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Processing-Induced Mutagens
in Muscle Foods

Thermal processing of muscle foods is important for
producing a safe and desirable product, but it can
also result in the formation of mutagenic compounds

0 MUSCLE FOODS are one of the
best sources of nutrients for human
growth and maintenance, being
especially rich in high-quality pro-
tein, vitamins, and minerals. Their
contribution to the world popula-
tion’s improved nutritional status
experienced during this century,
and the concomitant decrease in
acute nutritional deficiencies and
associated illnesses, reflects glow-
ingly on the biological and logistical
availability, the desirability, and
the nutrient density of muscle
foods. Any alleged negative attri-
butes associated with this food class
must be balanced against the con-
tributions that it has made toward
our well-being.

Interest in thermally induced
mutagens in muscle foods is readily
demonstrated by the burgeoning
literature that has grown to some
300 technical publications and
meeting abstracts since 1977. This
demonstrates the current attitude
of some researchers, public health
officials, and clinicians toward the
association between dietary compo-
nents and chronic diseases, particu-
larly cancer. Citing numerous popu-
lation studies, several epidemiolo-
gists have suggested that indeed
diet may be the most important
environmental variable in the
development of certain cancers
(Wynder and Gori, 1977; Doll and
Peto, 1981). In addition, the realiza-
tion that mutations can activate
cellular-transforming genes (onco-
genes) (Feinberg et al., 1983; Coo-
per, 1982; Backer et al., 1982) helps
support the long debated theory
that gene mutation is the first of a
series of required events that
progress to the development of neo-
plasia (Weisburger and Williams,
1980; Straus, 1981). Perhaps food-
borne mutagens bridge these two
diverse observations. :

Previously, mutagens have been
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observed in muscle foods when sub-
jected to various cooking and pro-
cessing methods. For example,
charcoal-broiled and grilled beef
contains benzo(a)pyrene (BaP) (Li-
jinsky and Shubik, 1964), and ni-
trosamines can be formed in meat
products when nitrite and second-
ary amines are heated together
(Pensabene et al., 1974). It appears
now that heating of most, if not all,
muscle foods by a variety of cooking
methods, can produce mutagens.
Mutagens have been observed in
many foods and were classified by
Sugimura and Sato (1983) into
three general groups, including:
naturally occurring, food and feed
additives, and processing-induced.
This article focuses on the latter
group, specifically heat-induced
mutagens in muscle foods.

The Ames Test and the
Significance of Mutation

The Ames Salmonella/mammali-
an microsome muta%enicity assay is
currently one of the best known and
most widely used in vitro test sys-
tems to detect mutagenic effects of
chemicals. The test detects back
mutations at the histidine gene and
is about 80-85% accurate in deter-
ming carcinogens as mutagens
(Brusick, 1983; Maron and Ames,
1983). Salmonella typhimurium is
used in combination with induced
rat liver microsomes (S-9) for the
metabolic activation of mutagens,
thus incorporating an important
aspect of mammalian metabolism.
The metabolizing enzymes found in
the microsomes are induced in the
smooth endoplasmic reticulum
when various agents (drugs, envi-
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ronmental contaminants) challenge
the animal. For the assay, the com-
pound to be tested, the bacterial
tester strain, and when required,
the metabolizing system are com-
bined directly on to a petri dish
containing minimal media. Be-
tween 10°-10° log-phase bacteria
cells are applied per dish and the
number of bacteria reverted back to
histidine independence is measured
by counting the colonies on the
1p;izaate after incubation at 37° for 48

The Salmonella tester strains are
mutants that contain either a base-
pair substitution or frameshift
mutation (Ames et al., 1975). For
the present review only the latter
strains will be discussed. Frame-
shift mutations are introduced in
tester strains by the insertion or
deletion of bases within the DNA.
For example, the site of the histi-
dine mutation in strains TA 1538
and TA 98 is a ¢ (—1) deletion in
the normal genome of the gene cod-
ing for histidinal dehydrogenase.
With this aberration, the strains
cannot survive on minimal media
without histidine supplementation.
Restoration of the deletion by a
(+1) insertion (reverse mutation)
will restore growth potential.

Mutations arise by specific DNA
damaging events, such as a com-
pound’s covalent binding to specific
bases, intercalations, or both. When
the damaged DNA is replicated
without being repaired, a mutation
is created. This event is significant
because it can lead to abnormal
changes in protein primary struc-
ture by causing incorporation of
incorrect amino acids in the peptide
sequence. The mutation may be
inconsequential or may be signifi-
cant if biological activity of a criti-
cal protein is affected.

The importance of these events
to carcinogenesis rests on the



premise that mutations need to
occur at critical sites on the genome
thereby affecting strategic proteins.
Currently, laboratories worldwide
are testing the hypothesis that
attacks by mutagens on critical
DNA targets, and the resulting
sequence alterations on oncogenes
have the potential to trigger or pro-
mote neoplastic transformation.
The unfolding mystery of these
transforming genes indicates that,
in general, their protein products
are growth factors required for
embryogenesis or repair_processes,
such as wound-healing. In the dif-
ferentiated cell, activity is tightly
regulated and the genes are normal-
ly repressed. Uncontrolled dere-
pression, possibly from mutational
events, results in synthesis of the
growth factor, followed by rapid
cellular growth, and then neoplastic
transformation. Perhaps mutagens
in foods can trigger this process.

High Temperature
Mutagens

Bacterial mutagens in cooked
foods were first observed when
Nagao et al. (1977) found that sev-
eral extracts obtained from broiled
fish and beef showed mutagenic
activity toward the Ames Salmo-
nella strains TA 98 and TA 100 (a
base-pair substitution detecting
strain ) + S-9. Sugimura et
(1977) found that the mutagenic
components were formed from the
pyrolysis of D,L-tryptophan and
D,L-phenylalanine. Two mutagens
identified from the tryptophan
pyrolysate were: 3-amino-1,4-di-
methyl-5H-pyrido[4,3-blindole
(Trp-P-1: “P” stands for pyrolysate
product) and 3-amino-1-methyl-
5H-pyrido[4,3-blindole  (Trp-P-2)
(See Fig. 1). Both were demonstrat-
ed to be more mutagenic than
BaP, aflatoxin B; (AFB)), and
N-nitrosodimethylamine (Table 1).
The structure of the active compo-
nent of the D,L-phenylalanine
pyrolysate was identified as 2-
amino-5-phenylpyridine (Phe-P-1)
(Fig. 1). Its specific activity was
weaker than the tryptophan pyroly-
sis products (Table 1). A pyrolysate
of glutamic acid contained Glu-P-1
(2-amino-6-methyl-dipyrido[1,2-a:
3’2’ .d]imidazole) and Glu-P-2 (2-
aminodipyrido[1,2-a:3’2’-d]imid-
azole) (Yamamoto et al, 1978).
Glu-P-2 was later identified in
broiled squid (Yamaguchi et al.,
1980) and casein pyrolysate (Yama-
guchi et al., 1979). The activity of
Glu-P-1 was about 40 times greater
than that of Glu-P-2, whose struc-
ture differs by only the absence of

Fig. 1—Heat-induced Mutagens from muscle foods

one methyl group. Yokota et al.
(1981) then found a mutagenic
L-ornithine pyrolysis derivative,
Orn-P-1  (4-amino-6-methyl-1H-
2,5,10,10b-tetraazafluoranthene).
The mutagenic activity of this com-
pound was found to be about 56,000
TA 98 revertants/ug. Finally, Wa-
kabayashi et al. (1978) observed the
formation of Lys-P-1 from a pyro-
lyzed lysine system. This compound
was orders of magnitude lower in
mutagenic potency than the Trp or
Glu compounds.

Three mutagens were then iso-
lated from protein pyrolysates of
soybean %lobulin, and were deter-
mined to be AaC (2-amino-a-carbo-
line), MeAaC (2-amino-3-methyl-
a-carboline), and EtAaC (2-amino-
3-ethyl-a-carboline) (Matsumoto et
al., 1981; Yoshida et al, 1978).
Matsumoto et al. (1981) found AaC
and MeAaC in grilled ground beef
at levels of 650.8 ng/g and 63.5 ng/g,
respectively. Grilled chicken and
mushrooms contained these com-
pounds, but levels were lower than
those of the grilled beef.

Pyrolysis products are likely to
be produced by cooking protein-
aceous food by direct exposure to
the flame (Sugimura et al., 1977),
since the temperature required to
generate Trp-P-1, -2, and other
amino acid pyrolysis mutagens is in
excess of 300°C. Therefore, the for-
mation of these compounds re-
quires high cooking temperatures.
Pyrolysis produces many reactive
fragments by free radical reactions,
and these fragments can then con-
dense to form new heterocyclic
structures. The formation of Lys-

P-1 from lysine, for example, can be
explained by this mechanism. With
regard to Trp-P-1 and Trp-P-2, the
original indole nucleus of the tryp-
tophan molecule remains intact.
Similarly, Phe-P-1 also retains part
of the structure of phenylalanine
(Matsushima, 1982).

The toxicology of the pyrolysis
compounds has been studied exten-
sively, with the results and corre-
sponding references summarized in
Table 2. In general, the tryptophan,
glutamic acid, and the a-carboline
pyrolysis products demonstrate a
consistent positive profile of toxic
results. Direct predictors of carci-
nogenic activity such as y-glutamyl
transpeptidase-positive liver foci
and in vitro neoplastic transforma-
tion are consistent with the geno-
toxic data. Studies have also dem-
onstrated multiple species carcino-
genicity for Trp-P-1 (3 species),
Trp-P-2 (2 species), Glu-P-1, and
Glu-P-2 (2 species), and AaC and
MeAaC (1 species).

Moderate Temperature
Mutagens

Kasai et al. (1979) detected a
mutagen by HPLC in broiled sar-
dines that did not correspond to the
then-known compounds: Glu-P-1,
Glu-P-2, Lys-P-1, AaC, Trp-P-2,
Trp-P-1, or MeAaC. Concomitant-
ly, a number of other laboratories
consistently observed that the addi-
tion of microsomes to the mutage-
nicity assay medium produced an
increase in the background rate of
mutations in frameshift detecting
Salmonella strains, even in the



absence of mutagenic agents. Com-
moner et al. (1978a,b) determined
that the increased activity resulted
from a S-9 dependent component in
the nutrient broth used to grow the
bacterial cells. This observation led
Commoner’s group to detect muta-
genic activity both in commerci
beef extract and then in cooked
ground beef (Vithayathil et al.,
1978). The observation of mutagens
in cooked beef was soon confirmed
by others (Spingarn and Weisbur-
ger, 1979; Pariza et al, 1979a,b;
Felton et al. 1981; Rappaport et al.,
1979) who found that moderate
temperature cooking, (optimum
190-200°) such as frying and broil-
ing, induced high levels of mutagen-
ic activity.

Temperature is the most impor-
tant established determinant for
mutagen formation in muscle foods.
Cooking methods that employ high-
er heating temperatures induce
greater mutagenic activity than
Jow-temperature methods (Miller
and Buchanan, 1983b). For exam-
ple, Nader et al. (1981) showed that
broiled beef surfaces contained ele-
vated mutagenic activity when test-
ed with TA 98 +S-9, but micro-
wave-heated beef (up to three times
the normal cooking period at 2450
MHz) did not exhibit any genotox-
icity. This observation was also
reported by Commoner et al
(1978a,b) and Baker et al. (1982) in
beef, and Miller and Buchanan
(1983b) in pork. However, Taylor et
al. (1982) observed little mutagenic
activity in ground beef that was
deep-fat fried for 3 min. They con-

cluded that, in general, deep-fat
fried foods possess low levels of
mutagenic activity, and severe fry-
ing conditions must be employed to
obtain appreciable levels of activi-
ty. These results may be due to
volatilization (Rappaport et al,
1979) or the inability to extract the
mutagens from the oil.
Mutagenicity in fried beef may
be affected also by other factors
that include fat and water content.
In a study by Spingarn et al. (1981)
over the range of 5-30% added fat,
mutagenicity reached a peak at
10% added fat and subsequently
decreased. In a more recent study,
however, Bjeldanes et al. (1983)

found that the level of fried beef
mutagen was independent of fat
content. An explanation for these
differences has not been offered.
Initial water content of hamburger
patties also is important for genera-
tion of mutagenic activity. Maxi-
mum mutagen formation require
an initial water content of 70% by
weight and mutagen production
was negligible below 30%.

Taylor and coworkers have devel-
oped a simple boiling model system
derived from lean round steak and
have studied the precursors in meat
that are involved in mutagen for-
mation. All mutagen precursors in
lean round steak are water soluble
and free from meat solids (Taylor et
al., 1981). Proteolysis of extract res-
idues by papain, tyrpsin, or chymo-
trypsin increased mutagen yield 1.7
to 4-fold, indicating that soluble
compounds and amino acids re-
leased by the enzyme activity were
precursors. By another series of
experiments (Taylor et al, 1984)
these investigators determined that
the precursors of the beef mutagen
had a molecular weight of <500
daltons and exhibited optimum
mutagen formation at pH 4 and 9.
The observation of minimum muta-
genic activity at pH 7 suggested
that manipulation of pH may be a
viable means for the control of
mutagen formation. The fraction
containing the precursors for virtu-
ally all of the mutagenic_activity
represented only 5% of the meat
dry weight and 10% of the soluble
protein.




Characterization of Specific
Mutagens. Three potent mutagens
in moderately heated foods have
been found and well characterized.
Two compounds, 2-amino-3-meth-

ylimidazo[4,5-f]lquinoline (IQ) and

- 2-amino-3,4-dimethylimidazo[4,5-
f]-quinoline (MelQ), were isolated
from broiled fish (See Fig. 1) (Kasai
et al., 1980a). In addition, IQ was
isolated from beef extract and fried
beef. The structure of 1Q was eluci-
dated based upon its 'H-NMR
spectrum, and low- and high-reso-
lution mass spectra (Kasai et al.,
1980c). In addition, Yokoyama et
al. (1980) determined the crystal
and molecular structures of IQ. The
molecule exhibited a planar skeletal
structure, suggesting that it inter-
calated between DNA bases, thus
promoting the adduct-forming re-
actions between DNA and the
active metabolite of 1Q (See Fig. 2).
The structure of MelQ was deter-
mined by Kasai et al. (1980b) after
comparing the lH-NMR and high
resolution mass spectral data for
MelQ with IQ. Later Kasai et al.
(1981) also characterized a third
potent mutagen 2-amino-3,8-di-
methylimidazo[4,5-f]-quinoxaline
(MelQx) in fried beef (Fig. 1).

Two groups in the United States
have confirmed the presence of 1Q-
type mutagens in heated muscle
foods and have further character-
ized new mutagenic compounds.
Hargraves and Pariza (1983) iso-
lated and identified MelQx, MelQ,
and IQ in Difco beef extract, IQ and
MelQx in food-grade beef extract,
and MelQx and a more polar uni-
dentified mutagen in fried ground
beef. Estimates of concentrations of
MelQx were 28 ppb in food-grade
beef extract to 0.45 ppb in fried
ground beef. Felton et al. (1983)
reported that as many as 10 distinct
mutagenic compounds were present
in ground beef fried at 250°C. More
than 30% of the mutagenic materi-
al was identified as MelQx; IQ con-
tributed less than 12% of the total
mutagenicity at 300°C and less
than 4% at lower temperatures.
Major unidentified mutagens were
observed at molecular ions at m/z
227 (Cy12Hy3N5), 209 (Cy3HyiN3),
and 176 (CgH12Ny). Two very polar
and two nonpolar peaks containing
<16% of the total genotoxic activi-
ty were not identified. Estimates of
mutagen yield suggested that 1 ppb
MelQx, 0.02 ppb IQ, and up to 1.5
ppb additional mutagens were
formed from cooked ground beef. In
a follow-up study (Knize et al,
1984), the group found MelQx (1.3

ppb), 1Q (0.02 ppb), and unknowns
(0.60 ppb) in cooked beef.

Methods of purification of this
class of aromatic amines include:
solvent extraction, liquid-liquid
partitioning, silica gel column chro-
matography, Sephadex LH-20 col-
umn chromatography, TLC, and
HPLC. Yamaizumi et al. (1980)
developed a GLC method for the
quantification of IQ in broiled
meat. In that study, only 10% of
the total mutagenic activity ob-
served in the product could be
attributed to IQ. Hargraves and
Pariza (1983) also developed a puri-
fication method for mutagens in
commercial beef extract using silica
gel column chromatography, LH-20
column chromatography, and
HPLC (ultra sil-NH; and Supelco-
sil C-18 columns). Detection of the
compounds is primarily by ultravio-
let absorption (264 mm Ay, for IQ
and MelQ, and 274 nm Ap,, for
MelQx).

Extraction and analysis of these
trace mutagens is laborious and
necessitates that samples undergo
multiple chromatographic proce-
dures to near purity, before quanti-
tative analysis is reliable. Con-
founding factors include: low
quantities of the compounds; the
presence of nonbiologically active
material that coelutes with the IQ
compounds upon most chromato-
graphic procedures; lack of a selec-
tive detection system; and the ten-
dency for the compounds to adhere
to glass thus reducing recoveries.
There is a pressing need for a good
extraction and isolation method,
coupled with a selective quantifica-
tion procedure, that will permit
analysis of these mutagens in com-
plex food substrates.

Toxicity Studies. 1Q, MelQ,
and MelQx represent the strongest
bacterial mutagens observed to
date. The specific mutagenicity of
1Q toward TA 98 + S-9 was 433,000
revertants/ug. 1Q was much more
potent than Trp-P-1, Trp-P-2, Glu-
P-1, Glu-P-2, and AFB, (Table 1).
MelQ and MelQx were shown to be
very potent bacterial mutagens
with activity toward TA 98 + S-9 of
661,000 revertants/ug and 145,000
revertants/ug, respectively (Sugi-
mura, 1982). However, a number of
studies indicate that the IQ com-
pounds, while still biologically
active, are not as potent in other
genetic assays as in Salmonella. 1Q
was determined to be mutagenic in
mammalian cells in vitro, but less
so than Trp-P-2 (Thompson et al.,
1983; Nakayasu et al., 1983). Yet,
Takayama and Tanaka (1983)

found that IQ and MelQ were not
genotoxic in their in vitro mamma-
lian mutagenicity assay. The au-
thors suggested that the discrepan-
cy may be due to differences in the
genetic markers used for selection
of mutation. Recently, Bird and
Bruce (1984) determined that IQ
and MelQ caused high levels of
nuclear aberrations in colonic crypt
cells when fed to rats. Furthermore,
Cortesi and Dolara (1983) showed
that IQ induced neoplastic trans-
formation of Balb3T3 mouse em-
bryo fibroblasts at concentrations
of 1, 5, and 15 ng/ml.

Carcinogen determination exper-
iments have shown that IQ is mod-
erately carcinogenic in mice, pro-
ducing tumors in the liver, fore-
stomach, and lungs when fed at 300
ppm (Ohgaki et al., 1984). In a
similar rat study, tumors were
observed in the zymbal gland of the
ear duct and the intestines. Mam-
mary tumors also were observed
(Takayama et al., 1984b). Sugimura
(1983) suggested that the discrep-
ancy between the high mutagenic
and moderate carcinogenic potency
of IQ may be idiosyncratic to the
Salmonella, which is high in gua-
nines and cytosines at the mutated
sites. IQ has a high affinity for
guanine, and runs of this “hot spot”
would make the strain particularly
sensitive to this compound. Results
of this nature emphasize the fact
that the Ames test provides more
reliable qualitative than quantita-
tive predictability for carcinogens.
Carcinogenicity studies on MelQ
and MelQx are currently under
investigation in Japan.

Model Systems. In an attempt
to explain how these thermally
induced mutagens form, many
investigators have utilized model
systems. For example, a number of
investigators have demonstrated
that mutagens can be generated in
model Maillard reactions. Spingarn
and Garvie (1979) demonstrated
that refluxed reducing sugars (espe-
cially rhamnose, xylose, glucose,
and galactose) plus an ammonium
salt resulted in the formation of
strong mutagenic activity. These
reactions were base-catalyzed and
were inhibited by the antioxidant
propyl gallate. Shibamoto et al
(1981) showed that maltol and
ammonia (heated at 100°C for 5 hr)
produced mutagens detectable by
TA 98+ S-9. The investigators
determined that alkyl-pyridine de-
rivatives induced the mutagenic
activity.

Mutagenicity was observed in
heated mixtures of creatine and



Fig. 2—Metabolic Activation of the heat-induced mutagen:

enzymatically forms the hydroxyl derivative; (b) further metab
electrophile covalently binds to the guanine residues on DNA

the polymerase reading frame and causing a mutation to occur upon DNA replication.

glucose (above 150°C for 1-2 hr), as
detected by TA 98 + S-9, while no
activity was observed without glu-
cose present in the reaction mixture
(Yoshida and Okamoto, 1980a).
Since creatine and glucose are com-
mon components of meat, they may
provide a significant contribution
to the formation of mutagens dur-
ing the heating of meat (Yoshida
and Okamoto, 1980b).

Since cooking procedures range
widely from mild heating to strong
heating, the formation of mutagens
during cooking may be due to both
browning and pyrolysis. Yoshida
and Okamota (1982) found that
mutagenic activity could be de-
tected in the pyrolysis product of
the organic ammonium salts of
malate, citrate, tartarate, and oxa-
late (550°C for 1 min) using TA
98 + S-9 as the indicator organism.
Ohe (1982) tested 21 nitrogen-con-
taining compounds that had been
pyrolyzed at 300-600°C for 3 min
for mutagenic activity using TA 100
and TA 98, in the presence of S-9.
Methylguanidine, agmatine, dihy-
drouracil, dimethylamine, diethy-
lamine, trimethylamine, triethy-
lamine, pyrrolidine, morpholine,
sarcosine, piperazine, piperidine,
spermine, and spermidine, showed
mutagenic activity, especially with
TA 98.

Recently, studies have focused on
model systems that included mix-
tures of nitrogenous components,
such as amino acids and creatine
derivatives, with sugars. Jéigerstad

et al. (1982, 1984) studied the for-
mation of IQ compounds from a
creatinine, glucose, and amino acid
reflux system. Similarly, 1Q was
generated from a heated mixture of
proline and creatine (Yoshida et al.,
1984). Yoshida and Fukuhara
(1982) had previously observed
mutagenic responses from mixtures
of heated creatine and cystine, thre-
onine, phenylalanine, methionine,
tryptophan, valine, proline, or ser-
ine (200°C) using TA 98 + S-9.
Free cystine, lysine, and trypto-
phan are not normally contained in
meat; therefore, the authors con-
cluded that the formation of muta-
gens by the reaction between cre-
atine and other amino acids which
are present would be expected dur-
ing the cooking of beef.

Mutagens in Other Cooked
Foods. Krone and Iwaoka (1981)
suggested that mutagens are proba-
bly formed not only from beef, but
also during the heating of other
foods. Pariza et al. (1979a) found
that canned chicken broth and beef
broth exhibited moderately high
levels of TA 98 mutagenic activity;
crackers, corn flakes, rice cereal,
and bread crust had low levels of
mutagenic activity; bread crumbs,
toast (surface), and coconut cookies
had low-marginal levels of activity.
Krone and Iwaoka (1981) found
mutagenic activity toward TA 1537,
TA 1538, and TA 98 in fish fried at
190°C. Levin et al. (1981) used a
modification of the Salmonella
assay with TA 98 and found that

s occurs primarily in the (a) smooth endoplasmic reticulum, where CP-448
olism can occur in the cytosol to form the sulfate ester; (c) in the nucleus, the
and can (d) intercalate adjacent base pairs (solid line), thus resulting in a shift in

many commercial preparations had
significant levels of mutagenic
activity. These included dehy-
drated products such as: beef broth,
vegetable beef soup mix, seasoning,
beef bouillon cubes, beef barley
soup, and oxtail soup. Other prod-
ucts showing activity were canned
chicken broth and evaporated
milk.

A number of reports have
appeared in the literature concern-
ing formation of mutagens in
cooked pork and pork products.
Gocke et al. (1982) found mutagen-
ic activity in pan-fried sausages in
seven test systems. Bjeldanes et al.
(1982) found that many protein-
rich foods normally consumed by
Americans, including pork prod-
ucts, formed genotoxic components
when cooked, as detected by TA
1538 + S-9. Lin et al. (1982) found
that boiled pork showed Ames test
positive results with TA 1538 and
TA 98 + S-9. Our findings on the
detection of mutagens in fried

bacon, both nitrite-free and
-treated, have been published
recently (Miller and Buchanan,
1983a,b). Overvik et al. (1984) have

observed similar mutagenic activity
in pan-broiled pork.

Metabolism

The metabolish of the IQ com-
pounds present many similarities
with the pyrolysis products and
therefore will be discussed collec-
tively. Biological activation and
DNA binding is a hallmark of many



environmental mutagens and car-
cinogens. A generic scheme for met-
abolic activation and DNA binding
of the heat-induced mutagens is
presented in Figure 2 and conforms
closely to the models described by
others for genotoxic agents and car-
cinogens (Hemminki, 1983; Singer
and Kusnierek, 1982; Autrup, 1982;
Jefcoate, 1983). Briefly, the proxi-
mate mutagen is enzymatically
modified to form the active metab-
olite. The active species (electro-
phile), can then covalently bind to
specific bases on the DNA or can
intercalate base-pairs, resulting in a
frameshift mutation upon DNA
replication. Such an event can
cause a shift in the downstream
reading frame of the polymerase
enzymes. This may result in perma-
nently altered protein functions
induced by changes in the nucleo-
tide and, thus, amino acid succes-
sion.

Considerable knowledge has been
gained in the understanding of bio-
logical activation of the amino acid
and protein pyrolysis products.
Early work indicated a strict
requirement for metabolism by S-9.
Trp-P-2 is metabolized to its active
form by a cytochrome (C)P-448
monooxygenase system in the
microsomal S-9 fraction (Kato et
al., 1983; Kawajiri et al., 1983;
Kamataki et al., 1983). Strongly
basic amines are preferred sub-
strates for CP-448, whereas the less
basic amines are preferred sub-
strates for the CP-450 system (Kato
et al., 1983). Then, reports from the
United States and Japan demon-
strated the binding of Trp-P-2 to
DNA with activation by isolated
liver microsomes (Hashimoto et al.,
1978; Nemoto et al., 1979; Nebert et
al,, 1979) and cytosolic enzymes.
Guanine residues were the binding
sites on DNA (Hashimoto et al.,
1979). Presently, active metabolites
of Trp-P-2, Glu-P-1, and AaC were
shown to be the N-hydroxy forms
(Yamazoe et al., 1980a,b; Hashi-
moto et al., 1980a,b; Mita et al.,
1981a,b; Niwa et al., 1982) (see Fig.
2). Nagao et al. (1983a) demon-
strated that sulfate esters were the
ultimate forms for Glu compounds,
while the Trp and a-carbolines were
most active as the hydroxy deriva-
tive.

Prior to the isolation of the
IQ compounds from fried meat,
studies on the metabolism of the
cooked meat mutagens were con-
fined to extracts of food. Dolara et
al. (1980) found that the in vitro
activation of mutagens isolated
from beef extract required S-9 frac-

tions from rat livers. Human S-9,
from four subjects, was a poor acti-
vation system compared to induced
rat liver S-9.

A new element in the metabolism
of the moderate temperature muta-
gens occurred when mutagenic
activity was demonstrated in the
urine of human subjects after inges-
tion of fried pork or bacon (Baker et
al.,, 1982). This activity was
detected with TA 1538 and TA 98
in the presence of liver S-9, with
most mutagenicity recovered within
2-4 hr after eating the meal. Chem-
ical and biological characteristics of
the urine activity closely resembled
those found in the original extracts
of fried pork and bacon, although
only one-third of the food activity
was recovered from the urine. Dola-
ra et al. (1984) qualitatively con-
firmed the increase in urinary
mutagenic activity after a fried
meat meal. The overall excretion of
mutagens in the urine, however,
was much lower than in the Baker
et al. (1982) study. The authors
suggested that if meat mutagens
have a genetic effect in humans it
should not occur in organs and tis-
sues distal to the digestive tract.

Once the IQ compounds were
characterized, and small quantities
of the difficult-to-synthesize com-
pounds became available, various
investigators began to report on
their distribution, metabolism, and
excretion. Sjédin and Jagerstad
(1984) reported on the absorption
and excretion of 1“C-labeled IQ and
MelQ in rats. Greater than 90% of
a gavage dose was removed from the
body within 24 hr, via the urine and
feces. Gayda and Pariza (1983)
studied the activation characteris-
tics of IQ and found that intact
cultured hepatocytes produced 10
times the amount of bacterial
mutagenicity as disrupted or fresh-
ly isolated hepatocytes. The proxi-
mate active metabolite of IQ was
shown to be the hydroxylamine
(Okamoto et al., 1981) and was acti-
vated by cytochrome P-448 similar
to the amino acid pyrolysates (Wa-
tanabe et al., 1982). The ultimate
mutagenic form of the IQ com-
pounds is the sulfate ester (Nagao
et al., 1983a; Loretz and Pariza,
1984).

Modification of
Mutagenic Activity

Man is seldom exposed to a single
mutagen or carcinogen, but rather
to complex mixtures of several
chemical and/or physical agents.
Mixtures may consist of one or

more toxic compounds in combina-
tion with a variety of possible posi-
tive and negative modulators. The
agents presented in Table 3 indi-
cate that the diet provides many
compounds that would suppress
biological risks associated with
these mutagens. For example,
Wang et al. (1982) were successful
in preventing the formation of
mutagen in fried beef with added
soy protein concentrate or buty-
lated hydroxyanisole (BHA). Most
negative modulators, however, in-
hibit the formation of the active
metabolites, thereby precluding
DNA binding and mutation. How-
ever, (-thiols, such as cysteamine,
cysteine, and N-acetyl-cysteine,
and the comutagens harmon and
norharmon, enhance genotoxicity
(Negishi and Hayatsu, 1979; Deflo-
ra et al, 1984; Sugimura et al,
1977). Hayatsu et al. (1981) found
that oleic acid inhibited mutagenic-
ity in the cooked beef basic fraction.
Interestingly, Pariza et al. (1979b)
presented data to suggest that a
mutagenic inhibitory factor was
present in uncooked hamburger
and ground pork. Tsuda et al
(1983) observed that IQ was effec-
tively degraded by tap water or 1.5
ppm hypochlorite with a loss of
mutagenic activity. Antimutagens
were reviewed recently by Ames
(1983).

Use Heat Wisely to
Reduce Mutagen
Formation

The overall effect of consuming
the processing-induced mutagens
depends on a balance of the large
number of interactions present
among the components, the metab-
olism and distribution of the muta-
gens, and the target cell. Therefore,
while studies on individual compo-
nents of complex mixtures such as
foods are important, their in vivo
effects are dependent upon a ple-
thora of interacting variables. As
such, Sugimura (1978) has indi-
cated that by the age of 50, every-
one has eaten roughly 10 tons dry
weight of food. Although the total
concentrations of mutagens in
foods are probably very low, their
accumulated intake could have the
potential to cause genetic damage
of cells. It is suspected, however,
that the actual amounts of muta-
gens consumed daily are small
enough to be inactivated. For exam-
ple, the observation that IQ is inac-
tivated by hypochlorite implies that
most drinking water consumed dur-
ing a meal may effectively prevent



any adverse effects from this muta-
gen.

For the present, the judicious
application of heat to a given food
product is the most effective and
practical means to minimize muta-
gen formation. Fat and water levels,
pH, or dietary manipulation may
prove to be effective, but more
research is required to substantiate
the limited observations. Proces-
sors must recognize the potential
for generation of genotoxic agents
from endogenous precursors in
heated muscle foods. They should
determine and adopt the lowest lev-
el of thermal processing necessary
to achieve a safe and desirable
product. This may be achieved by
use of minimal amounts of heat for
established processes or by substi-
tution of heating methods. For
example, microwave heat and
steam are advantageous over direct
flame heating or cooking on hot
metal surfaces. Similarly, consum-
ers should consider modifying their
cooking practices to use lower tem-
peratures when cooking and to pre-
vent overcooking food surfaces.
Establishment of these guidelines
can suppress mutagen formation
significantly.

Ultimately, the risk of exposure
to the cooking-induced mutagens
must be weighed against the benefit
of the consumption of the foods in
which they are contained. To pro-
vide this information, a routine
selective and quantitative method
of analysis needs to be developed to
permit an exposure estimate of
such compounds. In addition, toxi-
cological evaluations should contin-
ue, thus allowing an accurate
assessment of toxic potency. These
two factors, exposure and potency,
can be used then to determine real-
istic risk. However, this must be
balanced against the desirable
attributes of muscle food consump-
tion.

Food is more than metabolic fuel.
It has physiological, psychological,
social, cultural, and aesthetic asso-
ciations that merge to form a gestalt
that people engender and maintain.
The contribution of any food
toward an individual’s well-being is
as complex as that individual.
Within this context, the benefits of
consuming foods containing muta-
gens may outweigh the risks. The
effects of exposure to food-borne
mutagens, such as those observed in
heated muscle foods, should be
studied further, not only to assess
potential health risks, but to also
devise means for their further
reduction or total elimination.
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