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Thermally Induced Mutagens
in Protein Foods

ARTHUR J. MILLER / United States Department of Agriculture,
Philadelphia, Pennsylvania

ABSTRACT

Thermally induced mutagens are formed in muscle foods as a result

of common cooking practices, including frying, broiling, and baking.
They are generated from endogenous precursors in muscle, such as
amino acids and sugars, which have individually undergone chemical
decomposition and rearrangement, or by the recombination of two or
more of these substrates, as in the Maillard Browning reaction. The
mutagenic compounds that have been identified to date are pre-
dominately N-substituted aryl amines that exhibit extraordinarly potent
frame shift mutagenic activity in the Ames Salmonella assay. The
carcinogenicity of some specific mutagens are verified in multiple
rodent species. The thermally induced mutagens are consumed daily
at the low ppb level from ingestion of cooked vertebrate muscle, such as
beef, pork, poultry, and fish. Although little is known about the
toxicologic significance of exposure to mutagens, they have been
associated with a variety of human diseases. For this reason we are
attempting to develop methods to reduce or eliminate these compounds
from the food supply. ‘

INTRODUCTION

Thermally induced mutagens are formed in many cooked protein foods.
Concern about the routine ingestion of these dietary components
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rests on the controversial association between mutagen exposure

and chronic disease development. Mutagens induce heritable changes
in DNA, and their effect on human ailments range from inconsequen-
tial to lethal. Nonetheless, there is considerable evidence to indicate
that mutational events are generally deleterious, having been impli-
cated in the etiology of a variety of diseases, including cancer.
Epidemiologists have estimated that diet may contribute to the de-
velopment of approximately 35% of all human cancers in the United
States (Wynder and Gori, 1977; Doll and Peto, 1981). Evidence has
been derived from a variety of population studies; the most illustra-
tive data comes from the global variation in tumor frequencies and
sites among diverse groups of people and the gradual changes in
cancer incidence that occur after migration.

The link between mutational events and cancer is based on a
turn-of-the-century theory that remains questioned, yet still merits
support. The work of Ames et al. (1975) in particular demonstrates
a high probability that a carcinogen (a cancer-causing agent) is also
a mutagen. More recently, the observation that mutations and re-
arrangements in cellular oncogenes induce neoplastic characteristics
in mammalian cells suggests further that these genetic events may
initiate neoplasia.

Laboratory investigations have revealed that many foods contain
mutagenic components (Williams, 1986). Most of these compounds
are derived from plants and microorganisms; they have been referred
to as "nature's pesticides" (Ames, 1983). These mutagens include
flavonoids, hydrazines, methylenedioxybenzenes, pyrrolizidine alka-
loids, nitrite, and mycotoxins (Knudsen, 1982; Ames, 1983; Lodge
and Daniel, 1984; Prival, 1985), among others. In addition to the
plant and microbial mutagens, synthetic food additives or contaminants
and endogenously formed mutagens, such as fecapentaenes in human
feces, represent other potential sources of diet-related mutagens.
The final class, which shall be discussed in the present chapter, are
mutagens formed during thermal processing of protein foods. Previous
reviews have been published giving detailed information on earlier re-
search (Hargraves and Pariza, 1984; Hatch et al., 1984; Miller, 1985).

HISTORICAL OVERVIEW

Sir Perceval Pott's landmark observation in the eighteenth century
provided the first evidence that combusted organic material contained
carcinogenic substances. He concluded that scrotal cancers occurred
often in adult males who, as child chimney sweeps, were exposed to
coal and wood soot. More recently, air pollution and tobacco smoke,
both the products of combustion, have been implicated as causes of



Thermally Induced Mutagens in Protein Foods / 147

certain cancers. Therefore, it was no surprise to find that foods
may contain carcinogens upon heating to high temperatures. In
the 1950s nitrosamines were the first thermally induced carcinogens
recognized in protein foods (Magee and Barnes, 1956). In 1964,
polycyclic aromatic hydrocarbons, including the carcinogen benzo[a]-
pyrene, were detected in charcoal-broiled beef (Lijinsky and Shubik,
1964). Carcinogens including naphthylamines were also identified in
pyrolysates of the amino acids glutamic acid and leucine (Masuda
et al., 1967).

Using the Ames Salmonella mutagenicity assay (Ames et al.,
1975), which will be described below, investigators demonstrated in
~ charred muscle foods mutagenic activity not attributable to any pre-
viously identified mutagen (Sugimura et al., 1977a). Commoner et al.
(1978a,b) reported that mutagens were generated in beef extract
and hamburgers fried at normal household cooking temperatures.
Those observations led to a worldwide effort to identify the thermally
induced mutagens and carcinogens. In addition to identification of
mutagenic components, investigators also have engaged in studies to
establish mechanisms of formation, determine toxicity, identify
precursors, and develop effective methods for their elimination from
the food supply. :

PROBING WITH SALMONELLA FOR MUTAGENIC
ACTIVITY IN FOODS

It is fair to say that without the Ames test as a probe these com-
pounds would remain undetected in the complex chemical milieu that
exists in cooked foods. This could occur because some of these
mutagens are among the most potent yet tested in this mutagenicity
assay. Salmonella typhimurium, in fact, is a more sensitive detector
for some of these compounds than is mass spectrometry.

The assay detects reverse mutations at the histidine operon and
has a high degree of reliability in detecting carcinogens, since most
have mutagenic activity (Ames et al., 1975). The tester strains are
histidine-dependent auxotrophs and are used in conjunction with
microsomes (S9) which simulate in vivo metabolic processes. Two
strain types exist for detecting different types of mutations, but
for this discussion only mutations detected by the frameshift-
sensitive strains are described. Frameshift mutations occur after
deletion or insertion of nucleotide pairs in DNA; they result in
reading frame aberrations during transcription or DNA synthesis
and, thus, produce an altered protein or daughter strand, respec-
tively. TA98 and TA1538 are the strains used most frequently for
frameshift mutagen detection.
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To conduct the assay, the compound to be tested, the tester
strain, and an S9 mixture are combined and plated on to a petri
dish containing minimal growth medium. Reverted histidine-inde-
pendent prototrophs (wild type) are then counted after incubation
at 37°C for 48 hr. Colony counts relate quantitatively to dose and
mutagenic potency of the test compound.

The Ames mutagenicity bioassay is an efficient and reliable
screening method that has been applied to a host of complex en-
vironmental mixtures, including food and derived extracts. It is
rapid compared to carcinogenicity feeding studies, having a two-day
turnaround time after dosing. Most importantly, a high degree of
correlation exists between Salmonella assay results and rodent car-
cinogencity tests. These three assets—sensitivity, rapidity, and
predictability—make the Ames test the best method currently avail-
able to monitor genotoxicity of these types of mutagenic compounds.

THERMALLY INDUCED MUTAGENS IN
PROTEIN FOODS

The use of Salmonella as a detection system enabled Japanese in-
vestigators to purify and identify nine mutagenic polar aromatic bases
from smoke and amino acids which were heated to 500-600°C. A
list, including formal and common names and physical properties, is
found on Table 1, while structures are presented in Fig. 1. Pyroly-
sis products were identified as:: Trp-P-1 and Trp-P-2 from trypto-
phan (Sugimura et al., 1977b); Phe-P-1 from phenylalanine (Sugimura
et al., 1977b); Glu-P-1 and Glu-P-2 from glutamic acid (Yamamoto
et al., 1978); Lys-P-1 from lysine (Wakabayashi et al., 1978);
Orn-P-1 from ornithine (Yokota et al., 1981); and AAC and AMAC
from smoke condensates of pyrolyzed proteins (Yoshida et al., 1978).

Novel mutagens in cooked protein foods were found in extracts
derived from broiled fish and beef in the mid-1970s. Like the
amino acid pyrolysates, activity in food toward the Ames strains
TA98 and TA100 was observed only in the presence of an S9
metabolizing mixture (Nagao et al., 1977a; Sugimura et al., 1977a).
The activity was greater on TA9S, indicating that the compounds
caused frameshift mutations predominantly. The mutagenic compounds
were soon identified as the amino acid pyrolysis products described
above (Sugimura et al., 1977b; Yamaguchi et al., 1980). Later three
amino a-carbolines were also identified from grilled foods (Yoshida
et al., 1978; Matsumoto et al., 1981b). These compounds comprised
only 1-5% of the total mutagenic activity in fish and beef samples
(Kasai et al., 1979,1980a; Yamaguchi et al., 1980a,b).

A second class of mutagenic compounds in -protein foods was
discovered after Commoner et al. (1978a,b) detected mutagenic activity
in nutrient broth, commercial beef extract, and moderately heated
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Two other mutagens were soon identified by Japanese investiga-
tors. MelQ was identified from broiled, sun-dried sardines (Kasai
et al., 1981b) after partial purification by eight isolation steps.
MelQx was isolated from fried beef using an identical procedure used
for I1Q, but had a UV absorption maximum at 274 nm, instead of 264
nm for the two preceding compounds. The quinoxaline structure was
assigned from mass and NMR spectroscopic data. Confirmation was
provided by comparison of structural data on isolated samples to
synthesized MelQx (Kasai et al., 1981a). Recently, additional muta-
gens have been identified in fried ground beef. These include
4, 8 DIMIQx, PhIP, and TMIP (Felton et al., 1983b,1986b). In all, a
total of 16 heterocyclic mutagens have been isolated to date. A
variety of approaches have been taken for the synthesis of the 1Q-
type mutagens and their derivatives (Akimoto et al. » 1977,1985;
Takeda et al., 1978,1981; Kasai et al., 1980a,b,c, 198la; Lee et al.,
1982; Adolfsson and Olsson, 1983; Grivas, 1985, 1986; Nyhammar and
Grivas, 1986; Olsson and Grivas, 1986; Rapoport et al., 1986), in-
cluding incorporation of radiolabels (Adolfsson and Olsson, 1983;
Waterhouse and Rapoport, 1985). In ground beef fried at 300°C
MelQx contributed more than 20% of the mutagenic activity, TMIP
(15%), 1Q (6%), MeIQ(trace), DiMeIlQx (20%), and PhIP (18%)

(Felton et al., 1986b).

THE MAJOR CHALLENGE: EXTRACTION
AND PURIFICATION

Isolation of the thermally induced mutagens present at parts-per-
billion levels in complex food media has been the most difficult prob-
lem yet encountered by investigators. A variety of procedures were
developed that ranged from direct solvent or acid extraction (Kasai
et al., 1979; Nagao et al., 1977a; Uyeta et al., 1970) to acid-based par-
titioning between immiscible solvents (Commoner et al. » 1978; Yamaizumi
et al., 1980a; Felton et al., 1981). The key observation that the muta-
gens were most soluble in polar organic solvents, especially methanol,
and were most extractable from media around PH 12 indicated that the
compounds were organic bases and provided information that permitted
development of better extraction methods.

Improved extraction efficiency was realized by the use of two
selective adsorbents. Bjeldanes et al. (1982b) reported yields in
excess of 80% of the total mutagen load of an extract of fried ground
beef sample by the use of XAD-2 resin (styrene-divinylbenzene co-
polymer) to adsorb mutagenic activity; the activity was eluted from
the chromatographic column with acetone and methanol. This innova-
tion exceeded by fivefold the yield of the then-best liquid-liquid
partition method. A second extraction method employed trisulfo-
copper-phthalocyanine dye covalently bound to cotton (Hayatsu et al.,
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Fig. 1 Structure of the amino acid pyrolysis product mutagens.

(below 200°C) ground beef (Vithayathil et al., 1978). The observa-
tion was confirmed by several other investigators studying heated
vertebrate animal foods, including beef (Pariza et al., 197%,b;
Spingarn and Weisburger, 1979; Felton et al., 1981), pork (Bjeldanes
et al., 1982a; Miller and Buchanan, 1983a,b; Overik et al., 1984),
lamb (Bjeldanes et al., 1982a), fish (Bjeldanes et al., 1982a), poultry
(Bjeldanes et al., 1982a), and eggs (Grose et al., 1986). A compara-
tive survey by Bjeldanes et al. (1982a) demonstrated that protein
foods exhibited a wide range of mutagenic activity in Salmonella when
100-g portions were tested on TA1538: beef (6300 revertant colonies),
pork (6000 revertants), chicken (1000 revertants), fish (1334
revertants). :

1Q (2-amino-3-methylimidazo[4,5-flquinoline) was identified in
beef (Spingarn et al., 1980) and broiled sardines (Kasai et al., 1981b)
after microgram quantities of the purified material were isolated from
kilograms of starting material (Table 1, Fig. 2). Identification was
based on reverse phase high performance liquid chromatography
(HPLC), low and high resolution mass spectroscopy, and NMR. The
structure was confirmed by synthesis (Kasai et al., 1980a) and X-ray
crystallography (Yokoyama et al., 1980).
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1983a,b). "Blue Cotton" adsorbs polycyclic planar compounds from
dilute aqueous solutions; small quantities of polar organic solvents
then elute the mutagenic concentrate. Recoveries of up to 93% in
model systems were reported (Hayatsu et al., 1983a,b). This method
has been recently adapted for use as a membrane electrode for rapid
preliminary detection of polycyclic mutagens (Tomoda et al., 1986).

While thin layer or liquid chromatography were used in early
studies for subsequent purification, these procedures have been
generally replaced by sequential HPLC procedures. A preparative
C-18 reverse phase column is the first step for isolation, which is
followed by either amino or cyano-bonded silica normal phase columns.
When necessary, an analytical reverse phase column separation is in-
cluded to complete the isolation. Detection is either by ultraviolet
absorbance, with a scanning diode array spectrophotometer (Felton
et al., 1983b; Turesky et al., 1983), or electrochemical methods
(Takahashi et al., 1985). Mass spectroscopy is used for identifica-
tion of the mutagenic components, although NMR has been used when
sufficient quantities (more than a microgram) have been isolated.
Data on the quantification of the thermally induced mutagens from
various sources are presented in Tables 2 and 3.

Although progress in analysis has been made to date, current
research methods lack the ruggedness and simplicity required for
routine quantitative screening or regulatory compliance purposes.
The analytical methods still require comparatively large amounts
of initial sample to perform the labor-intensive tasks associated with
the necessary extraction and sequential chromatographic steps. In
many cases quantitative data are questionable because of the signifi-
cant losses associated with sample clean-up.

The promise of the future for improved analytical methods is en-
couraging, however. Several advanced technologies may provide
quantitative information on a routine basis. These methods include
gas chromatography/mass spectroscopy using isotope-labeled internal
standards (Nishimura, 1986), HPLC /mass spectroscopy (Edmonds et al.,
1986) and monoclonal antibodies (J. Felton, personal communication).

THE KEY TO ELIMINATION: PRECURSORS
AND FORMATION MECHANISMS

Model systems have been employed, with varying degrees of success,
to determine the precursors and establish the reaction mechanisms by
which the thermally induced mutagens form (Masuda et al., 1967;
Spingarn and Garvie, 1979; Shinohara et al., 1980a,b; Shibamoto

et al., 1981; Toda et al., 1981; Ohe, 1982; Yoshida and Okamoto,
1982; Shinohara et al., 1983; Shibamoto, 1984; Kuroda et al., 1985).
Results to date indicate that the amino acid pyrolysis products are pro-
duced by exposure of single amino acids, either in solution or dry, to
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temperatures in excess of 300°C. Pyrolysis produces many reactive free
radical fragments that condense onto intact portions of amino acids to
form new heterocyclic structures. Hydroquinone may mediate this re-
action since it is present in many pyrolysis reactions (Yoshida and
Mizusaki, 1985).

Formation of IQ-type mutagens requires a mixture of soluble
precursors, all of less than 500 daltons (Taylor et al., 1981, 1984a,b).
Amino acids, sugars, and the guanidino compound creatine and its
hydrolysis product creatinine are the most likely precursors. Model
system experiments have demonstrated the potential for creatine and
creatinine (most creatine is converted to creatinine during heating)
to generate mutagenic components when refluxed or otherwise heated
in the presence of amino acids or sugars, in combination or singly
(Yoshida and Okamoto, 1980a,b; Jagerstad et al., 1982, 1984; Ohe,
1982; Negishi et al., 1984; Yoshida et al., 1984; Grivas et al.,

1985; Nyhammer et al., 1986). All of the amino-imidazo mutagens
contain the creatinine backbone structure (see Fig. 2). Condensed
on this ring are a variety of single or double N-aromatic rings, in-
cluding quinoline, quinoxaline, and pyridine, all of which are present
in cooked muscle foods (Shibamoto, 1980). Although unconfirmed,
vitamin K may be involved in the formation of these compounds
(Vithayathil et al., 1983).

TMIDAZO QUINOLINES IMIDAZO QUINOXALINES IMIDAZO PYRIDINES
NH, '
N=( N CH3
' N-CH; z | N~ CHs
~ |
\Nl R Sy N/L NH.
IQ R:=H MelQ, Ry CH, Rp=H PhIP
MeIQ R=CH3 R3 H R‘ H
4,8 DiMeIQ, R=CHy Rp=H  * CHs
Ry=CHy Ry=H N
N N NHZ
5,8 DlMeIQ‘ R|=CH3 RfH CHs CH3
Ry=H R,=CHy TMIP
7,8 DiMelQ, R,=CH; R,=CHj
RS:H R‘:H

Fig. 2 Structure of the creatine-derived mutagens.
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Creatine and creatinine's involvement as precursors for the 1Q-
type mutagens was demonstrated in our laboratory in a food system
when we observed that fried shrimp muscle did not form mutagenic
activity unless supplemented before cooking with creatinine. Most
invertebrates lack creatine phosphate, but rather use arginine phos-
phate for muscle energy storage.

The formation of the creatine-derived mutagens has been studied
in model systems, and it appears that Maillard nonenzymatic browning
occurring at above 100°C is the most likely mechanism, although
Taylor et al. (1986) questioned this assertion. Regardless of the
mechanism of formation, the millimolar abundance of the precursor
compounds in protein foods and the nanomolar yields of mutagenic
end-product suggests that the reactions that form these mutagens
are inefficient at best. Jagerstad (personal communication) indicated
that yields are only 1% in a model system shown to generate MelQx.
The yield would be expected to be significantly lower in food.

FACTORS AFFECTING MUTAGEN FORMATION
IN FOODS

Temperature, time, cooking method and surface, proximate composition,
and precursor levels are all important in the generation of the ther-
mally induced mutagens. Temperature is the most important extrinsic
variable affecting their formation, with high surface temperatures
inducing greatest mutagenic activity (Pariza et al., 1979b, Bjeldanes
et al., 1982a). Generally, mutagens are found on the cooked surface
of foods. Bacon is an ideal food product for these types of studies
because the entire product approaches the temperature of the heating
medium. We have demonstrated a 15-fold increase in mutagenic activi-
ty when nitrite-free bacon was heated from 125 to 225°C for 6 min
(Miller and Buchanan, 1983a). Mutagenicity was also observed when
low temperatures and extended cooking time were used (Commoner

et al., 1978b; Pariza et al., 1979b).

Cooking time also has a significant effect on mutagen formation.
After an initial lag time, the food surface is raised above 100°C and
the rate of mutagen formation increases to a maximum and then de-
creases with longer cooking time (Dolara et al., 1979; Felton et al.,
1981; Vithayathil et al., 1983). Bjeldanes et al. (1983) proposed
that temperature and time were the most important variables for muta-
gen formation, as suggested by a derived regression equation. In
general, increased cooking time and temperature result in higher
levels of the heterocyclic mutagens.

Cooking method affects the heating rate and temperature of the
food and, thus, can influence mutagen formation. In a study con-
ducted in the author's laboratory (Miller and Buchanan, 1983b), it
was determined that cooking methods such as baking, broiling, and
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high temperature autoclaving (161°C) induced mutagen formation in
nitrite-free bacon in a manner directly proportional to the heating
temperature. Conversely, low temperature cooking methods such as
conventional autoclaving (121°C), steaming, and microwave heating
failed to produce mutagenic activity. Microwave heating has been
studied by various investigators and all have concluded that no
mutagens are formed during this cooking process (Commoner et al.,
1978a,b; Nader et al., 1981; Baker et al., 1982). Taylor et al.
(1986) found that fried hamburgers produced less than 10% of their
potential mutagenic activity if they had been precooked in a micro-
wave oven for 0.5—1.5 min. This was probably from soluble pre-
cursors that were lost as drip during the brief microwave cooking.

The cooking surface can affect final levels of mutagen formation
by altering heating rate or temperature. Bjeldanes et al. (1983),
for example, determined that mutagen formation was slower in ham-
burgers fried on a ceramic surface than stainless steel, but reached
the same final level. A thin Teflon coating on the steel had little
influence on the kinetics of mutagen generation. Studies of commer-
cial heating processing of muscle foods revealed that mutagen formation
was variable depending upon the product; fish are most variable and
beef is most frequently mutagenic (Krone and Iwaoka, 1984; Krone
et al., 1986). In general, cooking methods involving high heat or
direct contact with a hot metal surface or radiant heat result in
greatest mutagen formation.

Proximate composition of the product can affect mutagen formation,
with protein level being most significantly related to mutagenicity in
heated foods. Water also is important as a medium for mutagen for-
mation to occur, since no activity was observed in heated ground
beef until the moisture content was reduced from the fresh level
(about 67%) to 55%. At that water level mutagen formation occurred
rapidly as meat moisture decreased from 55 to 35% (Bjeldanes et al.,
1983). Further moisture removal, however, may affect the type,.:
more than the quantity, of mutagens formed (Taylor et al., 1986).
An abundance of data indicates that fat level has little effect on
mutagen formation. Carbohydrate levels affect mutagen formation by
providing reducing sugars as carbonyl precursors. Complex carbo-
hydrates also may bind these mutagens and thus prevent their ab-
sorption and further metabolism (discussed below).

GENETIC TOXICOLOGY

The mutagenic activity of some of the thermally induced mutagens
(Table 4) exceeds by logarithmic orders the common diagnostic com-
pounds used in routine genetic toxicity testing. The genetic toxicol-
ogy of the amino acid pyrolysis products has been studied extensively
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Table 4 Mutagenicity of Thermally Induced Mutagens in Salmonella
typhimurium TA98 + S9

Mutagenicity
Compound (Rev/ug TA98) Reference
Trp-P-1 6,300-39,000 Sugimura et al., 1977b
Trp-P-2 13, 600-104, 200 Sugimura et al., 1977b
Glu-P-1 13,700-49,000 Yamamoto et al., 1978
Glu-P-1 245—1,900 Yamamoto et al., 1978
Phe-P-1 41 Sugimura et al., 1977b
Lys-P-1 87 Wakabayashi et al., 1978
Orn-P-1 28,200-57,000 Yokota et al., 1981
AAC 206—-300 Yoshida et al., 1978
AMAC 32-200 Yoshida et al., 1978
1Q 118,000-433,000 Kasai et al., 1981b
Felton et al., 1986a
Nagao et al., 1981
MelQ 253,000~-700,000 Kasai et al., 1980b
. Grivas et al., 1985
Felton et al., 1986a
Nagao et al., 1981
MelQx 58,000—-145,000 Felton et al., 1986a

7,8-DiMelQx
4, 8-DiMelQx
PhIP
TMIP

150,000-163,000
126,000-183,000

23502
100,000

Jagerstadt and Grivas, 1985
Negishi et al., 1984
Grivas et al., 1985
Felton et al., 1986b
Felton et al., 1986a

8TA1538 + S9.
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and was reviewed by the author (Miller, 1985), while a comprehen-
sive review was published more recently (Hatch, 1986).

Our understanding of the genotoxicity of the creatine derived
mutagens has advanced considerably. The creatine derived mutagens
showed marked activity with the frameshift-sensitive Salmonella
strains TA98 and TA1538, which are sensitive to picogram amounts.
This indicates that the SOS error-prone repair system present on a
R+ plasmid contained in TA98, does not influence sensitivity. Dele-
tion of the excision repair pathway, which was carried out during
construction of the tester strain, however, is an essential require-
ment for mutagenic activity (Felton et al., 1983a).

Unlike the mutagenic response in Salmonella, IQ is a weak muta-
gen in mammalian cells as indicated in Table 5 (Nakayasu et al., 1983
Takayama and Tanaka 1983; Thompson et al., 1983). The apparent in-
verse relationship between bacterial and mammalian activity was rein-
forced by results from in vivo mammalian assays, which demonstrated
that IQ was weak in the induction of chromosomal aberrations, sister
chromatid exchanges, in vivo point mutations, and transplacental muta-
tions (Minkler and Carrano, 1984; Wild et al., 1985). IQ induced muta-
tions in Drosophila, however (Wild et al., 1985), as did the tryptophan
and glutamic acid pyrolysis products, a-carbolines, as well as MelQ and
MeIQx (Yoo et al., 1985). Dolara et al. (1985) used an alkaline elution
technique to demonstrate damage to mammalian cell DNA by IQ, MelQ, and
MelIQx. Although not a true genotoxic assay, neoplastic transformation
of BALB 3T3 cells by IQ was demonstrated (Cortesi and Dolara, 1983).
Moreover, Ishikawa et al. (1985) used IQ to activate a c-raf oncogene in
rat hepatocellular carcinoma. This finding is of interest because it dem-
onstrated that IQ can activate a gene responsible for cell proliferation.

STRUCTURE/ACTIVITY RELATIONSHIPS

The mutagenic structure/activity relationship of a number of the
thermally induced mutagens was studied using Salmonella. The addi-
tion of methyl groups to Trp-P-2, other than at the number one
carbon, reduced mutagenicity. Alterations to the exocyclic amino
groups also resulted in reduced activity (Pezzuto et al., 1980,1981).
For the 2-aminodipyridoimidazole (glutamic acid) pyrolysates, methyl
substitution dramatically altered mutagenic activity (Takeda et al.,
1980). Bulkier alkyl substitution at the 3-position of the o-carbo-
lines produced decreased mutagenic activity compared to their methyl
counterparts (Matsumoto et al., 1981a).

Structure/activity relationships of the creatine-derived compounds
were investigated similarly (Table 6). Grivas and Jagerstad (1984)
showed that both the imidazole ring and its 2-amino group were re-
quired for the high mutagenicity of the IQ compounds. Likewise,
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the 3-methyl group was associated with the maximum amount of muta-
genic activity, since 3-ethyl analogues had lower activity (Jagerstad
and Grivas, 1985) and removal of the 3-methyl group from IQ or
MelQ virtually eliminated the original mutagenicity (Nagao et al.,
1981). The number of methyl groups generally increased the muta-
genicity of the 1Q compounds, as evidenced by the greater potency
of MelQ above IQ. The position of the methyl groups also affected
mutagenic potential (Nagao et al., 1981), with the N-1-MelQ (IsolIQ)
the most potent IQ form known (Wild et al., 1986). The same
tendencies were observed for imidazoquinoxalines (Nyhammer et al.,
1986), although, in general, imidazoquinolines were two to three
times more potent than their respective quinoxaline analogues.

CARCINOGENICITY STUDIES

Rodent feeding studies have demonstrated that the nine thermally
induced mutagens tested to date are all carcinogenic (Sugimura,
1985, 1986a,b; Sugimura et al., 1986). A summary of results is
presented in Table 7. The compounds tested include the pyrolysis

Table 7 Carcinogenicity of Thermally Induced Mutagens

Dose
Compound (% diet) Species Sex Tumor site
Trp-P-1 0.02 Mouse M,F Liver
0.015 Rat M Liver, intestine
0.02 Rat F Liver
Trp-P-2 0.02 Mouse M,F Liver
0.02 Rat M Liver, intestine,
urinary bladder
F Liver, intestine,
zymbal gland,
clitoral gland
AAC/AMAC 0.08 Mouse M,F Liver, blood vessels
0.08 Rat M,F Inconclusive
Glu-P-1/ 0.05 Mouse M,F Liver, blood vessels
Glu-P-2 0.05 Rat M Liver, intestine,
zymbal gland
0.05 F Liver, intestine,

zymbal gland,
clitoral gland
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Table 7 (Continued)

Dose
Compound (% diet) Species Sex Tumor site

1Q 0.03 Mouse M,F Liver, forestomach,
lung
0.03 Rat M Zymbal gland, liver,
intestine, skin,
oral cavity
F Zymbal gland, liver,
intestine, skin,
oral cavity,
clitoral gland
Rat F Mammary gland,
ear duct, liver,
pancreas, urinary
bladder

MelQ 0.04 Mouse M,F Forestomach, liver
MelQx 0.04 Mouse M,F Small intestine

80.4 mmol/kg body weight by gavage weekly for 31 weeks.

products of tryptophan (Hosaka et al., 1981; Matsukura et al.,
1981a,b; Takyama et al., 1985a) and glutamic acid (Takayama et al.,
1984b; Ohgaki et al., 1984b); two amino-a-carbolines (Ohgaki et al.,
1984b,c; Takayama et al., 1985a,b); IQ (Ohgaki et al., 1984a); MelQ
(Ohgaki et al., 1985) and MeIQx (Sugimura, 1985). Tumors developed
on multiple sites including the liver, clitoral gland, and the zymbal
gland of rats. Colon tumors formed in the rat but not in the mouse.
Effective tumorigenic doses were closely clustered and generally not well
correlated with bacterial mutation assay potency. This last point is of
concern because carcinogens with low mutagenic potency will be certainly
overlooked when screened with Salmonella.

METABOLISM

The fact that mutagenic activity was recovered from the urine of
human volunteers who previously ate a fried pork or bacon meal
(Baker et al., 1982, 1986) immediately galvanized the research com-
munity, since this was the first demonstration that thermally induced
mutagens were absorbed and excreted by humans. Subsequently,
others have confirmed that mutagenic activity is present in urine
(Hayatsu et al., 1985a) and feces (Hayatsu et al., 1985b) when
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volunteers ate either pork or beef. The mutagenic urinary metabolite
was shown to be a MelQx derivative (Hayatsu et al., 1985a). Human
metabolism was established further when MelQx was isolated from the
dialysate fluid of uremic patients (Yanagisawa et al., 1986). Absorption,
distribution, and excretion of the tryptophan pyrolysis products and IQ
compounds have been studied in rodents (Brandt et al., 1983; Munzner
and Wever, 1984; Sj6din and J8gerstad, 1984; Barnes and Weisburger,
1985; Kimura et al., 1985; Bergman, 1985). In general, results showed
that absorption occurred in the intestine. The compounds were then
distributed systematically, metabolized rapidly in the liver, and excret-
ed predominantly in bile.

In order to exhibit their toxic effects, all of the thermally
induced mutagens require biotransformation to their ultimate form.
This is simulated in vitro by S9 and other preparations. Most
species tested metabolized these compounds to active mutagens, in-
cluding rat, mouse, hamster, rabbit, and human (Dolara et al., 1980;
Hino et al., 1982; Kato et al., 1983; Waziers and Decloitre, 1983;
Felton and Healy, 1984; Loretz and Pariza, 1984; Alldrick and
Rowland, 1985; Aune and Aune, 1986). In addition, S9 preparations,
organelles, or intact cells from lung, liver, and intestine were used
to form the ultimate mutagens (Mita et al., 1981b; Niwa et al., 1982;
Gayada and Pariza, 1983; Decloitre et al., 1984; Loretz and Pariza,
1984; Alldrick and Rowland, 1985).

Extensive molecular level studies have been performed to deter-
mine the mechanism of Trp-P-2 and Glu-P-1 activation (Hashimoto et
al., 1978; Nemoto et al., 1979; Nebert et al., 1979; Ishii et al., 1981;
Kato et al., 1983). N-hydroxylation by cytochrome P-448 is the
first step in the activation process (Yamazoe et al., 1980a,b, 198la,b;
Mita et al., 198la; Okamoto et al., 1981; Watanabe et al., 1982a;
Kamataki et al., 1983; Kawajiri et al., 1983; Saito et al., 1983b).

The ultimate mutagens appear to be the N-O-acyl forms (Hashimoto
et al., 1979, 1980a,b,c, 1982a,b, 1984). While strand cleavage
occured when DNA was treated with N-OH-Trp-P-2, this activity
was caused by active oxygen radicals and was distinct from the muta-
genic activity (Wakata et al., 1985). Other metabolic pathways for
Glu-P-1 and Trp-P-2 have been reported as well (Yamazoe et al.,
1981b; Saito et al., 1983a,b; Nemoto and Takayama, 1984; Shinohara
et al., 1984, 1985). AAC and IQ are also activated to the hydroxy-
amino derivatives (Okamoto et al., 1981; Niwa et al., 1982). The
ultimate forms of Glu-P-1 and Glu-P-2, IQ, MelQ, and MelIQx may be
sulfate esters of the N-hydroxy derivatives (Nagao et al., 1983;
Loretz and Pariza, 1984). Turesky and Skipper (1986) determined
that the major biliary IQ metabolite in the rat was the sulfamate
derivative. '

The specific interaction with DNA is not known with certainty,
but for both Trp-P-1 and Trp-P-2 the binding site was established
(Shishido et al., 1980). Glu-P-1 has the greatest affinity for
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guanine residues in GC clusters (Hashimoto and Shudo, 1983) and

is oriented parallel to the plane of the base pairs (Imamura et al.,
1980). 1Q, MelIQ, and MelQx have DNA-binding constants that cor-
respond to the order of bacterial mutagenic potency (Watanabe et al.,
1982a,b), and IQ binding is stronger at GC pairs than at AT pairs
(Watanabe et al., 1982¢). The binding mechanism of IQ to DNA is
currently under investigation. 1Q causes DNA damage as shown by
alkaline elution of mouse leukemia cell DNA (Caderni et al., 1983).
Interestingly, ethanol and Aroclor pretreatment of animals prior to
mutagen dosing enhanced the levels of DNA repair and hepatocellular
genotoxicity by a variety of these compounds (Loury and Byard,

1983; Loury et al., 1985).

The disparity between mutagenic response of bacterial and cellular
mutagenicity systems, referred to in a prior section, was observed
by Brookman et al. (1985), who suggested that this may-be due to
the inability of the IQ metabolites to reach the target DNA. From
this information we can conclude that control of the bioactivation of
these compounds can be used to modulate genotoxic activity.

MODULATION

Five strategies can be employed to prevent formation of or reduce or
eliminate the genotoxic activity caused by the thermally induced
mutagens. These include déstruction of precursors, deterrence of
promutagen formation, binding or degrading promutagens, preventing
bioactivation to the ultimate mutagen, and blocking mutagen-DNA
interactions. A variety of methods in each category has been identi-
fied and will be described.

Degradation of mutagen precursors is an important approach to re-
duce the thérmally induced genotoxin burden, since mutagen forma-
tion would Be virtually eliminated. Despite this, to date only one
method has been identified. Low-glucose beef, resulting from a
stress condition known as Dark Firm Dry (DFD), was shown to have
reduced levels of mutagenic activity when compared to normal beef
which contained about 0.1% glucose (J&gerstad et al., 1982). Pre-
sumably, the decreased mutagen load in DFD beef resulted from de-
pletion of glucose as a mutagen precursor. Since destruction of
precursors may be the most efficient means to eliminate thermally
induced mutagens, more research should be directed toward this
approach.

The most effective method yet identified to prevent promutagen
(the mutagen before metabolic activation) formation is by careful
heat application, as described in an earlier section. Furthermore,
certain additives, when added to ground beef prior to frying, were
inhibitory, including EDTA (1%), soy protein concentrate (5-10%),
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or BHA (about 15 nM) (Wang et al., 1982). Finally, in a model
system, polyphenolic antioxidants, including tannic acid, quercetin,
rutin, chlorogenic acid, and catechin, at a level of 0.2 g/g protein,
reduced by 20-76% the formation of mutagenic pyrolysis products
when added to albumin before heating (Fukuhara et al., 1981). Addi-
tional research is warranted to verify these methods and to optimize
their conditions. Moreover, research should be conducted to deter-
mine if classical nonenzymatic browning inhibitors and other anti-
oxidants would effectively accomplish this task.

Thermally induced mutagens can be bound or destroyed once
they are formed. Vegetable fibers, for example, tightly bound
Trp-P-1, Trp-P-2, and Glu-P-1, which almost eliminated mutagenic
activity (Kada et al., 1986). Similarly, cereal fibers, including corn
and wheat bran and alfalfa meal bound 50% of IQ (Barnes et al., 1983).
Other dietary fibers bound radiolabeled I1Q, MelQ, and MelQx to
varying degrees (Sjédin et al., 1985). Sorghum fiber, for example,
bound 50% but 12 other fibers bound only 8-22% of the mutagen load.
Vegetable and fruit extracts from numerous sources reduced muta-
genic activity of the thermally induced mutagens. Cabbage, spinach,
celery, apple, pineapple, eggplant, green pepper, rhubarb, and
brussels sprouts suppressed tryptophan pyrolysate mutagenicity
(Morita et al., 1978; Kushi et al., 1980). One desmutagenic (muta-
gen-inactivating) component found in cabbage (Inoue et al., 1981)
and broccoli (Morita et al., 1982) is a hemo-protein exhibiting
peroxidase activity. Yamada et al. (1979) previously demonstrated
that peroxidases from a variety of sources together with peroxide
destroyed Trp-P-1, Trp-P-2, and Glu-P-1. Protein binding of IQ
was partially responsible for its inactivation by horseradish and rat
intestinal mucosa peroxidase (Dolara et al., 1984). Human saliva was
found to inhibit the mutagenic activity of Trp-P-1. The mechanism
of the inactivation was hypothesized to entail either biochemical re-
actions with low molecular weight compounds, such as enzymes or
vitamins, or by biophysical adsorption by bacteria and higher molecu-
lar weight substances (Nishioka et al., 1981).

Two methods have been reported that degraded preformed thermally
induced mutagens and are also useful tools to differentiate between
the two classes. The first method came from the observation that
hypochlorite at the level of 1.5 ppm inactivated mutagenicity of
both pyrolysis and creatine-derived compounds (Tsuda et al., 1983,
1985). Chlorinated tap water was equally effective, which suggests
that consumption of water with meals may inhibit potential mutagenic
effects. The second method was discovered upon the observation
that acidic nitrite deaminated the pyrolysis products, but not the
IQ-type mutagens, and formed the corresponding nonmutagenic hy-
droxy compounds (Yoshida and Matsumoto, 1978; Tsuda et al., 1980;
Tsuda et al., 1985). Prolonged treatment of AAC with nitrite formed
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a direct acting mutagenic nitroso derivative, however (Tsuda et al.,
1981). A comparison of mutagenicity before and after treatment with
nitrite and hypochlorite serves as a method to determine the relative
percentage contributed by each category of mutagen. /

Certain inhibitors were identified that interfered with the bioactiva-
tion of the thermally induced mutagens, with plant products being
particularly effective. For example, the xanthine derivatives theo-
phylline, caffeine, and 3-isobutyl-1-methylxanthine inhibited the
metabolic activation of Trp-P-2 (Yamaguchi and Nakagawa, 1983).

In addition, plant antioxidants such as vitamin A (Busk et al., 1982),
quinones (Kushi et al., 1980; Yamaguchi, 1982), and chlorophyllin
(Arimoto et al., 1980; Ong et al., 1986)—the sodium and copper
salt of chlorophyll—were shown to be inhibitory. Heme pigments
such as hemin (a metal chelate of heme) and biliverdin are animal-
derived constituents that have been shown to be effective inhibitors
(Arimoto et al., 1980). Furthermore, oleic acid from the acid frac-
tion of ground beef, rat organ preparations, and human feces in-
hibited mutagenic activity of both classes of mutagens in vivo
(Hayatsu et al., 198la,b; Caderni et al., 1986). Oleic acid inhibits
the formation of the active metabolite mainly by inhibition of hepatic
microsomal oxidation systems (Saito et al., 1983a). It is noteworthy
that oleic acid did not protect rats against 1,2-dimethylhydrazine-
induced colon tumors (Nelson and Samuelson, 1984). Other animal
products that inhibited metabolic activation of the thermally induced
mutagens include a beef and pork muscle-derived mutagenesis in-
hibitor (Pariza et al., 1979b,1983,1986a,b), which was later shown
to inhibit initiation of mouse epidermal tumors by 7,12-dimethylbenz-
[a]lanthracene (Pariza and Hargraves, 1985). Inorganic inhibitors
that were proven effective antimutagens are cobaltous chloride on
Trp-P-1 (Mochizuki and Kada, 1982) and germanium oxide on Trp-
P-2 (Kada et al., 1984). The antimutagenic activity of the metal
salts was postulated to be due to interference with the error-prone
DNA repair that is stimulated by the activated mutagens. Sister
chromatid exchanges induced by OH-Trp-P-2 were suppressed more
than 50% by addition of 3-aminoharman (3-amino-1-methyl-9H-pyrido-
[3,4-blindole). Hemin and perhaps other pyrroles confer at least a
portion of their antimutagenic activity by interfering with the bio-
activated metabolites (Arimoto et al., 1980).

Three groups of enhancing agents or comutagens were identified
that potentiated genetic effects of these mutagens. Organic solvents,
including ethanol, increased the mutagenic activity of Trp-P-1 and
Trp-P-2 (Arimoto et al., 1982). The B-carbolines harman and nor-
harman found in amino acid and protein pyrolysates also potentiated
pyrolysate genotoxicity (Nagao et al., 1977b). Finally, cysteine,
cysteine ethyl ester, and cysteamine (10 mM each) increased by
several-fold mutagenicity of Trp-P-1 and Trp-P-2 (Negishi and
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and Hayatsu, 1979). Interestingly, the cysteine derivatives did not
affect the mutagenic activity of a beef-extract mutagen.

EPIDEMIOLOGY

Little information is available concerning the relationship between food
preparation techniques and the cancer patterns in populations.
Limited data, however, exist from two human population studies by
Japanese researchers. Kuratsune and coworkers (1986) determined
that consumption of broiled fish two or more times per week in-
creased stomach and liver cancer risks. This research group also
studied Japanese Seventh Day Adventists and determined the absten-
tion from consumption of muscle foods reduced incidence of stomach
cancer. From this information they speculated that pyrolysis products
may be associated with gastric neoplasia, but acknowledged that the
assertion is arguable. Hatch and Felton (1986) have challenged
epidemiologists to interact with laboratory scientists in this fertile
area of research. They added the caveat that "retrospective studies
have limited power and prospective studies take many years."

RISK

Without substantive epidemiological data in hand or imminent, an
analysis of potential risk from ingestion of the thermally induced muta-
gens and carcinogens is limited to an evaluation of total exposure

and potency in models. Exposure data will emerge as better quantita-
tive methdds become available. Since each of the 16 known thermally
induced mutagens are generated in variable amounts, rigorous studies
will continue to be required to compile a profile of their relative
abundance in cooked protein foods. Likewise, the great variation in
mutagenic potency needs to explore further. Only upon obtaining
this voluminous quantity 6f data can the two components of risk—
exposure levels and potency—be better assessed.

An estimate of risk can be calculated using the Human Exposure/
Rodent Potency (HERP) Quotient, developed by Ames et al. (1987).
From Sugimura's data (Sugimura, 1986b) that the human intake of all
of the thermally induced mutagens is 100 ug/day and that the average
TD50 (the dose required to induce cancers in 50% of test animals)
obtained from mouse studies is 8 mg/kg/day, the calculated HERP
value is 0.0125%. Felton et al. (1986a) calculated the human risk
exposure to the creatine-derived compounds. Their calculation was
based on an average human intake of 20 ug/day and a mouse TDsg
of 15 mg/kg/day (HERP = 0.00133%). Larger HERP values correspond
to greater estimated risk rankings. The range of risks of the carcino-
genic exposure was provided by Ames et al. (1987), who estimated
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the daily exposure of formaldehyde in the air of mobile homes yields

a HERP of 2.1%, while daily consumption of chloroform in contaminated
well water has a quotient of 0.0002%. The thermally induced muta-
gens fall toward the lower end of this range. Such efforts are crude
estimates, but, as more data become available, determination of a more
refined risk analysis may be possible.

Risk estimates from rodents fed a single compound at the maximally
tolerated dose (MTD) cannot be directly extrapolated to the human
case, since human cancers generally develop only after prolonged
exposure to carcinogens as complex mixtures. In order to more
effectively determine risks associated with the thermally induced
mutagens, they must be assessed in the context of our complex life-
style. Mutagens formed during the cooking of protein food repre-
sent only a fraction of the total load of environmental challenges.

To better assess their relative importance, Ames (1986) suggested
a comparison of exposures to burned and browned material, from
food, tobacco, and air pollution. Even with these data available,
other sources of genotoxic material would be overlooked. The most
comprehensive analysis would encompass exposure data from all
sources: lifestyle, occupation, environment. Furthermore, it is
abundantly clear that cancer development requires more than just
mutational events.

If future information establishes that the thermally induced muta-
gens possess a significant human health risk, what do we do? Per-
haps the most reasonable approach is to weight the benefits against
risks and respond in a prudent fashion. The benefit of destruction
of pathogens and the psychological well-being associated with thermal
treatment of food may offset much of the potential risk. Nonethe-
less, it will be the shared responsibility of scientists and physicians,
regulators and legislators, and, most importantly, the public, through
changing food-purchasing patterns to contribute to the resolution of
the risk/benefit question.

In the absence of data, at present we must conclude that the low
concentrations of thermally induced mutagens and the known facts to
date require little initiative for dietary modification. Moreover, even
if a health problem exists, a total ban or regulation prohibiting heat-
ing of protein foods would be unacceptable, since cooking is a method
of food preparation that permeates the lives of the public from
infancy to old age. For the present, for individuals or institutions
concerned about mutagen exposure, modification of heating practices,
with emphasis on low temperatures and short heating times, such as
microwave cooking, will reduce or eliminate the generation of these
mutagens, without increasing the risk to microbial food safety. For
the future, continued research is essential to develop:

1. rapid and selective isolation and quantification procedures
2. higher yielding synthesis



Thermally Induced Mutagens in Protein Foods / 171

3. detailed understanding of formation mechanisms

4. comprehensive toxicology profiles, including pharmacokinetics
and metabolism

5. refined risk assessments

Finally, continued research may reveal or verify mutagenesis modi-
fiers to provide additional methods of elimination or reduction of the
thermally induced mutagens from the food supply.
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