefR2] showed that the HAs are  45-60%, whereas 1-year-old oil inhibited the HCA forma-
degraded depending on temperature and time. The degradation to a much lower extend. Isolated phenolic compounds
tion followed first order kinetics in the temperature range from olive oil also inhibited the formation of the mentioned
between 100 and 20@. The activation energy for the HAs.
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3.3. Involvement of radicals cal and the carbon-centred radicals are generated, and they
are scavenged in the presence of phenolic antioxidasts
Two different pathways for free radical formation are pro- Kikugawa et al. have showf32] that in this model system
posed. One involves bimolecular ring formation from the the pyrazine cation radical is dominantly formed. Formation
enaminol form of the glycoaldehyde alkylimine which is fol-  of imidazoquinoxaline-type mutagens in the model mixture
lowed by oxidative formation of the free radical. The other composed of glucose, glycine, and creatinine is reduced in
pathway involves formation df,N1-dialkylpyrazinium ions the presence of phenolic antioxidants including epigallocat-
from glyoxal monoalkylimine followed by a reduction to echin gallatg[28]. Epigallocatechin gallate and flavonoids
produce the free radicals. The respective intermediates (gly-similarly prevent the mutagens in the model mixture of glu-
coaldehyde alkylimine and glyoxal monoalkylamine) are cose, glycine and creatinif@3].
formed by reacting glycoaldehyde and glyoxal with amino It has been shown that heating a mixture of glucose
compounds. The glycoaldehyde system reacts faster and prowith glycine in diethylene glycol as solvent at 12D for
duces more free radicals than the glyoxal system. The reac-5 min gives characteristic multi-line ESR signals due to the
tion helps to explain the formation of IQx meat mutagens 1,4-di(carboxymethyl)pyrazine cation radid2i8]. Gener-
and their predominance in fried fish and beef and why theseation of the carbon-centred radicals in the mixture heated
mutagens are present in larger quantities in fried ground beeffor 5min is also observable by ESR-spin trapping tech-
than the 1Q-type mutagern27] (Fig. 6). nigue using 5,5-dimethyl-1-pyrrolind-oxide (DMPO) and
The mechanisms of the mutagen formation involving the N-tert-butyl-a-phenylnitrone (PBNJ]28].
free radical Maillard intermediates, pyrazine (or pyridine)
cation radicals, have been offer¢2i7]. There are a few  3.4. Formation of norharman
lines of evidence for supporting the free radical mechanisms
in the mutagen formation. Imidazoquinoxaline-type muta- A defined mechanism was described for the formation of
gens are formed in the model mixture composed of glucose,Norharman a non-polar HCf84]. Norharman itself is not
glycine and creatinine through the free radical Maillard in- mutagenic but in presence of aniline it becomes a comuta-
termediates, a pyrazine cation radical and carbon-centredgen[35]. According to the mechanism shownhig. 7, the
radicals[28-31] In the initial stage of the Maillard reac- tryptophan Amadori rearrangement product (ARP) (1) in the
tion of glucose with glycine, both the pyrazine cation radi- furanose form undergoes a dehydration reaction followed by
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Fig. 6. Suggested pathway for formation of 1Q-type and 1Qx-type compounds (adopted27$)mn
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B-elimination assisted by the lone pair electrons of the ring undergo a C-C bond cleavage to produce a neutral furan
oxygen forming a conjugated oxonium ion. This reactive derivative (3) and an imminium cation (4). Subsequently,

intermediate can either stabilize itself further by dehydration the intermediates can undergo intramolecular nucleophilic
and formation of an extended conjugated system, or it cansubstitution reactions to forfa-carbolines.

OH  cH,

N
/>_NH2
N

O

N
J; )—NH,

N CH,
7

|
N
o >

N (¢
Jus
N
@\Iz
COOH

|
1
1
|
1
1
1
1
|
1
1
|
1
1
|
1
1
1

CH,

o L
NH
5\N| N/>_ i

Fig. 8. Formation of PhIP with identified intermediate reaction products (adopted[#2#3).



M. Murkovic / J. Chromatogr. B 802 (2004) 3-10 9

3.5. Formation of PhIP shown that an excessive amount of sugars in the model sys-
tem[39,48]reduces the mutagen formation by masking cre-

Using model systems Shioya et 4B6] showed that atinine. This inhibitory effect was not only observed in the

phenylalanine, creatinine and glucose were probable precur-model system but also when meat was heated in presence of

sors of PhIP. By dry heating dfC-labelled phenylalanine  excessive concentrations of carbohydrdtd. Therefore,

and creatinine it has been convincingly demonstrated thatthe sugar content may be important for minimizing mutagen

phenylalanine and creatinine are precursors of HBIR. formation due to the Maillard reaction.

PhIP may also be produced from creatine heated together

with leucine, isoleucine and tyrosine. Accordingly, glucose

seems not to be a necessary precursor using dry heatindReferences
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