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Formation and Human Risk of Carcinogenic Heterocyclic
Amines Formed from Natural Precursors in Meat
Mark G. Knize and James S. Felton, PhD

A group of heterocyclic amines that are mutagens and
rodent carcinogens form when meat is cooked to
medium and well-done states. The precursors of these
compounds are natural meat components: creatinine,
amino acids, and sugars. Defined model systems of
dry-heated precursors mimic the amounts and propor-
tions of heterocyclic amines found in meat. Results
from model systems and cooking experiments suggest
ways to reduce their formation and, thus, reduce
human intake. Human cancer epidemiology studies
related to the consumption of well-done meat products
are listed and compared in this review.
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INTRODUCTION

Diet has been one factor associated for many years with
differing cancer rates worldwide.1,2 A biologically plau-
sible factor in this association was the discovery in the
1970s of mutagenic activity, as detected by bacterial test
systems, in meats cooked for human food.3,4 Finding
bacterial mutagens in meats paralleled the well-known
presence of mutagens in the smoke from cigarettes at that
time.5

The original discovery of mutagenic substances in
cooked meats was followed by demonstrations in many
laboratories worldwide that the mutagens were formed

during cooking and that the formation process was tem-
perature dependent. A large range of foods were ana-
lyzed, and it was determined that cooked muscle meats
were the major sources of extractable mutagenic activity
in bacterial tests.6

The precursors responsible for the mutagens were
identified when the chemical structures of the first com-
pounds from cooked fish7,8 and beef 9,10 were deter-
mined. These meat-derived mutagens were heterocyclic
amines having an amino-imidazo structure, suggesting
that creatine or creatinine was involved in the reactions.

Early work in adding creatine to meat before cook-
ing showed that it increased mutagenic activity.11 Exper-
iments relating creatine levels in fish, which varied over
a range of 2.5-fold, showed mutagenic activity after
cooking to be only approximately correlated.12 A later
study of cooked meat from 17 animal species also
showed that creatine or creatinine levels do not explain
differences in mutagenic activity. These results sug-
gested that other components were also responsible for
the mutagen levels in cooked meats. Other work showed
free amino acids to be involved in the formation of
mutagenic activity,13 but not amino acids from pro-
teins.11

Analysis of the specific mutagenic compounds
formed during cooking shows that amino acids are im-
portant, and changes in them can affect the amount and
types of mutagens found in the cooked meat. Knowledge
of the formation conditions suggests ways to cook meat
that greatly inhibit the formation and, thus, the human
intake of carcinogenic heterocyclic amines.

FORMATION IN MEATS

Figure 1 shows the structures of creatine and seven of the
amino-imidazo heterocyclic amine mutagens pyrosyn-
thesized from creatine and other small molecules, such as
amino acids and glucose. It is easy to see that the
N-methyl-amino-imidazo moiety could form intact from
creatine, but the source of other rings are derived from
other small molecules, and their sources are not apparent
from the reactants. These chemicals were isolated by
following their mutagenic activity in Salmonella-based
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mutation tests during extraction and chromatographic
purification.7-9,14-16 A breakthrough in the analysis of
heterocyclic amines in meats and model systems was
made with the development of solid-phase extraction
methods, enabling the extraction of the compounds,
followed by analysis for specific heterocyclic amines by
high-performance liquid chromatography (HPLC), at a
reasonable cost.17

The temperature dependence of the formation of
these compounds in beef patties cooked to 70°C that are
near the US Department of Agriculture Food Safety and
Inspection Services-recommended internal temperature
of 71.1°C is shown in Figure 2. The sum of the mass

amounts of heterocyclic amine compounds identified per
gram of cooked meat is shown for each of the four pan
temperatures, indicating a direct correspondence be-
tween increased cooking temperature and heterocyclic
amine content.18 Heat flow simulations to understand
heterocyclic amine formation during the pan-frying of
beef patties were done by Tran et al.19 These simulations
accurately modeled the experimental temperature in-
creases, meat cooking times, heterocyclic amine spatial
distribution, and total amount of heterocyclic amines
produced.

Studies of the amounts of heterocyclic amines pro-
duced in foods as a result of regional cooking practices
have been reported for Great Britain,20 Sweden,21,22

Switzerland,23 Spain,24 Japan,25 and the United
States.26,27 In most cases, 2-amino-1-methyl-6-phenyl-
imidazo[4,5-b]pyridine (PhIP) and 2-amino-3,8-di-
methylimidazo[4,5-f]quinoxaline (MeIQx) tend to be the
most mass-abundant heterocyclic amines. Their concen-
trations in cooked meats typically range from nearly
undetectable levels (typically 0.1 ng/g) to tens of nano-
grams per gram for MeIQx, and up to a few hundreds of
nanograms per gram for PhIP, depending on the cooking
method.

PAN RESIDUES AND FOOD FLAVORS

Another source of heterocyclic amines are pan residues
from meat and process flavors. Pan residues are some-
times consumed after being made into gravy, and can be
a source of heterocyclic amines equivalent to or greater
than that of the meat itself.21,22,28 Process flavors are
commercially produced flavors derived from heated mix-
tures of proteins, fats, and carbohydrates. These are

Figure 2. Formation of heterocyclic amines in beef patties after cooking to an internal temperature of 70°C at different frying pan
temperatures. Error bars are the standard error of four or five replicate cooking experiments.

Figure 1. Structures of heterocyclic amine mutagens/carcino-
gens and creatine. Heterocyclic amines are pyrosynthesized
from creatine, amino acids, and sugars.
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added to foods in amounts up to a few percent by weight
to improve the food’s taste and color, and they can also
be used as a base for soups. Because of their chemical
complexity, specific sample preparation methods for het-
erocyclic amine analysis have been developed for pro-
cess flavors.29-31 Although most have undetectable levels
of heterocyclic amines, some samples contain as much as
20 ng of heterocyclic amines per gram of solid or liquid
flavor.32-34 However, since process flavors are consumed
as only a tiny percentage of the human diet, the bulk of
heterocyclic amine exposure is from well-cooked meats.

MODEL SYSTEMS

Model systems to understand the formation of the muta-
genic/carcinogenic heterocyclic amines were developed
to help identify the foods and cooking conditions favor-
ing their formation in an effort to develop strategies to
reduce human intake. Defined model systems composed
of creatine or creatinine, amino acids, and sugars have
been a good model for the trace-level formation of these
heterocyclic amines. Jägerstad et al.11 developed a sys-
tem for heating components in diethylene glycol, and this
work was followed by many studies investigating het-
erocyclic amine precursors35-37 and kinetics38 in a
sealed-tube aqueous model. Reaction intermediates were
identified that led to the formation of PhIP.39 It was
shown that 37°C is warm enough to produce PhIP from
a mixture of phenylalanine with creatinine and glucose
or MeIQx from glycine with creatinine and glucose in
aqueous buffers.40,41 No PhIP was found in a similar
model system kept at room temperature for two weeks.39

Another meat model system that produced heterocyclic
amines was composed of boiled pork juice.42

Simple dry-heating of heterocyclic amine precursors
also forms similar relative amounts and types of hetero-
cyclic amines as are seen in cooked meats. Table 1 shows
amino acid, creatine, and glucose content of beef,
chicken breast, and codfish. When these components are
combined and heated for 30 minutes at 225°C, a family
of heterocyclic amines is formed. These vary with the
mixture composition, as shown in Figure 3. Two of the
compounds, 2-amino-3-methylimidaazo[4,5-f]quinoline
(IQ) and 2-amino-3,4-dimethylimidaazo[4,5-f]quinoline
(MeIQ), are most abundant in the codfish model, but the
codfish model produces the lowest amounts of MeIQx
and 2-amino-(1,6-dimethylfuro[2,3-e])imidazole[4,5-b]
pyridine (IFP). The chicken model produced the largest
amount of PhIP, as is shown in studies of the cooked
chicken breast meat.43

The model systems in Table 1 show that arginine,
glutamic acid, leucine, and phenylalanine are greatly
reduced in codfish compared with beef or chicken breast.
Phenylalanine, a known precursor for PhIP, is highest in

the chicken model system, and PhIP is also known to be
formed from tyrosine and isoleucine, which are also
highest in chicken.37 IFP is known to form from glutamic
acid,44 and the IFP formation follows the glutamic acid
content of the three mixtures shown. Results in Table 1
fit with the general findings of heterocyclic amines in
meats: that IQ and MeIQ are seldom detected in beef or
chicken; MeIQx is about equal in beef and chicken; large
amounts of PhIP can be formed in chicken that is
overcooked, but PhIP levels similar to those seen in beef
are measured in chicken cooked in most households
sampled.45

MODIFYING COOKING PRACTICES TO
REDUCE THE FORMATION OF
HETEROCYCLIC AMINES

As shown in Figure 2, the formation of heterocyclic
amines is related to pan temperature when meat is
cooked to the same final internal temperature. Surpris-
ingly, the time needed to reach the 70°C internal tem-
perature is about the same at 250°C (7 min) as at 160°C
(9 min).18 This is due to the limit of the slow heat transfer
through the meat, suggesting that simply using lower pan
temperatures is a practical way to reduce heterocyclic
amine formation without greatly increasing cooking
time.

Flipping pan-fried beef patties over every minute, as
opposed to turning the meat over once at 5 minutes, and
cooking at moderate pan temperatures until the target

Table 1. Concentration (mg/g meat wet weight) of
Free Amino Acids, Creatine, and Glucose in Three
Kinds of Meats (from Pais et al.28)

Beef Chicken Breast Codfish

L-Alanine 0.14 0.21 0.12
L-Arginine 1.07 1.19 0.03
L-Aspartic acid 0.02 0.13 0.01
L-Glutamic acid 0.09 0.23 0.02
L-Glycine 0.06 0.08 0.05
L-Histidine 0.14 0.18 0.03
L-Isoleucine 0.05 0.08 0.02
L-Leucine 0.07 0.13 0.02
L-Lysine 0.07 0.14 0.18
L-Methionine 0.06 0.08 0.04
L-Phenylalanine 0.05 0.08 0.01
L-Proline 0.10 0.10 0.14
L-Serine 0.05 0.12 0.02
L-Threonine 0.28 1.63 0.69
L-Tyrosine 0.06 0.10 0.03
L-Valine 0.06 0.10 0.04

Creatine 6.33 3.54 7.06
Glucose 7.03 0.47 0.21
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internal temperature of 70°C is reached seems to be the
most effective way to reduce heterocyclic amine content
while also avoiding undercooking (defined as cooking to
a final temperature below 70°C, the internal temperature
needed to eliminate harmful bacteria).18

Minor changes in recipes for preparing different
meat dishes may provide a way of reducing the amount
of heterocyclic amines formed. The addition of reaction
inhibitors or inert substances can change the concentra-
tion of precursors and show an inhibiting effect. Schemes
for reducing mutagenic activity or the specific heterocy-
clic amine by adding substances to ground meat have
been reported. Food additives such as soy flour and
antioxidants46 or glucose or lactose47 were shown to
lower mutagenic activity.

The heat and mass transport in meat during frying is
very complex. Water is important for the transport of
water-soluble precursors for the formation of heterocy-
clic amines within the food. The transport of precursors
from the inner parts of the food to the surface can be
restricted by the addition of water-binding compounds
such as salt, soy protein, or starch to minced meat, thus
reducing the formation of heterocyclic amines. Persson
et al.48 showed a significant effect with the addition of
sodium chloride/sodium tripolyphosphate. Enzyme treat-
ment with creatinase was used to reduce the available
creatine in meat.49

Heterocyclic amine formation can also be affected
by meat surface treatment. The application of a seven-

component marinade to chicken breast meat before grill-
ing can greatly decrease PhIP, although MeIQx is in-
creased at the longest cooking time, probably due to
sucrose in the marinade.50 Little change in heterocyclic
amines was seen after marinating chicken in another
study,51 possibly due to differences in marinating or
cooking conditions. Conversely, a heterocyclic amine
reducing effect was seen when sugar was mixed with
ground meat formed into patties before frying.47 Exper-
iments with eggs, bean cake, and pork show that boiling
in sugar and soy sauce increases most of the heterocyclic
amines.52

Microwave pretreatment was shown to reduce the
amount of heterocyclic amines formed during the frying
of ground beef.53 Beef patties received microwave pre-
treatment for various times before frying. Microwave
pretreating for 2 minutes, then pouring off the resulting
liquid and frying at either 200°C or 250°C for 6 minutes
per side reduced heterocyclic amines. The liquid released
by the microwave pretreatment contained creatine, cre-
atinine, amino acids, glucose, water, and fat, and discard-
ing these precursors resulted in lower amounts of het-
erocyclic amines. The sum of the heterocyclic amines
present decreased 3-fold following microwaving and
frying at 200°C or 9-fold following microwaving and
frying at 250°C compared with controls (non-micro-
wave-pretreated beef patties fried under identical condi-
tions).

HUMAN RISK

Table 2 summarizes human studies that have investi-
gated the relationship between meat doneness and can-
cers at various sites. In rodents, the heterocyclic amines
are multisite carcinogens. The number of studies and
number of human cancer sites with positive correlations
with meat doneness strongly suggest that these com-
pounds may be multisite carcinogens in humans as well.
Supporting these epidemiology studies is a study show-
ing that women have an increased cancer risk with
increasing levels of PhIP-DNA adducts, and that the
DNA adducts increase with a subject’s preference for
well-done meat.85

CONCLUSION

There is a general consensus that human exposure to
potent genotoxic heterocyclic amine carcinogens pro-
duced in meat during cooking is widespread. Under-
standing the parameters affecting their formation can
help us find ways to lessen exposure. The demonstrated
mutagenicity of these compounds in bacteria,3 cultured
cells,86,87 and mice88 support the many studies of carci-
nogenicity in mice89 and rats.90,91 Mechanistic data show

Figure 3. Heterocyclic amines formed in mixtures representing
the mass ratios of amino acid, creatine, and glucose found in
beef, chicken breast, and codfish dry-heated at 225°C for 30
min.
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that, even at low doses, heterocyclic amines form DNA
adducts in rodents, primates, and humans.92-94 The ma-
jority of epidemiological studies generally support the
hypothesis that degree of doneness increases risk for
human cancers associated with meats.

The goal of understanding and reducing cancer in-
cidence is worthwhile. Here we describe conditions for
both formation and reduction of carcinogenic heterocy-
clic amines in our diet. We also describe 30 human
cancer epidemiology studies that relate consumption of
well-done meat in our diet to various tumor sites. More
than 80% of these studies show a positive correlation
between cancer incidence and well-done meat consump-
tion.
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