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Abstract: Meat products are sources of protein with high biological value and an essential source of other nutrients,
such as vitamins and minerals. Heating processes cause food to become more appetizing with changes in texture,
appearance, flavor, and chemical properties by the altering of protein structure and other ingredients. During heat
treatment, heterocyclic aromatic amines (HAAs), potent mutagens/carcinogens, are formed due to the Maillard reaction.
The HAAs are classified in at least 2 groups: thermic HAAs (100 to 300 °C) and pyrolytic HAAs (>300 °C). This review
focuses on the parameters and precursors which affect the formation of HAAs: preparation, such as the marinating of
meat, and cooking methods, including temperature, duration, and heat transfer, as well as levels of precursors. Additionally,
factors are described subject to pH, and the type of meat and ingredients, such as added antioxidants, types of carbohydrates
and amino acids, ions, fat, and other substances inhibiting or enhancing the formation of HAAs. An overview of the
different analytical methods available is shown to determine the HAAs, including their preparation to clean up the
sample prior to extraction. Epidemiological results and human daily intake of HAAs obtained from questionnaires show
a relationship between the preference for very well-done meat products with increased HAA levels and an enhanced
risk of the incidence of cancer, besides other carcinogens in the diet. The metabolic pathway of HAAs is governed by
the activity of several enzymes leading to the formation of DNA adducts or HAA excretion and genetic sensitivity of
individuals to the impact of HAAs on human cancer risk.

Keywords: antioxidants, β-carbolines, heterocyclic aromatic amines, meat, precursors

Introduction
Individuals have been exposed to a range of toxic substances

throughout human history. These can be naturally occurring mu-
tagens, which are mainly found in plant substances, or process-
induced mutagens, which can arise during manufacture, such as
from heating. Nitrosamines, polycyclic aromatic hydrocarbons,
and heterocyclic aromatic amines are typical heat-induced com-
pounds (Ferguson 2010; Oostindjer and others 2014). Widmark
(1939) reported for the first time that extracts of roasted horse meat
induced cancer in the mammary glands of mice when multiple-
swabbed on the back. The heterocyclic aromatic amines (HAAs)
that are the focus of this article belong to the process-induced
mutagens that cannot be detected in unheated products (Skog and
others 1998b). In general, HAAs are formed from heated prod-
ucts which contain sources of nitrogenous compounds, mainly
heated foods of animal origin, such as proteins and creatine (Skog
and others 1998b). The formation of HAAs is principally de-
pendent on the temperature, heat transfer, and heating conditions
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used (Murkovic 2004a; Sugimura and others 2004). The struc-
tures of HAAs which are formed at temperatures between 100 and
300 °C are called thermic HAAs, IQ-type HAAs (imidazoquino-
line or imidazoquinoxaline) or aminoimidazoazaarenes (Jägerstad
and others 1998). Above 300 °C, pyrolysis of proteins and individ-
ual amino acids occurs and HAAs are formed which are known
as pyrolytic HAAs or non-IQ-type HAAs (Jägerstad and others
1998). Another classification of HAAs subdivides them into non-
polar and polar HAAs (IQ-type compounds) due to their chem-
ical properties. The names, abbreviations, properties, mutagenic-
ity (Ames test), and molecular structures of HAAs are shown in
Table 1.

Occurrence of Heterocyclic Amines
Besides the important formation factors of cooking temperature

and duration of the heat treatment, thermic HAAs occur in almost
all heated foods of animal origin, such as meat and fish, because
creatine, the precursor needed for their formation, is contained
in these products (Jägerstad and others 1998; Murkovic 2000).
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) has
been detected not only in products of animal origin, but also
in wine, beer (Manabe and others 1993), and smoked cheese
(Skog and others 1994; Naccari and others 2009). The source
is possibly environmental, since PhIP can occur in burning
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processes. Heterocyclic aromatic amines are similarly detected in
rain water and cigarette smoke condensate (Xu and others 2010;
Liu and others 2013). Individual HAAs were also detected in parti-
cles from diesel exhaust fumes (Kataoka 1997). Over 25 mutagenic
HAAs have been isolated and identified since 1977 (Alaejos and
Afonso 2011) (Table 1). However, the concentrations detected in
food vary widely, as will be discussed later.

The HAAs occurring most often in meat are PhIP, MeIQx,
4,8-DiMeIQx, IQ, MeIQ, and AαC (Skog and others 1998a, b).
The PhIP concentrations in most studies are between 1 and 70
ng/g meat (Gross and Grueter 1992; Alaejos and Afonso 2011).
Concentrations of MeIQx up to 23 ng/g can be detected (Skog
and others 1995). As a rule, concentrations of up to 6 ng/g meat are
found (Skog and others 1998b). 4,8-DiMeIQx is mostly detected
only in the lower concentration range of around 1 ng/g meat. In
some studies, IQ could not be detected at all (Skog and others
1998b). Table 2 to 4 show an overview of the occurrence of
HAAs in beef patties, chicken breasts, and pork using different
preparation methods.

While meat and meat products are frequently studied, fewer
studies were found about processed meat (Table 5). However, IQ
levels of 3.8 to 10.5 ng/g were recorded in fried bacon (Johans-
son and Jägerstad 1994). IQ and MeIQ could also be detected in
grilled sausages (Gerbl and others 2004). The HAA levels of ba-
con prepared in different ways were investigated in a study (Sinha
and others 1998). Levels of 0.4 to 4.3 ng MeIQx/g and 0 to
4.8 ng PhIP/g could be determined with pan-frying. MeIQx
levels of 0 to 4 ng/g with ovenroasting differed only a little
from frying. However, significantly higher PhIP levels of 1.4 to
30.3 ng/g were detected for oven roasting (Sinha and others 1998).
Further studies show that high HAA concentrations can be found
in bacon (Table 5). The use of various preparation methods affects
the formation of HAAs differently for different meat products. The
grill sausages investigated were pan-fried or grilled (Abdulkarim
and Smith 1998). Along with different heating times, the heating
temperature was also varied. With both cooking methods, along
with norharman and harman, MeIQx and PhIP could also be
detected (Table 5). In offal products (beef liver, lamb kidney, and
beef tongue), which were thermally processed, HAAs were found
in concentrations only near the detection limit, except for norhar-
man and harman. Both β-carbolines were found in concentrations
below 2 ng/g; only DMIP, MeIQx, and 4,8-DiMeIQx were de-
tectable in cooked kidney and tongue up to 0.25 ng/g (Khan and
others 2009). The reason for the low contents of IQ-type HAAs
may be the lack of the precursor creatine (Harris and others 1997).
The wide-ranging variation of precursors observed in studies with
meat from various animal species (Zimmerli and others 2001; Skog
and Solyakov 2002; Sun and others 2010; Puangsombat and oth-
ers 2012; Zaidi and others 2012), clearly affected the formation of
HAAs (Liao and others 2010, 2011b; Gibis and Weiss 2015).

Also the pH-value is known to influence the Maillard reactions
(Cremer and Eichner 2000) and thereby also the formation of
HAAs. This was shown that the content of HAAs in pork increased
about 22% on average (MeIQx – 33%; 4,8-DiMeIQx – 17%; and
harman – 9%) in the PSE (pale, soft, and exudative) meat samples
with lower pH values when grilled than the normal muscle at a
core temperature of 95 °C (Polak and others 2009b). At the lower
core temperature of 70 °C, no remarkable difference in HAA
formation could be observed between PSE meat and normal meat
(Table 4). PSE is associated with pale color, low pH, and a high
drip loss causing by preslaughter stress and genetics of pigs with
a fast post mortem glycolysis (Polak and others 2009b). In a study

investigating normal muscle meat of different animal species, the
measured pH values of the uncooked meat of the different animals
(range of pH: 5.56 to 6.12) showed no significant linear correlation
to the HAA levels, except for PhIP with a very weak correlation
(r = 0.27, p < 0.05) (Gibis and Weiss 2015). Additionally, the
duration of aging influenced the HAA concentrations for both
PSE and normal pork. Significantly higher levels were observed
after longer aging of pork (Polak and others 2009b) and beef (Polak
and others 2009a).

Meat from horses showed threefold higher glucose levels than
beef (Rossier 2003), which reduced the content of HAAs (Gibis
and Weiss 2015). Similar results were observed in pork containing
high and low levels of glucose (Olsson and others 2002). Contrar-
ily, chicken had very low glucose levels, but a similar content of
creatine, which increased, in particular, the concentration of PhIP
by about a factor of 10 (Gibis and Weiss 2015). The same decrease
in concentrations of PhIP, and less in levels of other HAAs, was
observed in a model system by the addition of saccharides (Skog
and Jägerstad 1990).

Formation of Heterocyclic Aromatic Amines
Formation of imidazoquinolines and imidazoquinoxalines

The pyridines and pyrazines formed from hexoses and amino
acids, respectively, in the Maillard reaction via the Strecker degra-
dation serve as building blocks for the IQ compounds. The reac-
tion is depicted in Figure 1A. The creatine cyclizes to creatinine
during heating and reacts in an aldol reaction with the pyridine
or pyrazine derivatives, respectively, to generate imidazoquinoline
and imidazoquinoxaline (Skog and Jägerstad 1993). The aldehy-
des arising, together with creatinine, also play an important role
in the formation of the imidazole rings of the polar HAAs. The
2 parts can be joined to each other via a Strecker aldehyde to a
Schiff base. The mechanism was confirmed for IQx, MeIQx, and
4,8-DiMeIQx by using 14C-labeled glucose (Skog and Jägerstad
2005).

Formation of PhIP
Phenylalanine, reducing sugars and creatinine could be detected

in PhIP formation. It could be shown in a model trial with radioac-
tively labeled carbon in the phenylalanine molecule that the phenyl
ring was completely built into the PhIP molecule (Zöchling and
Murkovic 2002). Further trials showed that creatinine forms a
part of the imidazole ring. The authors were able to identify
the following reaction steps in PhIP formation in a model trial:
First, phenylacetaldehyde is formed from phenylalanine via the
Strecker degradation. The phenylacetaldehyde formed reacts in
an aldol reaction with creatinine to form an intermediate prod-
uct. In the subsequent condensation reaction, PhIP arose from this
substance (Zöchling and Murkovic 2002). The mechanism of the
reaction is shown in Figure 1B. The formation of formaldehyde
from phenylacetaldehyde and phenylalanine, and the combination
of both formaldehyde and ammonia in the generation of PhIP
from phenylacetaldehyde and creatinine were reported in the re-
action pathways that produce PhIP (Zamora and others 2014). In
the presence of oxidized lipid, other amino acids competed with
phenylalanine for the lipid, and amino acid degradation products
were formed, among which α-keto acids seemed to play a role in
these reactions (Zamora and others 2013b). However, unoxidized
lipids did not contribute to PhIP formation (Zamora and others
2012).
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Figure 1–Formation of heterocyclic amines: (A) mechanism of thermophilic HAAs with creatine, sugar, and amino acids (modified) (Jägerstad and
others 1983), (B) mechanism of formation of PhIP without sugar (modified) (Zöchling and Murkovic 2002), and (C) formation of norharman as
β-carboline (modified) (Roenner and others 2000).

Formation of β-carboline
The reaction of the formation of β-carboline norharman is

shown in Figure 1C (Roenner and others 2000). A similar
reaction is postulated for both β-carbolines (norharman and har-
man). Both substances have no free amino group, which causes no
mutagenicity in the Ames test (Pfau and Skog 2004). In compari-
son to other carbolines (pyrolytic HAAs), the reaction of norhar-
man and harman could be formed at lower temperatures and they
occurred in cooked meat, fish, and meat extract (Ziegenhagen

and others 1999) as well as in processed meat, particularly such
pizza toppings as salami and cooked ham (Gibis and Weiss 2013).
Tryptophan, in particular, was found as a precursor and glucose
enhanced the formation (Pfau and Skog 2004). Under the same
condition with an excess of tryptophan, harman and norharman
were found at levels 70 and 20 times higher, respectively (Skog and
others 2000). The other carbolines are normally formed as typical
pyrolysis products of amino acids above a temperature of 300 °C
(Jägerstad and others 1998).
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Precursors of Heterocyclic Aromatic Amines
Creatine and creatinine

Creatine, as a nonproteinogenic amino acid, occurs in the form
of creatine phosphate in the muscle of vertebrates and serves as an
energy store. Heating transforms it into the physiologically inert
cyclization product creatinine (Murkovic and others 1999). The
resulting creatinine is needed to form the imidazole ring. If no
creatinine is available, no imidazoquinoline and imidazoquinox-
aline are formed. By contrast, the formation of nonpolar HAAs
is independent of the presence of creatinine (Murkovic 2004b).
The longer the heating time, the more creatine is converted to
creatinine. The higher the addition of creatine/creatinine during
the heat treatment of meat and fish, the higher is the mutagenicity
of the products (Felton and Knize 1991). A promoting indication
that creatine is significantly involved in the formation of thermic
HAAs is that there are only small amounts of creatine in protein-
rich foods, such as cheese, beans, liver, and shrimp. Only very small
amounts of mutagenic activity could be detected in these products
after preparation (Cheng and others 2006; Chen and others 1990).
The molar ratios of total creatine/glucose was found from 0.89 up
to 9.84 for beef, pork, mutton, chicken, duck, and goose (Liao and
others 2011b) and 1.2 up to 12 for veal, beef, pork, lamb, horse,
turkey, and ostrich, respectively, except for vension and chicken
with ratios up to 60.7 (Gibis and Weiss 2015) in meat from dif-
ferent animals. Trials with a model system showed that creatinine
forms a part of the PhIP molecule (Zöchling and Murkovic 2002).
It was shown in a further trial that beef with a high creatine level
(1.5 mg/g) demonstrated a higher mutagenic activity than beef
with a low creatine level (Jackson and others 1994).

Free amino acids
Free amino acids are, similar to creatine, necessary for the

formation of HAAs. However, several different amino acids can
form the same mutagens, for example, threonine, glycine, lysine,
alanine, and serine all lead to MeIQx formation (Jägerstad and
Skog 1991). Several amino acids were heated in the presence of
creatinine and glucose in model trials and all the amino acids
showed mutagenic activity (Johansson and others 1995a). Other
authors showed that some amino acids had less mutagenic activity
with dry heating. According to this study, the amino acids serine
and threonine had the highest mutagenic activity (Overvik and
others 1989). Which mutagens are formed depends on the amino
acids present. PhIP is formed from the amino acid phenylalanine
(Manabe and others 1992, 1993). Other authors determined,
using 13C NMR spectrometry, that a 13C-labeled phenylalanine
molecule is built into the structure of the PhIP molecule
(Murkovic and others 1999). In model studies, phenylalanine, as a
known precursor for PhIP, is highest in the chicken model system,
and the compound is also formed from tyrosine and isoleucine,
which are similarly highest in chicken (Skog and others 1998b).
However, no correlation between the amount of phenylalanine
and the levels of PhIP was observed in pork (Olsson and others
2002). MeIQx, by contrast, arose from the amino acids glycine,
threonine, alanine and lysine (Johansson and Jägerstad 1996;
Johansson and others 1995a). In the model, the amino acids
threonine, alanine, and lysine took part in the formation of
4,8-DiMeIQx (Johansson and others 1995a). The amino acids
glycine, alanine, and lysine were responsible for the formation
of 7,8-DiMeIQx. With the exception of L-cysteine, which
reduced the mutagenicity in the Ames test, all amino acids
increased the mutagenic activity (Lee and others 1994). When
4-oxo-2-nonenal, a compound of oxidization of fat, was present,
only the addition of methionine, glycine, and serine significantly

increased the amount of PhIP formed (p < 0.05), whereas
cysteine, lysine, tryptophan, histidine, tyrosine, and alanine
reduced (p < 0.05) PhIP significantly (Zamora and others 2013b).
The generation of PhIP is also associated with the capacity
of 4-oxo-2-nonenal to constitute the Strecker degradation of
phenylalanine to phenylacetaldehyde (Zamora and others 2013a).
Amino acids also formed HAA amino acid adducts, for example,
the PhIP adduct with glycine was formed easily within 5 min by
heating at 200 °C, which is probably based on the dehydration
condensation of the amino group of PhIP and carboxyl group
of glycine (Kataoka and others 2012). The content of free amino
acids as the sum of all encoded and nonencoded amino acids is not
highly correlated with the formation of HAAs in grilled beef; but
derivatives of amino acid, such as creatinine, and the amino acids
alanine, phenylalanine, and lysine are related to the formation of
aminoimidazoarenes and PhIP, while the other amino acids do not
participate in the formation of HAAs (Szterk and Waszkiewicz-
Robak 2014). Similar findings were observed in pork, beef, and
chicken, only lysine, tyrosine, phenylalanine, proline, isoleucine,
and aspartic acid showed significantly positive correlations to levels
of PhIP, while no significant correlation between any amino acid
and contents of other HAAs was found (Gibis and Weiss 2015).

Carbohydrates
The presence of reducing sugars plays an important role in the

formation of HAAs. Along with creatine, creatinine, and amino
acids, reducing sugars such as glucose, fructose, ribose, erythrose,
and lactose are also necessary for the formation of these muta-
gens (Skog and Jägerstad 1993). Glucose was necessary for form-
ing mutagenic activity in the Ames test both in aqueous model
systems and with the heating of meat samples (Skog and others
1992). The sugars occurring naturally in meat are present in ap-
proximately half the molar quantity of creatine and amino acids.
If the sugar concentration is increased beyond the naturally oc-
curring ratio, a reduction is observed in HAA formation (Skog
and Jägerstad 1990). The same was observed for glucose, fructose,
sucrose, and lactose as for sugar, however, the monosaccharides
showed the most distinct inhibitory effects (Skog and Jägerstad
1990). Some authors found higher ratios of total creatine/glucose
with values from 0.89 up to 9.84 (Liao and others 2011b) and
up to 60.7, respectively, (Gibis and Weiss 2015) for animals of
different species. These ratios of the precursors to each other also
play a key role in the formation of HAAs. Higher levels were
found for MeIQx by adding lactose in model systems (molecular
ratio lactose/amino acids/creatinine – 2:1:1) with 5% water con-
tent (Dennis and others 2015). The inhibition of the formation
of the mutagenic compounds by an excess of sugars is proposed
to be an effect of Maillard reaction products, which may block
the formation of imidazoquinoxalines by attacking creatine (Skog
and Jägerstad 1990). Therefore, the reason is due to the formation
of Maillard products which changes the reaction path and results
in a reduction in HAA concentration (Shin and others 2002c). A
significant reduction in mutagenicity and in the content of MeIQ,
PhIP, DiMeIQx, IQ, IQx, and norharman was attained in grilled
chicken that was marinated with honey containing glucose and
fructose in the same ratio and a small amount of sucrose (Hasnol
and others 2014; Shin and Ustunol 2004). It was also observed in a
study with pork, from pigs as carriers of the RN allele, containing
increased concentrations of residual glycogen that this fact caused
about 90% lower levels of PhIP and 50% lower of total mutagenic
HAAs in cooked meat compared with cooked meat from normal
pigs (Olsson and others 2002).
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Different oligosaccharides, such as fructooligosaccharide, galac-
tooligosaccharide, isomaltooligosaccharide, or inulin, reduced the
HAA formation in cooked meat products (Shin and others 2003,
2004; Persson and others 2004) . The addition of oligosaccharides
affected the mass transfer of the precursors to the surface, which
results in higher water-holding capacity as well as thereby a lower
weight loss of cooked products and reduction of mass transfers of
precursors (Persson and others 2004).

Physical Factors
Heating time and heating temperature

The formation of HAAs depends on the heating time and the
heating temperature depending on the used cooking method. The
heating temperature has the largest effect on HAA formation.
The formation of mutagenic substances begins at around 125 °C
(Jägerstad and others 1998; Skog and others 1998b). However
according to Ahn and Gruen (2005a), few or no HAAs were de-
tected at temperatures (160 °C) and a heating time of 15 min in
ground beef as a model systems with glass test tubes. Only after
increasing the heating temperature and time, the HAA concen-
tration rose. At 180, 200, and 220 °C, significant concentrations
of polar HAAs (IQ, MeIQ, MeIQx, 4,8-DiMeIQx, and PhIP)
and nonpolar HAAs (harman, norharman, and AαC) were deter-
mined after 20 min. By contrast, neither MeIQ nor 4,8-DiMeIQx
could be detected at 180 °C and a cooking time of 10 min. The
MeIQ concentrations detected were under 2 ng/g at all 3 tem-
peratures (Ahn and Gruen 2005a). The HAA concentrations in
the trials performed increased only after about 5 min, but then
disproportionally. This observation could be explained by the sur-
face temperature being under 100 °C in the first few minutes of
the heating process. The temperature range that is required for
the formation of the mutagenic substances was only reached after
about 5 min (Ahn and Gruen 2005a).

It could be shown in further experiments (Bordas and others
2004) that the concentration of HAAs was increased with an in-
crease in the temperature and an extension of the cooking time. A
4,8-DiMeIQx concentration of 1.2 ng/g was detected in an aque-
ous model system with meat flavor extract (bouillon, extract/water
1:2) after heating for 1 h at 175 °C in an oven. With the same tem-
perature and a doubling of the heating time, a threefold quantity
of 4,8-DiMeIQx was detected. In this meat flavor model system in
dry conditions, changing the heating times and temperatures from
100 °C for 1 h to 2 h, 150 °C for 30 min to 1 h, and 200 °C for
10 min up to 30 min, respectively, made the effect of temperature
and time on HAA formation clear. While a MeIQx concentration
of 3.5 ng/g was found at 100 °C for both times, at 150 °C, there
was a concentration of around 4 ng/g for both heating times. Af-
ter increasing to 200 °C, the concentration increased from 3.7 to
10.7 ng/g for the longer heating time (Bordas and others 2004).
A significant increase of PhIP concentration was already observed
at 100 °C after 2 h compared to a heating time of 1 h (Bordas and
others 2004).

The results showed that HAA formation depends on temper-
ature, time, and cooking methods. Further studies are shown in
Table 2 to 4 concerning cooked meat samples (beef patties, chicken
breasts, and pork) under different cooking methods and at various
heating conditions.

Heat and mass transfer in cooked meat products
The objectives of cooking meat products are to warrant mi-

crobial safety and to produce flavor in meat. Some chemical and

physical alterations take place during the cooking of meat, such as
protein denaturation, melting of fat, water evaporation, changes
in texture and shape, water transport of solutes, and formation
of crust on the surface (Kondjoyan and others 2014). The de-
naturation of meat proteins during heating results in shrinkage,
hardening, and the release of juice. First, the denaturation of the
myosin takes place at approximately 53 to 58 °C, second, colla-
gen shrinks and denatures at approximately 70 to 74 °C similar
as sarcoplasmic proteins, and third actin denaturation at about 80
to 82 °C results in a decrease in water-holding capacity with the
release of serum (Bertram and others 2006). Free amino acids and
sugars in the outer parts of the meat react via the Maillard reac-
tion during frying and form a variety of reaction products, which
are important for the color and flavor of cooked meat; amino
acids containing sulfur are known as precursors for the final flavor
(Shahidi and others 2014).

The effect of temperature and time on HAA formation was
described in the previous section. However, the cooking method
used also has a big effect on the formation of mutagenic activ-
ity. Authors found in different studies that no amounts of HAAs
or mutagenicity occurred with gentle cooking methods, such as
stewing, steaming, and boiling as temperatures are below 120
°C (Persson and others 2002; Joshi and others 2015) (Table 2
and 3). With dry-heating methods, such as frying in a pan, sig-
nificantly higher mutagen levels occur than with oven-roasting
(Table 2 to 4). In addition to the temperatures and heating time,
the methods differed between the type of heat transfer, such as
convection, conduction, or radiation, and the surrounding me-
dia, such as metal, water, fat, or air, which result in different heat
transfer coefficients (Houšová and Topinka 1985; Pan and Singh
2002; Zorrilla and Singh 2003; Kondjoyan and others 2013). It
could be shown in model trials that the preparation of hamburg-
ers in a pan led to a much higher mutagenic activity and HAA
concentrations than oven-roasting. A comparison of the results
of preparation in a deep-fat fryer, a convection oven, and on a
contact grill showed clear differences (Persson and others 2002)
(Table 2 and 3). MeIQx levels after preparation on a contact grill
are around 10 times higher than with the other methods. With
preparation in a deep-fat fryer or a convection oven, lower lev-
els of HAAs were formed. The differences are explained by the
significantly better heat transfer in methods with direct contact,
such as grilling or frying in a pan (heat transfer coefficient of pan
150, air 40 Wm2/K, and up to 10000 Wm2/K for boiling wa-
ter), than in methods without direct contact (air convection 30
to 40 Wm2/K) (Pan and Singh 2002; Sprague and Colvin 2011).
There is an indirect heat application in ovenroasting as the heat
has to be transferred by convection. There is also an indirect heat
transfer using microwave methods, as the energy here is trans-
ferred in the form of radiation (Haskaraca and others 2014; Singh
and Heldman 2014). That is the reason why preparations of meat
products using a microwave pretreatment result in very low HAA
concentrations compared to only charcoal-grilled or deep-fried
chicken or beef samples (Felton and others 1994; Jinap and oth-
ers 2013). However, Barrington and others (1990) showed a high
mutagenic activity in 1 beef steak sample which were microwave-
cooked for 5 to 7 min per side in contrast to lower times. This
treatment most probably resulted in high water loss. The high-
est HAA levels occurred when frying on a contact grill (Pan
and others 2000). The reason for this is the direct contact with
the heating medium, which results in a higher conductive heat
transfer.
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Kinetics of HAA formation
The kinetics of HAA formation was studied by using model

systems prepared with precursors, such as creatinine, glucose,
dipeptides, and free amino acids, analogously to levels in beef
(Arvidsson and others 1997) and beef juices as a model system,
which were obtained from roasted beef (Arvidsson and others
1999). The HAAs are stable at ambient temperature, but they are
disposed to degradation at higher temperatures (Jackson and Har-
graves 1995; Arvidsson and others 1997). Degradation occurred at
100 °C in solutions of standard HAAs and increased significantly
with temperatures at 200 to 225 °C. In this connection, PhIP was
found to be the most disposed to degradation, followed by MeIQx,
4,8-DiMeIQx, and IQx (Chiu and Chen 2000). However, degra-
dation in meat juice systems or meat was different because the
formation can balance more due to various parameters, such as heat
transfer, mass transfer, vaporization of water, and crust formation,
which complicate the kinetics calculations. Besides the generation
reactions, the kinetics of HAAs also included a subsequent degra-
dation of HAA compounds. The formation of HAAs ([HAA]
levels in ng/g, t for time) is supposed to follow a first-order reac-
tion equation with a rate constant given by the Arrhenius equation
(Arvidsson and others 1997, 1999; Tran and others 2002):

∂ [HAA]

∂ t
= A · e (− Ea

RT ) (1)

k = kb T
h

· e ( �S
R ) · e (− �H

RT ), (2)

where Ea is the activation energy, R is the gas constant (8.3145
J/(mol·K)), and A is the unknown exponential prefactor. For
the reaction mechanism, the modulation of Eq. 1 was used in
the Eyring Eq. 2 for the determination of the temperature-
dependence (T in K) of rate constant of the formation where
k is the rate constant, kb is the Boltzmann constant (1.381 × 10−23

J/K), h is the Planck constant (6.626 × 10−34 J s), and �H is
the activation enthalpy (Arvidsson and others 1997, 1999). The
activation entropy �S calculated showed that the rate-limiting
step for the formation of PhIP follows rather a monomolecular
reaction, whereas for all the IQx-type compounds the formation
probably follows a bimolecular reaction of pseudo-first order (1 of
the 2 reactants being in large excess) for MeIQx, 4,8-DiMeIQx,
and IQx (Jägerstad and others 1998). The limiting step of the rate
could be the reaction between creatinine, aldehyde, and pyrazine
(Arvidsson and others 1997, 1999). Using numerical methods
with different mathematical and computational modeling of pan-
frying can show the predictive values of the transport of water
and the temperature distribution in patties, as well as the asso-
ciated formation of HAAs, for turning once and multi-turning
(Sprague and Colvin 2011). The modeling of the formation of
HAAs in slices of beef (musculus longissimus thoracis and semimem-
branosus) subjected to jets of hot air depicted the influence of
extreme dehydration (low water activity) obtained, which slowed
the formation of IQx, MeIQx, and, particularly, 4,8-DiMeIQx
compared with superheated steam treatments. By contrast, a re-
verse effect was found for PhIP levels, which increased 1.4- to
5.5-fold (Kondjoyan and others 2010a; 2010b). In this connec-
tion, the knowledge is important that many reactions favoring
at various environmental conditions can simultaneously proceed.
In model systems with high temperature around 225 °C or long
cooking times, formation and degradation of the HAA in partic-
ular PhIP were reported (Chiu and Chen 2000; Arvidsson and

others 1997). Additionally there is known from model studies that
dry conditions (freeze dried meat juice) resulted in an increased
formation of PhIP, DMIP, TMIP, and IFP, but in the wet system
(meat juice), MeIQx and 4,8 DiMeIQx was favored (Borgen and
others 2001).

Chemical Factors
Fat content and lipid oxidation products

No clear statement could be made on the role of fat in the
development of mutagenic activity. The fat content of the products
affected the formation of mutagenic substances, but it is not clear
whether this was due to physical or chemical influences (Johansson
and Jägerstad 1993; Hwang and Ngadi 2002).

Moreover, the precursors being necessary for HAA formation,
such as creatine/creatinine, free amino acids, and carbohydrates,
are present almost exclusively in lean meat, and a higher fat con-
tent results in a dilution of the precursors (Knize and others 1985)
leading to a reduction of the mutagenic activity in the Ames test
(Chen and others 1990). However, it has also been shown that
a higher fat content in meat results in a shorter time needed to
reach a fixed meat surface temperature due to a more effective
heat transfer and thereby an increased formation (Abdulkarim and
Smith 1998). Furthermore, if the fat is oxidized the HAA forma-
tion is enhanced that was shown in different studies (Johansson and
Jägerstad 1993; Zamora and others 2012). Nonetheless, many sci-
entists agree that there is an optimal fat content for the formation
of the highest possible HAA concentration in a product.

Regarding beef patties, HAAs such as MeIQx, PhIP, norhar-
man, harman, and Trp-P-2 were found at higher levels with about
5% fat than those with 15% fat after frying at 150, 170, and
190 °C (Abdulkarim and Smith 1998). In beef patties with 15%
and 30% fat content, which were cooked to a core temperature of
100 °C on a propane grill using a cooking time from 10 up to
26 min (weight loss from 46% to 55%), the low-fat patties had the
higher levels of PhIP, but lower levels of AαC than the high-fat
patties (Knize and others 1997c).

Lipids had increased the yield of pyrazines and Strecker aldehy-
des in model trials (Arnoldi and others 1990). A possible reason for
this is fat oxidation. Oxidized fats led to radicals which supported
the formation of HAAs by this oxidation (Johansson and Jägerstad
1993). The content of HAAs in meat, including pan residue fry-
ing with different frying fats, or oils (butter, margarine, margarine
fat phase, liquid margarine, rapeseed oil, and sunflower seed oil),
was significantly lower after frying in sunflower seed oil or mar-
garine than after frying with the other fats (Johansson and others
1995b). The variations in generation of MeIQx and DiMeIQx
could be stated with regard to the concentrations of antioxidants,
such as vitamin A, vitamin E, and tocopherols/tocotrienols, and
status of oxidation (peroxide and anisidine value) (Johansson and
others 1995b) as antioxidants can reduce the formation while the
oxidized fat can increase it. Other researchers reported that fats
also have an enhancing influence on the yield of HAAs in model
systems after the addition of iron ions (Fe2+ or Fe3+), probably by
free radicals formed during thermally induced lipid oxidation. In
this model system, the level of MeIQx formed was nearly dou-
bled, probably due to iron-catalyzed lipid peroxidation and, thus,
formation of free radicals (Felton and others 2000).

Most authors assume that the heat transfer is improved with an
increase in the fat content to an optimal fat–water ratio (Hwang
and Ngadi 2002) leading to a shortening of the cooking time. In
this study using high fat meat emulsions, the authors observed that
the activation energy of HAA formation was reduced at high-fat
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levels due to a more thermodynamically favored reaction (Hwang
and Ngadi 2002). An increase in the fat content over the optimal
ratio results in a decreased HAA concentration (Persson and others
2008; Abdulkarim and Smith 1998).

Moisture content and aw-value
Water serves as a reaction and transport medium during the

heating of meat and meat products. With water, the precursor sub-
stances creatine/creatinine, amino acids, glucose, and so on, can
be transported to the surface of the product (Persson and others
2002). At the surface, these substances are exposed to higher tem-
peratures and so contribute to the formation of HAAs (Overvik
and others 1989). The formation of mutagenic substances could
be significantly reduced by reducing water vaporization during the
cooking process (Persson and others 2004). The mutagenic activity
is reduced with a reduction of the water content and an increase
in the fat content; the capacity of the transport medium declines
and the precursors become diluted (Knize and others 1985).

An increase in water-holding capacity could, thus, be achieved
by the addition of water-binding substances into minced meat
(Persson and others 2003b, 2004; Wang and others 1982). The
authors showed that with the addition of a tripolyphosphate plus
sodium chloride mixture (Persson and others 2003b), soy protein
(Wang and others 1982) or carbohydrates (Shin and others 2003,
2004; Persson and others 2004) to minced meat products, water
was bound, leading to a reduction in HAA formation. Wrap-
ping hamburgers with carrageenan had a similar effect (Schoch
2003). The extreme dehydration obtained with the hot-air jets
resulted in a low water activity and slowed down the formation
of IQx, MeIQx and, particularly, 4,8-DiMeIQx compared with
superheated steam treatments (Kondjoyan and others 2010a,b).
But the reverse effect was detected for PhIP concentrations which
increased (Kondjoyan and others 2010b). In pan-fried bacon, the
heat treatment of bacon with water activity around 0.93 caused a
high content of MeIQx (Gibis and others 2015).

Antioxidants and reducing agents
Next to physical influences (temperature, time, and prepara-

tion method), added substances, such as nitrite, antioxidants, or
spices, also showed an inhibiting effect on HAA formation as
summarized for beef products as an example in (Table 6). Both
main components such as lipids and proteins may be oxidized in a
series of radical reactions that include steps of initiation, propaga-
tion, and termination with simultaneous formation of free radicals
(Weiss and others 2010). The antioxidants did not only inhibit
fat oxidation. It is known that free radicals may be involved in
the mechanism of HAA generation and Maillard reaction. The
antioxidants showed that they would scavenge the free radicals
and reduce HAA formation, and this could inhibit the radical
reactions in HAA formation, which was shown in an electron
paramagnetic resonance experiment (Kikugawa 1999). Depend-
ing on the substances added, HAA formation could be stimulated
or inhibited. When nitrite was added to meat products, several
HAAs, such as Trp-P-1, Trp-P-2, Glu-P-1, Glu-P-2, and AαC,
were transformed under acidic conditions (pH 2) into their hy-
droxy derivatives in model systems and so lost their mutagenic
activity (Furihata and Matsushima 1986). Nitrite is known as an
additive with properties as a reducing agent, at low pH values, that
can reduce the concentration of non-IQ-type HAAs in model
systems (Tsuda and others 1985; Shin 2005). Nitrite can also react
with the amino acid cysteine causing the formation of an antiox-
idant, and free radicals can, thus, be blocked (Shin 2005). The

generation of IQ-compounds is reduced by the addition of to-
copherol (vitamin E) (Balogh and others 2000; Lan and others
2004). Tocopherol is a naturally occurring antioxidant. The inhi-
bition is due to the direct blocking of free radicals (Shin 2005). In
addition, the breakdown products of tocopherol react with pre-
cursors, which are then no longer available for the formation of
mutagens. Ascorbic acid or sodium ascorbate as a naturally occur-
ring antioxidant and reductone, respectively, could also similarly
bring about an HAA reduction (Kato and others 2000; Kiku-
gawa and others 2000; Dundar and others 2012; Wong and others
2012). A moderate inhibitory effect (approximately 20%) on the
formation of PhIP, 4,8-DiMeIQx, and MeIQx was found for
water-soluble vitamins, such as niacin and ascorbic acid; whereas
pyridoxamine reduced the concentrations of all 3 HAAs by ap-
proximately 40% (Wong and others 2012). This study showed
that pyridoxamine reduced the level of PhIP significantly by trap-
ping the phenylacetaldehyde and reacted with the latter to form
a pyridoxamine-phenylacetaldehyde adduct which was confirmed
by using LC–ESI–MS/MS and NMR spectroscopy (Wong and
others 2012). Rosemary extract reduced the content of HAAs in
fried beef patties (Puangsombat and Smith 2010; Damašius and
others 2011; Gibis and Weiss 2012). An inhibiting effect of the
tomato carotenoid fraction on the formation of imidazoquino-
lines (IQx, MeIQx, and DiMeIQx) was reported in model sys-
tems containing freeze-dried bovine meat juice (Vitaglione and
others 2002). Using carotenoid extract at a concentration of 1000
mg/kg, inhibitions of 13% of MeIQx and of 5% of 4,8-DiMeIQx
in the meat juice model system were observed. The effect of the
main tomato flavonoid, quercetin, gave an inhibition of MeIQx
formation between 9% and 57% with a maximum effect of 67%
at 10 mg/kg (Vitaglione and others 2002).

Butylated hydroxyanisole (BHA) is a synthetic antioxidant. It
was seen in a study that the HAA level could be lowered by 40%
with BHA (Weisburger 2005). A few years later, this inhibitory
effect was confirmed and it was discovered that other phenolic
antioxidants, such as epigallocatechin gallate and sesamol (Oguri
and others 1998), had a positive effect on the reduction of HAA
formation (Weisburger and others 1994).

Extracts of vegetables and fruit could also lead to a reduction in
mutagenic activity (Britt and others 1998). Next to pure antioxi-
dants, extracts with polyphenols present in plants were particularly
effective (Ahn and Gruen 2005b; Cheng and others 2007; Gibis
and Weiss 2012; Liao and others 2011a). The levels of different
HAAs, such as MeIQx or PhIP, can be lowered by heating model
systems with polyphenols, such as quercetin, rutin, catechin, cat-
echin gallate, and n-propyl gallate (Arimoto-Kobayashi and others
2003; Ahn and Gruen 2005b). The results indicated that phe-
nols having 2 hydroxy groups at meta positions of the aromatic
ring were the most efficient inhibitors. The presence of alkyl or
carboxylic groups as additional substituents in the aromatic ring re-
duced the inhibitory effect slightly (Arimoto-Kobayashi and others
2003). On the other hand, the introduction of additional hydroxy
and amino groups mostly cancelled the inhibitory effect, which
was also mostly absent in ortho and para dihydroxy derivatives;
in complex phenols, the presence of several rings with opposite
effects produced a reduced inhibitory effect (Arimoto-Kobayashi
and others 2003). An isotope-labeling study showed that all frag-
ments contained had phenylalanine as the origin. The reaction
employed phenylacetaldehyde and epigallocatechin gallate, which
further confirmed the ability of epigallocatechin gallate to gener-
ate adducts with phenylacetaldehyde, which may reduce the ability
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of PhIP formation (Cheng and others 2009). In addition, extracts
containing anthocyanins showed a similar inhibitory effect on the
formation of HAAs (Gibis and Weiss 2010).

Also the technology of marinating plays an important role for
the inhibition of HAA formation. Marinating with nano-sized
liposomes containing grape-seed extract (approximately 100 nm)
as a marinade showed no further inhibition of HAA formation
compared to the pure grape-seed extract (Natale and others 2014)
(Table 6). This treatment with a liposomal encapsulation system
as a marinade in comparison to the fried beef patties without
grape-seed extract showed an inhibition only for MeIQx, while
the β-carbolines showed increased levels (Natale and others 2014).
This observation shows that the application form also plays a key
role in the marinating of meat, because liposomes may diffuse very
quickly into the meat, due to the very small particle size, where
they can interact with other meat components, such as fat or
proteins, and no release of the polyphenols may occur (Gibis and
others 2014). Consequently, no polyphenols are available on the
surface for the inhibition reaction with HAA precursors released.
The same grape-seed extract in a water in oil emulsion as marinade
(droplet size 1 μm) remained as oil film on the surface and clearly
reduced the content of MeIQx and PhIP (Gibis and Weiss 2012)
(Table 6).

Organosulfur compounds
Organosulfur compounds are another class of substances that

may be effective in inhibiting nonenzymatic browning reaction
(Cheng and others 2006). These compounds, such as glutathione,
L-cysteine, L-cystine, and deoxyalliin, inhibited the formation of
mutagens in the model system (Shin and others 2002c) and in fried
ground beef patties (Shin and others 2002b), as well as minced gar-
lic (Shin and others 2002a) or marinades containing garlic, onion,
and lemon juices which inhibited the HAA formation (Gibis 2007)
(Table 6). It has been suggested that sulfur amino acids contain-
ing thiol groups greatly inhibit nonenzymatic browning of heated
amino acid–glucose mixtures. The related mechanisms are pro-
posed that aldehydes and ketones are reacted with carbonyl groups
due to thiol-containing compounds reducing carbonyl groups or
with double bonds in brown products to form colorless materials
(Friedman and Molnar-Perl 1990). Garlic as a plant of the Allium
genus contains a variety of organic sulfur compounds, such as al-
licin, diallyl disulfide, diallyl sulfide, and dipropyl disulfide (Jung
and others 2010) or acetyl cysteine, cysteine, and glutathione in
meat juice model systems (Schoch 2003), which could inhibit
HAA formation.

The most well-studied compound containing sulfur in relation
to the inhibition of HAA formation is sodium bisulfite (NaHSO3).
Addition of sodium bisulfite was demonstrated to inhibit the for-
mation of HAAs in canned foods significantly (Krone and others
1986).

Analysis of HAAs
Sample preparation

In complex matrices such as meat and fish products, HAAs are
only present in pbb concentrations and the efficiency of sample
preparation is affected by the matrices. The sensitive and precise
quantification of these compounds is complicated. Some authors
described that the planar aromatic ring system of the blue dye,
such as copper phthalocyanine trisulfonate, which is linked to
polymeric carbohydrates such as cotton or rayon, interacts espe-
cially with the planar structure of the molecules consisting of 3
or more fused-rings such as HAAs or polyaromatic hydrocarbons

(Hayatsu and others 1983). Sorbents, such as blue rayon (Wu and
others 1995; Kataoka and Pawliszyn 1999), blue cotton (Kurosaka
and others 1992; Nukaya and others 1994; Wakabayashi and others
1995), or blue chitin (Bang and others 2002, 2004), were used.
These separation methods based on the adsorption of HAAs are
highly selective (Skog 2004). However, the most common sample
preparation for HAAs was a tandem solid-phase extraction method
(Gross 1990) and was further optimized (Gross and Grueter 1992).
In this method, the HAA extraction is applied using diatomaceous
earth with an organic solution, such as dichloromethane (Gross
and Grueter 1992), or ethyl acetate (Santos and others 2004).
Then, for the sample preparation, the extract was divided into a
polar and nonpolar fraction using a tandem solid-phase extrac-
tion with PRS (propylsulfonic acid) and C18 cartridges as a cation
exchanger and a clean-up cartridge for hydrophobic impurities,
respectively. The replacement of PRS and C18 solid phase ex-
traction using a mix-mode OASIS MCX cartridge or a change
in elution solvents and order allowed the collection of the HAAs
in 1 fraction (Messner and Murkovic 2004; Turesky and others
2005). Mix-mode materials have a dual functionality consisting
of copolymers and silica gel particles which have the ability of
hydrophobic and ion exchange interactions, respectively. In addi-
tion to these isolation methods, supercritical carbon dioxide with
methanol (10%) applying a pressure of 414 bar at 55 °C allowed
the isolation of HAAs from solid material with high recoveries of
the quinolines and quinoxalines (Thiebaud and others 1994). By
contrast, pure supercritical carbon dioxide resulted in an ineffi-
cient isolation of HAAs (Thiebaud and others 1994). A combined
acetone extraction using a phenylsulfonic acid silica cartridge for
HAA isolation was used by other authors (Calbiani and others
2007). Solid-phase microextraction (SPME) permitted the simul-
taneous extraction and concentration of analytes, such as HAAs,
from gaseous, aqueous, and solid matrices (Cárdenes and others
2004, 2006; Martı́n-Calero and others 2007). The principle of
this HAA method is the equilibrium between the analytes, sample
matrix and organic polymer-coated fiber, which resulted in time-
saving and reduction of organic solutions (Cardenes and others
2006), and for determination of nonpolar HAAs (Martı́n-Calero
and others 2007). In particular, the samples should be frozen to
inhibit interference when the samples contain a high fat con-
tent. Other isolation methods are reported in a review by Toribio
and others (2000), but many methods have the disadvantages that
they are very time- and cost-consuming, and in most methods,
only the polar HAAs can be determined. A very fast extraction
method is the single-drop microextraction: a simple direct im-
mersion technique combined with nanocellulose and multiwalled
carbonanotubes plus ionic liquid was used for the extraction and
determination of MeIQx (Ruiz-Palomero and others 2014). In
another study, the extraction was performed by using hollow-
fiber membrane liquid-phase microextraction, which contained
2.5-cm lengths of porous polypropylene fibers impregnated with
organic solvent to facilitate simultaneous extraction from an al-
kaline aqueous sample into a low-volume acidic acceptor phase
(Cooper and others 2014).

Analytical methods to determine HAAs. The determination
method of HAAs was performed using electrophoretic or
chromatographic techniques with diverse detection systems.
The most frequently applied technique for HAA separation is
high-performance liquid chromatography (HPLC) combined
with ultraviolet (UV) and fluorescence detection or UV and mass
spectrometry (MS), which are based, in most cases, on the sample
preparation method described by Gross and colleagues (Gross and
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Grueter 1992; Gross and others 1992). Combining HPLC with
capillary electrophoresis with field-amplified sample injection,
coupled to a mass spectrometer used in either the MS or tandem
MS (MS/MS) mode, was evaluated for 16 HAAs (Sentellas and
others 2003).

Liquid chromatography–mass spectrometry (LC-MS) and liq-
uid chromatography–tandem mass spectrometry (LC-MS/MS) are
the important methods for the identification and quantification of
most HAAs and were used in the following ionization techniques:
thermospray (Gross and Fay 1995), electrospray (ESI) (Johans-
son and others 1995a; Turesky and others 2005; Ni and others
2008), or combined (Fay and others 1997). Sixteen HAAs were
sensitively and reproducibly identified and quantified with ultra-
high-performance liquid chromatography (UHPLC) and MS/MS
in the very short time of 2 min for routine analysis of meat ex-
tracts (Barcelo-Barrachina and others 2006) and the HAAs in hu-
man urine after hydrolysis of metabolites can be quantified (Fu and
others 2014). Due to the option of oxidation of HAAs, they can be
detected using an electrochemical or coulometric electrode array
detector (Holder and others 1996; Krach and Sontag 2000). The
LC-MS technique containing a quadrupole time-of-flight MS was
used as a detector for 9 water-soluble HAAs in aerosols (Samy and
Hays 2013). Recently, highly sensitive analyses of UPLC-MS/MS
as very fast and cost-saving methods were developed for high sam-
ple throughput (Pais and Knize 2000; Murkovic 2007; Lomas and
Layne 2012; Fu and others 2014).

Methods using gas chromatography (GC) are only possible after
using a derivatization step, such as silylation, because the HAAs
are nonvolatile substances (Kataoka and others 2002; Casal and
others 2004). Nitrogen–phosphorus (Kataoka and others 2002) or
MS detectors (Liu and others 2013; Xu and others 2010) are used
in current GC detection methods.

A combination of GC or HPLC coupling with a MS as a highly
sensitive and selective detector was sometimes performed for the
determination of HAAs. A precise quantification method in HAA
analysis using MS as detector is attained using deuterated inter-
nal standards (Edmonds and others 1986; Yamaizumi and others
1986; Holdert and others 1997; Guy and others 2000). Another,
less popular, method is capillary electrophoresis (Viberg and oth-
ers 2006; Barcelo-Barrachina and others 2007) or thin-layer chro-
matography (Jautz and Morlock 2006; Jautz and others 2008) us-
ing diode array, electrochemical, fluorescence, or MS detection. A
highly selective and sensitive technique is also the determination of
HAAs using an enzyme-linked immunosorbent assay (Vanderlaan
and others 1989).

Metabolism of Heterocyclic Aromatic Amines
Metabolization of heterocyclic aromatic amines

Most carcinogenic substances do not act mutagenically directly
upon their intake. They are only activated in the organism with
the help of metabolic enzymes. This also applies to HAAs, which
only act mutagenically after enzyme activation (Felton and others
1999). The HAAs are resorbed in the small intestine, transported
to the liver and activated there (Lynch and others 1995).

N-oxidation by cytochrome P 450 enzymes is an initial step
in the metabolic activation of HAA compounds (Sasaki and oth-
ers 2002). The most important reaction is necessary for activa-
tion of the following acetylation reaction. An oxidation of the
amino group by means of cytochrome P 450 1A2 follows more
a predicted one-electron transfer than with the prior suggested
two-electron transfer mechanism (Sasaki and others 2002). An
N-acetoxy amine is formed by an O-acetylation from the re-

sulting N-hydroxyl ion. This reaction step is catalyzed by N-
acetyltransferases (NATs) or N-hydroxy-HAA metabolites are
esterified by sulfotransferases (SULTs), L-seryl-tRNA, and L-
prolyl-tRNA synthetases, and other ATP-dependent enzymes
(Turesky and Le Marchand 2011). The resulting esters are un-
stable and undergo degradation reaction. The resulting N-acetoxy
amine is a very reactive molecule, which can form a nitre-
nium ion (Garcia-Closas and Sinha 2000) of the exocyclic amine
group, which is the critical metabolite implicated in toxicity
and DNA damage (Turesky and Le Marchand 2011). The ni-
trenium ion is able to combine with DNA and can cause mu-
tations. These mutations can then cause tumors. IQ, MeIQ,
MeIQx, PhIP, Trp-P-2, Glu-P-1, and MeAαC could demon-
strably form adducts with the guanidine bases occurring in DNA
(Wakabayashi and Sugimura 1998). Figure 2 shows the major path-
way of metabolism of MeIQx as a prototype of HAAs, including
the activation paths by nitrosation with nitric oxide under in-
flammatory conditions. Some HAAs, such as IQ and MeIQx,
can undergo nitrosation with nitric oxide at neutral pH con-
ditions to form 2-nitrosoamino-3-methylimidazo[4,5-f]quinoline
and 2-nitrosoamino-3,8-dimethylimidazo-[4,5-f]quinoxaline, re-
spectively. These N-nitroso-IQ compounds are transformed to
very reactive diazonium compounds that may generate cova-
lent DNA adducts with the DNA bases, such as guanine (Lak-
shmi and others 2005). The mechanism shown (Figure 2) for
the N-acetyltranferases(NAT2)-catalyzed activation of N-nitroso-
MeIQx has been suggested (Zenser and others 2009). There are
large differences of P 450s between human and other species, such
as rodents, in terms of the regioselectivity and catalytic activity
of HAA oxidation, which affects the toxicological characteristics
(Turesky and others 2002). Several epidemiological studies pro-
posed a role for NAT2 activity in the genetic susceptibility of hu-
mans for various types of cancer (Le Marchand and others 2002;
Butler and others 2008). The data support the hypothesis that,
particularly in individuals who smoke and have genetic suscepti-
bility with the rapid phenotypes for both NAT2 and cytochrome
(CYP1A2) as well as an increased intake of meat carcinogens have
a higher risk for the incidence of colorectal cancer (Le Marchand
and others 2002). Human NAT2 catalyzes O-acetylation of N-
hydroxyl derivatives of IQ, MeIQ, and PhIP, and a number of
polymorphic genotypes of human NAT1 and NAT2, respectively,
are known. In particular, the genotype NAT2 (NAT2-4 wild al-
lele) as a fast acetylator (Sugimura and others 2004) has often been
associated with a higher risk of colorectal cancers (Ishibe and oth-
ers 2002; Le Marchand and others 2002). In contrast to carbon
hydroxylation is the inactivation step, the resulting compounds
undergo different reactions catalyzed by phase II enzymes, such
as sulfotranferase, glucuronosyl transferase, or gluthatione trans-
ferase, and the metabolites formed are excreted with the urine
(Figure 2).

Biomarkers of HAAs for human biomonitoring. Different
biomarkers of HAAs were investigated for possible use in hu-
man biomonitoring studies. Long-term biomarkers for HAAs are
especially required which can be applied in epidemiology stud-
ies, because HAAs become mutagenic after metabolic activation
by N-hydroxylation of the exocyclic amine group to generate an
intermediate, the arylnitrenium ion, which is the hazardous ion
forming DNA adducts (Turesky and Le Marchand 2011). The
usage of a protein carcinogen adduct as a biomarker requires that
this adduct correlates to the intake, damage of DNA, and cancer
risk. The acid-labile HAA serum albumin adducts in humans were
discussed as possible biomarkers and as a dosimeter for the intake
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Figure 2–Possible metabolism of MeIQx as prototype of HAAs. Activation reactions of HAAs, such as nitrosation by nitric oxide and N-hydroxylation,
are drawn from left to right. Inactivation reactions are vertically arranged (modified) (Wyss and Kaddurah-Daouk 2000; Turesky and Le Marchand
2011); NAT, N-acetyltransferase, GST, glutathione S-transferase, –R is –C=OCH3 for acetylation, –SO3

2–for sulfonylation, –PO3– for phosphorylation,
and O-prolyl for prolylation.

of HAAs. However, the levels of these adducts were reported to
be below the limit of MeIQx detection (29 attomol/mg) (Lynch
and others 1993). The HAAs interact with blood proteins, such
as hemoglobin and serum albumin. However, the levels of IQ,
MeIQx, and PhIP bound to hemoglobin are very low in experi-
mental laboratory animals because only about 0.01% of the dose
was found, and the levels of adducts of HAAs with serum albumin
of rats, other rodents, and humans are only several times higher
and the adduct linked to cysteine of serum albumin HAA adduct
(Turesky and Le Marchand 2011), for example, MeIQx (Lynch
and others 1993) and PhIP (Chepanoske and others 2004). Un-
metabolized PhIP is discussed as a long-term biomarker of HAAs
because 3H-labeled PhIP accumulates in hair without metaboliza-
tion (Alexander and others 2002). However, PhIP analyzed as a
biomarker in hair should take the melanin content of hair into
account for the correct exposure assessment of PhIP, because the
concentration in hair is dependent on the melanin levels (Turesky
and others 2013). This biomarker can confirm a long-lasting in-
take to PhIP in epidemiology studies, but it does not represent
DNA damage. The formation of DNA adducts is assumed to be
the first stage in induced carcinogenesis. It was reported that HAA
adducts were mainly formed at the C-8 position of guanine in
DNA and could also be used as biomarkers (Turesky and Vouros
2004). PhIP-DNA adducts have been frequently detected by im-
munohistochemistry or 32P-postlabeling, and MS methods were
used to identify HAA adducts in vitro and in vivo, for example, in

tissue of humans, such as the mammary tissue of women in the
United States, indicating that PhIP may be associated as a causal
agent of human breast cancer (Gu and others 2012). In addition,
HAA adducts were identified in the colon, pancreas, and mucosa
(Turesky and Vouros 2004; Jamin and others 2007; Turesky 2007).

HAA Mutagenesis and Carcinogenesis
Mutagenicity

After metabolic activation with S-9 mix, HAAs can be assigned
to the group of the most strongly mutagenic compounds (Sug-
imura 1997). The demonstration of mutagenicity was made by
means of short-term bacterial tests. These mutagenicity tests also
enabled the detection of biologically active substances in com-
plex foods (Ames and others 1975). Substances that are detectable
with the Ames test have genotoxic potential (Sugimura and oth-
ers 2004). The mutagenicity of HAA compounds are depicted
in Table 1. Trp-P-1, Trp-P-2, Glu-P-1, and Glu-P-2 are, af-
ter metabolic activation, strong mutagens for the Salmonella Ty-
phimurium TA98, TA100, and TA1538 strains used in the Ames
test (Table 1) (Sugimura and others 2004). After the addition of
S9 mix, which is necessary for metabolic activation, the IQ com-
pounds MeIQ, IQ, 4,8-DiMeIQx, MeIQx, Glu-P-1, and Trp-
P-1 acted as significantly stronger mutagens than AαC, MeAαC,
and PhIP. In addition, the IQ compounds showed a significantly
stronger mutagenic activity than aflatoxin B1 and benzo(a)pyrene
(Sugimura 1997). The relative mutagenic potentials of MeIQ,
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MeIQx, and PhIP vary with the test assay. In Salmonella Ty-
phimurium strain TA98, the relative potencies were MeIQ >

MeIQx > PhIP; however, they were PhIP � MeIQ > MeIQx
in a Chinese hamster ovary system (US HHS PHS 2002) or IQ
> MeIQ > Trp-P-1 � MeIQx >> PhIP in human-derived
hepatoma (HepG2) cells (Knasmuller and others 1999). The rel-
ative mutagenicity is therefore difficult to assess and the effect
of intake of certain amounts of HAAs are difficult to predict.
Norharman, belonging to the ß-carbolines, showed no mutagenic
activity in the Ames test (Nagao and others 1977). However,
norharman, similarly to harman, could strengthen the mutagenic
activity of the other HAAs and acted co-mutagenically (Wak-
abayashi and others 1982). Aniline and norharman (β-carboline)
formed aminophenylnorharman by using a S9 mix of rat liver or
in vivo in rodents; hydroxyaminophenylnorharman was generated
and finally converted to an acetoxy derivative, which can form
DNA adducts and induce mutations (Ohnishi and others 2001;
Totsuka and others 2004). Co-mutagenic activity can also be per-
ceived with other aromatic amines such as o-toluidine (Hada and
others 2001).

Carcinogenicity
The carcinogenic effect of HAAs in animal trials with rats and

mice could be demonstrated. In the trials, the animals were fed
concentrations of 0.03% or 0.04% HAAs in their food over a
period of 2 years. After several months, feeding with IQ, MeIQ,
and MeIQx resulted in the formation of tumors in all the trial
animals (Ohgaki and others 1987). The tumors appeared mainly
in the animals’ livers or intestines. Of the control rats who received
normal food, only 4% of the animals developed tumors. After
feeding with 0.06% MeIQx for several weeks, tumors appeared
in the rats’ livers, lungs, and lymph nodes (Ohgaki and others
1987). A dose of 10 to 20 mg IQ per kg body weight in the
food of nonhuman primates similarly caused carcinoma formation
after several months (Adamson and others 1990, 1996). Based on
animal trials, the International Agency for Research on Cancer has
classified IQ as a possible carcinogen (class 2A) and 8 other HAAs
(MeIQ, MeIQx, PhIP, AαAC, MeAαAC, Trp-P-1, Trp-P-2, and
Glu-P-2) as probable carcinogens (class 2b) (IARC 1993).

However, it is difficult to prove a connection between HAA
intake and the development of different types of tumors in hu-
mans. The quantity of HAAs ingested by humans is much smaller
than the quantities fed to trial animals. In this context, the present
results of animal long-term studies cannot be used to set a specific
threshold value for the human intake of HAAs. Nevertheless, epi-
demiological studies in the last decade have shown an increased
risk of incidence of different cancers for humans who prefer and
eat high amounts of very well-done meat.

Risk Assessment
Daily intake of heterocyclic aromatic amines

The quantity of mutagenic substances ingested is very diffi-
cult to estimate. The information about daily HAA intake can
be very different in epidemiological studies. Alongside different
eating habits of people, the type of preparation and the frequency
of meat consumption also play an important role.

Although the levels in heated foods were low, a connection be-
tween meat consumption and the development of colorectal car-
cinomas could be determined in different epidemiological studies
(Le Marchand and others 2002; Nowell and others 2002). The
results of studies in different countries showed that it is difficult
to define a standard value for the quantity of ingested HAAs. The

daily intake of the major HAAs per person in various countries
found in different studies is shown in Table 7. In American studies,
the HAA intakes calculated were often remarkably higher than, for
example, in Sweden. One reason for this could also be that much
more grilled or fried meat in general is eaten in United States
than in Sweden. In China, the daily HAA intake is estimated at
50 ng/d (Table 7). The HAA intake in Spain at 606 ng/d per
person is clearly higher in comparison, which can be explained
by the preparation of meat, such as grilling, barbecuing, and pan-
frying, and the highest frequency of meat consumption in Europe
(Busquets and others 2004).

In a study from the United States, the authors used consump-
tion data from 3 consecutive days of 3563 participants (Layton and
others 1995) which was collected from an USDA sponsored ran-
dom survey of the U.S. population during 1989. It was preferred
to investigate the average daily HAA intake with the food in or-
der to be able to estimate the intake of PhIP, MeIQx, DiMeIQx,
IQ, and AαC. The HAA concentrations used to calculate the
daily HAA intake were taken mainly from databases. In addition,
data from the literature containing the different heating times and
preparation methods (including grilling, frying, and roasting) were
used. On this basis, the estimated daily average HAA intake in the
United States was determined to be 26 ng/kg body weight and
per day (Layton and others 1995).

In a New Zealand study, data on prepared meat with known
HAA concentrations were taken from the literature and compared
with the eating habits of New Zealanders. The estimated intake is
around 1000 ng/d per person (Thomson and others 1996). Lower
values were obtained in a later New Zealand study which was sim-
ilarly concerned with the connection between meat consumption
and HAA intake. The consumption quantities of different sorts of
meat, the modes of preparation, and the degree of browning were
established by means of a questionnaire. From this, a total HAA
intake of 164 ng/d per person was calculated (Norrish and others
1999). In a Swedish study, 267 women and 277 men in Stockholm
between the ages of 50 and 75 years were asked about their eating
habits. The frequency of consumption of grilled or cooked meat
and fish with known HAA levels was recorded with the help of
a questionnaire (Augustsson and others 1997, 1999). In order to
be able to take the preferred, individual degree of browning into
account, the test participants were shown photos of each prod-
uct with 4 different degrees of browning. Using this information,
the questionnaire produced a mean HAA intake of 160 ng/d per
person (Augustsson and others 1997). After several analytical in-
vestigations of various meat and fish dishes from restaurants, HAA
intake in Switzerland was calculated to be up to 400 ng/d per
person (Zimmerli and others 2001). Data for more than 25000
U.S. citizens on their meat consumption and preparation methods
were evaluated in a U.S. cross-sectional study. The calculated daily
HAA intake is about 420 ng/d per person (Keating and Bogen
2001). The HAA levels in the study were only roughly estimated.
In addition, the food was not prepared using the usual house-
hold methods, whereby significantly higher and not “everyday”
concentrations arose.

With the help of a questionnaire, 344 participants in Germany
were asked about their frequency of consumption of 7 types of
meat and fish, taking into account the preparation methods. In
order to record the preferred degree of browning, photos of sam-
ples with different degrees of browning, from light to very heavy
browning, were attached to the questionnaire. The mean daily
HAA intake was 103 ng/d per person in this study (Rohrmann
and Becker 2002). In a sensory test of another study, some panelists
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ö

di
et

an
d

ca
nc

er
co

ho
rt

(n
=

15
17

4)
,(

lo
w

in
ta

ke
–

17
5
°C

an
d

hi
gh

in
ta

ke
–

20
0
°C

).
n

Pr
os

pe
ct

iv
e

co
ho

rt
st

ud
y

(2
55

40
pa

rt
ic

ip
an

ts
)(

ca
se

so
fc

ol
or

ec
ta

lc
an

ce
rn

=
51

6
an

d
co

nt
ro

ls
(n

=
36

99
).

o
Fo

od
-fr

eq
ue

nc
y

qu
es

tio
nn

ai
re

of
60

0
pa

rt
ic

ip
an

ts
.

p
Q

ue
st

io
nn

ai
re

of
94

Cr
oa

tia
n

fe
m

al
es

(lo
w

in
ta

ke
an

d
hi

gh
in

ta
ke

);
to

ta
lH

A
A

in
ta

ke
=

(�
in

ta
ke

M
eI

Q
x

an
d

Ph
IP

)·1
.2

49
.

292 Comprehensive Reviews in Food Science and Food Safety � Vol. 15, 2016 C© 2016 Institute of Food Technologists®



Heterocyclic amines in cooked meat products . . .

Ta
bl

e
8–

Ep
id

em
io

lo
gi

ca
lh

um
an

st
ud

ie
s

in
ve

st
ig

at
in

g
co

ns
um

pt
io

n
of

w
el

l-d
on

e
m

ea
t

or
in

ta
ke

of
m

aj
or

H
A

A
s

an
d

ca
nc

er
ri

sk
(w

it
ho

ut
in

di
ca

ti
on

-p
tr

en
d

<
0.

05
;N

-a
ce

ty
lt

ra
ns

fe
ra

se
(N

A
T1

)
or

(N
A

T2
);

su
lfo

tr
an

sf
er

as
e

(S
U

LT
))

.

St
ud

y
M

at
er

ia
l/

Co
nt

en
t

of
H

A
A

s

O
dd

s
ra

ti
o

O
R

/
re

la
ti

ve
ri

sk
RR

(9
5

%
CI

)
Ca

nc
er

ty
pe

N
um

be
ro

fs
ub

je
ct

s
(a

ge
);

ca
nc

er
ca

se
s

Re
fe

re
nc

e

Ca
se

-c
on

tr
ol

V
er

y
w

el
l-d

on
e

m
ea

t
O

R
4.

36
(2

.0
8–

9.
60

)
Co

lo
n/

re
ct

um
38

0
co

nt
ro

ls
(2

0–
88

)a
nd

15
7

ca
se

s
(N

ow
el

la
nd

ot
he

rs
20

02
)

H
ig

h
co

nt
en

to
fM

eI
Q

x
O

R
4.

09
(1

.9
4–

9.
08

)
Ca

se
-c

on
tr

ol
A

hR
G

A
/

A
A

or
N

A
T1

ra
pi

d
ac

et
yl

at
or

&
in

ta
ke

of
re

d
m

ea
t

O
R

1.
60

(1
.2

3–
2.

09
)

Co
lo

n/
re

ct
um

10
02

po
ly

p
ca

se
sa

nd
14

93
co

nt
ro

ls
(S

hi
n

an
d

ot
he

rs
20

08
)

A
hR

G
A

/
A

A
or

N
A

T1
ra

pi
d

ac
et

yl
at

or
&

in
ta

ke
of

M
eI

Q
x

O
R

1.
48

(1
.1

4–
1.

92
)

A
hR

G
A

/
A

A
or

N
A

T1
ra

pi
d

ac
et

yl
at

or
&

in
ta

ke
of

Ph
IP

O
R

1.
39

(1
.1

1–
1.

74
)

p t
re

nd
=

0.
05

5
A

hR
G

A
/

A
A

or
N

A
T1

ra
pi

d
ac

et
yl

at
or

&
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
37

(1
.1

0–
1.

71
)

p t
re

nd
=

0.
11

5
Ca

se
-c

on
tr

ol
To

ta
lH

A
A

s
O

R
0.

99
(0

.2
1–

4.
81

)
Co

lo
n/

re
ct

um
11

7
ca

se
sa

nd
23

8
co

nt
ro

ls
(K

ob
ay

as
hi

an
d

ot
he

rs
20

09
)

M
eI

Q
x,

Ph
IP

,D
iM

eI
Q

x
no

si
gn

ifi
ca

nt
O

R
Co

ho
rt

st
ud

y
H

ig
h

in
ta

ke
of

Ph
IP

RR
1.

47
(1

.1
3–

1.
93

)
Co

lo
n/

re
ct

um
(2

55
40

pa
rt

ic
ip

an
ts

)5
16

ca
se

sa
nd

39
66

co
nt

ro
ls

(R
oh

rm
an

n
an

d
ot

he
rs

20
09

)
H

ig
h

in
ta

ke
of

M
eI

Q
x

or
D

iM
eI

Q
x

no
si

gn
ifi

ca
nt

RR
Ca

se
-c

on
tr

ol
H

ig
h

re
d

m
ea

tc
on

su
m

pt
io

n
O

R
2.

02
(1

.0
6–

3.
83

)
p t

re
nd

=
0.

38
Co

lo
n/

re
ct

um
15

8
ca

se
sa

nd
64

9
co

nt
ro

ls
(F

er
ru

cc
ia

nd
ot

he
rs

20
09

)

H
ig

h
in

ta
ke

of
M

eI
Q

x
O

R
1.

90
(1

.0
5–

3.
42

)
p t

re
nd

=
0.

07
H

ig
h

in
ta

ke
of

pa
n-

fr
ie

d
m

ea
t

O
R

1.
72

(0
.9

6–
3.

07
)

Ca
se

co
nt

ro
l

H
ig

h
co

ns
um

pt
io

n
of

re
d

m
ea

t
O

R
1.

4
(1

.2
–1

.6
)

Co
lo

n/
re

ct
um

25
43

ca
se

s(
18

81
ad

en
om

as
/

62
2

hy
pe

rp
la

st
ic

po
ly

p)
an

d
37

64
co

nt
ro

ls

(F
u

an
d

ot
he

rs
20

11
)

H
ig

h
in

ta
ke

of
M

eI
Q

x
O

R
1.

4
(1

.2
–1

.6
)

H
ig

h
in

ta
ke

of
Ph

IP
O

R
1.

3
(1

.1
–1

.5
)

H
ig

h
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
3

(1
.1

–1
.5

)
Ca

se
-c

on
tr

ol
H

ig
h

in
ta

ke
of

Ph
IP

O
R

1.
81

(1
.2

4–
2.

64
)

Co
lo

n/
re

ct
um

41
3

ca
se

sa
nd

79
6

co
nt

ro
ls

(B
ar

bi
ra

nd
ot

he
rs

20
12

)
H

ig
h

in
ta

ke
of

M
eI

Q
x

O
R

1.
45

(0
.9

9–
2.

12
)

H
ig

h
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
35

(0
.9

4–
1.

93
)

H
ig

h
in

ta
ke

of
M

eI
Q

x
&

sl
ow

SU
LT

1A
1

ac
tiv

ity
O

R
7.

94
(2

.2
0–

28
.6

8)

Ca
se

-c
on

tr
ol

H
ig

h
in

ta
ke

of
M

eI
Q

x
&

N
A

T1
ac

tiv
ity

(r
s6

58
67

14
)

O
R

1.
43

(1
.1

1–
1.

85
)

Co
lo

n/
re

ct
um

12
05

ca
se

sa
nd

13
87

co
nt

ro
ls

(G
ils

in
g

an
d

ot
he

rs
20

12
)

Ca
se

-c
on

tr
ol

H
ig

h
in

ta
ke

of
M

eI
Q

x
O

R
1.

87
(1

.4
4–

2.
44

)
Co

lo
n/

re
ct

um
16

45
co

nt
ro

ls
an

d
10

62
ca

se
s

(H
el

m
us

an
d

ot
he

rs
20

13
)

H
ig

h
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
68

(1
.2

9–
2.

17
)

Re
d

m
ea

t-
de

riv
ed

m
ut

ag
en

ic
ac

tiv
ity

O
R

1.
77

,(
1.

36
–2

.3
0)

Ca
se

-c
on

tr
ol

Fa
st

N
A

T2
ac

tiv
ity

&
hi

gh
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
70

(1
.0

6–
2.

75
)

Co
lo

n/
re

ct
um

10
16

ca
se

sa
nd

13
55

co
nt

ro
ls

(V
ou

ts
in

as
an

d
ot

he
rs

20
13

)
Fa

st
N

A
T2

ac
tiv

ity
&

hi
gh

in
ta

ke
of

M
eI

Q
x

O
R

1.
91

(1
.1

6–
3.

16
)

Fa
st

N
A

T2
ac

tiv
ity

&
hi

gh
in

ta
ke

of
Ph

IP
O

R
2.

14
(1

.3
1–

3.
49

)
Ca

se
-c

on
tr

ol
H

ig
h

co
ns

um
pt

io
n

of
re

d
m

ea
t

O
R

1.
8

(1
.5

–2
.2

)
Lu

ng
19

03
ca

se
sa

nd
20

73
co

nt
ro

ls
(L

am
an

d
ot

he
rs

20
09

)
H

ig
h

co
ns

um
pt

io
n

of
pr

oc
es

se
d

m
ea

t
O

R
1.

7
(1

.4
–2

.1
)

H
ig

h
in

ta
ke

of
Ph

IP
O

R
1.

5
(1

.2
–1

.8
)

H
ig

h
in

ta
ke

of
M

eI
Q

x
O

R
1.

4
(1

.2
–1

.7
)

H
ig

h
in

ta
ke

of
D

iM
eI

Q
x

O
R

1.
0

(0
.8

–1
.2

),
p t

re
nd

=
0.

09
H

ig
h

m
ut

ag
en

ic
ac

tiv
ity

O
R

1.
4

(1
.1

–1
.7

)
Ca

se
-c

on
tr

ol
H

ig
h

co
ns

um
pt

io
n

of
w

el
l-d

on
e

re
d

m
ea

t
O

R
1.

52
(0

.9
3–

2.
46

)
Pr

os
ta

te
53

1
ad

va
nc

ed
&

19
5

lo
ca

liz
ed

ca
se

sa
nd

52
7

co
nt

ro
ls

(4
0-

79
)

(J
oh

n
an

d
ot

he
rs

20
11

)
H

ig
he

rc
on

su
m

pt
io

n
of

ha
m

bu
rg

er
s

O
R

1.
79

(1
.1

0–
2.

92
)

M
ed

iu
m

-h
ig

h
in

ta
ke

of
Ph

IP
O

R
1.

42
(0

.9
8–

2.
04

)
M

eI
Q

x,
D

iM
eI

Q
x

no
si

gn
ifi

ca
nt

O
R

(C
on

ti
nu

ed
)

C© 2016 Institute of Food Technologists® Vol. 15, 2016 � Comprehensive Reviews in Food Science and Food Safety 293



Heterocyclic amines in cooked meat products . . .

Ta
bl

e
8–

Co
nt

in
ue

d.

St
ud

y
M

at
er

ia
l/

Co
nt

en
t

of
H

A
A

s

O
dd

s
ra

ti
o

O
R

/
re

la
ti

ve
ri

sk
RR

(9
5

%
CI

)a
Ca

nc
er

ty
pe

N
um

be
ro

fs
ub

je
ct

s
(a

ge
);

ca
nc

er
ca

se
s

Re
fe

re
nc

e

Ca
se

-c
on

tr
ol

H
ig

h
in

ta
ke

of
M

eI
Q

x
O

R
6.

07
(2

.2
4–

16
.4

)
Bl

ad
de

r
88

4
ca

se
sa

nd
87

8
co

nt
ro

ls
(L

in
an

d
ot

he
rs

20
12

)
H

ig
h

in
ta

ke
of

Ph
IP

O
R

2.
67

(1
.2

–5
.9

6)
H

ig
h

in
ta

ke
of

D
iM

eI
Q

x
O

R
3.

44
(1

.5
–7

.8
9)

M
ut

ag
en

ic
ac

tiv
ity

O
R

6.
32

(2
.5

1–
15

.9
4)

H
ig

h
re

d
m

ea
tc

on
su

m
pt

io
n

&
un

fa
vo

ra
bl

e
ge

no
ty

pe
s(

�
6)

O
R

5.
09

(2
.8

9–
8.

96
)

Ca
se

co
nt

ro
l

H
ig

h
co

ns
um

pt
io

n
of

ba
rb

ec
ue

d
m

ea
t

O
R

1.
35

(1
.0

1–
1.

79
)

Re
na

l
11

92
ca

se
sa

nd
11

75
co

nt
ro

ls
(D

an
ie

la
nd

ot
he

rs
20

11
)

H
ig

h
in

ta
ke

of
M

eI
Q

x,
Ph

IP
,D

iM
eI

Q
x

N
o

si
gn

ifi
ca

nt
O

R
Ca

se
-c

on
tr

ol
H

ig
h

in
ta

ke
of

M
eI

Q
x,

Ph
IP

,D
iM

eI
Q

x
N

o
si

gn
ifi

ca
nt

O
R

Br
ea

st
26

86
ca

se
sa

nd
35

08
co

nt
ro

ls
(M

ig
no

ne
an

d
ot

he
rs

20
09

)
Co

ho
rt

st
ud

y
H

ig
h

in
ta

ke
of

m
ea

tm
ut

ag
en

so
rh

ig
h

co
ns

um
pt

io
n

of
m

ea
t

N
o

si
gn

ifi
ca

nt
RR

Br
ea

st
12

07
55

po
st

-m
en

op
au

sa
l

w
om

en
,3

81
8

ca
se

so
f

in
va

si
ve

br
ea

st
ca

nc
er

(d
ur

in
g

8
ye

ar
s)

(K
ab

at
an

d
ot

he
rs

20
09

)

a
Ca

te
go

riz
ed

by
qu

ar
til

es
am

on
g

co
nt

ro
ls

Pl
ea

se
in

cl
ud

e
is

fo
ot

no
te

un
de

rt
he

ta
bl

e.

preferred the darker and very well-done beef patties, because they
liked a well-done appearance and roasted flavor, which resulted
in an increase of HAA levels by factors of 8.5 for MeIQx, 2 for
PhIP, 4.5 for norharman, and 2.4 for harman between the lightest
grilled (for 120 s) and darkest product grilled (for 180 s) (Gibis and
Weiss 2010). This shows that the preference of color and roasted
flavor plays a central role in the personal daily intake of HAAs. As
mentioned previously, the frequency of meat consumption and,
above all, the types of preparation result in different intake levels
of individual HAAs in different countries. Eating habits play also
an important role, whereby the contribution of individual foods
to the HAA intake was different (Rohrmann and others 2009).
Most of the daily intake of HAAs is of PhIP, followed by MeIQx
(Augustsson and others 1997; Keating and Bogen 2004).

In a study obtained from food-frequency questionnaires of 497
randomly sampled Chinese men and women from Singapore, the
assessed mean exposure to HAAs was approximately 50 ng/d; this
was 50% higher among younger (20 to 39 year-olds) compared
with older individuals (40 to 59 year- olds) (Wong and others
2005). In this assessment, PhIP, MeIQx, and 4,8-DiMeIQx were
the most abundant HAAs detected, and concentrations of total
HAAs ranged from <0.10 to 6.77 ng/g. The highest contents were
found for Chinese-style roasted pork. Generally, 7 meat-cooking
methods contributed 90.1% of this intake, namely, pan-fried fish,
pork, and chicken; deep-fried chicken and fish; roasted/barbecued
pork; and grilled minced beef (Wong and others 2005). The data
in Table 7 confirmed that there is a large range (50 to 1820 ng/d
per person) of exposure to HAAs between the different coun-
tries. One reason is the different frequency of meat consumption,
for example Greece had approximately a 30% lower frequency of
meat consumption than Spain (BVDF 2011), and the also different
preparation methods. Also the consumer preference of color and
roasted flavor plays a key role in the human exposure of HAAs.
Compared to data of meat consumption, the food-frequency ques-
tionnaires with images of different degrees of browning of each
preparation methods give additional information of the HAA-
intake, which was included in the some intake studies (Augustsson
and others 1997; Rohrmann and Becker 2002; Rohrmann and
others 2009).

Epidemiological data
Risk evaluation. The findings on the mechanisms of action

of HAAs and mutagenicity and carcinogenicity tests have caused
international associations which are concerned with estimating the
risks of potentially carcinogenic substances to try to classify HAAs
according to their risk. In addition, efforts are being made to issue
nutritional, preparation, and other recommendations to minimize
risks.

Most meat is consumed fried, grilled, or roasted, whereby the
HAA intake is related to the intake of meat. Many studies asso-
ciate high intake of meat, mainly red meat and processed meat,
with a high risk of an incidence of cancers, particularly colorectal
cancer. However, there is evidence also that this risk may not be
a function of meat as such, but may reflect high fat intake and/or
carcinogens generated through various home or restaurant cook-
ing and processing methods (Ferguson 2010). The cancer risk may
be modified by certain genotypes (Barbir and others 2012). The
key to the connection between meat and cancer is not the meat
itself, but the intake of carcinogenic substances, such as HAAs,
polyaromatic hydrocarbons or nitrosamines (Gevaart-Durkin and
de Peyster 2014). But not only carcinogenic substances in meat
but also other factors such as physical activities, or smoking which
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matters to the multifactoriality of the cancer development. Also
the combination of HAAs and with other ingredients such as fibers
showed the evidence that a diet high in dietary fiber sources may
reduce potentially carcinogenic effects of HAAs through chang-
ing their absorption and excretion (Ferguson 2010). Assessing this
risk, however, is exceedingly difficult. The carcinogenic effect has
been confirmed in animal trials. However, significantly higher
doses of HAAs were administered in these trials than are usually
ingested with the human diet. The intake of thermal mutagens
with food is low and is about 5 to 10 μg per meal (Skog and oth-
ers 1998b). Absorption, metabolization, and excretion of HAAs
are further important factors in estimating the risk (Turesky 2007).
On the one hand, further carcinogenic and tumor promoters are
also ingested along with HAAs in food, which can possibly en-
hance the carcinogenic effects of food components, such as heme
iron, or free radicals (Sugimura and others 2004; Irigaray and
Belpomme 2011). Otherwise, protective substances, such as an-
tioxidants, are also ingested alongside the toxic substances. These
can then combine with other food components and, thus, have
a positive bioactive effect (Forte and others 2008; Rahman and
others 2014).

It is difficult to establish a connection between food components
and various cancers as carcinogenesis is a very complex process oc-
curring over long time periods. Besides HAAs, other carcinogenic
compounds such as polycyclic aromatic hydrocarbons in red meat
and in addition to nitrosamines are present in processed meat.
However, human case control studies with a large number of
participants have shown an increasing risk of the incidence of dif-
ferent types of cancer in many cases, particularly colorectal cancer
and the high intake of MeIQx, PhIP, and DiMeIQx as well as a
high consumption of red meat or an increasing mutagenic activity
(Table 8). Nonetheless, the assumption that a connection between
the consumption of meat and processed meat and an increased risk
of cancer exists is strengthening. It is suggested in a personal rec-
ommendation by the World Cancer Research Fund that not more
than 500 g of red meat, including meat products, should be con-
sumed per week, and very little if any of this should be processed
meat (WCRF/AICR 2007). Red meat refers to beef, pork, lamb,
and goat (from domesticated animals), including that contained in
processed foods. The consumption of fish, poultry, and game is
preferable to that of pork, beef, and lamb. This recommendation
was issued because the consumption of the latter kinds, in contrast
to other types of meat, is now considered to be connected with
an increased risk of various tumors. Above all, no charred meat or
meat grilled directly over flames should be consumed. Carcino-
genic HAAs are produced with grilling and their intake should
be minimized by less frequent consumption of grilled products.
Gentler preparation methods are boiling, stewing, steaming, and
microwaving (Felton and others 1994; Rahman and others 2014).
It has already been determined that the individual genetic disposi-
tion for a fast or slow metabolization of HAAs in the body may play
a role in the development of colorectal cancer. Colorectal adenoma
risk was positively associated with PhIP, MeIQx, and DiMeIQx
(P trend = 0.006, 0.022, and 0.045, respectively) intake (Barbir
and others 2012). The phenotypes of sulfotransferases (SULT1A1)
also modified the effect of MeIQx on colorectal adenoma risk
(P > 0.01) such that the association of MeIQx intake with col-
orectal adenoma was stronger for slow than for normal metabo-
lizing phenotypes (Barbir and others 2012). It was determined in
studies that there is an increased risk of developing breast, lung
and others types of cancer with the consumption of red, strongly
roasted meat. However, some researchers could not show a con-

nection between HAA intake and the development of prostate
cancer (Norrish and others 1999). Nevertheless, they determined
that there is an increased risk of cancer for people who prefer to eat
well-roasted meat. Sinha and others (2000) investigated the effect
of different HAAs on the development of lung cancer in a further
study. MeIQx was the only HAA to have an increased effect on the
risk of lung cancer, while no effect could be detected for the other
HAAs investigated. In addition, they determined that an increase
in MeIQx intake of 10 ng results in an increase of 5% in the risk of
colorectal adenomas. A study carried out in the United States on
the connection between meat consumption and the development
of breast cancer came to the conclusion that HAA intake had no
effect on the risk of cancer (Delfino and others 2000). Although
not all studies have led to consistent results, epidemiological stud-
ies showed divergent results on pork and poultry (Joshi and others
2015). The whole meal composition of the dishes, the cooking
method of meat and lifestyle as physical activities and fiber intake
are very important for the effect of meat containing HAAs or
other carcinogenic compounds (Ferguson 2010). However, there
is now close consensus that an increased risk of cancer with high
consumption of red meat and meat products. The evidence that
red meat and processed meat is a cause of colorectal cancer is now
more convincing than in the mid-1990s (WCRF/AICR 2007).
For this reason, the IARC has now classified the consumption of
red meat as probably carcinogenic to humans (Group 2A), and
processed meat as carcinogenic to humans (Group 1), based on
sufficient evidence in humans that the consumption of processed
meat causes colorectal cancer (Bouvard and others 2015). The ex-
perts concluded that each 50 g portion of processed meat eaten
daily increases the risk of colorectal cancer by 18% (WHO-IARC
2015).

Conclusions
Meat develops a typical and desirable meat aroma and taste after

cooking. In addition, the main objective of heat processing is to
assure that the product is microbiologically safe. However, harm-
ful process contaminants, such as mutagenic and/or carcinogenic
HAAs, are formed in the Maillard reaction during the cooking
process. Various compounds are formed and others destroyed, in-
cluding beneficial nutrients. This overview concerning different
investigations in this research field enables us to learn more about
the formation, metabolism, reaction mechanisms, and factors af-
fecting the generation of HAAs. It may be possible to find future
approaches for further inhibition of their formation. The studies
presented here are of importance to meat product manufacturers
and consumers and may also persuade the industry that a proper
assessment of the human intake of HAAs in cooked meat is neces-
sary, with more and better detailed information about preparation
methods, knowledge about the reactions of precursors, food struc-
ture, and sensory preferences of consumers. Thus, consolidated
knowledge is required to reduce human exposure to HAAs and,
consequently, to minimize the risk of the incidence of cancer re-
lated to these compounds. The epidemiological results show that
the evidence concerning red meat and processed meat is stronger
than 20 years ago and that they are a convincing cause of col-
orectal cancer. The evidence for a high intake of HAAs has not
resulted in consistent findings, but some case-control studies show
an increased relative risk, or odds ratio, for a high intake of HAAs,
or the preference for very well-done meat products, could cause
colorectal cancer. Additional studies are needed to bridge this gap.
HAA formation in food should be taken into account by food
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manufacturers when food processes are designed concerning food
safety and quality.
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Dundar A, Sarıçoban C, Yılmaz MT. 2012. Response surface optimization of
effects of some processing variables on carcinogenic/mutagenic heterocyclic
aromatic amine (HAA) content in cooked patties. Meat Sci 91:325–33.

Edmonds CG, Sethi SK, Yamaizumi Z, Kasai H, Nishimura S, McCloskey
JA. 1986. Analysis of mutagens from cooked foods by directly combined
liquid chromatography-mass spectrometry. Environ Health Perspect
67:35–40.
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Skog K, Jägerstad M. 2005. Incorporation of 14C-glucose into mutagenic
heterocyclic amines. In: Labuza TP, Reineccius GA, Monnier VM,
O’Brien J, Baynes JW, editors. Maillard reactions in chemistry, food and
health. Cambridge, UK: Woodhead Publishing. p 147–52.

300 Comprehensive Reviews in Food Science and Food Safety � Vol. 15, 2016 C© 2016 Institute of Food Technologists®



Heterocyclic amines in cooked meat products . . .
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