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1. Introduction

The Maillard reaction was first reported in 1912 by Louis-Camille Maillard, who described
that upon gently heating sugars and amino acids in water, a yellow-brown color developed.
The reaction that leads to these colorful compounds, firstly described from a simple
observation, is actually the result of a complicated pathway of chemical reactions. The
Maillard reaction is often described in food systems but it also occurs in living organisms,
and in this case, it is called glycation. In biological systems, the ramifications of the Maillard
reaction have been observed and analyzed, as this reaction has become important in the
field of food science and medicine (Finot, 2005; Gerrard, 2002a).

The consumption of Maillard Reaction Products (MRPs) has increased in recent decades and
there are evidences that these substances are absorbed and may participate in pathological
processes such as, cataract, diabetes, degenerative diseases, atherosclerosis and chronic renal
failure. On the other hand, these compounds are responsible for essential sensory attributes
of thermally processed food products, contributing to their appearance, flavor, aroma and
texture.

This chapter will cover the chemistry of Maillard reaction products generation, the role of
these products in food acceptability, the analysis of these compounds both in food
products and in the human body and the biological activities attributed to these
compounds, since this is a contemporary and controversy subject in food science and
nutrition field.

2. The chemistry of Maillard reaction products generation

Since the first description of a browning reaction of glycine with glucose by Louis Maillard,
the knowledge on chemical structures derived from the reaction of carbonylic and amino
compounds has considerably increase (Nass et al., 2007).

Amino-carbonyl and related interactions of food constituents comprise those changes
commonly termed as “non-enzymatic browning reactions”. Specifically, reactions of amines,
amino acids, peptides, and proteins with reducing sugars and vitamin C (Maillard reaction,
caramelization, ascorbic acid degradation) and quinones (enzymatic browning) cause
deterioration of food during storage and processing (Friedman, 1996).
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Non-enzymatic browning reactions depend on many parameters (Table 1), such as,
temperature, water activity (aw), pH, moisture content and chemical composition. In general,
maximum browning occurs at a,, between 0.60 and 0.85 and the browning rate increases with
increasing pH, up to a pH of around 10 (Gerrard, 2002a; Morales & Van Boekel, 1997).

Mechanism Oxygen NH2 pH Temperature aw
requirement requirement optimum
Maillard No Yes Basic/acid Medium Medium/high
reaction
Caramelization No No Basic/acid High Low
Ascorbic acid Yes/No No Slightly Medium Medium/high
degradation acid

Table 1. Main differences between non-enzymatic browning reactions (based on Finot, 2005)

From 1940, amino-carbonyl reactions and the resulting browning pigments have been
investigated by many chemists. In 1953 Hodge proposed a three stages (initial, advanced
and final) scheme for the Maillard reaction (Figure 1) (Nursten, 2005). The initial stage starts
from the sugar amine systems leading to browning pigments generation. Amadori colorless
compounds are formed in this stage, and an increased content of unsaturated carbonyl
compounds is observed. During the intermediate stage, both fluorescence and radiation
absorbing properties of the system increase due to the formation of small molecules with
chromophores. Aldehydes formed by the Strecker degradation of amino acids can condense
either with themselves, sugar fragments, furfurals, or with other dehydration product
forming brown pigments. Although Strecker’s pathway is not the major color-producing
reaction, it is responsible for the origin of off-flavours usually associated with Maillard
browning. The final stage is characterized by the formation of unsaturated, brown
nitrogenous polymers (melanoidins) which may also be generated from the condensation
reaction of furfurals or dehydro reductones (Finot, 2005; Hodge, 1953; Morales & Van
Boekel, 1997).

Browning development occurs after an induction period, characterized by the production of
fluorescent uncolored intermediates. Fluorophores are considered precursors of brown
pigments and allow detecting the progress of the reaction before any visual change occurs.
Fluorescence from the Maillard reaction is attributed to molecular structures with complex
bonds between carbon and nitrogen, and the contribution of sugar caramelization to global
fluorescence is insignificant in amino-acid containing systems (Matiacevich & Buera, 2006;
Rozycki et al., 2010).

Maillard reaction ratio is proportional to the heat-treatment severity during food processing,
when temperatures range from 100 to 250 °C (baking, grilling, frying, extruding and
roasting) and/or during storage for long periods at room temperature. This reaction is of
most importance for roasted products such as coffee, chocolate and peanuts. In the medical
arena, several authors describe the role of the Maillard reaction during ageing and chronic
diseases, as diabetes and renal failure (Gerrard, 2002a; Nguyen, 2006; Nursten, 2005).
Maillard reaction occurs in biological systems and the final products are refered as
Advanced Glycation End Products (AGEs). AGEs are a heterogeneous group of compounds
that arise non-enzymatically by the reaction of reducing sugar and other a-carbonylic
compounds with amino groups on proteins, lipids and nucleic acids. Actually, glycation in
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living organisms have other pathways that are linked to glucose metabolism and lipid
peroxidation, whose products are termed Advanced Lipoxidation End Products (ALEs)
(Goldberg et al., 2004; Nass et al., 2007).
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Fig. 1. Main stages in Maillard reaction proposed by Hodge (adapted from Nursten, 2005)

MRPs/AGEs generated in food and biological systems are shown in Figures 2 and 3.
Nguyen (2006) describes the MRP/AGE content of selected popular foods, such as roasted
almonds (66.5 kU/g), oil (120.0 kU/g), butter (94.0 kU/g), mayonnaise (265.0 kU/g), broiled
chicken for 15 minutes (58.0 kU/g), fried chicken for 15 minutes (61.0 kU/g), homemade
pancakes (10.0 kU/g), bread (0.5 kU/g). It is noteworthy that temperature and cooking
process are more relevant for the formation of MRPs than time of cooking or other
parameters (Nguyen, 2006).
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Fig. 3. Main chemical structures of non-fluorescence MRPs/ AGEs

Sato et al. (2006a) proposed a scheme of formation of six distinct AGEs in vivo (AGE-1, AGE-
2, AGE-3, AGE-4, AGE-5 and AGE-6). AGE-1 is formed from glucose through Schiff base
and Amadori products, AGE-2 from glyceraldehyde, AGE-3 from glycoaldehyde, AGE-4
from methylglyoxal, AGE-5 from glyoxal, and AGE-6 from 3-deoxyglucosone. AGE-2 and
AGE-3 are considered toxic AGEs by contributing to the neuronal cell toxicity. They also
proposed that pentosidine, Ne-(carboxymethyl)lysine, pryrraline and crossline are nontoxic
AGEs, however, other studies are needed to validate these conclusions (Nguyen, 2006).

AGEs formation occurs slowly and naturally in the body of healthy people, however, this
process is accelerated under certain conditions, such as hyperglycemia and oxidative stress.
MRPs dietary are added to the intra and extracellular AGEs produced, contributing to the
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accumulation of these compounds in tissues and, thus favoring the onset and progression of
metabolic complications (Barbosa et al., 2008).

Up to 90% of pyrraline free and Amadori products excreted by the kidneys are from food
source. Free pentosidine, for example, presents about 60 to 80% bioavailability (Forster et al.,
2005). Somoza et al. (2006) administered -casein-linked lysinoalanine (LAL), Ne-
fructoselysine (FL) and Ne-(carboxymethyl)lysine (CML) to rats and revealed that the
kidneys are the main organs in which AGEs are accumulated and excreted. In this study, the
dietary LAL, FL and CML excreted in the urine was 5.6, 5.2 and 29%, respectively.

In other words, the rate of absorption and renal excretion of MRPs depends on dietary intake
or the presence of pathologies as well as the amount and type of compound ingested.

3. The role of Maillard reaction products in food acceptability

Maillard reaction is one of the most important reaction which results from food processing.
Maillard reaction products (MRPs) greatly influence essential food quality attributes such as
flavor, aroma, color and texture. Actually, this reaction can be used to design foods that
present sensory attributes demanded by the consumer (Ames, 1990; Yu & Zang, 2010).

3.1 Color

Color formation is the primary characteristic of the Maillard reaction. In the last decade,
efforts have been driven to detect Maillard reaction kinetics and the formation ratio of
colored compounds, mainly with the use of model systems. Brown color development
during processing and storage is desirable for many products such as baked foods, coffee,
cookies while undesirable in some kinds of food products orange juice, white chocolate, milk
and powder egg. Predicting and controlling food color development are particularly
important for companies to satisfy consumer preference, since a complex array of melanoidins
produced by the Maillard reaction is strongly dependent on the food matrix composition as
well as the technological conditions of the reaction (Wang et al., 2011). Melanoidin can also be
formed by sugar caramelization without the participation of amino groups.

The presence of melanoidins, brown nitrogen-containing high molecular weight pigments,
responds for the characteristic color of roasted foods such as coffee, cocoa, bread and malt.
Although the chemical structures and health effects of these compounds produced both in
food and model systems have been investigated for over 30 years, the health effects are not
well understood, mainly because their bioavailability depends on several parameters that
include gut microbiota metabolism. Despite of the lack of general knowledge, the positive
correlation between melanoidins content in food and antioxidant activity is well
documented in the literature.

3.2 Flavor and aroma

Flavor and aroma development due to the Maillard reaction depends on the reaction
temperature, time, pH, water content and on the type of sugars and amino acids involved (Yu
& Zhang, 2010; Van Boekel, 2006). In most cases, the first factor mentioned influences the
kinetics parameters, while the second factor determines the type of flavor compounds formed.
The intermediate and final stages of the Maillard reaction are the most important to flavor
development, especially the so-called Strecker degradation step, in which amino acids are
degraded by dicarbonyls formed previously in the reaction,leading to the aminoacids
deamination and decarboxylation (Ames, 1990; Rizzi, 2008).
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The volatile products of the Maillard reaction can be classified according to the sugar
dehydration/fragmentation products as furans, pyrones, cyclopentenes, carbonyls and
acids; the amino acid degradation products as aldehydes and sulfur compounds; and the
volatiles produced by further interactions as pyrroles, pyridines, imidazoles, pyrazines,
oxazoles, thiazoles, and others. Pyrazines and alkylpyrazines are associated with the flavor
and aroma of cooked (roasted) and nutty, respectively. Alkylpyridines confer to foods flavor
and aroma of green, bitter, astringent and burnt, and furans, furanones and pyranones of
sweet, burnt, pungent and caramel-like flavors/aromas.

Compounds that are essential to the characteristic flavor and aroma of food products are
generally present at trace levels. The oxygen-containing aroma compounds 2,3-butanedione,
2,3-pentanedione, methylpropanal, 3-methylbutanal, phenylacetaldehyde, 3-hydroxy-4,5-
dimethyl-2(3H) furanone and 2,5-dimethyl- 4-hydroxy-3(2H)-furanone occur in
concentration ranging from 1pg/kg up to 100 mg/kg. The nitrogen-containing aroma
compounds 2-ethyl-3,5dimethylpyrazine, 2,3-diethyl-5-methylpyrazine and 2-acetyl-1-
pyrroline are present in food in an order of magnitude of 0.001-10 mg/kg. On the whole,
sulfur containing Maillard odorants constitute the most powerful aroma compounds and
often play, although at trace levels, a dominant role in the flavor of cooked meats. These
volatile compounds are responsible for the flavor and aroma to stewed beef juice, boiled
trout, french fries, bread crust, cooked chicken, roasted chicken, boiled beef, cocoa powder,
peanuts, pilsner, roasted beef, popcorn and coffee (Cerny, 2008).

The meat-related flavor compounds are mainly sulphur containing compounds, derived
from cysteine and ribose (coming from nucleotides), while the amino acid proline gives rise
to typical bread, rice and popcorn flavors. Cysteine-containing mixtures seem to have the
most intense meat-like and sulphur smell. The other amino acid-containing sulphur,
methionine, generates a highly intense smell of potatoes and it is employed, in the food
industry, to enhance the soft flavor of potatoes. Mixtures containing amino acids other than
cysteine or methionine in a combination with reducing sugars are characterized mostly by
caramel and jammy smell (Stanimirova et al., 2011; Van Boekel, 2006).

The food industry invests great effort trying to create synthetic flavors and aromas by
reconstituting combinations of these compounds. The process of creating synthetic flavors is
limited since the subtleties of flavor perception are many and varied, and although
Electronic Noses may detect these compounds, human sensory perception is considered
essential to validate instrumental data, (Gerrard, 2002a; Schaller et al., 1998).

3.3 Texture

Texture definition is complex and a general agreement has been reached which evolved
from the efforts of a number of researchers. According to Szczesniak (2002), “texture is the
sensory and functional manifestation of the structural, mechanical and surface properties of
foods detected through the senses of vision, hearing, touch and kinesthetics”.

Maillard reaction influences the texture of food via protein cross-linking. Manipulation of
the extent and nature of such protein cross-linking during food processing offers a means by
which the food industry can modify the functional properties of food. Despite of this, the
extent of how protein cross-linking affects food texture in processed foods and how to
control this parameter to maximize food quality is not yet known (Gerrard, 2002b). Protein
cross-linking by the Maillard reaction will affect not only texture, but the protein
digestibility as well.
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Although Maillard reaction effects on food color, flavor and aroma are well understood and
used by the food industry, its effects on food texture has attracted less attention from the
scientific community. However this is a promising tool for texture development.

4. Analyses of Maillard reaction products

MRPs are present in the diet and many authors have highlighted their health benefits and
risks. For that reason, it is of most importance characterizing and quantifying MRPs in
common foods, to get the best balance between benefits and potential risks, and then to
establish guidelines for food health (Delgado-Andrade et al., 2009).

Development of sophisticated analytical techniques made it possible to isolate, characterize,
and quantify several specific non browning reaction compounds formed in vitro and in vivo,
both at the early and advanced stages of Maillard reaction. Among them the most common
are: Amadori compounds (indirectly analyzed as furosine), Ne-(carboxymethyl)lysine
(CML) and some intermediate derivatives of the reaction, such as hydroxymethylfurfural.
Measurement of fluorescent compounds formed during the reaction is also a reliable tool to
evaluate the extension and ratio of nutritional loss due to thermal processing of foods
(Delgado-Andrade et al., 2009; Friedman, 1996).

4.1 Fluorescent compounds

Traditionally, Maillard reaction monitoring in food processing was based on the
spectrophotometric evaluation of color development at 420 nm. More recently, the
evaluation of fluorescent compounds generated by the Amadori rearrangement product
undergoing dehydration and fission has become usual. Besides its use in food systems,
fluorescence measurement is also employed to evaluate Maillard reaction at physiological
conditions, meaning, AGEs generation, and also to access AGEs correlated pathologies
development (Delgado-Andrade et al., 2006).

Fluorescent compounds (FC) are precursors for the brown pigments formed in the Maillard
reaction, which present different chemical structures. Evaluation changes in fluorescence
intensity helps evaluating the extent of the Maillard reaction in food products (Morales &
Van Boekel, 1998; Rufian-Henares & Delgado-Andrade, 2009) and biological systems.
Fluorescence was first used to evaluate the formation of MRPs in milk and now it is used to
monitor the processing of cereals, cookies, soybeans, infant formula, cooked salmon and
bakery products.

Fluorescent compounds may be free in the matrix or linked to te protein fraction. Total FC
(free + linked to protein) determination demands a previous enzymatic hydrolysis, which
requires the use of a nonspecific protease (pronase) (Delgado-Andrade et al., 2008). Free and
total FC have been tested in foods such as milk, breakfast cereals, cooked salmon, roasted
soy and enteral formula (Delgado-Andrade et al., 2008; Rufian-Henares et al., 2002).
Fluorescence of Advanced Maillard products and Soluble Tryptophan (FAST) is a well
established method used to evaluate the nutritional and lysine damages. FAST is based on
the quantification of protein denaturation using fluorescence: (1) fluorescent of the
advanced Maillard products (FAMP), such as pyrrole and imidazole derivatives, at
excitation/emission 330/420 nm; and (2) tryptophan fluorescence (FIrp) at
excitation/emission 290/340 nm at pH 4.6. The FAST index is calculated as follows:
(100*FAMP/FTrp) (Birlouez-Aragon et al., 2002).
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4.2 Hydroxymethyfurfural

Hydroxymethylfurfural (HMF) is an intermediate compound formed during the Maillard
reaction and by the degradation of hexoses at high temperatures at acid conditions (Figure
4) (Arribas-Lorenzo & Morales, 2010).

O

HO \ /

Fig. 4. Chemical structure of HMF
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Spectrophotometric (colorimetric) methods, which are the most usual methods for HMF
determination in food, are of limited accuracy since other chromophores in foods may absorb
radiation in the same wavelength region, interfering with the results. In addition, colorimetric
methods have low sensitivity. Chromatographic methods (liquid or gas high resolution
chromatography) are more accurate and sensitive for this purpose, and one of the major
advantage of the use of chromatographic methods is the individual determination of HMF and
furfural, what can not be achieved by spectrophotometric methods (Erbersdobler & Somoza,
2007; Morales et al., 1997; Rufian-Henares et al., 2001).

HMF formation is directly linked to the heat intensity applied to food, and because is not
usually present in raw and fresh foods, it is considered a thermal damage marker for
products containing high carbohydrate concentrations. Moreover, it can be used to monitor
the thermal process applied to several different food products such as: breakfast cereals
containing dried fruits; caramel and honey; pasta and bakery products (Rufian-Henares &
Delgado-Andrade, 2009; Rufian-Henares et al., 2006).

4.3 Furosine

Amadori compounds are measured as furosine (e-N-2-furoylmethyl-L-lysine) (Figure 5). The
content of furosine present in foods is influenced by the kind of heat treatment and/or the
storage time. Levels of furosine tend to decline after prolonged storage or after overheating
to give rise to other compounds such as CML (Delgado-Andrade et al., 2005; Friedman, 1996;
Rufian-Henares et al., 2009).
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Fig. 5. Chemical structure of furosine
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Furosine is the most specific and important indicator of the initial phase of the Maillard
reaction. It is widely used in the analysis of cereal products, since lysine is the limiting
amino acid of this product and, thus the presence of furosine is an important marker of
protein biological value loss. Monitoring furosine formation and contents helps tailor the
processing conditions in order to guarantee the maintenance of the nutritional value of food
products (Rufian-Henares et al., 2004, 2006; Resmini et al., 1990).

Regarding analytical procedures, in 1992, an ion pairing HPLC based methodology was
proposed and successfully applied in a series of studies. In 1996, when furosine became
commercially available, Reverse Phase-HPLC became the method of choice for furosine
analysis. Due to the possible transformation of CML into furosine during heating it is
necessary for the acid hydrolysis to be performed in an inert atmosphere, which impairs
furosine degradation (Erbersdobler & Somoza, 2007).

4.4 Ne-(carboxymethyl)lysine

Ne-(carboxymethyl)lysine (CML) is a stable, low reactivity advanced Maillard product
(Figure 6). CML can be produced by Amadori compound degradation, such as Ne-
(fructosyl)lysine (FL). FL undergoes oxidation to form, Ne-(carboxymethyl)lysine (CML). R-
dicarbonyls such as glyoxal (GO), formed during the oxidation of the sugar or the Amadori
rearrangement products are immediate precursors of CML. Lipid peroxidation is another
route to CML, and GO has been suggested as an intermediate. CML is one of the more
important markers of bioactive Maillard products and its content is usually correlated to the
health risk of ingestion of heat-treated foods (Charissou et al., 2007).

R

|
(C|3H2)4
NH

|
CH,

I
HOOC
Fig. 6. Chemical structure of CML

The three main metodologies proposed to evaluate CML in foods are: a) RP-HPLC (Reverse
Phase/ High Performanc Liquide Chromatography), b) GC/MS (Gas Chromatography
connected to Mass Spectrometry) following methylation of the carboxylic group and
acylation of the amine group and c) enzyme- linked immunosorbent assay based on a
monoclonal anti-CML antibody (Charissou et al., 2007).

Currently, CML analyses in foods are performed by specific immunosorbent (AGE-ELISA-
Enzyme Linked Immuno Sorbent Assay). This test is suitable for quantitative CML analysis
both in biological samples and food (Goldberg, 2004).

Among the Maillard reaction products, CML is the best characterized end product. It is
employed as an advanced glycation end products/advanced lipoxidation end products
(AGEs/ ALEs) markers in research (Goldberg, 2004).
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5. Biological activity of the Maillard Reaction Products (MRPs)

The Maillard reaction is of outstanding importance for the formation of flavor and color of
heated foods. Despite the unquestionable beneficial effects on the sensory quality of food
products, the Maillard reaction products may be harmful for human health.

Protein nutritional impairment, consequence of the destruction of essential amino acids or
the decrease in their bioavailability, is one of the oldest known nutritional implication of this
reaction (Delgado-Andrade et al., 2007a; Seiquer et al., 2006). The decrease in the availability
of several amino acids, mainly lysine, which may correspond to 50%, is noticeable (Rerat et
al., 2002). Total lysine contents in breakfast cereal products can decrease from 20-54% as a
result of processing (Rutherfurd et al., 2007; Torbatinejad et al., 2005). Comparing the effects
of diets with different MRPs contents on dietary protein utilization in in male adolescents
indicated that the consumption of a diet rich in MRPs resulted in 47% higher nitrogen fecal
excretion, 12% lower apparent nitrogen and 6% lower nitrogen digestibility. Therefore, the
protein apparent absorption absorption and digestibility were significantly lower (Seiquer et
al., 2000).

The bioavailability of minerals can also be affected by MRPs, since these compounds are
able to chelate minerals interfiring, therefore, with their solubility (Delgado-Andrade et al.,
2011). The effects of diets with different Maillard reaction products contents on iron
biological utilization showed that significant decrease on dietary iron availability occurred
when diets rich in MRP were consumed (Garcia et al, 2009a). It was also observed a negative
influence on dietary phosphorus absorption in male adolescents exposed to a rich-MRPs
diet, as a result of an increased phosphorus fecal excretion concomitant to a decrease in its
apparent absorption (Delgado-Andrade et al., 2011). Magnesium and calcium bioavailability
can also be affected by the presence of Maillard reaction products in the diet (Delgado-
Andrade et al., 2007b; Garcia et al., 2009b).

The results of studies on the genotoxic and mutagenic potential of the MRPs are
controversial. While there are studies indicating that the MRPs can cause mutations, no
association between MRPs and genotoxicity was found by Wagner et al (2007). In in vitro
systems, melanoidins mixtures have negligible mutagenic effects (Somoza, 2005), while 5-
hydroxymethylfurfural (HMF) is considered a potentially carcinogenic to humans and some
epidemiological studies have found an association between acrylamide intake and the
occurence of tumors the occurrence of tumors (Capuano & Fogliano, 2011).

The formation of advanced glycation end products (AGEs) is observed during normal
ageing and occurs inside as well as outside of cells (Nass et al., 2007). These compounds,
when cross linking with proteins profoundly affect protein functionality and irreversibly
modify chemical properties and functions of diverse biological structures (Barbosa et al.,
2008), which seems to be implicated in inflammatory processes and diabetic complications,
such as nephropathy and vascular disease (Jakus & Rietbrock, 2004; Linden et al., 2008;
Mostafa et al., 2007).

AGEs accumulate in various tissues during aging, including skin, neural, vascular, renal
and cardiac tissues, collagens and crystalline lens. In the skin, glycation is involved in many
metabolic processes and, along with aging, affects the functionality of certain cells, such as
the synthesis of fibroblasts, enzyme activation of matrix degradation (metalloproteinases)
and the organization of the matrix (Hartog et al., 2007; Pageon, 2010; Pawlak et al., 2008). It is
proposed that the accumulation of the advanced glycation end products (AGEs) and the
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activation of the receptor for AGEs in the retina could play a significant role in the initiation
and progression of age-related macular degeneration and cataracts (Pawlak et al., 2008).
Kalousova et al. (2002) and most recently, Mostafa et al. (2007) showed that AGEs level in
plasma proteins are elevated in patients with diabetes. The high blood glucose levels favor
the occurrence of spontaneous reactions (glycation) between glucose and proteins, resulting
in the formation and excessive deposition of AGEs (Magalhaes et al., 2008). In patients with
renal failure AGEs accumulation occurs due to the decrease in the extent of degradation and
elimination from the body and, also, to increased exposure to oxidative stress. On the other
hand, the AGEs and products derived from the process of oxidation promote damage in the
renal tissue, leading to greater accumulation of AGEs, creating a vicious cycle (Hartog et al.,
2007). The increase in consumption of heated, cooked or roasted food of AGEs
accumulation.

' AGE

RAGE !{ Endothelial Cell
® & @®
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/ Activation of ‘\

Nuclear Factor-kappaB
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inflammatory cytokines: Cd -
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Fig. 7. AGE-RAGE interaction and its association with atherosclerosis (Based on Hartog et
al., 2007).

Among the mechanisms by which AGEs may contribute to the development and
progression of vascular complications of diabetes, is the interaction of these compounds
with receptors on the surface of various cell types, such as RAGEs (Receptors for Advanced
Glycation End Products) (Marchetti, 2009). The AGE-RAGE interaction in the endothelial
cells activates the transcription of nuclear factor-kappaB (NF-xB), with the induction of
proinflammatory cytokines, such as the tumor necrosis factor (TNF), interleukin-1 (IL-1),
interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1) and enhances the expression
of the vascular cell adhesion molecule-1 (VCAM-1) (Basta, 2008; Magalhdes et al., 2008;
Méndez et al., 2010; Muscat et al., 2007). In addition, this interaction in monocytes induces
their activation to macrophages and promotes monocyte chemotaxis, and in smooth muscle
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cells, is associated with increased cellular proliferation (Marchetti, 2009). Besides, some
studies demonstrate that AGEs may promote atherogenesis by oxidizing low density
lipoproteins (LDL) (Basta et al., 2004). Indeed, AGE form crosslinks with low-density
lipoprotein (LDL), which become more atherogenic and less susceptible to absorption and
subsequent clearance. In addition, LDL modified by AGEs is more easily captured by
receptors located on macrophages, generating foam cells (cells with fat droplets and
cholesterol) (Hartog et al., 2007; Vasdev et al., 2007) (Figure 7).

It has also been suggested that AGEs are involved in neurodegenerative diseases, such as
Alzheimer and Parkinson (Grillo & Colombato, 2008; Sato et al., 2006b), arthritis (Vytdsek et
al., 2010), loss of bone mass (Ding et al., 2006) and promotion of changes in the function
and/ or structure of DNA and RNA molecules (Li ef al., 2008).

Considering AGEs as important mediators of pathological processes, investigations aiming
to verify the action of chemical compounds against the synthesis of AGEs and its possible
use in therapy of patients with several metabolic complications are in course of
development. Substances present in foods, such as pyridoxamine, allyl cysteine (component
of garlic extract), phenolic compounds, taurine and carnosine, showed significant anti-AGE
effects, but, at present, there is no indication of food components able of reducting AGEs
generation in vivo (Barbosa et al., 2008). Despite of this, dietary therapies also appear to be an
effective alternative in the control of diseases associated with accumulation of AGEs.
Restricting the consumption of fried, grilled or baked foods seems to be the most effective
way of decreasing AGEs endogenous pool. Dietary AGEs restriction seems to be a successful
strategy in suppression of inflammatory molecules in diabetes, implying eventual
prevention or delay of atherosclerosis (Vlassara et al., 2002). Several studies indicate that
Maillard reaction products from the diet increase the endogenous AGEs pool and, whether
this might become a health problem is yet controversial. There are many gaps that must be
evaluated before conclusions can be drawn as, for example, the fate of MRPs in the
organism. Notwithstanding, several researchers advocate towards the decrease of MRPs
ingestion and, therefore, food industry has an important role by considering processes
towards the production of foods with lower contents of MRPs.

On the other hand, there are authors who advocate for MRPs as substances that may
promote benefits, such as increases in immunity and decreases in the toxicity of some
nitrosamines. Figure 8 is a summary of the main biological effects attributed to Maillard
Reaction Products (MRPs) /Advanced Glycation End Products (AGEs).

Some studies suggest the MRPs exert positive influence on the gut microbiota (Tuohy et al.,
2006). It has been shown that anaerobic bacteria, particularly Bifidobacteria strains, are able to
use bread melanoidins as carbon source (Borrelli & Fogliano, 2005). Maillard Reaction
products in roasted cocoa beans, for example, were able to inhibit the growth of E. coli spp.
and Enterobactercloaceae (Summa et al., 2008).

Furthermore, MRPs exhibit antioxidant activity (Acar et al., 2009; Chang et al., 2011; Chawla
et al., 2009; Rao et al., 2011; Summa et al., 2008). Melanoidins from roasted coffee and biscuits
exerted protective effects against oxidative stress on human hepatoma HepG2 cells (Goya et
al., 2007; Martin et al., 2009). Regarding coffee antioxidant activity, more than 50% of the
observed antioxidant activity is due to the low molecular weight compounds linked to the
melanoidin skeleton, promoting a chelating ability that is also involved in the shelf life of
the product (Delgado-Andrade & Morales, 2005). In vivo, a MRPs rich diet was able to
suppress lipid peroxidation and to increase antioxidant activity of plasma, although it has
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not modified the antioxidant enzymes activity (superoxide dismutase, glutathione
peroxidase and catalase) (Seiquer et al., 2008).

Neurodegeneratives diseases,
atherosclerosis and diabetes

Effects

omn gut
health

Aging

Maillard
Reaction
Products (PREMs)

Antif
Genotoxic
Activity

Antiyf
Mutagenic
Activity

Advanced
Glycation End
Products (AGEs)

Antioxidant
Capacity

Antimicrobial

Effect

Reductions in the availability of
aminoacids and minerals

Fig. 8. Possible biological effects of the Maillard Reaction Products (MRPs) and Advanced
Glycation End Products (AGEs) (Based on Somoza 2005).

6. Conclusion

For food industry, coping with the Maillard reaction and the effects of the reaction products
in food and in health is important to the improvement and development of food products.
This chapter discussed the positive and negative aspects of the Maillard reaction in food
products. The positive contributions of the Maillard reaction are sensory attributes
generation, such as color, flavor, aroma and texture. The negative aspects are off-flavor
development, flavor loss, discoloration, and loss of protein nutritional value. In the food
industry, the role of flavor and color either desirable or undesirable is the key in the
manufacture of products of consistent sensory quality. Contradictory knowledge about the
effects of Maillard Reaction Products on health indicates that studies are needed to further
expand the AGEs and MRPs database as well as development of methods for reducing
MRPs generation during home cooking and food processing. Understanding the chemical,
nutritional and toxicological consequences of browning reactions and related

transformations, in vitro and in vivo, can lead to better and safer foods and improved human
health.

www.intechopen.com



294 Food Industrial Processes — Methods and Equipment

7. References

Acar, O.C.; Gokmen, V.; Pellegrini, N. & Fogliano, V. (2009). Direct evaluation of the total
antioxidant capacity of raw and roasted pulses, nuts and seeds. European Food
Research and Technology, Vol.229, No.6, October, pp. 961-969.

Ames, ].M. (1990). Control of the Maillard reaction in food systems. Trends in Food Science
and Technology, Vol.1, No.1, July, pp. 150-154, ISSN 09242244.

Arribas-Lorenzo, G. & Morales, F. J. (2010). Estimation of dietary intake of 5-
hydroxymethylfurfural and related substances from coffee to Spanish population.
Food and Chemical Toxicology, Vol. 48, No.2, December, pp. 644-649.

Barbosa, J.H.P.; Oliveira, S.L. & Seara, L.T. (2008). The Role of Advanced Glycation End-
Products (AGEs) in the Development of Vascular Diabetic Complications. Brazilian
Archives of Endocrinology and Metabolism, Vol.52, No.6, August, pp. 940-950.

Basta, G.; Schmidt, A.M. & Caterina, R. (2004). Advanced glycation end products and vascular
inflammation: implications for accelerated atherosclerosis in diabetes.Cardiovascular
Research, Vol.63, No.4, September, pp. 582~ 592, ISSN 0008-6363.

Basta, G. (2008). Receptor for advanced Glycation end products and atherosclerosis: From
basic mechanisms to clinical implications. Atherosclerosis, Vol.196, No.1, January,
pp. 9-21, ISSN 0021-9150.

Birlouez-Aragon, I.; Sabat, P. & Gouti, N. (2002). A new method for discriminating milk heat
treatment. International Dairy Journal, Vol.12, No.1, August, pp.59-67.

Borrelli, R. C. & Fogliano, V. (2005). Bread crust melanoidins as potential prebiotic
ingredients. Molecular Nutrition & Food Research, Vol.49, No.7, July, pp. 673-678,
ISSN 1613-4125.

Capuano, E. & Fogliano, V. (2011). Acrylamide and 5-hydroxymethylfurfural (HMF): A
review on metabolism, toxicity, occurrence in food and mitigation strategies. Food
Science and Technology, Vol.44, No.4, May, pp.793 - 810, ISSN 1082-0132.

Cerny , C. (2008). The aroma side of the Maillard reaction. Annals of the New York Academy of
Sciences. Vol.1126, No.1, April, pp. 66-71, ISSN 0077-8923.

Chang, H.L.; Chen, Y.C. & Tan, F.J. (2011). Antioxidative properties of a chitosan-glucose
Maillard reaction productand its effect on pork qualities during refrigerated
storage. Food Chemistry, Vol. 124, No.2, January, pp. 589-595, ISSN 0308-8146.

Charissou, A.; Ait-Ameur, L. & Birlouez-Aragon, 1. (2007). Evaluation of gas
chromatography/mass spectrometry method for the quantification of
carboxymethyllysine in food samples. |. Chromatogr.,Vol. 1140, No.1, December,
pp-189-194, ISSN 0021-9673.

Chawla, S.P.; Chander, R. & Sharma, A. (2009). Antioxidant properties of Maillard reaction
products obtained by gamma-irradiation of whey proteins. Food Chemistry, Vol.
116, No.1, September, pp.122-128, ISSN 0308-8146.

Delgado-Andrade, C. & Morales, F. J. (2005). Unraveling the Contribution of Melanoidins to
the Antioxidant Activity of Coffee Brews. ]. Agric. Food Chem., Vol.53, No.5,
February, pp.1403-1407, ISSN 0021-8561.

Delgado-Andrade, C.; Rufian-Henares, J. & Morales, F. (2005). Fast method to determine
furosine in breakfast cereals by capillary zone electrophoresis. Eur. Food Res.
Technol., Vol. 221, No.5, October, pp.707-711, ISSN 1438-2385.

www.intechopen.com



Maillard Reaction Products in Processed Food: Pros and Cons 295

Delgado-Andrade, C.; Rufian-Henares, ]J. & Morales F.]J. (2006). Study on fluorescence of
Maillard reaction compounds in breakfast cereals. Molecular Nutrition & Food
Research, Vol. 50, No.9, September, pp. 799-804.

Delgado-Andrade, C.; Rufian-Henares, J.A. & Morales, F.J. (2007a). Lysine availability is
diminished in commercialfibre-enriched breakfast cereals. Food Chemistry, Vol.100,
No.2, December, pp.725-731, ISSN 0308-8146.

Delgado-Andrade, C.; Seiquer, I. & Navarro, M.P. (2007b).Effects of Consumption of Maillard
Reaction Products on Magnesium Digestibility and Tissue Distribution in Rats. Food
Science and Technology International, Vol.13, No.2, April, pp.109-116, ISSN 1082-0132.

Delgado-Andrade, C.; Rufian-Henares, ].; Morales, F.J. (2008). Optimised procedure to
analyse Maillard reaction associated fluorescence in cereal-based products. Czech
Journal of Food Science, Vol. 26, No. 5, September, pp. 339-346.

Delgado-Andrade, C.; Rufian-Henares, ]J. & Morales, F. (2009). Colour and fluorescence
measurement as unspecific markers for the Maillard reaction, In: Assessing the
generation and bioactivity of neo-formed compounds in thermally treated foods, Delgado-
Andrade, C. & Rufian-Henares, J., 1° ed., Granada: Atrios.

Delgado-Andrade, C.; Seiquer, I.; Garcia, M.M.; Galdo, G. & Navarro, P. (2011). Increased
intake of Maillard reaction products reduces phosphorous digestibility in male
adolescents. Nutrition, Vol. 27, No.1, January, pp.86-91.

Ding, K.H.; Wang, Z.Z.; Hamrick, M.W_; Deng, Z.B.; Zhou, L.; Kang, B.; Yan, S.L.; She, ].X.;
Stern, D.M,; Isales, CM. & Mi, Q.S. (2006). Disordered osteoclast formation in
RAGE-deficient mouse establishes an essential role for RAGE in diabetes related
bone loss. Biochem.Biophys. Res. Commun., Vol. 340, No. 4, February, pp.1091-1097.

Erbersdobler, H. & Somoza, V. (2007). Forty years of using Maillard reaction products as
indicator the nutritional quality of foods. Mol. Nutr. Food Res., Vol.51, No.4, April,
pp-423-430, ISSN 1613-4125.

Finot, P. (2005). Historical perspective of the Maillard reaction in food science. Ann. N.Y.
Acad. Sci., Vol. 1043, No.1, June, pp.1-8.

Forster, A.; Kuhne, Y. & Henle, T. (2005). Studies on absorption and elimination of dietary
maillard reaction products. Ann N Y Acad Sci., Vol.1043, No.1, June, pp.474-481.

Friedman, M. (1996). Food browning and its prevention: an overview. Journal Agricultural
And Food Chemistry, Vol.44, No.3, January, pp. 631-653, ISSN 0021-8561.

Garcia, M.M,; Seiquer , I.; Delgado-Andrade, C.; Galdo, G. & Navarro, M.P. (2009a). Intake
of Maillard reaction products reduces iron bioavailability in male adolescents.
Molecular Nutrition & Food Research, Vol.53, No.12, December, pp. 1-10, ISSN 1613-
4125.

Garcia, M.M.,; Seiquer, I. & Navarro, M.P. (2009b). Influence of Diets Rich in Maillard
Reaction Products on Calcium Bioavailability.Assays in Male Adolescents and in
Caco-2 Cells.Journal of agricultural and food chemistry,Vol.57, No.20, October, pp.
9532-9538, ISSN 0021-8561.

Gerrard, J. (2002a). New Aspects of an AGEing Chemistry - Recent developments
Concerning the Maillard Reaction. Australian Journal of Chemistry, Vol.55, No.5,
June, pp.299-310, ISSN 0004-9425.

Gerrard, J. A. (2002b). Protein-protein crosslinking in food: methods, consequences,
applications. Trends Food Science and Technology, Vol. 13, No. 12, December, pp. 391-
399.

www.intechopen.com



296 Food Industrial Processes — Methods and Equipment

Goldberg, T.; Cai, W.; Peppa, M.; Dardaine, V.; Baliga, B.; Uribarri, J. &Vlassara, H. (2004).
Advanced Glycoxidation End Products in commonly consumed foods. J. Am. Diet.
Assoc., Vol.104, No.8, August, pp. 1287-1291, ISSN 0002-8223.

Goya, L.; Delgado-Andrade, C.; Rufian-Henares, J.A.; Bravo, L. & Morales, F.J. (2007). Effect
of coffee melanoidin on human hepatoma HepG2 cells.Protection against oxidative
stress induced by tert-butylhydroperoxide. Molecular Nutrition & Food Research,
Vol.51, No.5, May, pp. 536-545, ISSN 1613-4125.

Grillo, M. A. & Colombatto, S. (2008). Advanced glycation end-products (AGEs):
involvement in aging and in neurodegenerative diseases. Amino Acids, Vol.35, No.1,
June, pp. 29-36, ISSN 0939-4451.

Hartog, JH.W.; Voors, A.A.; Bakker, SJ.L; Smit, AJ. & Van Veldhuisen, D.J. (2007).
Advanced glycation end-products (AGEs) and heart failure: Pathophysiology and
clinical implications. European Journal of Heart Failure, Vol.9.No.12, December, pp.
1146-1155, ISSN 1388-9842.

Hodge, J. (1953). Chemistry of browning reactions in model systems.]. Agric. Food Chem.,
Vol. 1, No.15, October, pp. 928-943, ISSN 0021-8561.

Jakus, V. & Rietbrock, N. (2004). Advanced Glycation End-Products and the Progress of
Diabetic Vascular Complications. Physiol. Res.,Vol.53, No.2, June, pp. 131-142, ISSN
0862-8408.

Kalousova, M.; Krha, J. & Zima, T. (2002). Advanced Glycation End-Products and Advanced
Oxidation Protein Products in Patients with Diabetes Mellitus. Physiol. Res.,Vol.5,
No.6, April, pp. 597-604, ISSN 0862-8408.

Li, Y.; Cohenford, M.A.; Dutta, U. & Dain, J.A. (2008). The structural modification of DNA
nucleosides by nonenzymaticglycation: an in vitro study based on the reactions of
glyoxal and methylglyoxal with 2’-deoxyguanosine. Anal BioanalChem, Vo0l.390,
No.2, January, pp.679-688.

Linden, E.; Cai, W.; He, J.C,; Xue, C,; Li, Z.; Winston, J.; Vlassara, H. & Uribarri, J. (2008).
Endothelial Dysfunction in Patients with Chronic Kidney Disease Results from
Advanced Glycation End Products (AGE)-Mediated Inhibition of Endothelial Nitric
Oxide Synthase through RAGE Activation. Clin. J. Am. Soc. Nephrol., Vol.3, No.3,
May, pp. 691-698.

Magalhaes, P.M.; Appell, H.]. & Duarte, J.A. (2008). Involvement of advanced glycation end
products in the pathogenesis of diabetic complications: the protective role of
regular physical activity. Eur. Rev. Aging Phys. Act., Vol.5, No.1, February, pp. 17-
29.

Manzocco, L.; Calligaris, S.; Mastrocola, D.; Nicoli, M. C. & Lerici, C. R. (2001). Review of
nonenzymatic browning and antioxidant capacity in processed foods. Trends in
Food Science & Technology, Vol.11, No.9, September, pp. 340-346.

Marchetti, P. (2009). Advanced glycation end products (AGEs) and their receptors (RAGEs)
in diabetic vascular disease. Medicographia, Vol.31, No.3, pp.257-265, ISSN 0243-
3397.

Martin, M.A.; Ramos, S.; Mateos, R.; Rufidn-Henares, J.A.; Morales, F.J.; Bravo, L. & Goya, L.
(2009). Biscuit Melanoidins of Different Molecular Masses Protect Human HepG2
Cells against Oxidative Stress. J. Agric. Food Chemistry, Vol.57, No.16, July, pp.
7250-7258, ISSN 0021-8561.

www.intechopen.com



Maillard Reaction Products in Processed Food: Pros and Cons 297

Matiacevich, S.B. & Buera, M. P. (2006). A critical evaluation of fluorescence as a potential
marker for the Maillard reaction. Food Chemistry, Vol. 95, No.3, January, pp. 423-
430.

Méndez, J. J.; Xie, J.; Aguilar-Herndndez, M. & Méndez-Valenzuela, V. (2010). Trends in
advanced glycation end products researchin diabetes mellitus and its
complications. Mo.I Cell. Biochem.,Vol. 341, No.1, March, pp. 33-41.

Morales, F; Romero, C. & Jimenez-Perez, S. (1997). Chromatographic determination of
bound hydroxymethylfurfural as an index of milk protein glycasylation. Journal of
Agricultural and Food Chemistry, Vol. 45, No. 5, May, pp. 1570-1573, ISSN 0021-8561.

Morales, F. & Van Boekel, M. (1997). A study on advanced Maillard reaction in heated
casein/sugar solutions: fluorescence accumulation. International Dairy Journal, Vol.
7, No.11, October, pp. 675-683, ISSN 0958-6946.

Morales, F. & Van Boekel, M. (1998). A study on advanced Maillard reaction in heated
casein/sugar solutions: colour formation. International Dairy Journal, Vol. 8, No.10,
January, pp.907-915, ISSN 0958-6946.

Mostafa, A.A.; Randell, EW.; Vasdev, S.C.; Gill, V.D.; Han, Y.; Gadag, V.; Raouf, A.A. & El
Said, H. (2007). Plasma protein advanced glycation end products, carboxymethyl
cysteine, and carboxyethyl cysteine, are elevated and related to nephropathy in
patients with diabetes. Mol. Cell Biochem., Vol.302, No.1, August, pp. 35-42.

Muscat, S.; Pelka, ].; Hegele, J.; Weigle, B.; Muench, G. & Pischetsrieder, M. (2007). Research
Article Coffee and Maillard products activate NF-kbin macrophages via H>O»
production. Molecular Nutrition & Food Research, Vol.51, No.5, May, pp.525-535,
ISSN 1613-4125.

Nass, N.; Bartling, B.; Santos, A.N.; Scheubel, R.J.; Borgermann, J.; Silber, R.E. & Simm, A.
(2007). Advanced glycation end products, diabetes and ageing. Z. Gerontol. Geriat.,
Vol.40, No.5, October, pp.349-356.

Nguyen, C. (2006). Toxicity oh the AGEs generated from the Maillard reaction: On the
relationship of food-AGEs and biological-AGEs. Molecular Nutrition & Food
Research, Vol.50, No.12, December, pp. 1140-1149, ISSN 1613-4125.

Nursten, H. (2005). The Maillard reaction: chemistry, biochemistry and implications, Royal
Society of Chemistry, ISBN 0-85404-964-9, London, UK.

Pageon, H. (2010). Reaction of glycation and human skin: The effects on the skin and its
components, reconstructed skin as a model. Pathologie Biologie, Vol.58, No.3, June,
pp. 226-231.

Pawlak, A.M.; Glenn, J.V.; Beattie, G.R.; McGarvey, J.J. & Stitt, A.W.(2008). Advanced
Glycation as a Basis for Understanding Retinal Aging and Noninvasive Risk
Prediction. Annals of the New York Academy of Sciences, Vol.1126, No.1, April, pp. 59-
65.

Rao, M.S,; Chawla, S.P.; Chander, R. & Sharma, A. (2011). Antioxidant potential of Maillard
reaction products formed by irradiation of chitosan-glucose solution. Carbohydrate
Polymers, Vol.83, No.2, January, pp. 714-719, ISSN 0144-8617.

Rerat, A.; Calmes, R, Vaissade, P. & Finot, P.A. (2002). Nutritional and metabolic
consequences of the early Maillard reaction of heat treated milk in the pig.
Significance for man. European Journal of Nutrition, Vol.4, No.1, February, pp.1-11,
ISSN 1436-6207.

www.intechopen.com



298 Food Industrial Processes — Methods and Equipment

Resmini, P.; Pellegrino, L. & Battelli, G. (1990). Accurate quantification of furosine in milk
and dairy products by a direct HPLC method. Italian Journal of Food Science, Vol.2,
No.3, pp. 173-183. ISSN 1120-1770.

Rizzi, G. (2008). The strecker degradation of amino acids:newer avenues for flavor
formation. Food Reviews International, Vol. 24, pp. 416-435, 2008, ISSN: 1525-6103.

Rozycki, S.D.; Buera, M.P.; Piagentini, A.M.; Costa, S.C. & Pauletti, M.S. (2010). Advances in
the study of the kinetics of color and fluorescence development in concentrated
milk systems. Journal of Food Engineering, Vol. 101, No.1, June, pp.59-66, ISSN 0260-
8774.

Rufian-Henares, ]. & Delgado-Andrade, C. (2009). Effect of digestive process on Maillard
reaction indexes and antioxidante properties of breakfast cereals. Food Research
International, Vol.42, No.3, April, pp.394-400, ISSN 0963-9969

Rufian-Henares, J. A.; Guerra-Hernandez, E. & Garcia-Villanova, B. (2002). Maillard reaction
in enteral formula processing: furosine, loss of o-phthaldialdehyde reactivity, and
fluorescence. Food Research International, Vol.35, No.6, April, p.527-533, ISSN 0963-
9969.

Rufian-Henares, J.; Delgado-Andrade; C. & Morales, F. (2006). Aplication of a fast high-
performance liquid chromatography method for simultaneous determination of
furanic compounds and glucosylisomaltol in breakfast cereals. ]. AOAC Int., Vol.
89, No.1, January/February, pp.161-165, ISSN 1060-3271.

Rufian-Henares, J.; Garcia-Villanova B.; & Guerra-Hernandez, E. (2004). Generation of furosine
and color in infant/enteral formula-resembling systems. Journal of Agricultural and
Food Chemistry, Vol.52, No.17, August, pp.5354-5358, ISSN 0021-8561.

Rufian-Hernares, ].; Garcia-Villanova, B. & Guerra-Hernandez, E. (2001). Determination of
furosine in enteral formula. |. Lig. Chromatogr., Vol.24, No.19, pp. 3049-3061, ISSN
1082-6076.

Rutherfurd, S.M.; Torbatinejad, N.M. & Moughan, P.J. (2007).Available (ileal digestible
reactive) lysine in selected cereal-based food products.journal of agricultural and food
chemistry, Vol.54, No.25, November, pp.9453-7, ISSN 0021-8561.

Sato, T.; Iwaki, M.; Shimogaito, N.; Xuegang, W. (2006a). AGEs formation in vivo. Curr. Mol.
Med., Vol. 6, pp.351-358, ISSN. 1567-2026.

Sato, T.; Shimogaito, N.; Wu, X.; Kikuchi, S.; Yamagishi, S. & Takeuchi, M. (2006b).Toxic
Advanced Glycation End Products (TAGE) Theory in Alzheimer’s Disease.
American Journal of Alzheimer’s Disease & Other Dementias, Vol.21, No.3, June/July,
pp-197-208.

Schaller, E.; Bosset, J.O. & Escher, F. (1998). ‘Electronic Noses” and their application to food.
Lebensmittel-Wissenschaft und-Technologie, Vol.31, No.4, April, pp. 305-316.

Seiquer, 1.; Diaz-Alguacil, J.; Delgado-Andrade, C.; Lopez-Frias, M.; Hoyos, A.M.; Gald¢, G.
& Navarro, M.P. (2006). Diets rich in Maillard reaction products affect protein
digestibility in adolescent males aged 11-14 y. American Journal of Clinical Nutrition,
Vol.8, No.5, May, pp.1082- 8, ISSN 0002-9165.

Seiquer, I.; Ruiz-Roca, B.; Mesias, M.; Mufioz-Hoyos, A.; Galdo, G.; Ochoa, ].J. & Navarro,
M.P. (2008). The antioxidant effect of a diet rich in Maillard reaction products is
attenuated after consumption by healthy male adolescents. In vitro and in vivo
comparative study. Journal of the Science of Food and Agriculture, Vol.88, No.7, March,
pp. 1245-1252, ISSN 0022-5142.

www.intechopen.com



Maillard Reaction Products in Processed Food: Pros and Cons 299

Somoza, V. (2005). Five years of research on health risks and benefits ofMaillard reaction
products: An update. Molecular Nutrition & Food Research, Vol.49, No.7, July, pp.663
- 672, ISSN 1613-4125.

Somoza, V.; Wenzel, E.; Weiss, C.; Clawin-Réadecker, I.; Griibel, N. & Erbersdobler, H. (2006).
Dose-dependent  utilisation of casein-linked lysinoalanine, N(epsilon)-
fructoselysine and N(epsilon)-carboxymethyllysine in rats. Molecular Nutrition &
Food Research, Vol.50, No.9, September, pp.833-841, ISSN 1613-4125.

Stanimirova, I.; Boucon, C. & Walczaka, B. (2011). Relating gas chromatographic profiles to
sensory measurements describing the end products of the Maillard reaction.
Talanta, Vol. 83, No. 4, January, pp. 1239-1246, ISSN 0039-9140.

Summa, C.; McCourt, ].; Cammerer, B.; Fiala, A.; Probst, M.; Kun, S.; Anklam, E. & Wagner,
K. (2008). Radical scavenging activity, anti-bacterial and mutagenic effects of Cocoa
bean Maillard Reaction products with degree of roasting. Molecular Nutrition &
Food Research, Vol.52, No.3, March, pp. 342 - 351, ISSN 1613-4125.

Szczesniak, A. S. (2002). Texture is a sensory property. Food Quality and Preference, Vol.13,
No.4, June, pp. 215-225, ISSN 0950-3293.

Torbatinejad, N.M.; Rutherfurd, SM. & Moughan, P.J. (2005). Total and Reactive Lysine
Contents in Selected Cereal-Based Food Products. Journal of agricultural and food
chemistry, Vol.5, No.11, June, pp.4454-4458, ISSN 0021-8561.

Tuohy, K.M.; Hinton, D.J.; Davies, S.J.; Crabbe , M.].; Gibson, G.R. & Ames, ].M. (2006).
Review Metabolism of Maillard reaction products by the human gut microbiota -
implications for health. Molecular Nutrition & Food Research, Vol.50, No.9,
September, pp. 847 - 857, ISSN 1613-4125.

Van Boekel, M. A. (2006). Formation of flavor compounds in the Maillard reaction.
Biotechnology Advances, Vol.24, No.2, April, pp.230-233, ISSN 0734-9750.

Vasdev, S.; Gill, V. & Singal, P. (2007). Role of Advanced Glycation End Products in
Hypertension and Atherosclerosis: Therapeutic Implications. Cell Biochem.Biophys.,
Vol.49, No.1, July, pp. 48-63.

Vlassara, H.; Cai, W.; Crandall, J.; Goldberg, T.; Oberstein, R.; Dardaine, V.; Peppa, M. &
Rayfield, E.J. (2002). Inflamatory mediators are induced by dietary glycotoxins, a
major risk factor for diabetic angiopathy. Proc. Natl. Acad. Sci., Vol.99, No.24,
January, pp.15596-601.

Vytéasek, R.; Sedov4, L. & Vilim, V. (2010). Increased concentration of two different
advanced glycation end-products detected by enzyme immunoassays with new
monoclonal antibodies in sera of patients with rheumatoid arthritis. BMC
Musculoskelet Disordens, Vol.83, No.11, May, pp.1-11.

Wagner,K.; Reichhold, S.; Koschutnig, K.; Chériot, S. & Billaud, C. (2007). The potential
antimutagenic and antioxidant effects of Maillard reaction products used as
"natural antibrowning" agents. Molecular Nutrition & Food Research, Vol.51, No.4,
April, pp.495 - 504, ISSN 1613-4125.

Wang, He-Ya; Qian, H. & Yao, Wei-Rong. (2011). Melanoidins produced by the Maillard
reaction: Structure and biological activity. Food Chemistry, Vol.128, No.3, October,
pp.573-584, ISSN 0308-8146.

Yu, Ai-Nong & Zhang, Ai-Dong. (2010). The effect of pH on the formation of aroma
compounds produced by heating a model system containing L-ascorbic acid with

www.intechopen.com



300 Food Industrial Processes — Methods and Equipment

L-threonine/L-serine. Food Chemistry, Vol.119, No.1, March, pp.214-219, ISSN 0308-
8146.

Zeng, Y.; Zhang, X.; Guan, Y. & Yuanxia, S. (2011). Characteristics and Antioxidant Activity
of Maillard Reaction Products from Psicose-Lysine and Fructose-Lysine Model
Systems. Journal of Food Science, Vol.76, No.3, April, pp.398-403, ISSN 0022-1147.

www.intechopen.com



Food Industrial Processes - Methods and Equipment

FOOD INDUSTRIAL Edited by Dr. Benjamin Valdez
PROCESSES
METHODS AND EQUIFMINT
5
| g ISBN 978-953-307-905-9
- Hard cover, 418 pages
\ Publisher InTech
—— Published online 22, February, 2012

_ Published in print edition February, 2012

The global food industry has the largest number of demanding and knowledgeable consumers: the world
population of seven billion inhabitants, since every person eats! This population requires food products that
fulfill the high quality standards established by the food industry organizations. Food shortages threaten
human health and are aggravated by the disastrous, extreme climatic events such as floods, droughts, fires,
storms connected to climate change, global warming and greenhouse gas emissions that modify the
environment and, consequently, the production of foods in the agriculture and husbandry sectors. This
collection of articles is a timely contribution to issues relating to the food industry. They were selected for use
as a primer, an investigation guide and documentation based on modern, scientific and technical references.
This volume is therefore appropriate for use by university researchers and practicing food developers and
producers. The control of food processing and production is not only discussed in scientific terms; engineering,
economic and financial aspects are also considered for the advantage of food industry managers.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Deborah Markowicz Bastos, Erica Monaro, Erica Siguemoto and Mariana Séfora (2012). Maillard Reaction
Products in Processed Food: Pros and Cons, Food Industrial Processes - Methods and Equipment, Dr.
Benjamin Valdez (Ed.), ISBN: 978-953-307-905-9, InTech, Available from:
http://www.intechopen.com/books/food-industrial-processes-methods-and-equipment/maillard-reaction-
products-in-processed-food-pros-and-cons

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




