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Abstract

Purpose of Review The Maillard reaction (MR) is a non-enzymatic reaction between reducing sugars and compounds with free
amino groups such as proteins and takes place during thermal processing and storage of foods. This review aims to discuss
potential effects of dietary MR products on the pathological mechanisms of allergic diseases.

Recent Findings Since the MR leads to modification of proteins with various types of glycation structures, the impact of the MR on
the immunogenicity and potential allergenicity of food proteins in many allergenic foods has been assessed. In addition, recent
studies have suggested that the MR products, in particular “advanced glycation end products (AGEs),” contained in the diet may be
involved in the development of chronic inflammation by acting as inflammatory components and affecting the gut microbiome.
Summary This review found that the biological, immunological, and allergic properties of dietary MR products are diverse due to
the complexity of the MR.

Keywords Maillard reaction - Food allergens - Advanced glycation end products (AGEs) - Pattern recognition receptors - Gut
microbiome

Abbreviations TDM1 Type 1 diabetes

AGEs  Advanced glycation end product TDM2  Type 2 diabetes

CML  Ne-Carboxymethyl-lysine

CKD Chronic kidney disease

DAMP Damage-associated molecular pattern

DCs Dendritic cells

MR Maillard reaction

PRR Pattern recognition receptor

RAGE  The receptor for the advanced
glycation end products

SCFA  Short chain fatty acid

Introduction

The Maillard reaction (MR, also referred to as “non-enzymatic
browning” or “glycation”) represents a complex series of
chemical reactions between carbonyl and amino compounds.
This reaction occurs during thermal processing and storage of
foods, as well as in vivo, particularly in the diabetic milieu,

SR Scavenger receptor producing high glucose concentration in the blood, and in the
course of aging [1]. The MR cascade usually is subdivided into

This article is part of the Topical Collection on Allergens three stages (Fig. 1). In the early stage of the reaction, a nucle-
ophilic addition of the amino group of amino acids, peptides, or
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Fig. 1 A scheme of the Maillard
reaction. The reaction is divided
into three (early, inter, and late)

H
phases. Chemical formulas of |
compounds representative for c=0
each phase are indicated. CML, |
Ne-carboxymethyl-lysine; CEL, NH.R  + HO=c— H
Ne-carboxyethyl-lysine; MGO, l
hydroimidazolones (derived from H— le OH
methylglyoxal); 3-DG, 3- . .
deoxyglucosone; GOLD, coim::lll(:l d Reducing
bis(lysyl)imidazolium derivatives P sugar
(1,3-bis-(5-amino-5-
carboxypentyl)-1H-
imidazolium); MOLD, 1,3-bis(5-
amino-5-carboxypentyl)-4-
methyl-1H-imidazolium; DOLD,
3-deoxy-glucosone-derived Lys \N/\NH/ Lys
lysine dimer. Adapted from *
reference [1]

GOLD
. Lys
Lys \NANH/
H3C poLp
Lys " Ny D
¥ ~N7 NH
(CHOH),CH,0H
DOLD

induce the formation of the so-called advanced glycation end
products (AGEs). Representative AGEs include Ne-
carboxymethyl-lysine (CML), Ne-carboxyethyl-lysine (CEL),
pyrraline, hydroimidazolones (derived from methylglyoxal
(MG), argpyrimidine, glyoxal (GO), and 3-deoxyglucosone
(3-D@)), and bis(lysyl)imidazolium salts such as 1,3-bis-(5-
amino-5-carboxypentyl)-1H-imidazolium (GOLD), 1,3-bis(5-
amino-5-carboxypentyl)-4-methyl-1H-imidazolium (MOLD),
and 3-deoxyglucosone-derived lysine dimer (DOLD)
(Fig. 1). Furthermore, the majority of the sensory-
active compounds (responsible for aroma, taste, color,
etc.) in thermally processed foods are generated by the
MR in the final stage.

The major concern regarding the MR in allergy research
is the possible effect of glycation on the potential allerge-
nicity of food proteins, since many allergenic foods are
subjected to thermal processing before consumption.
Evidence collected so far suggests that dietary MR products
may promote the development of chronic inflammation via
engagement with pattern recognition receptors (PRRs).
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Additionally, dietary MR products have the potential to
affect gut microbiota, which may have an influence on
the inflammatory status in chronic disorders including aller-
gy. This review introduces such biological, immunological,
and allergenic properties of the MR products by referring to
recent scientific findings.

Effect of the MR on the Potential Allergenicity
of Food Proteins

The first hypothesis linking the MR to allergy was that the
reaction enhances the potential allergenicity of food allergens
by creating novel IgE epitopes. The hypothesis was based on
observations that some allergic patients reacted only to ther-
mally processed foods and displayed no allergic reactions to
the raw counterparts [2]. However, so far, there is no scientific
evidence showing the presence of IgE antibodies specific to
the glycated forms of proteins or glycated structures. Several
studies have investigated the influence of the MR on the
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potential allergenicity of food allergens in chicken egg, cow
milk, peanuts, tree nuts, sea foods, and other allergenic foods.
The results of such studies have been listed and discussed in
several review articles [3—5]. These studies revealed that the
effects of the MR are diverse, depending on the thermal sta-
bility of the allergens, the number of lysine/arginine residues
in allergens, types and concentrations of reducing sugars,
composition of the food matrix, and treatment conditions
(e.g., temperature, pH, duration, and moisture). Glycation
may influence the affinity and/or accessibility of allergens
for specific IgE antibodies owing to change(s) in the electric
charge and hydrophobicity of proteins. Glycation may also
impart structural changes in proteins, since the MR induces
aggregation of proteins by intra- or inter-molecular cross-
linking between lysine and arginine residues, or two lysine(s)
or arginine(s) in the formation of shared AGEs (Fig. 1) [1].
However, in many cases, heat treatment rather than glycation
acts as the primary factor in altering the allergenicity of food
allergens during thermal processing.

High-temperature treatments often alter the protein struc-
ture of allergens, i.e., by heat-induced denaturation, subse-
quent renaturation, oligomerization, and aggregation by
cooling [3]. Heat labile food allergens (e.g., Bet v 1 homo-
logues such as Pru av 1, a major cherry allergen [6]) lose their
potential allergenicity by heat treatment owing to the loss of
conformational epitopes. Alternatively, the IgE reactivity of
some allergens may be enhanced if sequential epitopes for
IgE antibodies are exposed by heat treatment. It appears that
glycation influences such effects of heat on some allergens.
For instance, glycation protected the loss of allergenicity by
heat, when Ara h 2/6, the major peanut allergen, was incubat-
ed with glucose at 145 °C for 20 min under dry condition [7].
Heat under the same dry condition enhanced the allergenicity
of Ara h 1, another peanut allergen, and the MR did not alter
the effect of heating [7]. Cucu et al. showed that the capacity
of crude hazelnut proteins to induce mediator release by ba-
sophils was reduced by incubation in phosphate-buffered sa-
line with glucose at 70 °C for 48 h [8]. It has been suggested
that the reduction was promoted by glycation of hazelnut al-
lergens Cor a 1 and Cor a 2. These studies suggest the diffi-
culty in predicting the effect of MR on the potential allerge-
nicity of allergenic foods.

Effect of the MR on T Cell Inmunogenicity
of Food Allergens

Glycation by the MR does not seem to create novel IgE epi-
topes. However, accumulated evidence suggests that the MR
products, in particular AGEs, are recognized by several PRR
expressed on the surface of antigen presenting cells such as
dendritic cells (DCs) and macrophages. PRRs are host sen-
sors, which detect molecules typical for the pathogens in

immune systems, but also react to food components that are
not observed in mammals. PRRs recognizing AGE structures
include macrophage scavenger receptors, e.g., SR-A1l
(SCARALI), SR-A1.1 (SR-AIl), SR-B1 (SR-BI) and SR-B2
(CD36), SR-E1 (lectin-like oxidized low-density lipoprotein
receptor-1: LOX-1), SR-HI (fasciclin EGF-like, laminin-type
EGF-like, and link domain-containing scavenger receptor-1:
FEEL-1) and SR-H2 (FEEL-2), galectin-3, TLR-4, and the
receptor for the advanced glycation end products (RAGE)
[9-11]. Among them, the scavenger receptors are endocytic
receptors described as candidates for antigen-specific
targeting to the MHC class II loading pathway. It means that
scavenger receptors efficiently transfer their antigenic ligands
to cellular compartments, where the ligands are processed and
loaded onto the MHC class II molecules in the form of anti-
genic peptides for CD4" T cell activation. We found that
glycation of ovalbumin (OVA, egg white allergen) by the
MR, in particular modification with pyrraline, promotes the
uptake of the allergen by DCs via binding to SR-AI/II; this in
turn significantly enhances OVA-specific CD4" T cell activa-
tion and IgE production [12¢, 13]. A similar observation, i.e.,
enhanced uptake of the MR product by DCs via SR-A engage-
ment, was also reported for 3-lactoglobulin, a major cow’s
milk allergen [14]. Our results suggest that glycated food al-
lergens may be processed for enhanced T cell immunogenicity
and, therefore, reduce the threshold for allergen sensitization,
when compared with the native forms of the allergens.

Effect of MR on T Cell Differentiation

It is an important question as to whether the MR products
possess a capacity to induce Th2 cell differentiation, which
in turn promotes induction and development of type I allergy.
Buttari et al. showed that the AGEs of plasma 32 glycoprotein
I (32 GPI) triggered maturation of monocyte-derived human
DCs, and polarized allogenic naive CD4" T cells into Th2
cells in a co-culture with mature human DCs [15]. AGEs of
[32GPI appear to bind RAGE in human DCs, which might
confer a T cell stimulatory capacity that promotes Th2 cell
differentiation. The early research on RAGE was in the con-
text of diabetic microvasculopathy and focused on the role of
RAGE as a receptor for endogenous AGEs (in vivo MR prod-
ucts) [16]. Through these studies, RAGE is now well known
as an inflammatory receptor that is involved in the initiation of
inflammatory cycles that perpetuate oxidative stress and pro-
inflammatory cytokines via nuclear factor-kB (NF-kB) upreg-
ulation [17]. RAGE is expressed in multiple cell types at very
low levels in the absence of a disease condition, with in-
creased expression noted in a range of cell types and tissues
in inflammatory states [18]. Besides, RAGE is expressed in T
cells. Using a murine model of allergic asthma, Akirav et al.
showed that RAGE expression in T cells is crucial in the
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development of Thl responses, and RAGE deficiency pro-
motes the development of Th2 response [19]. Notably,
RAGE was intracellularly expressed in T cells from healthy
subjects only after TCR activation, but constitutively
expressed in T cells from patients with diabetes [20]. The
levels of RAGE expression in T cells of allergic patients are
not known and need to be investigated to assess the effect of
dietary AGEs, including AGEs of food allergens, on the acti-
vation and function of allergen-specific T cells.

Potential Effects of Dietary MR Products
on Allergic Inflammation

Depending on food preparation methods, modern Western
diets may contain large amounts of dietary AGEs. The esti-
mated daily intake of dietary AGEs ranges from 25 to 75 mg
[21]. Many AGEs (e.g., CML and pyrraline) found in the
foods have been detected in endogenous AGEs accumulated
in the tissues [22]. Tessier et al. showed that feeding mice with
CML-BSA resulted in its accumulation in murine organs, in
particular the kidneys, intestines, and lungs [23]. This sug-
gests that a similar accumulation of dietary AGEs may occur
in the human organs, although the result cannot be directly
interpolated to explain the condition in humans. Notably, sev-
eral studies have shown that expression of RAGE is upregu-
lated in chronic inflammation including allergic asthma [10,
24s]. Given the role for RAGE as an AGE-binding inflam-
matory receptor, there is a postulation that dietary AGEs are
involved in the development of inflammatory disorders in-
cluding allergic diseases [25, 26]. However, the involvement
of dietary AGEs in the development of allergic disease has not
been investigated. Moreover, the ability of RAGE to recog-
nize dietary AGEs has been challenged in recent years.

In diabetes mellitus research, a number of randomized con-
trolled trials have been performed to assess the effect of die-
tary AGEs on overweight individuals, patients with type 1 and
type 2 diabetes (TDM1 and TDM2) or chronic kidney disease
(CKD), and healthy subjects [27, 28]. Several reviews suggest
that low-AGE intake may be beneficial in reducing bio-
markers of inflammation and oxidative stress levels in healthy
adults and patients with CKD [27, 28]. In addition, several
studies showed that the consumption of a high-AGE diet for
periods greater than 2 weeks increases the expression of pro-
inflammatory biomarkers, specifically TNF-«, and the circu-
lating levels of AGEs in healthy and overweight individuals
and patients with TDM1, TDM2, and CKD, although the
levels of a pro-inflammatory cytokine, i.c., IL-6, was not as-
sociated with the consumption. The observation is only partly
consistent with the role of RAGE, as stimulation of the recep-
tor leads to the production of IL-6 and TNF-« [27, 28]. There
are studies with contradictory results as well, showing that a
high- or low-AGE diet had no significant effect on any

@ Springer

inflammatory mediator after 6 weeks of dietary intervention
[29, 30]. The discrepancy in the outcome of the clinical studies
has been explained by the high heterogeneity between the
studies (e.g., ages of recruited patients, recipe for high-AGE
diets leading to different calorie densities, the presence of
other inflammatory components, oxidized lipids in the diets,
and in particular the method used to “quantify” the amount of
glycation compounds [1]). Notably, only high molecular
weight serum fractions (> 50 kDa) isolated from diabetics
with nephropathy were able to stimulate RAGE but not low
molecular weight serum fractions [31]. Dietary glycated pro-
teins undergo the normal digestion process after intake, and
therefore, free glycated amino acids or peptides may be
absorbed. Further work is necessary to show whether the
small fraction of glycated proteins escaping intestinal diges-
tion may enter the circulation in intact form and may effec-
tively interact with RAGE.

It should also be noticed that “the interaction of endoge-
nous AGEs with RAGE” is not the only mechanism for the
onset and development of diabetic complications and aging
diseases. Endogenous AGEs damage tissues and trigger in-
flammation mainly by three mechanisms: (i) inducing struc-
tural deformation or high cross-linking of proteins, in partic-
ular long-lived extracellular matrix proteins [16, 18], (ii) act-
ing as a component in signal transduction cascades in the cells
[32], and (iii) interacting with AGE receptors. AGE cross-
linked proteins accumulate in a variety of organs, which leads
to tissue damage and dysfunction, including those of the kid-
neys, retina, and nerves, as well as the formation of athero-
sclerotic plaques in hyperglycemia [16, 18]. In the damaged
cells and tissues, damage-associated molecular pattern
(DAMP) proteins such as the high-mobility group box
(HMGB)-1, adenosine triphosphate proteins, S100 calcium-
binding proteins, amyloid fibrils, and nucleic acid backbones
are released [33, 34¢¢]. DAMP binds RAGE, Toll-like recep-
tors 2 and 4, and triggers the release of pro-inflammatory
cytokines, as well as the upregulation of RAGE expression
[35]. Recent studies have suggested that the interaction of
DAMP with RAGE takes the major role in development of
diabetic complications [33, 34¢¢]. Dietary AGEs may enhance
inflammatory responses by binding to RAGE in such chronic
inflammatory milieu. However, evidence for the effect of di-
etary AGEs in chronic inflammation is only suggestive and
should be elucidated with caution through further investiga-
tion. In this context, it will be important to carefully control
the experimental conditions to generate individual AGEs for
model studies in order to reflect the physiological conditions.
Moreover, the extent of the MR in experimental diets must be
comprehensibly described based on the chromatographic
analysis of individual glycation compounds (Fig. 1), and not
by sum parameters such as “AGE content” originating from
immunological methods or merely calculation based on ques-
tionable databases.
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Potential Effects of Dietary MR Products
on Gut Microbiota

There is growing evidence that dysbiosis, a qualitative and
quantitative change in the intestinal flora, is associated with
the pathogenesis of multiple diseases including allergic reac-
tions [36, 37]. Therefore, the adverse or positive effects of the
MR products including AGEs on gut microbiome are of inter-
est. Dietary MR products alter the microbiological profile in
humans. A pilot randomized open-label controlled trial re-
cruited patients with end-stage renal disease (ESRD) under-
going peritoneal dialysis (PD) (»=20) and investigated the
effect of dietary AGE restriction on their microbiome [38].
The trial attempted to evaluate an association between the
levels of AGEs and inflammation markers and oxidative stress
in patients with ESRD. The trial showed that dietary AGE
restriction altered the bacterial gut microbiota, with a signifi-
cant reduction in Prevotella copri, a bacterial strain enhancing
susceptibility to arthritis [39]. The results suggest that AGEs
maintain an unfavorable bacterial strain potentially involved
in inflammation. Seiquer et al. showed negative correlations
between (i) lactobacilli count and intake of dietary AGEs
(hydroxymethylfurfural and CML) and (ii) bifidobacteria count
and intake of Amadori compounds, the products of the early
stage of the MR, in adult healthy subjects [40]. The MR prod-
ucts appeared to have specific effects on the composition of
intestinal microbiota, depending on the chemical structures.
Contrarily, a bifidogenic effect on human microbiota was de-
scribed for milk protein glycated with galactose [41].
Interestingly, Nam Bui et al. found that a bacterium, i.e.,
Intestinimonas strain AF211, can convert lysine and the
Amadori product, i.e., fructoselysine, stoichiometrically into bu-
tyrate and acetate [42]. This was the first evidence showing that
a certain type of bacteria uses an MR product as their energy
source. AGEs such as CML and pyrraline were shown to be
metabolized by the human microbiota to different extents [43].

The short chain fatty acids (SCFAs) such as acetate, propi-
onate, and butyrate are the end products of gut bacterial diges-
tion of food-derived components. It is now well known that
SCFAs regulate innate and adaptive immune cell generation,
trafficking, and function [44, 45]. In particular, the effect of
SCFAs on regulatory T cells (Treg) is of importance in the
modulation of allergic inflammation. The interaction between
butyrate and GPR109a, which binds multiple SCFAs, pro-
motes the production of IL-10 and retinol dehydrogenases (en-
zymes producing retinoic acid) from macrophages and DCs,
thereby inducing Treg generation [46]. SCFAs also regulate
Treg differentiation through epigenetic modifications by his-
tone deacetylase inhibition, which leads to increased Foxp3
expression [47]. The severity of atopic disease correlated in-
versely with gut microbial diversity and with the abundance of
butyrate-producing bacteria [48, 49]. So far, the effect of
Amadori compounds in the gut microbiome has not been well

identified, and it needs to be assessed whether these com-
pounds can really increase the concentration of SCFAs by af-
fecting the digestion of a particular gut bacterial species in
humans.

Conclusion

The effect of the MR on allergic diseases is complex. The MR
changes structures and/or electrostatic properties of certain
proteins including allergens by glycation. It may reduce, en-
hance, or not alter the immunogenicity and allergenicity of
food proteins. So far, studies indicate that there is no generic
way to predict the effect of the MR on the immunogenicity
and allergenicity of food proteins. Dietary AGEs may promote
allergic inflammation by amplifying inflammatory cascades
via RAGE engagement. In addition, dietary MR products
might act as a double-edged sword by affecting the gut micro-
biota through negative selection (through inducing unfavor-
able bacterial species) or positive selection (inducing favor-
able bacterial species that can utilize the MR products for
immune modulation). Further investigation in the biological
and immunological properties of MR products is needed to
elucidate the role of the MR in the pathogenesis of allergic
diseases and to establish dietary strategies for the prevention
and treatment of such diseases.
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