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a b s t r a c t
This manuscript is reviewing the presence of substances of safety concern that may be generated in
different types of meat products. Such substances include N-nitrosamines that can be generated under
certain conditions when using nitrite as preservative, the polycyclic aromatic hydrocarbons generated as a
consequence of particular smoking processes, heterocyclic aromatic amines generated under particular
cooking conditions, compounds released from the oxidation of lipids and proteins, Maillard reaction
products like acrylamide and carboxymethyl lysine, and amines that can be generated and accumulated
in fermented meats. These hazardous compounds, their mechanisms of generation, risks for health and
ways of preventing its presence in meat products are brieﬂy described in this review.
© 2019 “Society information”. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Recent studies developed by the International Agency for Cancer
Research [1], classiﬁed red meats as group 2, probably or possibly
carcinogenic, and processed meats as group 1, carcinogenic. One of
the most relevant points in the report was the possibility to reduce
such negative effects if more knowledge would be available on the
substances responsible for such health concern as well as about
their mechanisms of formation and action [2].
In view that such report was particularly negative with processed meats, including cooked, cured and derived meat products,
there is an evident need to discern which are the substances responsible for the assessed carcinogenic effect. It is thus really important
to determine the presence of substances that may be considered
of safety concern, undesirable for human health, that may proceed
from raw materials or be generated during processing and/or com-
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mercialization of the ﬁnal meat product. Such substances constitute
a wide group of chemical compounds resulting from the interaction between the constituents of meat and process technology
factors like drying, heating, fermentation or cooking [3,4]. The most
outstanding, which are schematized in Fig. 1, are N-nitrosamines,
polycyclic aromatic hydrocarbons, heterocyclic aromatic amines,
lipids and proteins oxidation products, Maillard reaction and glycation products, and biogenic amines [3–8]. The accumulation of
such substances may be partially controlled during processing but
sometimes it is difﬁcult to avoid their presence unless the formation
mechanisms are known [5,9]. Most of these substances have not
been evaluated in a global way in the different meat products. The
assessment of the safety of meat products is of primary relevance
for health authorities but also for meat industry and distribution
companies. A primary step in such safety assessment is the knowledge of the substances considered of concern and its generation
routes. In this way, it would be possible to assess and design alternatives to reduce, minimize or even eliminate its presence in meat
products, in order to eliminate the risk and assure consumers safety.
The strategies are focused on the control of precursor substances
and generation routes, or even the modiﬁcation of formulations
and processing conditions [10]. All these hazardous compounds,
their mechanisms of generation, risks for health and ways of preventing its presence in meat products are brieﬂy described in this
review.
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Fig. 1. Scheme of the major substances of safety concern that may be generated in different types of meat products. MRP: Maillard reaction products and HAA: Heterocyclic
aromatic amines.

2. Major substances of safety concern generated in meat
products
2.1. N-Nitrosamines
Nitrosamines are found in a wide variety of foods. Its formation is due to the reaction of nitric oxide, as a nitrosating
agent generated from nitrite, with secondary amines [11]. The
reaction kinetics depends on several variables being favored by
high temperature, acid pH 2.5–3.5 with the amine protonated,
large amount of residual nitrite and longer time of storage. In
general, nitrite is rapidly depleted during processing and usually low amounts remain in the ﬁnal product [12]; however, this
depends on the initial amounts added to the product and the processing conditions. According to different surveys, the residual
nitrite content in a variety of fermented meat products is below
20 mg/kg [13]. On the other hand, nitrosation reaction is inhibited
by substances like ascorbic acid, erythorbic acid and ␣-tocopherol
[14]. Most common nitrosamines reported in meat products are
N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA),
N-nitrosopiperidine (NPIP), N-nitrosopirrolidine (NPYR) and Nnitrosomorpholine (NMOR) (Table 1). Several processing factors
can be linked to their formation like the combination of curing
mixtures with speciﬁc spices like pepper who might induce the
formation of NPIP. Therefore, in several regulations like FDA it is discouraged the combination of nitrites and nitrates with spices [15].
Nitrosamines have been analyzed in Belgian fermented sausages
[16], Estonian meat products [17], Spanish meat products [18]
and Danish meat products [14]. In general, the total amount of
nitrosamines remained below 5.5 g/kg. Very few products were
above such level. A survey of reports for nitrosamines content in
processed meat products within the European Union, revealed that

the mean content of NDMA was below 2.7 g/kg while NDEA was
below 0.9 g/kg. So, the sum of NDMA + NDEA was below 3.6 g/kg
which is quite a low value [13].
Nitrosamines have been object of intense debates because of
their carcinogenic activity and capacity for tumor induction in several organs like liver, kidney, pancreas, etc. [11]. In fact, volatile
nitrosamines are those with major carcinogenic activity being
NDEA the most powerful. Low doses of nitrosamines are proved
to exert carcinogenic effect on laboratory animals and this is why
health authorities are concerned with the use of nitrite in meat
products.
The formation of nitrosamines at elevated temperatures has
been evaluated in model systems in order to establish how different compounds may act as precursors. In this way, NDMA can
be formed from several amino compounds like glycine, choline,
lecithin, sarcosine, creatine, creatinine and betaine. Alanine can
also produce NDEA in model systems while proline, putrescine and
spermidine could originate NPYR [8]. The nitrosamine formation in
meat products is affected by meat composition and processing.
In order to induce the formation of N-nitrosamines in meat products, precursors must be present at very high concentrations, higher
than those naturally present in meat products, and be subjected to
intense processing conditions [8].
NDEA formation can be also produced during the aging of pork
meat subjected to a nitration process due to the production of precursors such as the carbonyl formed in protein and lipid oxidation
and the degradation of sarcoplasmic proteins during aging [19].
It should be taken into account that nitrosating agents can
be introduced in meat products not only from the direct addition of curing salt but also from other natural sources like the
nitrate/nitrite present in spices and herbs and other vegetable
sources. The current practice in clean labelled meat products
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Table 1
Main substances of safety concern, its mechanism of generation and health risks. (See abbreviations in text).
Substances of safety
concern

Major representatives

Mechanisms of generation

Risks for health

References

Nitrosamines

NDMA, NDEA, NPIP, NPYR

Carcinogenicity

[11]

Polycyclic aromatic
hydrocarbons (PAH)

benzo(a)pyrene (BaP),
benzo(a)anthracene (DahA),
benzo(b)ﬂuoranthene (BbF),
chrysene
2-amino-1methyl-6fenilimidazol(4,5b)pyridine
(PhIP), and 2-amino-3,8dimethylimidazol(4,5f)quinoxiline
(MeIQx).
Oxidized amino acids:
formation of carbonyl
groups, thiol oxidation and
aromatic hydroxylation.

Reaction of nitric oxide, as a
nitrosating agent generated from
nitrite, with secondary amines
Generated during the thermal
decomposition of wood in the smoking
of meat products, especially under
limited oxygen access
Formed through the reaction of amino
acids alone or majorly, with creatine or
creatinine under high heating
temperatures

Carcinogenicity and
mutagenicity

[25,26,32]

Mutagenicity and
carcinogenicity

[4,34]

Lower nutritive value due
to the loss of essential
amino acids and reduced
digestibility

[43,44]

Lower nutritive value and
poor sensory quality. Affect
aging and cardiovascular
system. Cholesterol oxides:
affect arteriosclerotic
plaques. Mutagenicity,
carcinogenicity and
cytotoxicity
Associated with chronic
metabolic diseases (i.e.
obesity, diabetes,
cardiovascular)
Carcinogenicity

[49,51,52]

Vasoactive and
psychoactive reactions

[72,73]

Heterocyclic amines
(HAA)

Protein oxidation
products

Lipid oxidation
products

Oxidized fatty acids,
oxylipins, cholesterol oxides

Maillard reaction
products (MRPs)

Furosine, acrylamide,
heterocyclic amines (HCAs),
5-Hydroxymethylfurfural
(HMF), advanced glycation
end products (AGE) and
melanoidins
Tyramine, histamine and
phenylethylamine

Biogenic amines

Proteins oxidation of the lateral chain
of amino acids. In fermented meats is
produced by hydrogen peroxide
generated from peroxide-forming
bacteria
Lipid oxidation is a free radical
mechanism consisting in 3 steps:
Initiation, propagation and
termination. Induced by processing.

Generated during the thermal
treatment of meat products by
non-enzymatic browning reactions
where amino groups (amino acids)
reacts with reducing sugars.
Formed in fermented meat products
from amino acids by microorganisms
with decarboxylase activity

(nitrite free) by using plant powders containing high nitrate contents that can be reduced to nitrite [20] may be an additional source
for the formation of nitrosamines [21].
The contribution of spices like black pepper to NPIP formation
was demonstrated with mixtures of spices and nitrite that generated N-nitrosamines, mainly NPIP and NPYR. This is due to the
presence of NPIP precursors in black pepper like pyrroperine, pyrrolidine, piperine and piperidine [8], although it was proved that
nitrosamine formation in premixes with spices and nitrite depends
on storage conditions and the processing of the spices which affect
its composition [15].
However, the presence of other additives in meat products may
affect the reaction of nitrite/nitrate. For example, the use of lecithin
as emulsifying agent in meat products may produce the formation
of NDMA due to the presence of choline, a quaternary ammonium
compound that during heating may be decomposed into trimethylamine which will react with nitrite by demethylation [22].
Nevertheless, other sources of nitrosamine formation have been
studied using a dynamic in vitro digester that investigated the combined effect of meat cooking and nitrite on protein physicochemical
changes. Evidence that ammonia oxidation may contribute to
endogenous nitrite formation was found and this fact could explain
the increase in the amount of nitrosamines that may be formed in
the gastro-intestinal tract [23]. This may be one of the explanations for the modest but signiﬁcant association between red meat
consumption and the risk of cancer reported by the International
Agency for Research on Cancer [1].
2.2. Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons (PAH) are generated during
the thermal decomposition of wood in the typical smoking of meat

[62–64]

products, especially under limited oxygen access. PAH are characterised by having 2 or more aromatic rings, largely lipophylic.
The critical factor is the temperature for smoke generation because
there is a lineal PAH increase with the temperature [24].
Most PAH are carcinogenic and mutagenic and thus, they can
contribute to cancer in humans if consumed regularly in the diet
[25,26]. PAH interact in the organism with diverse enzymes generating PAH di-hydrodiol derivatives which are carcinogenic due to
their ability to form covalent bindings with proteins and nucleic
acids. The PAH content in smoked meat products is affected by
many variables like the type of wood, the environmental conditions
and diffusion processes through the packaging material [24,27] also
the thermal treatment conditions like temperature, time of treatment, distance from the source of heating, fat content and presence
of oxygen [28–30].
The new European Union Regulation on the use of smoking
aromas [31] controls the presence of PAH but the real risks
happen in traditional smoking houses where uncontrolled conditions might take place and where there arepoor technological
knowledge and hygienic conditions. PAH controlled by EU Directives 2005/10/EC and, 2005/108/EC are: benzo[a]anthracene
(BaA), benzo[b]ﬂouranthene (BbF), benzo[j]ﬂuoranthene (BjF),
benzo[k]ﬂuoranthene (BkF), benzo[g,h,i]perylene (BjhiP), chrysene (CHr), benzo[a]pyrene (BaP), dibenzo[ah]anthracene
(DahA), dibenzo[ae]pyrene (DaeP), dibenzo[ah]pyrene (DahP),
dibenzo[ai]pyrene (DaiP), dibenzo[al]pyrene (DalP), inde(IcdP)
y
5-methylchrysene.
Initially,
nol[1,2,3 cd]pyrene
benzo[a]pyrene (BaP) was used as a marker of PAH in smoked
foods. However, it only accounts for up to 20% of the total PAH
and could not be maintained [32], so that new maximum levels for
the sum of four substances (PAH4) consisting of benzo(a)pyrene,
benzo(a)anthracene, benzo(b)ﬂuoranthene and chrysene (Table 1),
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or eight speciﬁc substances (PAH8) were considered as the most
suitable indicators of PAH in the meat product [31]. According to such Regulation [31], the maximum levels (g/kg) of
benzo(a)pyrene in smoked meat and smoked meat products were
stated as 2,0 g/kg since September 2014 and in the case of PAH4
they were 120 g/kg as from September 2014.
2.3. Heterocyclic aromatic amines
Heterocyclic aromatic amines (HAA) are formed through
the reaction of amino acids alone or majorly, with creatine
or creatinine under high heating temperatures like those
found in cooking [3]. The main classes are aminoimidazolquinolines and aminoimidazol-pyridines. Major exposition
to HAA is mainly due to the presence of 2-amino-1methyl6-fenilimidazol(4,5b)pyridine
(PhIP),
and
2-amino-3,8dimethylimidazol(4,5f)quinoxiline (MeIQx) (Table 1). Other
minor HAA are 2-amino-9Hpyrido(2,3b)indol (AC), 2-amino3,4dimethylimidazol(4,5f)quinoline (IQ), 2-amino-3,4,8-trimethy
limidazol(4,5f)quinoxiline (DiMeIQx) [34]. HAA have been reported
to be mutagenic and carcinogenic [4] and are related to the
development of certain types of cancer [33,34].
The mechanisms involved in the carcinogenic potential of HAA
in meat are not clearly understood. HAAs are not considered important for the carcinogenic potential of meat although they are
carcinogenic in animal experiments but at higher levels than those
present in foods. Furthermore, Croos and Sinha [35] reported that
the mutagenic potential of HAAs depends on metabolization. In
fact, in a study of the mechanisms linking colorectal cancer to
the consumption of (processed) red meat [34], it was indicated
that HAAs carcinogenic potential depend on the extent of metabolization and also on individual differences in intestinal microﬂora
which may affect the carcinogenic activity. Therefore, the genetic
factors seem to be the main factor in meat associated with HAA
carcinogenicity [34].
Cooking processes generating major amounts of HAA are frying, roasting, barbecue and grilling due to the high temperatures
reached [30,36]. However, they are slowly generated during baking and cooking at low temperatures [37]. The precursors for HAA
generation in meat products cooked at high temperatures are creatine and creatinine and also nitrogen bases and nucleosides [38].
The formation of HAA is determined by the meat cooking technique
and degree of doneness so that guidelines for meat cooking are considered appropriate to decrease HAA content [39,40]. However, it
is not possible to determine the content of HAA only from color
measurements because other factors like precursor concentration
and presence of water and fat in the meat product may affect their
generation [41,42]. So, many factors should be taken into account
in order to minimize the formation of HAAs.
2.4. Proteins oxidation products
Proteins oxidation results in a lower nutritive value due to the
loss of essential amino acids as well as a reduced digestibility, but
also to lower sensory quality due to its effects on poorer color, lower
water retention and damaged texture. Furthermore, changes in
meat product yield during processing has been related to increases
in protein carbonyl content and cross-linkage among myoﬁbrillar
and sarcoplasmic proteins [43].
Proteins oxidation mainly affects the lateral chain of amino acids
and may be reversible (i.e. sulﬁdryl groups of cysteins, conjugation with glutathione or sulfenic acid, and methionine oxidation
to methionine sulfoxide) or irreversible (generation of carbonyl
groups in lysine, proline, arginine and threonine that are used as
markers of oxidative damage of proteins). Such oxidized proteins
may accumulate into the meat product [43].
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Proteins may be largely oxidized in those fermented meats
where hydrogen peroxide can be generated by peroxide-forming
bacteria. The oxidation of amino acids results in the formation of
carbonyl groups, thiol oxidation and aromatic hydroxylation [44]
(Table 1). Cysteine is oxidized to sulﬁnic acid and partly to cysteic
acid [45]. Homocystine can generate homolanthionine sulfoxide
[46]. Methionine is oxidized majorly to methionine sulfoxide but
also to methionine sulfone [47]. A recent study showed methionine oxidation in 6% to 35% of peptides derived from nebulin, titin,
myosin heavy chains, and troponin I proteins [48].
2.5. Lipids oxidation products
Lipids oxidation results in a lower nutritive value and poor sensory quality due to color deterioration and formation of strange
aromas, mainly rancid aromas. Fatty acids with unsaturations are
more prone to oxidation [49]. However, some lipid oxidation is
necessary to develop characteristic aroma of meat products [50].
Lipid oxidation follows a free radical mechanism consisting in 3
steps: Initiation, propagation and termination. Hydroperoxides are
the primary products of oxidation but they are ﬂavorless while
the secondary products of oxidation can contribute to off-ﬂavors,
color deterioration and potential generation of toxic compounds
[51]. Lipid oxidation may also be induced by hydrogen peroxide
generated by peroxide-forming bacteria grown during meat fermentation. Some products of lipid oxidation have been reported to
contribute to aging, cancer and cardiovascular diseases (Table 1).
Cholesterol oxidation may also occur generating cholesterol
oxides that constitute a health concern because of their role in
arteriosclerotic plaques and also as mutagenic, carcinogenic and
cytotoxic [52].
The presence of cholesterol oxides in animal food products depends on fatty acid, cholesterol contents and processing
conditions [53] but also cooking, storage, and reheating methods
affects their formation [54]. The use of microwave and oven grilling
processes may result in higher production of cholesterol oxides in
processed meat as compared with other cooking methods. In addition, the refrigerated storage and the further reheating produce an
increase of cholesterol oxides [54] although other techniques used
for meat product preservation affect their formation like in e-beam
irradiated meat products [53]. Furthermore, the cholesterol oxides
formation has been inhibited by the presence of several vitamins
in beef patties like pyridoxamine (B6), l-ascorbic acid (Vitamine C),
retinoic acid (Vitamin A), and ␣-(±)-tocopherol (Vitamin E) [55]. All
these facts show that the formation of cholesterol oxides in meat
products is affected not only by meat product composition but also
by processing and storage conditions.
No cholesterol oxides have been detected after heating of pork
sausages [56]. The generation of cholesterol oxides in European
fermented sausages has been reported to be low, up to 1.5 g/g
with a very low percentage (<0.17%) of cholesterol oxidation [57].
Such amount is below the dose of concern based on in vivo assays
with laboratory animals [58]. The major cholesterol oxide found
in Italian sausage was reported to be 7-ketocholesterol while
5,6␣-5,6-epoxycholesterol was the major end-product in the other
analyzed sausages [57].
The presence of oxylipins in meat and meat products may also
be of concern, as these oxylipins are hydroperoxides, epoxides
and oxidation products of polyunsaturated fatty acids (PUFA). The
oxylipins developed from linoleic acid are leukotoxins (LTX), and
leukotoxin diols (LTXD) that have been shown to possess adverse
effects on rats [59]. Several of these oxylipins have been identiﬁed
and quantiﬁed in mechanically deboned meat in a concentration
that may be of concern [60]. However, their impact in meat products is not clear yet. Song et al. [61], reported the presence in several
cured meat products, of Ltx and Ltxd in a range of 0.77–6.90 g/g
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and 0.17–3.93 g/g, respectively. However, they reported that the
amounts of Ltxds after ingestion might be much higher.
2.6. Maillard reaction products
Maillard reactions take place during the thermal treatment of
some meat products. Such reactions, also known as non-enzymatic
browning reactions, are characterised by amino groups (amino
acids) reacting with reducing sugars. Maillard reactions start with
the formation of Amadori compounds, followed by stages where
advanced glycation end products are generated. The accumulation
of such end products is associated with cronic metabolic diseases
(i.e. obesity, diabetes, cardiovascular) and, subsequently, to degenerative crhonic sickness [62].
The complexity of the Maillard reaction products (MRPs) is
mainly due to the presence of initial, intermediate and ﬁnal
stages compounds that produce different ﬂavor and aroma in
processed foods [63] and reduce their nutritional quality, particularly by reducing protein digestibility [64]. Reports have linked
MRPs to the nutritional quality of food and the most important
compounds are furosine, acrylamide, heterocyclic amines (HCAs),
5-Hydroxymethylfurfural (HMF), advanced glycation end products
(AGE) and melanoidins that are present in processed foods from
animal and vegetal origins [64] (Table 1). However, the ones who
have been related to toxic and carcinogenic effect are HMF, acrylamide, HCAs, and AGE although the normal dietary exposure to
acrylamide, HCA and HMF is low [64]. Even though numerous
studies related AGE products with disease and health, the relationship between AGE properties and biological activities remains still
unclear [65]. Different approaches have been suggested to control
the presence of MRP in foods such as those to prevent the formation
of undesirable MRP compounds through controlling the processing
conditions and the use of external agents to avoid their formation
like the correct choice of ingredients [66].
A typical representative of such compounds is carboxymethyl
lysine [67]. Maillard reactions can also generate acrylamide,
through the reaction of asparagine with glucose, which contributes
to neurotoxic [68] and carcinogenic troubles in humans.
Acrylamide has been classiﬁed by the International Agency for
research on Cancer as probably carcinogenic to humans [69]. It is
formed during thermal processing such as frying or baking but its
formation is favored by low water content. Generally, its presence
is in the food surface due to the high temperature reached at the
surface and the lowest water content [66]. In the case of meat, acrylamide formation during grilling, frying and baking of beef minced
meat containing only sodium chloride as ingredient is low and only
carboxymethyllysine was detected although at low levels when the
meat was baked at high temperatures (300 ◦ C) [70].
Furosine (2-furoil methyl lysine) is formed by acid hydrolysis
of the Amadori compounds and is used as indicative of the intensity of the thermal treatment of processed foods, among them
cooked meat products [70]. Furosine might also serve as index of
potential generation of glycation end products. Studies regarding
the cytotoxicity of Maillard Reaction Products (MRP) formed from
deﬁned amino acids or dipeptides with ribose, glycerinaldehyde or
methylglyoxal has shown that MRP were cytostatic and the Maillard modiﬁed peptides were more effective than their amino acids
although the compounds responsible for these activities were not
elucidated [71].
2.7. Biogenic amines
Biogenic amines are formed by decarboxylation of amino
acids and are generally found in fermented sausages that used
microorganisms with decarboxylase activity [72]. The generation
of biogenic amines depends on processing conditions being favored

by the type of starter culture if having decarboxylase activity, high
temperature and acid pH values. The potential risk of biogenic
amines for consumersh́ealth is more related to tyramine, histamine
and phenylethylamine that are associated to vasoactive and psychoactive reactions [73].
The main concern with the high content of biogenic amines, such
as histamine or tyramine, in food products is the absence of any
effect on the sensory characteristics so that consumers are unaware
of their presence and thus, unable to reject these products [74].
The production of biogenic amines in fermented products is
mainly due to lactic acid bacteria although the decarboxylase activity responsible for its production is often related to strains rather
than to species or genera [6]. Therefore, the use of starter culture
should be based on the careful selection of LAB starters lacking the
pathways for biogenic amine formation.
After ingestion, histamine intoxication/intolerance may be produced but more sensitive reactions may be observed for those
consumers medicated with inhibitors of monoamino oxidase or
diamino oxidase [72]. There are two major groups of amines. One is
formed by aromatic amines including tyramine, phenylethylamine,
histamine and tryptamine, and the second one aliphatic amines
that include putrescine, cadaverine and agmatine [73].

3. Measures to prevent the generation of hazardous
substances in meat products
There are several preventive measures that can be done in order
to reduce the generation of hazardous substances in meat products
and are summarized in Table 2. So, the strategies to reduce the
presence of nitrosamines in meat products are mainly addressed
towards the reduction in the levels of nitrite added to the product
and use only those really necessary for preservation purposes [13].
Another strategy is the addition of ascorbate or erythorbate to
reduce the amount of nitrous acid. In fact, ascorbate is preferred
to ascorbic acid because it reacts with nitrite 240 times faster
than does ascorbic acid and the reductant activity increases with
increasing pH [11].
Some strategies for reducing PAH presence in smoked meat
products consist of ﬁltering particles, using cooling traps, reducing temperatures and/or reducing the time of the process. Another
option is the application of liquid smoke, obtained through distillation and subsequent condensation of volatile compounds, on the
surface of the meat product. Another strategy is the use of 0.1%–1.0%
smoke ﬂavorings, produced from Primary Products obtained from
woods after speciﬁc pyrolisis and extraction protocols. In any case,
the Primary Products must be checked for the presence of polycyclic
aromatic hydrocarbons [75,76]. Furthermore, the use of different
packaging systems may produce a considerable effect on reducing PAHs levels [77]. The use of a low density polyethylene (LDPE)
was proposed to reduce PAH in liquid smoke ﬂavorings [78] and in
smoked meat [77].
In the case of heterocyclic amines, the best preventive measure
is to control the temperature and time of cooking, especially in
roasting, barbecue and grill, and avoid excessive high temperatures
[36]. Other cooking strategies consist in avoid the direct contact of
the food with naked ﬂame or charcoal, wrapping in aluminum foil,
precook the meat prior to grill to reduce the time on the grill and
ﬁnally, the use of foodstuffs containing phenolic antioxidants that
may be useful to reduce the levels of HAA produced [41]. Also an
adapted formulation or diet containing antioxidants with phenolic
or polyphenolic moieties that can act as HAA inhibitors because
they can scavenge reactive radicals involved in the mechanism
of HAA formation [79]. Such antioxidants are mainly ﬂavonoids,
terpenoids and catechins [80]. Another strategy is to lower HAA
bioaccessibility by reducing the ability of HAA to pass through the
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Table 2
Strategies for preventing the generation of substances of safety concern in meat products.
Substances of safety concern

Preventive measures

Mechanisms of action

Avoid or reduce the amount of added nitrite

Less nitrite implies lower reaction with
secondary amines. and less formation of
nitrosamines.
Reduction of nitrous acid available to react
with secondary. amines and therefore less
nitrosamines formed.
Reduce the formation of NPIP and NPYR due to
the decrease in the presence of NPIP
precursors in spices like pepper (pyrroperine,
pyrrolidine, piperine and piperidine)
Reduction of sources of PAH formation.
Reduction of reaction rates for PAH formation.

Nitrosamines
Addition of ascorbate, erythorbate and/or
␣-tocopherol
Discourage the combination of nitrites and
nitrates with spices

Polycyclic aromatic
hydrocarbons

Use of cooling traps to ﬁlter particles
Reduction of temperature and time of
processing
Use of smoking ﬂavorings
Use of speciﬁc packaging materials

Heterocyclic amines

Reduce temperature and time of cooking
Use of coatings on the meat product surface
Addition of antioxidants
Addition of antioxidants

Protein and lipids oxidation
products

Maillard reaction products

Biogenic amines

Use of vacuum in mixing and mincing
Protection from light
Use of starter cultures with catalase and
superoxide dismutase activity
Restrict the use of starter cultures with
lipoxygenase activity
Inhibition of cholesterol oxides formation by
vitamins (B6, C, A, E)
Inhibition of acrylamide formation by the
addition of sulphite
Adding amino rich product as a competitive
amino acids to prevent acrylamide formation
Control decarboxylase activity in starters used
for meat fermentation

gastrointestinal barrier, for instance, through adsorption of HAA to
ﬁbers that are excreted [9].
In the case of protein and lipid oxidation, preventive measures
consist basically on the addition of antioxidants, selection of starter
cultures with catalase and superoxide dismutase (antioxidant
activity) but lacking oxidative enzymes (i.e.- lipoxygenase), avoidance of exposition to light, and the use of vacuum in mixing and
mincing, and packaging to avoid oxygen entrapment and its consequent oxidative processes [10]. Cholesterol oxidation may be prevented by the presence of vitamins like vitamins B6, C, A and E [55].
Regarding Maillard reaction products, a proposed strategy to
inhibit acrylamide formation is the addition of sulphite that mitigates its formation although the use of sulphites is strictly regulated
due to their problems associated with allergy and thiamine absorption interference [66]. Other strategies have been focused on the
addition of a competitive amino acid group by adding an aminorich product to compete with the precursors present in the product.
For example, the addition of the added amino acid to compete with
asparagine during the Maillard reaction; however some of these
strategies can affect the sensory quality of the product [66].
Preventive measures to reduce the generation of biogenic
amines are basically the good hygienic quality of raw materials
(meat and ingredients) and the careful control of the type of starter
culture and processing conditions [81,82].
4. Conclusions
A wide variety of substances of safety concern may be generated in meat products depending on the type of processing. The

Primary products used as source are checked
for absence of PAH.
Low density polyethylene reduces PAH
formation.
Reduction of reaction rates for HAA formation.
Avoids direct contact between meat surface
and the ﬂame or charcoal.
Scavenging of reactive radicals involved in
HAA formation.
Scavenging of oxygen reactive radicals and
protection against oxidation.
Avoids oxygen entrapment and oxidation.
Reduces oxidation by radiation
Antioxidant activity.

References
[5,8,11,13]

[5,75–78]

[36,41,79,80]

[10,55]

Oxidative activity that must be restricted.
Reduces oxidation
Sulphite that mitigate acrylamide formation
The addition of an amino-rich product
competes with the precursors present in the
product.
Decarboxylase transforms certain free amino
acids into amines.

[66]

[10,82]

generation of nitrosamines are associated to the use of nitrite as
preservative, polycyclic aromatic hydrocarbons to particular smoking processes, and biogenic amines to speciﬁc microorganisms in
fermentation. Heterocyclic aromatic amines may be generated in
any type of meat product that is subjected to intense cooking.
Other substances released from the oxidation of lipids and proteins,
and/or Maillard reactions may appear in meat products depending on the presence of additional compounds (i.e. free radicals in
the case of oxidation, or reducing sugars in the case of Maillard
reaction) and determined variables like temperature, time, water
activity and pH. Finally, the presence of spices in a variety of meat
products may produce an impact on the mechanism of formation
of these compounds due to their potential to inactivate free radicals generated as intermediates in these reactions. The generation
of all these hazardous substances may be prevented if appropriate caution and good manufacturing practices are taken during
processing.
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[33] P. Jakszyn, A. Agudo, R. Ibañez, R. García-Closas, G. Pera, P. Amiano, C.A.
González, Development of a food database of nitrosamines, heterocyclic
amines, and polycyclic aromatic hydrocarbons, J. Nutr. 134 (2004) 2011–2014.
[34] D. Demeyer, B. Mertens, S. De Smet, Mechanisms linking colorectal Cancer to
the consumption of (processed) red meat: a review, Crit. Rev. Food Sci. Nutr.
56 (2016) 2747–2766.
[35] A.J. Cross, R. Sinha, Meat-related mutagens/carcinogens in the etiology of
colorectal cancer, Environ. Mol. Mutagen. 44 (2004) 44–55.
[36] Uu. Rahman, A. Sahar, M.I. Khan, M. Nadeem, Production of heterocyclic
aromatic amines in meat: chemistry, health risks and inhibition. A review,
LWT Food Sci. Technol. 59 (2014) 229–233.
[37] O.P. Soladoye, P. Shand, M.E.R. Dugan, C. Gariépy, J.L. Aalhus, M. Estévez, M.
Juárez, Inﬂuence of cooking methods and storage time on lipid and protein
oxidation and heterocyclic aromatic amines production in bacon, Food Res.
Int. 99 (2017) 660–669.
[38] A. Szterk, Heterocyclic aromatic amines in grilled beef: the inﬂuence of free
amino acids, nitrogenous bases, nucleosides, protein and glucose on HAAs
content, J. Food Compos. Anal. 40 (2015) 39–46.
[39] M. Gibis, M. Kruwinnus, J. Weiss, Impact of different pan-frying conditions on
the formation of heterocyclic aromatic amines and sensory quality in fried
bacon, Food Chem. 168 (2015) 383–389.
[40] A. Szterk, M. Roszko, K. Malek, M. Kurek, M. Zbiec, B. Waszkiewicz-Robak,
Proﬁles and concentrations of heterocyclic aromatic amines formed in beef
during various heat treatments depend on the time of ripening and muscle
type, Meat Sci. 92 (2012) 587–595.
[41] M.S. Alaejos, A.M. Afonso, Factors that affect the content of heterocyclic
aromatic amines in food, Compr. Rev. Food Sci. Food Saf. 10 (2011) 52–108.
[42] F. Lu, G.K. Kuhnle, Q. Cheng, Heterocyclic amines and polycyclic aromatic
hydrocarbons in commercial ready-to-eat meat products on UK market, Food
Control 73 (2017) 306–315.
[43] W. Zhang, S. Xiao, D.U. Ahn, Protein oxidation: basic principles and
implications for meat quality, Crit. Rev. Food Sci. Nutr. 53 (2013) 1191–1201.
[44] M. Morzel, P. Gatellier, T. Sayd, M. Renerre, E. Laville, Chemical oxidation
decreases proteolytic susceptibility of skeletal muscle myoﬁbrillar proteins,
Meat Sci. 73 (2006) 536–543.
[45] J.W. Finley, E.L. Wheeler, S.C. Witt, Oxidation of glutathione by
hydrogen-peroxide and other oxidizing-agents, J. Agric. Food Chem. 29 (1981)
404–407.
[46] S.H. Lipton, C.E. Bodwell, A.H. Coleman, Amino-acid analyzer studies of
products of peroxide oxidation of cystine, lanthionine, and homocystine, J.
Agric. Food Chem. 25 (1977) 624–628.
[47] P. Slump, H.A. Schreuder, Oxidation of methionine and cystine in foods
treated with hydrogen-peroxide, J. Sci. Food Agric. 24 (1973) 657–661.
[48] M. Gallego, L. Mora, M.C. Aristoy, F. Toldrá, Evidence of peptide oxidation
from major myoﬁbrillar proteins in dry-cured ham, Food Chem. 187 (2015)
230–235.
[49] E.N. Frankel, Recent advances in lipid oxidation, J. Sci. Food Agric. 54 (1991)
495–511.

M. Flores et al. / Food Science and Human Wellness 8 (2019) 244–251
[50] J.D. Wood, R.I. Richardson, G.R. Nute, A.V. Fisher, M.M. Campo, E. Kasapidou,
P.R. Sherad, M. Enser, Effects of fatty acids on meat quality: a review, Meat Sci.
66 (2004) 21–32.
[51] J. Kanner, Oxidative processes in meat and meat-products - quality
implications, Meat Sci. 36 (1994) 169–189.
[52] F. Guardiola, R. Codony, P.B. Addis, M. Rafecas, J. Boatella, Biological effects of
oxysterols: current status, Food Chem. Toxicol. 34 (1996) 193–211.
[53] J.J. Lozada-Castro, M.J. Santos-Delgado, L.M. Polo-Díez, Determination of free
cholesterol oxide products in food samples by gas chromatography and
accelerated solvent extraction: inﬂuence of electron-beam irradiation on
cholesterol oxide formation, J. Sci. Food Agric. 96 (2016) 4215–4223.
[54] M.I. Khan, J.-S. Min, S.-O. Lee, D.G. Yim, K.-H. Seol, M. Lee, C. Jo, Cooking,
storage, and reheating effect on the formation of cholesterol oxidation
products in processed meat products, Lipids Health Dis. 14 (2015) 89.
[55] D. Wong, M. Wang, Inhibitory activities of some vitamins on the formation of
cholesterol oxidation products in beef patties, J. Agric. Food Chem. 61 (2013)
8471–8476.
[56] S.R. Baggio, N. Bragagnolo, The effect of heat treatment on the cholesterol
oxides, cholesterol, total lipid and fatty acid contents of processed meat
products, Food Chem. 95 (2006) 611–619.
[57] D.I. Demeyer, M. Raemakers, A. Rizzo, A. Holck, A. De Smedt, B. Ten Brink, B.
Hagen, C. Montel, E. Zanardi, E. Murbrek, F. Leroy, F. Vanderdriessche, K.
Lorentsen, K. Venema, L. Sunesen, L. Stahnke, L. De Vuyst, R. Talon, R.
Chizzolini, S. Eerola, Control of bioﬂavor and safety in fermented sausages:
ﬁrst results of a European project, Food Res. Int. 33 (2000) 171–180.
[58] S. Boesinger, W. Luf, E. Brandl, ’Oxysterois’: their occurrence and biological
effects, Int. Dairy J. 3 (1993) 1–33.
[59] T. Püssa, Toxicological issues associated with production and processing of
meat, Meat Sci. 95 (2013) 844–853.
[60] T. Püssa, P. Raudsepp, P. Toomilk, R. Pällin, U. Mäeorg, S. Kuusik, R. Soidla, M.
Rei, A study of oxidation products of free polyunsaturated fatty acids in
mechanically deboned meat, J. Food Compos. Anal. 22 (2009)
307–314.
[61] H. Song, H. Wu, Z. Geng, C. Sun, S. Ren, D. Wnag, M. Zhang, F. Liu, W. Xu,
Simultaneous determination of Ltx and Ltxd in cured meat products by
LC/MS/MS, Food Chem. 210 (2016) 338–343.
[62] N. Ahmed, Advanced glycation endproducts - role in pathology of diabetic
complications, Diabetes Res. Clin. Pract. 67 (2005) 3–21.
[63] G. Vistoli, D. De Maddis, A. Cipak, N. Zarkovic, M. Carini, G. Aldini, Advanced
glycoxidation and lipoxidation end products (AGEs and ALEs): an overview of
their mechanisms of formation, Free Radic. Res. 47 (2013) 3–27.
[64] N. ALjahdali, F. Carbonero, Impact of Maillard reaction products on nutrition
and health: current knowledge and need to understand their fate in the
human digestive system, Crit. Rev. Food Sci. Nutr. 59 (2019)
474–487.
[65] J.-A. Lin, C.-H. Wu, G.-C. Yen, Perspective of advanced glycation end products
on human health, J. Agric. Food Chem. 66 (2018) 2065–2070.

251

[66] C. Rannou, D. Laroque, E. Renault, C. Prost, T. Serot, Mitigation strategies of
acrylamide, furans, heterocyclic amines and browning during the Maillard
reaction in foods, Food Res. Int. 90 (2016) 154–176.
[67] M. Ahmed, S. Thorpe, J. Baynes, Identiﬁcation of
n-epsilon-carboxymethyllysine as a degradation product of fructoselysine in
glycated protein, J. Biol. Chem. 261 (1986) 4889–4894.
[68] P.M. Lequesne, Clinical and morphological ﬁndings in acrylamide toxicity,
Neurotoxicology 6 (1985) 17–24.
[69] IARC, Evaluation of Carcinogenic Risks to Humans. Some Industrial
Chemicals: Acrylamide, vol. 60, Monograph of International Agency for
Research on Cancer, WHO, Lyon, France, 1994, pp. 389–434.
[70] A.J.B. Trevisan, D.A. Lima, G.R. Sampaio, R.A.M. Soares, D.H.M. Bastos,
Inﬂuence of home cooking conditions on Maillard reaction products in beef,
Food Chem. 196 (2016) 161–169.
[71] C. Pompei, A. Spagnolello, Inﬂuence of tumbling and dextrose on furosine
content in cooked ham, J. Sci. Food Agric. 45 (1997) 4080–4083.
[72] S. Muscat, M. Pischetsrieder, A. Maczurek, R. Rothemund, G. Münch,
Cytotoxicity of Maillard reaction products determined with a peptide spot
library, Mol. Nutr. Food Res. 53 (2009) 1019–1029.
[73] D.M. Linares, M.C. Martín, V. Ladero, M.A. Álvarez, M. Fernández, Biogenic
amines in dairy products, Crit. Rev. Food Sci. Nutr. 51 (2011) 691–703.
[74] M.C. Vidal-Carou, M.T. Veciana-Noigués, M.L. Latorre-Moratalla, S. Bover-Cid,
Biogenic amines: risks and control, in: F. Toldrá, Y.H. Hui, I. Astiasarán, J.G.
Sebranek, R. Talon (Eds.), Handbook of Fermented Meat and Poultry, 2nd ed.,
Wiley-Blackwell, Chichester, West Sussex, UK, 2015, pp. 413–428.
[75] C. Ruiz-Capillas, A.M. Herrero, Impact of biogenic amines on food quality and
safety, Foods 8 (2019) 62.
[76] W.G. Jennings, Analysis of liquid smoke and smoked meat volatiles by
headspace gas chromatography, Food Chem. 37 (1990) 135–144.
[77] J.A. Maga, The ﬂavour chemistry of wood smoke, Food Rev. Int. 3 (1987)
139–183.
[78] V. Bansal, K.H. Kim, Review of PAH contamination in food products and their
health hazards, Environ. Int. 84 (2015) 26–38.
[79] P. Simko, Factors affecting elimination of polycyclic aromatic hydrocarbons
from smoked meat foods and liquid smoke ﬂavorings, Mol. Nutr. Food Res. 49
(2005) 637–647.
[80] P. Vitaglione, V. Fogliano, Use of antioxidants to minimize the human health
risk associated to mutagenic/carcinogenic heterocyclic amines in food, J.
Chromatogr. B 802 (1) (2004) 189–199.
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