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PROBABLE MECHANISM(S) INVOLVED IN MEAT MUTAGEN FORMATION AND INHIBITION

A. M. PEARSON,(a-b C. CHEN,(a>c J. I .  GRAY and S. D. AUST(d Departments o f Food Science and Human N u tr it io n (a 
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SUMMARY:

Amadori rearrangement is  a key step in  the Mai Hard reaction and resu lts  in sugar fragmentation and free 

radica l formation. We propose tha t imidazoquinoline meat mutagens (2-am ino-3-methylim idazo[4,5-f]quinoline or 

IQ and 2-amino-3,4- d im ethylim idazo[4 ,5-f]qu inoline or MelQ) are produced by a reaction mixture o f a lk y l-  

pyrid ine free rad ica ls and crea tin ine . On the other hand, imidazoquinoxaline meat mutagens (2-amino-3,4- 

d im ethylim idazo[4,5-f]qu inoxaline or MelQx and 2-amino-3,4 ,8 -tr im e thy lim idazo[4 ,5 -f]-qu inoxa line  or 4,8-DiMeIQk) 

are formed by reacting d ia lky lpyrazine  free rad ica ls and crea tin ine . We propose two d if fe re n t pathways fo r  free 

radica l formation. One involves bimolecular ring  formation from the enaminol form o f the glycoaldehyde 

a lkylim ine followed by oxidative formation o f the free rad ica l. The other pathway involves formation o f N.N1- 

d ia lkylpyrazin ium  ions from glyoxal monoalkylimine followed by reduction to produce the free rad ica ls . The 

glycoaldehyde system reacts fa s te r and produces more free rad ica ls than the glyoxal system, which helps to 

explain why imidazoquinoxaline meat mutagens are present in la rger quantities  in fr ie d  ground beef than the 

imidazoquinoline type meat mutagens. We also explain how BHT enhances mutagenicity and the pathways by which 

free rad ica l scavenger type antioxidants, such as BHA, PG and TBHQ, and s u lf it in g  agents and n i t r i t e  in h ib it  

mutagenicity.

INTRODUCTION

Mutagens formed during cooking and/or processing o f muscle foods have been divided in to  two groups by 

M ille r  (1985), namely, those produced by pyro lysis o f proteins by heating in excess o f 300’ C, and those formed 

at moderate temperatures (<300‘ C). Most o f the high temperature-induced mutagens are protein pyrolysates 

according to Sugimura (1986) and are 2-amino-pyridine-type mutagens (Furihata et a l .,  1986). The moderate 

temperature-induced mutagens are 2-amino-imidazole-type compounds (Furihata et a l .,  1986) and contribute  most 

the mutagenic a c t iv ity  found in cooked meat and fis h  (Kasai e t .a l. ,  1979, Nagao et a l. ,  1981; Jagerstad et ^  

1983; Felton et a l . ,  1986a,b). Jagerstad et a l . (1983a,b, 1984, 1986) and Grivas et a l . (1985, 1986) have 

proposed tha t most o f the moderate temperature-induced mutagens are produced from crea tin ine , aldehydes and 

Mai H ard reaction products, although the mechanisms involved in th e ir  formation are la rge ly  unknown.

IQ and MelQ are imidazoquinoline compounds, while MelQx, 4,8-DiMeIQx and 7,8-DiMeIQx are imidazoquin- 

oxaline mutagens (Furihata et a l ..  1986; Jagerstadt et a l ..  1984; Grivas et a l . ,  1985). Two other mutagens 

produced at moderate temperatures during cooking o f meat are 2-am ino-l-m ethyl-6-phenylim idazo[4,5-b]-pyf’ d’ n 

(PhIP) and 2-amino-N,N,N-trimethylim idazopyridine (TMIP), which are im idazopyridines. Both groups o f comp°ur  ̂

have been id e n tif ie d  in cooked fis h  (Kasai et a l . . 1979; Nagao et a l . , 1981; Kikigawa and Kato, 1987,) and

iced
(Felton et a l ..  1986b; Jagerstad et a l ..  1983c

Yoshida and Okamoto (1980) demonstrated tha t heating o f creatine or o f amino acids w ith glucose prod“ 

mutagenic a c t iv ity  and suggested a ll  conditions required to produce such a c t iv ity  are present during cookie
of
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Nevertheless, the mechanism(s) by which the M aillard reaction and free rad ica ls resu lt in the formation of 

[a mutagens during cooking/processing o f meat are not c lea r. Therefore, we propose a pathway fo r mutagen

production and also attempt to explain how BHT enhances mutagenicity by accelerating formation o f the pre­

cursors fo r 4,8-DiMeIQx. Consideration is  also given to the mechanisms by which n i t r i t e ,  s u lf ite s  and other 

food additives may block formation o f imidazoquinoline and imidazoquinoxaline type mutagens.

FREE RADICALS RESULT IN FORMATION OF IMIDAZOOUINOLINF AND IMIDAZOQUINOXALINE MUTAGENS:

Hodge (1953) proposed tha t Amadori rearrangement is  a key step in the M ailla rd  reaction. More recently, 

Namaki and Hayashi (1983) proposed tha t the M aillard reaction involves sugar fragmentation with free radical 

t) formation. Jagerstad et a l . (1983b, 1984, 1986) and Grivas et a l . demonstrated tha t IQ, MelQx and DiMelQx are

■e Produced by heating a model system containing crea tin ine  with glycine or alanine and fructose by a free radical

reaction. The exact pathways by which free radica ls play a ro le  in formation o f imidazoquinoxalines and 

’ midazo- quinolines have not been elucidated, but the mechanisms proposed appear to be lo g ic a l. The basic 

concept tha t IQ and MelQ are formed from a reaction mixture containing a lky lpy rid ine  free radica ls and 

creatin ine is  consistent w ith model system studies (Jagerstad et a l ..  1984, 1986; Grivas et a l ..  1985, 1986).

The mechanism involves formation o f an isolated two-carbon fragment to produce a glyoxal diim ine d e riv ­

a tive . The in i t ia l  two-carbon fragment may be a glycosylamino compound produced by a reverse-aldol-type 

Reaction. The two-carbon fragment can be oxidized eas ily  to produce a glyoxal monoimine deriva tive , tha t would 

then form the glyoxal diim ine de riva tive , which has been isolated from the reaction mixture previously by Namiki 

4nd Hayashi (1983). Although the glycolaldéhyde alkylim ines in i t i a l l y  may be produced as fragmentation 

Products, they may be rea d ily  oxidized to form the glyoxal monoalkylimine and give rise  to the glyoxal 

^ s lk y lim in e .

There are two d if fe re n t pathways by which formation o f free rad ica ls may be produced by the M aillard 

^ a c tio n . The f i r s t  is  by biomolecular ring  formation to produce the enaminol form o f the glycolaldéhyde 

^ky lim ine , which then by means o f oxidation forms the free radical product. The second pathway occurs by 

f  Urination o f N .N ^dialkylpyrazin ium  ions from glyoxal monoal kyl imine and is  followed by reduction to y ie ld  the 

f ree rad ica ls . The intermediates fo r  these pathways, glycolaldéhyde a lkylim ine and glyoxal monoal kyl imine, 

^sp e c tive ly , are formed by the reaction o f glycolaldéhyde or glyoxal w ith amino compounds. The glycolaldéhyde 

Astern Pas been reported to react much fas te r and to produce a greater amount o f free radica ls than the glyoxal 

Astern (Namaki and Hayashi, 1983). Thus, the glycolaldéhyde system is  the predominant intermediate and helps in 

^P la in ing  why imidazoquinoxaline meat mutagens (MelQx and 4,8-DiMeIQx) are the major mutagens formed during 

^Ving o f f is h  (Kikugawa and Kato, 1987) and beef (Knize et a l ..  1987). Formation o f the glyoxal d ia lky lim ine  

ls Readily reversed under acid conditions to y ie ld  the glyoxal monoalkylimine de riva tive . Subsequent reduction 

produce glycolaldéhyde monoal kyl imine, which is  the precursor fo r  free rad ica l (d ia l-  kylpyrazine free 

^ ic a ls )  formation.

Although water (Overik et a l ..  1989) and sugar may not always be necessary fo r  development o f the meat 

Hagens, crea tin ine  (creatine) and free amino acids are necessary (Overik et a l . ,  1989) fo r  th e ir  formation and 

*** be involved in production o f free rad ica ls . Namiki and Hayashi (1975) observed tha t the primary and 

6condary structures o f the compounds formed in the M ailla rd  reaction depend on the spec ific  amino acid used in
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the mixture. Namiki and Hayashi (1983) have shown tha t both M e d ia lk y lp y ra z in iu m  s a lt and a mixture of 

glycolaldéhyde and an amino compound are h igh ly active in forming free rad ica ls . Support is  found in  the fact 

tha t free radica l scavenger-type antioxidants, such as BHA, PG and TBHQ, in h ib it  formation o f these mutagens 

(Chen 1988). I t  is  suggested tha t the free radica l scavenger type antioxidants s ta b iliz e  the sugar fragment or 

else react w ith the free rad ica ls formed by the M ailla rd  reaction (e ith e r w ith the a lky lpyrid ine  free radica ls 

or d ia lkylpyrazine  free rad ica ls) and thus, d ire c t ly  in h ib it  formation o f the meat mutagen precursors.

HOW BHT ENHANCES FORMATION OF MEAT MUTAGENS:

BHT has been shown to enhance the to ta l mutagenic a c t iv ity  o f the meat mutagens (Chen, 1988). BHT can act 

as an a lky la ting  agent and increase the formation o f the precursors fo r  4,8-DiMeIQx. The methyl group, prob­

ably at the para-position o f the BHT molecule, reacts with the d ia lky lpyrazine  free radica l and crea tin ine  to 

become the methyl group at the 8-position  and then forms 4,8-DiMeIQx. The reason tha t BHA does not behave 1ikc 

BHT is  because the methoxy group on BHA becomes a quinone-like compound and is  a potent free radica l scaven- 9er 

in contrast to the methyl group from the BHT molecule. The quinone-like compound formed by the methoxy group 

BHA blocks the reaction before i t  can occur. TBHQ and PG in h ib it  meat mutagen formation in the same way as BHA 

since a ll o f these compounds have more than one hydroxy group attached to th e ir  aromatic rings.

BLOCKING MEAT MUTAGEN FORMATION WITH TOCOPHEROLS AND SULFITING AGENTS:

Tocopherols are the best known natural antioxidants and also serve as free radica l scavengers (Dugan, 1981). 

In h ib it io n  o f IQ -like  compounds can take place in two ways: (1) I t  may block free radical formation d ire c tly , 

or (2) Break-down products o f tocopherols may react w ith precursors o f the meat mutagens and prevent formation 

o f 4,8-DiMeIQx (Chen, 1988).

S u lf it in g  agents are well known as in h ib ito rs  o f the M aillard reaction. S u lfite s  react read ily  w ith a 

va rie ty  o f food constituents including reducing sugars, aldehydes, ketones and proteins to produce various 

s u lf ite  combinations tha t block the M ailla rd  reaction and production o f free rad ica ls.

INHIBITION OF MUTAGEN FORMATION BY NITRITE:

Chen (1988) showed tha t n i t r i t e  has a strong in h ib ito ry  e ffe c t on meat mutagen production. Kanner (1979) 

has shown tha t n i t r i t e  reacts with cysteine to  produce S-nitrosocysteine, which was demonstrated to  be a strong 

antiox idant, presumably by blocking free radica l production. Pre ferentia l reaction o f n i t r i t e  w ith cysteine in 

the meat system could re s u lt in production o f N-nitrosocysteine and block mutagen production during cooking/ 

processing o f meat.

CONCLUSIONS:

Free rad ica ls can be produced in  the M ailla rd  reaction by two pathways. One is  through bimolecular rin9

formation from the enaminol form o f the glycolaldéhyde a lkylim ine, which is  followed by oxidative  formation

the free ra d ica l. The other pathway involves formation o f N .N i-d ia lkylpyrazin ium  ions from glyoxal a lk y li"11"6’

which is  followed by reduction to y ie ld  free rad ica ls . The glycolaldéhyde system appears to be the preferred
^ a t

pathway as i t  is  the predominant intermediate. This explains the formation o f the imidazoquinoxaline type 

mutagens (MelQx and 4,8-DiMeIQx), which are the major mutagens formed on fry in g  o f f is h  or beef.

BHT enhances mutagenicity by providing the methyl group tha t reacts w ith alkylpyrazine free radicals and 

c rea tin ine  to produce 4,8-DiMeIQx. The other synthetic antioxidants (BHA, PG and TBHQ) in h ib it  mutagenic!^
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because they contain methoxy groups and serve as potent free radical scavengers to block formation o f the meat 

mutagen precursors. The tocopherol s and s u lf ite s  also block mutagen development by preventing the Mai Hard 

reaction and free radica l formation. N it r i te  reacts w ith cysteine to produce N-nitrosocysteine, tha t can block 

free radica l production and prevent formation o f meat mutagens. Figures w il l  be used to i l lu s tra te  how form­

ation and in h ib it io n  o f mutagens can be achieved.
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