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the formation of toxic Maillard reaction products in food
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Abstract As one of the dominant reactions occurring
during thermal treatment of food, the Maillard reaction not
only leads to the formation of aroma, browning color and
taste compounds, but also contributes to the formation of
some unpleasant toxic substances including acrylamide,
heterocyclic amines and advanced glycation end products.
Polyphenols, one of the most abundant antioxidants in the
human diet, are contained in different kinds of foods. In
this review, some recent studies on the impact of dietary
polyphenols on the formation of acrylamide, heterocyclic
amines and advanced glycation end products formed
during the Maillard reaction are summarized, including
the research work conducted with both chemical model
systems and real food model systems; the possible
inhibitory mechanisms of different polyphenols are also
summarized and discussed in this review. Basically we
found that some dietary polyphenols not only scavenge
free radicals, but also react with reactive carbonyl species,
thus lowering the formation of toxic Maillard reaction
products. This review provides a useful theoretical
foundation for the application of polyphenols in food
safety, and suggests some directions for further study of
natural products as inhibitors against the formation of toxic
substances in thermally processed food.

Keywords advanced glycation end products, acrylamide,
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1 Introduction

Phenolic compounds are naturally occurring secondary
metabolites in plants. They are a group of phytochemicals
with at least one aromatic ring and one or more substituted
hydroxyl groups[1]. Phenolics containing two or more
hydroxyl groups on the aromatic rings are called as

polyphenols. Polyphenols are considered to be one of the
most abundant antioxidants in human diets and are found
in a wide range of food and beverages, such as fruits,
vegetables, spices, herbs, grains, red wine, tea and
coffee[2,3]. They are health-promoting or disease-
preventing agents with many biological functions such as
antioxidative, anti-inflammatory, neuro-protective, cardio-
protective, cancer chemopreventive and anti-obesity
activity[4,5]. These properties can largely be attributed to
their free radical scavenging/direct antioxidative
capability[1]; polyphenols can also help to activate the
endogenous defense systems and modulate different
cellular signaling pathways.
Currently, over 8000 phenolic compounds have been

identified in different plants. Based on the number of
aromatic rings as well as structural elements connecting
rings to one another[6], they can be classified into a few
groups including simple phenols, flavonoids, lignans and
stilbenes[7]. Among them, simple phenols can be divided
into several subgroups including derivatives of cinnamic
acid and benzoic acid[8]. About one third of the total
phenolic compound intake is simple phenols while
flavonoids also account for a major part of the intake of
total phenolics[1]. Flavonoids, with more than 4000
varieties identified, comprise the most studied group of
polyphenols. The basic skeleton for flavonoids is based
upon a 15-carbon skeleton consisting of two aromatic rings
bound together by a heterocyclic pyran ring[9]. Depending
on the level of oxidation, saturation and pattern of
substitution of the C ring, flavonoids can be divided into
a variety of subclasses listed as anthocyanins, flavanols,
flavanones, flavones, flavonols and isoflavones[8]. Figure 1
shows the structures of some common dietary polyphenols.
The Maillard reaction is the chemical reaction between

reducing sugars and amino compounds. It was first
described by Louis-Camille Maillard in 1912[10], and in
1953, Hodge proposed the first comprehensive scheme for
the Maillard reaction[11]. Currently it is widely accepted
that the Maillard reaction, one of the dominant reactions
occurring during thermal processing of food, leads to the
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formation of aroma, color and taste compounds[12]. In
addition, recent studies have shown that certain categories
of Maillard reaction products (MRPs) have a non-
negligible hazardous impact on human health, including
acrylamide[13] produced in starch-rich processed foods,
heterocyclic amines occurred in protein-rich cooked
foods[14] and advanced glycation end products (AGEs) in
baking and dairy products[15,16]. They are known to be
mutagens and carcinogens, therefore, strategies including
changing food processing conditions and reaction pre-
cursors, and the addition of food additives are being
adopted to lower or inhibit the formation of these toxic
MPRs.
The natural ingredients extracted from plants, especially

polyphenols, have been widely used for a long time as
dietary or nutritional supplements. As they not only have
low toxicity and side effects, but also have their own
biological effects and are increasingly studied for their
potential inhibitory effects on the formation of harmful
MRPs[17–19]. Here, we review for the first time the effects
of polyphenols on the formation of toxic MRPs. Studies
using chemical and real food model systems to evaluate the
inhibitory effect of selected phenolics and phenolic
extracts on the formation of acrylamide, heterocyclic
amines and AGEs, as well as the possible inhibitory
mechanisms, are summarized. They should help provide a
theoretical foundation for the potential application of
polyphenols in food safety, and lead to the further study of

inhibitory effects of natural products and mechanisms of
MRP toxicity.

2 Impacts of polyphenols on the formation
of acrylamide in the Maillard reaction

In 2002, considerable levels of acrylamide as a contami-
nant in heat-processed, carbohydrate-rich foods were
found by Swedish scientists[20,21]. In a mechanistic view,
acrylamide was found to be formed from the reaction of
reducing sugars or reactive dicarbonyls with an amino
acid, asparagine via the Maillard reaction[22,23], which is
known as the asparagine route[24]. 3-Aminopropionamide
(3-APA) (Fig. 2), an important intermediate proposed in
the reaction pathway, was found to lead to a high yield of
acrylamide: 60% (molar ratio) after deamination[24,25].
Acrylamide is a concern in human diets as it can cause

cancer in laboratory animals at high doses, and has been
classified by the International Agency for Research on
Cancer (IARC) as a possible human carcinogen[26,27].
Reports on its presence in some foods widely consumed
daily, especially starch-rich food products like crispy
breads and fried potatoes, have raised global concerns due
to the fact that humans might be exposed to significant
quantities of acrylamide in the long run[20,27,28]. Studies
have been conducted on the effects of polyphenols,
including phenolic extracts from plants or pure

Fig. 1 Structures of some popular dietary polyphenols
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polyphenols, on acrylamide formation during thermal
processing.
Researchers have used both chemical model systems

and real food models to conduct studies[21,24,26,27,29,30].
When it comes to chemical models, the asparagine-glucose
system has been the most studied. For instance, Cheng
et al.[27] used the asparagine-glucose chemical reaction
model (25 mmol$L–1 in 10 mL of pH 7.0 phosphate buffer)
to study the effect of naringenin (5,10 and 25 mmol$L–1)
on the formation of acrylamide under 128°C for 60 min,
and the results indicated that naringenin significantly and
nonlinearly (i.e., dose-dependent) inhibited formation of
acrylamide. Researchers also used potato-based equimolar
asparagine-glucose/reducing sugar model system which
were designed as described below[24,29]. Commonly, at the
beginning, the concentrations of glucose/(glucose and
fructose) and asparagine in the potato matrix were
measured by HPLC, after which the additions of glucose
(glucose and fructose) and asparagine were calculated, to
produce an equimolar asparagine-glucose/reducing sugar
Maillard reaction model system. Cheng found that both
catechins and esterified catechins inhibit the formation of
acrylamide effectively in this model; and with additions

reaching 10–9 mol$L–1 (in 0.1 mol$L–1 pH 6.8 phosphate
buffer), the maximum reduction rate was obtained[21].
Using a real food model system, Xu et al.[26] studied the

effect of muscadine grape polyphenol extract on the
reduction of acrylamide in a potato chip model, which was
prepared by immersing potato slices in 0.025%, 0.05% and
0.1% solution polyphenol extract of Carlos grape skin for
60 min before frying (175°C, 5 min). This resulted in a
60.3% reduction acrylamide concentration when the
immersion solution contained 0.1% of the extract. Also,
no significant relationship was found between antioxidant
activity of polyphenols and inhibitory effect against the
formation of acrylamide[26]. In another study, a biscuit
model was built by Oral et al.[30], in which they added
different kinds of phenolics, including caffeic acid,
chlorogenic acid, ellagic acid, epicatechin, oleuropein,
punicalagin and tyrosol (30 μmol$L–1 per 100 g flour,
respectively) to dough that was baked for 15 min at 185°C.
All the tested phenolic compounds reduced acrylamide
formation by 10.3% to 19.2%.
Some researchers have studied the structure/activity

relationship of different polyphenols against acrylamide
formation. For example, flavone C-glycosides were found

Fig. 2 The postulated pathway for acrylamide formation via the Maillard reaction and probable inhibitory mechanism of polyphenols
against the formation of acrylamide
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to be more efficient at reducing acrylamide formation than
the O-glycosides with the same aglycone[29], and for
flavonoid structures, 5,7(meta)-dihydroxyls in A cycle,
3′,4′(ortho)-dihydroxyls in B cycle and 3-hydroxyl or
hydroxyls of 3-gallate in C cycle, were found to be
effective in acrylamide reduction[24]. However, the inhibi-
tory mechanism of polyphenols against acrylamide has
been rarely reported. One of the possible mechanisms is
that some polyphenols might react with precursors of
acrylamide directly, in other words, they might divert those
significant precursors from the acrylamide formation
pathway, thus lowering acrylamide production. For
example, Cheng et al.[27] found that naringenin reacts
with 3-oxopropanamide (Fig. 2), a Maillard intermediate,
giving rise to new derivatives including 8-C-(E-propena-
mide)naringenin and 6-C-(E-propenamide)naringenin. The
reaction between naringenin and 3-oxopropanamide actu-
ally caused depletion of this amide source, which might
further promote the flux of azomethine ylide toward
3-oxopropanamide. Therefore, the conversion of azo-
methine ylide in the 3-APA pathway might be inhibited
to some extent, so the formation of acrylamide might be
suppressed[27].

3 Impacts of polyphenols on the formation
of heterocyclic amines in the Maillard
reaction

In the late 1970s, Japanese scientists found mutagenic
activity on the charred surface of broiled beef and fish[31],
and these food-derived mutagens were isolated and
characterized as heterocyclic aromatic amines (HAs)[14].
HAs are polycyclic aromatic molecules, and can be formed
during the thermal processing of protein-rich foods,
especially meat and fish, via the Maillard reaction with
amino acids, sugars and creatinine as precursors[32,33].
Currently, over 25 different kinds of HAs have been
identified in various types of cooked food[34]. Among
them, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) (Fig. 3a), was found to be the most abundantly
formed under ordinary household cooking procedures[35].
Also, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline
(MeIQx) and 2-amino-3,4,8-dimethylimidazo[4,5-f]qui-
noxaline (4,8-DiMeIQx) (Fig. 3a) have been reported as
abundant HAs formed in foods like bacon, beef, fish and
poultry[33].
When considering HA formation pathway, using PhIP as

Fig. 3 (a) Structures of some abundant heterocyclic amines formed during thermal processing of food; (b) the probable inhibitory
mechanism of selected polyphenolics against the formation of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine.
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an example, phenylalanine, carbohydrates and creatinine
have been identified to be the main precursors of PhIP,
which was considered as a coproduct in the Maillard
reaction[36]. Several steps were involved in this reaction,
while the formation of phenylacetaldehyde from phenyla-
lanine degradation (Streker degradation) and its subse-
quent reaction with creatinine might be the key steps[37].
Some HAs have been found to be highly carcinogenic and
mutagenic[38], and as an example, the IARC concluded that
there was sufficient evidence from studies of laboratory
animals for PhIP to be consider to be carcinogenic[36].
With the knowledge of the high mutagenicity and

carcinogenicity of HAs, increasing efforts were made by
researchers to test whether polyphenols could show
inhibitory effects on HA formation in both chemical
reaction model and real food models systems[33,39–44]. In
Cheng’s chemical model system study[39], 12 varieties of
food-sourced antioxidative phenolic compounds were
examined for their relationship between efficacy against
PhIP formation and radical scavenging capacity. The result
showed that the correlation between radical scavenging
activity (assessed by TEAC assay) and the inhibitory effect
against PhIP formation in phenylalanine-glucose-creati-
nine chemical model system was quite poor. In addition,
bioactivity-guided separation and purification using PhIP-
and a MeIQx-producing model were applied to determine
the components in apple extract responsible for the
inhibition of HA formation. It was found that apple
proanthocyanidins inhibited both PhIP and MeIQx forma-
tion, but only phloridzin showed inhibitory activity against
PhIP formation, while chlorogenic acid significantly
enhanced the formation of PhIP, though it could inhibit
MeIQx formation[40]. In Zhang’s study[42], the inhibitory
effects of flavonoids (apigenin, fisetin, hesperetin, homo-
orientin, isorhamnetin, isovitexin, luteolin, orientin,
vitexin) and a bamboo leaf extract (AOB) on PhIP
production were tested in a phenylalanine-creatinine
model systems (120°C, 2h), and the results indicated that
the tested flavonoids and AOB had significant dose-
dependent inhibitory effects against PhIP formation.
For researches using real food model systems, beef patty

has been the most popular food model for evaluating
potential inhibitors of HA formation. The inhibitory effects
of different kinds of dietary flavonoids, including apigenin,
epigallocatechin gallate, genistein, kaempferol, luteolin,
phlorizin and quercetin on HA formation were studied by
Zhu et al.[44], and results showed that most of these
flavonoids gave significant reduction of both PhIP and
total HAs. Epigallocatechin gallate and quercetin were the
most effective against the formation of both PhIP (60%–
80%) and total HAs (55%–70%). In a study by Sabally
et al.[33], the capability of polyphenol-rich dried apple peel
extract (DAPP) against the formation of HAs in beef patty
model was assessed. DAPP was applied on the surface
or mixed inside the patties, then MeIQx, PhIP and
4,8-DiMeIQx were quantified after frying. DAPP at

0.3% on the surface inhibited (P< 0.05) HA formation
by 83% for PhIP, 68% for MeIQx and 56% for
4,8-DiMeIQx, compared to 60%, 41% and 21%, respec-
tively, for the group in which DAPP was mixed inside the
patties[33].
Some efforts have also made to study the mechanism of

the inhibition of HA formation by phenolic compounds,
with two mechanism currently suggested. Using PhIP as an
example, on one hand, the inhibitory effects might be
attributed to their abilities to scavenge or trap phenylace-
taldehyde, a chief intermediate in the pathway to the
formation of PhIP, via polyphenol-phenylacetaldehyde
adduct formation[41,44]. Cheng et al.[45] found that reduc-
tion in phenylacetaldehyde concentration by naringenin
was dose-dependent, which might be due to the interaction
between phenylacetaldehyde with naringenin to form
adducts, nevertheless the availability of phenylacetalde-
hyde for PhIP formation was reduced. The two adducts
found in their research were 8-C-(E-phenylethenyl)narin-
genin and 6-C-(E-phenylethenyl)naringenin (Fig. 3b)[45],
with the latter known to suppress colorectal cancer growth
through cyclooxygenase-1 inhibition[46]. Norartocarpetin
is another kind of polyphenol that can suppress PhIP
formation in roast beef patties and form norartocarpetin-
phenylacetaldehyde adducts. The adduct 8-C-(E-pheny-
lethenyl)norartocarpetin was discovered by Zheng et al.[43]

to have anticancer potential via intrinsic caspase-depen-
dent and cell context-dependent MAPKs pathways. The
postulated pathways for ( – )-epigallocatechin-3-gallate
(EGCG) inhibition of PhIP formation were also considered
to be through EGCG-phenylacetaldehyde adduct forma-
tion[41]. In addition, adducts such as 8/6-C-(E-phenylethe-
nyl)qucercetin, 8/6-C-(E-phenylethenyl)apigenin, 8/6-C-
(E-phenylethenyl)kaempferol, 8/6-C-(E-phenylethenyl)
luteolin, were isolated from the chemical reaction system
by preparative HPLC and identified by LC-MS in Zhu’s
work[44]. These studies suggest that a lot of different
phenolics/flavonoids can directly trap phenylacetaldehyde,
thus lower the formation of mutagenic PhIP. Another
possible mechanism proposed by some researchers was
that the inhibitory effects of polyphenols/flavonoids on HA
formation were probably achieved by scavenging of free
radicals produced during thermal treatment, or scavenging
of both free radical and reactive carbonyl species such as
phenylacetaldehyde simultaneously, which might have a
synergistic effect on HA inhibition[42].

4 Impacts of polyphenols on the formation
of advanced glycation end products in the
Maillard reaction

The initial understanding of AGEs was from the observa-
tion of glycosylated hemoglobin in diabetics. Currently it
is well accepted that AGEs can be formed through different
pathways such as glucose autoxidation, lipid peroxidation,
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glycolysis and the polyol pathway[47] in the human body.
In addition, the Maillard reaction occurring during food
processing was also demonstrated to serve as an exogenous
factor for the formation of AGEs. In other words, AGEs
can be produced when amino acids, peptides or protein
reacted with reducing sugars[48]. After Schiff base
formation and Amadori rearrangement, AGEs can be
formed through either oxidative reaction or non-oxidative
reaction with these two types of intermediate products. On
the other hand, Amadori products can dehydrate and
rearrange to form reactive dicarbonyl compounds
(Fig. 4)[49], such as methylglyoxal (MGO) and glyoxal
(GO), which are typical α-dicarbonyl compounds, and can
actually also serve as significant precursors for the
formation of AGEs, through their subsequent reactions
with protein amino, sulfhydryl and guanidine functional
groups[50–52]. According to their fluorescence and cross-
linking properties, AGEs can be divided into four
categories, which are fluorescent crosslinking compounds,
non-fluorescent crosslinking compounds, fluorescent non-
crosslinking compounds and non-fluorescent non-cross-
linking compounds.
Ne-(carboxymethyl)lysine (CML) (Fig. 4), an exten-

sively studied and well-characterized AGE formed in
food processing or in vivo, can be formed by both the
reaction of -amino group in lysine with GO and the

oxidation of fructoselysine[53], while Ne-(carboxyethyl)
lysine can be produced primarily by the reaction of MGO
and lysine residues[54]. Recently, the accumulation of
AGEs in vivo has been considered as a major pathogenic
process in diabetic complications, including retinopathy,
cataracts and other health disorders, such as the growth and
metastasis of malignant tumors, Alzheimer’s disease,
inflammation and atherosclerosis, as well as in normal
aging[55,56]. Therefore, in recent years, in order to seek
ways to reduce AGE formation during thermal processing
of food, investigations have been conducted with various
plant extracts to observe their impact on AGEs formation
and some suppression activity has been attributed to the
large number of phenolic compounds they contain[53].
A range of polyphenols have been reported for their

inhibitory effects against AGE formation in both chemical
models and food models[19,42,51,53,57,58]. In studies con-
ducted using chemical models, Sang et al.[57] found that
below 37°C at pH 7.4, EGCG can trap GO and MGO, two
intermediates for AGE formation, to form mono- and di-
GO or MGO adducts, and the data from LC/MS and NMR
indicated that C6 and C8 on the A-ring of EGCG were the
key positions for trapping (Fig. 4). In Liu’s research[51],
quercetin could effectively inhibit the formation of both
GO and MGO in a time-dependent manner in a glucose/
lysine Maillard reaction model system, and the di-MGO

Fig. 4 The possible pathways for AGE formation as well as inhibitory strategy and structures of some typical reactive carbonyl
compounds and AGEs
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quercetin adduct could further trap MGO to produce
tri-MGO adducts. To sum up, MGO quercetin adducts
retained the trapping ability of reactive dicarbonyl species
as well as antioxidant activity.
Effects of polyphenols on AGE formation in food

models have also been reported. Peng et al.[58] discovered
that grape seed extract (95% proanthocyanidins including
epicatechin and catechin) can reduce CML in bread in
a dose-dependent manner and the addition of 1.2 and
2 g$kg–1 to bread led to more than 30% and 50% reduction
of CML content of bread crust, respectively. Zhang
et al.[42] studied the impact of chlorogenic acid, epica-
techin, naringenin, quercetin and rosmarinic acid on AGE
formation in a biscuit model (0.25% w/w of individual
phenolic compound in 7.5 g of white flour), and the results
showed that the polyphenols tested, especially quercetin,
were inhibitory to the formation of both reactive carbonyl
species and total fluorescent AGEs. In addition, phenolic
compounds including caffeic acid, catechin, ferulic acid,
gallic acid and quercetin were studied for their effects on
AGEs formation by Mildner-Szkudlarz et al.[19], with a
bread model system and four levels of addition (1, 5, 10
and 20 g$kg–1 of flour). These phenolic compounds, except
ferulic acid, were found to significantly reduce CML
(31.8% to 87.6%) even at the lowest concentration, while
the strongest inhibitory effect on FA (62%) appeared only
if the addition was at least 10 g$kg–1 of flour.
As for the potential inhibitory mechanisms of phenolic

compounds on AGE formation during thermal processing
of food, two mechanisms have currently been suggested.
First, free radicals formed during glycation might be
scavenged by polyphenols due to their antioxidant
activities, therefore subsequent AGE formation is
inhibited. Second, the inhibition might also occur through
the trapping of reactive carbonyl species by phenolic
compounds[53], or there might be a combined effect of both
for the inhibitory actions. Several proanthocyanidins from
cinnamon bark have been identified as inhibitors of
specific AGE representatives, which were largely
attributed to both their carbonyl scavenging abilities as
well as antioxidant activities[59]. Another report also
indicated that quercetin has a dual role inhibiting MGO
formation by scavenging free radicals produced in the
system, while concurrently trapping MGO to form
adducts[51].

5 Conclusions

The Maillard reaction leads to the formation of not only
aroma, browning color and taste compounds of thermally
processed foods, but also some unpleasant toxic substances
including acrylamide, heterocyclic amines and advanced
glycation end products. Evidence from chemical reaction
model systems and real food models has shown that some
polyphenols can serve as potent inhibitors to reduce toxic

MRP formation during thermal processing of food. The
inhibitory mechanisms of polyphenols against toxic MRP
formation have usually been attributed to free radical
scavenging activities, with recent research indicating some
additional mechanisms. For acrylamide suppression, some
polyphenols can react with 3-oxopropanamide directly, to
divert it from pathways with a 3-APA deamination
reaction, resulting in less acrylamide formation. For
HAs, using PhIP as an example, research has shown that
the inhibitory effects can be attributed to trapping
phenylacetaldehyde via the formation of polyphenol-
phenylacetaldehyde adduct. Hopefully, the adducts formed
via polyphenol trapping by phenylacetaldehyde might
have extra health benefits such as anticancer capabilities.
When it comes to AGE inhibition, both polyphenol
antioxidant activities and carbonyl scavenging capacities
contribute to the reduction of AGEs, so polyphenols may
not only alleviate AGE-caused health disorders, but also
prevent detrimental RCS-induced symptoms. To sum up,
in thermal processing of food, some polyphenols have
significant potential to lower the formation of toxic MRPs
and may also participate in the Maillard reaction to form
beneficial substances.
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