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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo Advanced glycation end products (AGEs) and their precursors, referred to as glycation products, are a heter-

ogenous group of compounds being associated with adverse health effects. They are formed endogenously and in

Keywords: exogenous sources including food. This review investigates the roles of endogenously versus exogenously formed
A]_)ME glycation products in the potential induction of adverse health effects, focusing on differences in toxicokinetics
charb_onyls_ and toxicodynamics, which appeared to differ depending on the molecular mass of the glycation product. Based
Gut microbiota X . . .

RAGE on the available data, exogenous low molecular mass (LMM) glycation products seem to be bioavailable and to

contribute to dicarbonyl stress and protein cross-linking resulting in formation of endogenous AGEs. Bioavail-
ability of exogenous high molecular mass (HMM) glycation products appears limited, while these bind to the
AGE receptor (RAGE), initiating adverse health effects. Together, this suggests that RAGE-binding in relevant
tissues will more likely result from endogenously formed glycation products. Effects on gut microbiota induced
by glycation products is proposed as a third mode of action. Overall, studies which better discriminate between
LMM and HMM glycation products and between endogenous and exogenous formation are needed to further
elucidate the contributions of these different types and sources of glycation products to the ultimate biological
effects.

Cross-linking
Dicarbonyl stress

1. Introduction are abundant (Uribarri et al., 2010; Piperi, 2017). The question remains

however to what extent exogenous glycation products contribute to the

Glycation products are a heterogenous group of compounds which
include advanced glycation end products (AGEs) and their precursors
such as Amadori products and reactive dicarbonyls. AGEs have been
associated with adverse health effects (i.e. chronic diseases, athero-
sclerosis, inflammation) in both human and animal studies (Nowotny
et al., 2018; Gill et al., 2019; Sergi et al., 2020). AGEs can be formed
endogenously (i.e. in the host) but are also abundantly present in
exogenous sources such as food products and tobacco smoke (Poulsen
et al., 2013). Especially in the Western diet AGEs and their precursors

endogenous AGE pool and to the associated potential adverse health
effects. This review aims to provide a state-of-the-art overview of the
toxicokinetics and toxicodynamics of endogenously formed and exoge-
nous dietary AGEs and their precursors in order to evaluate their po-
tential contributions to the adverse effects on human health. Given that
the toxicokinetics and toxicodynamics appear to differ depending on the
molecular mass of the AGEs and their precursors, the review discrimi-
nates not only between exogenous and endogenous but also between
free, low molecular mass (LMM) glycation products and dicarbonyl
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ornithine; NF-kB, nuclear factor-kappa B; NOD, non-obese diabetic; Nrf2, nuclear factor erythroid 2-related factor 2; PUFA, polyunsaturated fatty acid; RAGE, re-
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precursors, and protein-bound, high molecular mass (HMM) glycation
products.

First, an overview of the types of glycation products considered in
this review will be presented. The second section of this review will give
an overview of the toxicokinetics of exogenous and endogenously
formed AGEs and their precursors. The third section of the review pro-
vides an overview of the toxicodynamics and modes of action in the host.
Finally, the findings will be discussed and recommendations for future
research will be provided.

2. Endogenous and exogenous glycation products

Exposure to glycation products results from endogenous formation or
from intake of glycation products formed exogenously and present in for
example food or cigarette smoke. Due to the involvement of various
precursors (e.g. dicarbonyls), multiple amino acid residues, and the
formation of free and peptide- or protein-bound AGEs, the glycation
products formed are a heterogenous group of compounds, consisting of
HMM and LMM AGEs and precursors, including cross-linked products (i.
e. when two amino acid residues are involved instead of one). In the
present review, HMM glycation products refer to products formed by
reaction with a protein-bound amino acid residue while LMM glycation
products refer to products formed by reaction with a free amino acid
residue and/or to dicarbonyl precursors.

2.1. Exogenous formation of AGEs and their precursors

Exogenous AGEs and their precursors present in food products (i.e.
bread, milk (powder), processed food products) can be formed at high
rates during heating applied to improve the quality and taste of the
product, its shelf life, for safety reasons, or to produce the desired food
product (Poulsen et al., 2013). During this process, AGEs and their
precursors are formed via multiple pathways of the non-enzymatic
Maillard reaction (Maillard, 1912; Yaylayan et al., 1994; Buetler et al.,
2008; Vistoli et al., 2013; Nguyen et al., 2014). First of all, the carbonyl
group of a reducing sugar can bind to the amino group of a free,
protein-bound or peptide-bound amino acid, forming a (reversible)
Schiff base that spontaneously forms so-called Amadori products. These
Amadori products are relevant precursors for AGEs as they can rear-
range into AGEs via the Hodge pathway, which is a series of reactions
including dehydration, fragmentation, oxidation and cyclization (Yay-
layan et al., 1994; Liang et al., 2019). In addition to formation of AGEs
via the Hodge pathway, the Schiff base or the covalently-bound Amadori
product precursors can also be decomposed via the Namiki pathway into
reactive dicarbonyls, also referred to as a-oxoaldehydes (i.e. methyl-
glyoxal, glyoxal, 3-deoxyglucosone) (Yaylayan et al., 1994; Liang et al.,
2019; Perrone et al., 2020). These reactive dicarbonyls can react with an
unbound or bound amino acid and in this way form AGEs. Among the
most abundant and most frequently studied Amadori products and AGEs
in food are fructoselysine (FL), which is formed from glucose and lysine
(Hegele et al., 2008), and Ne-(carboxymethyl)lysine (CML) (Delga-
do-Andrade, 2016) which is formed by rearrangement from FL or via a
reaction between lysine and the dicarbonyls glyoxal or 3-deoxygluco-
sone, respectively. Other AGEs include compounds like pyrraline,
hydroxymethylfurfural (HMF), Ne-(carboxyethyl)-lysine (CEL) and
N&-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1) (Fig. 1).

Reactive dicarbonyls are involved in the formation of multiple AGEs.
The dicarbonyl glyoxal can form CML by reacting with lysine side chains
(Glomb and Monnier, 1995). By reacting with a cysteine group, the
irreversible end-product S-carboxymethylcysteine can be formed (Zeng
and Davies, 2005). If glyoxal reacts with arginine, more complex re-
actions occur leading to multiple glyoxal-arginine derived AGEs
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(i.e. carboxymethylarginine, the intermediates G-DH1 (N-(3,4-dihy-
droxy-1-imidazolidin-2-yl)ornithine) and G-DH2 ((5-(4,5-dihydroxy-2-i
mino-1-imidazolidinyl)norvaline)) and the subsequent imidazolone-de
rivatives G-H1, G-H2, G-H3) (Vistoli et al., 2013) (Fig. 1). The dicar-
bonyl methylglyoxal is also involved in formation of multiple AGEs.
Reaction with lysine residues can lead to CEL formation (Ahmed et al.,
1997), while reactions with arginine residues can give rise to multiple
products depending on the number of nitrogen atoms involved in
cyclization and the pH. As such, MG-H1, MG-H2 (2-amino-5-(2--
amino-5-hydro-5-methyl-4-imidazolon-1-yl)pentanoic acid) or MG-H3
(2-amino-5-(2-amino-4-hydro-4-methyl-5-imidazolon-1-yl)pentanoic
acid) can be formed (Klopfer et al., 2011)(Fig. 1). The dicarbonyl
3-deoxyglucosone can form the AGEs CML and pyrraline by reacting
with lysine residues (Monnier et al., 1996; Miyata, 1997; Niwa et al.,
1998; Tsukushi et al., 1999). When 3-deoxyglucosone reacts with argi-
nine residues, multiple products can be formed including 3DG-H1
(N-(5-hydro-5-(2,3,4,-trihydroxybutyl)-4-imidazolon-2-yl)orthinine),
3DG-H2 (5-(2-amino-5-hydro-5-(1,2,3-trihydroxybutyl)-4-imidazolo
n-1-yDnorvaline) and 3DG-H3 (5-(2-amino-4-hydro-4-(2,3,4-trihydrox-
ybutyl)-5-imidazolon-1-yl)norvaline) (Niwa et al., 1997)(Fig. 1).

When dicarbonyls such as glyoxal, methylglyoxal and 3-deoxygluco-
sone react with two amino acid residues (both lysine or arginine) this
leads to imidazole cross-linked AGEs such as GODIC (N6-(2-{[(4S)-4-
ammonio-5-oxido-5-oxopentyl]amino}-3,5-dihydro-4H-imidazol-4-yli-
dene)-L-lysine) and GOLD (6-{1-[(5S)-5-ammonio-6-oxido-6-oxohexyl]
imidazolium-3-yl}-L-norleucine) resulting from reactions with gly
oxal, MODIC (2-ammonio-6-({2-[4-ammonio-5-oxido-5-oxopently)ami
no]-4-methyl-4,5-dihydro-1H-imidazol-5-ylidene }amino)hexanoate)
and MOLD (6-{1-[(5S)-5-ammonio-6-oxido-6-oxohexyl]-4-methyl- im
idazolium-3-yl}-L-norleucine) with involvement of methylglyoxal and
DODIC (N 6 -{2-{[(4S)-4-ammonio-5-oxido-5-oxopentyl]amino}-5 -[(2
S,3R)-2,3,4-trihydroxybutyl]-3,5-dihydro-4H-imida-zol-4-ylidene}-L-ly
sinate) and DOLD (1,3-di(Ne-lysino)-4-(2,3,4-trihydroxybutyl)-imida-
zolium) involving 3-deoxyglucosone (Vistoli et al., 2013) (Fig. 1). When
adduct formation or crosslinking occurs in proteins, HMM AGEs are
formed.

In addition to the above mentioned major pathways of AGE forma-
tion, dicarbonyls and thus eventually AGEs can also be formed via lipid
peroxidation of polyunsaturated fatty acids (PUFAs) (Vistoli et al., 2013)
or via autoxidation of monosaccharides (i.e. Wolff pathway) (Ott et al.,
2014; Sergi et al., 2020).

2.2. Endogenous formation of AGEs and their precursors

In endogenous formation of AGEs and their precursors, the same
pathways as described above that proceed via non-enzymatic reactions
are involved, although they occur at lower rates compared to exogenous
formation due to the lower physiological temperatures. In addition,
specific endogenous AGE formation pathways include glycolysis and the
so-called polyol pathway.

General metabolism of glucose or fructose via glycolysis can lead to
formation of reactive metabolites including glyceraldehyde and meth-
ylglyoxal. Glyceraldehyde 3-phosphate and dihydroxyacetone phos-
phate, formed via glycolysis, can spontaneously and non-enzymatically
degrade to methylglyoxal (Ramasamy et al., 2006; Liu et al., 2013). The
formed methylglyoxal can react with (un)bound amino groups resulting
in AGE formation. The AGE pentosidine can be formed by rearrange-
ment of pentose-derived Amadori product precursors, but can also be
formed in a reaction between lysine or arginine residues with e.g.
ascorbate, 3-deoxyglucosone or glyceraldehyde (Vistoli et al., 2013).
The polyol pathway is active under hyperglycemic conditions and in-
volves sorbitol formation from glucose. Sorbitol can be oxidized to
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fructose via sorbitol dehydrogenase (Tsukushi et al., 1999; Sergi et al.,
2020).

Over-activation of this pathway leads to an increase in dicarbonyl
formation via accumulation of upstream metabolites such as fructose
(Sergi et al., 2020).

Besides the above-mentioned endogenous glycation product forma-
tion pathways, endogenous lipid peroxidation, resulting from reactive
oxygen species (ROS)-induced lipid peroxidation of PUFAs in biological
membranes, can also lead to increased dicarbonyl and subsequent AGE
formation (Vistoli et al., 2013). AGEs formed via reactive dicarbonyls
produced by lipid peroxidation are also referred to as ALEs (advanced
lipoxidation end products), which in some cases can lead to the same
reaction products because lipid peroxidation may result in the same
reactive dicarbonyls (Vistoli et al., 2013). In this review, we focus on the
AGEs while ALEs which are formed exclusively and only following lipid
peroxidation are not explicitly included.

Specific for endogenous Amadori product precursor and AGE for-
mation is the formation of glycated albumin and hemoglobin (HbA1C),
the latter having a widespread use as a biomarker to monitor glycemic
control (Feskens et al., 2020). The Amadori product glucosyllysine can
form a cross-linking adduct with arginine side chains, forming gluco-
sepane (Vistoli et al., 2013), which is the most abundant cross-linking
AGE found in extracellular matrix related to ageing and diabetic com-
plications (Bieme et al., 2002; Sell et al., 2005). Another example is the
AGE pyrraline which can form cross-links with cysteinyl thiol groups or
other pyrraline adducts under oxidative conditions.

3. Toxicokinetics

Several studies have reported on toxicokinetics of AGEs and their
precursors using either in vitro, animal or human based models. One
important aspect to consider when evaluating literature studies is which
analytical methods were used for quantifying and characterizing the
studied glycation products (Hellwig et al., 2019). General methods such
as immuno-based methods or methods based on fluorescence which are
unable to differentiate between the different glycation products have
been frequently used, while more recently the application of liquid
chromatography tandem mass spectrometry (LC-MS/MS) methods pro-
vides possibilities to quantify and characterize individual AGEs and their
precursors. In this section, we provide an overview of toxicokinetic
characteristics of AGEs and their precursors published in literature
based on the more specific and therefore preferred LC-MS/MS based
methods, unless data using these methods were unavailable. Whether
the tested and evaluated AGE is in its LMM or HMM form is described
when this information was available in the cited literature. First ab-
sorption of LMM and HMM glycation products is described, followed by
their distribution, metabolism and excretion.

3.1. Absorption

Studies reporting urinary excretion, plasma or tissue levels of AGEs
upon their oral administration provide support for the absorption and
systemic bioavailability of exogenous AGEs and their precursors
(Koschinsky et al., 1997; Vlassara et al., 2002; Uribarri et al., 2003b;
Uribarri et al., 2003a; Uribarri et al., 2005; Scheijen et al., 2018).
However, these studies often do not quantify the actual levels of LMM
glycation products and protein-bound glycation products consumed by
the study subjects. Some studies however do characterize whether the
AGE:s or precursors dosed are given in their LMM or HMM form. These
studies reveal that dietary LMM glycation products like free FL are
readily absorbed and bioavailable. In rats for example up to 60% of
orally administered LMM labelled FL was recovered in urine (Erbers-
dobler, 1977). In contrast, urinary FL excretion upon oral intake of HMM
FL appeared to be substantially lower reported to amount to generally
less than 10% of the dose in both rats and adult human, tested 3 up to 10
days upon exposure (Erbersdobler and Faist, 2001; Lee and
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Erbersdobler, 2005; Somoza et al., 2006). In young children, the
excretion of FL upon administration of heat-treated milk protein was
reported to be somewhat higher amounting to levels up to 16% of the
dose in urine and up to 55% in feces (Niederwieser et al., 1975), but in
this study the % of LMM versus HMM FL and/or the potential presence
of dicarbonyl precursors in the administered heat treated milk sample
remained undefined. The difference in absorption and bioavailability
upon oral intake between LMM and HMM forms of the same AGE or
precursor can be ascribed to the fact that HMM AGEs themselves cannot
be absorbed efficiently but need to be degraded to LMM forms first by
host and/or microbiota derived enzymes from the intestinal tract before
being absorbed (Erbersdobler, 1977; Poulsen et al., 2013; Xu et al.,
2013; Hellwig et al., 2014).

In line with the results for FL and these considerations concerning
their LMM or HMM form, also free or dipeptide-bound CML was shown
to be readily absorbed in vitro and in rats, while HMM CML may be
absorbed less efficiently in mice due to insufficient release by the
digestive enzymes and/or microbiota derived enzymes (Poulsen et al.,
2013; Xu et al., 2013; Hellwig et al., 2014; Li et al., 2015a), with up to
30% of ingested casein-linked CML excreted in urine of rats (Somoza
et al., 2006). In another study, 2 week oral exposure of mice to a diet
containing 9.4-fold higher levels of total CML (exact form not defined)
compared to the control diet, exposure to the diet high in CML did not
result in an increase in LMM or HMM CML in the systemic circulation,
whilst administration of a single oral dose of free LMM CML to rats
resulted in an increase of free LMM CML in plasma reaching a Cpax at 1 h
(Alamir et al., 2012). Another study on the uptake of CML in rats re-
ported comparable recoveries for total CML in urine upon dosing HMM
or LMM CML, suggesting that CML in both forms may be absorbed to a
similar extent (Poulsen et al., 2016). The limited systemic availability of
HMM CML is also supported by the observation that dosing a diet rich in
Maillard reaction products to adolescents did not result in an increase in
urinary CML levels while fecal CML levels were 2.86 fold higher (Del-
gado-Andrade et al., 2012). In vitro studies using Caco-2 cell layers
provided evidence that some free LMM AGEs including CML are most
likely transported across the intestinal barrier via passive diffusion
(Grunwald et al., 2006), whereas for LMM dipeptide bound AGEs active
apical transporters, like the human intestinal peptide transporter
(hPEPT1), may play a role, after which intracellular hydrolysis results in
release of the free CML transferred via passive diffusion to the systemic
circulation (Hellwig et al., 2009, 2011; Stefanie et al., 2010)

For other glycation products the bioavailability may be different
although studies using diets with Maillard reaction products cannot be
fully conclusive when they do not discriminate between the levels of
LMM or HMM AGEs and/or the precursors actually consumed by the
volunteers. In the case of exposure to HMM dietary AGEs via con-
sumption of a diet rich in Maillard reaction products, proteolytic
breakdown and/or metabolic degradation of the HMM protein-bound
AGEs in the intestinal tract may be required to facilitate absorption
and subsequent urinary excretion (Forster et al., 2005). The fact how-
ever that consumption of a diet free of Maillard reaction products lowers
the urinary excretion of free LMM pyrraline and FL by values up to 90%
and that of free LMM pentosidine by 40% (Forster et al., 2005) supports
that LMM AGEs or LMM AGE precursors originating form dietary
exposure are bioavailable and may provide a substantial contribution to
endogenous LMM AGEs and their precursors. In a study dosing eight
diabetic patients with an AGE rich diet generated by heating chicken egg
white with fructose at 90 °C, a substantial increase in crosslinking AGE
reactivity in serum and urine was detected a few hours post dosing
(Koschinsky et al., 1997) also supporting that at least part of the AGEs
and/or their precursors may be bioavailable.

Concerning the bioavailability of the dicarbonyl precursors, it is of
interest to note that a study in which 500 micromole of methylglyoxal
were ingested by human volunteers did not result in an increase of
excreted methylglyoxal in 24 h collected urine, while incubations of
methylglyoxal in an in vitro simulated gastric and intestinal digestion
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model without gut bacteria revealed that only 20% of the initial meth-
ylglyoxal could be recovered after 8 h (Degen et al., 2013). Based on
these results the authors concluded that dietary methylglyoxal is rapidly
degraded during the digestion process in the intestine, and therefore of
no influence on the systemic levels of methylglyoxal. A comparable
study with 3-deoxyglucosone however led to an increase in urinary
excretion of this AGE precursor, supporting that the compound is
bioavailable (Degen et al., 2014). It should be noted however, that in
other in vitro studies with simulated gastrointestinal digestions
mimicking the upper part of the gastrointestinal tract including oral,
gastric and small intestinal phases reported dicarbonyl compounds and
also dietary HMM AGE:s to be almost unaltered (Van Der Van Der Lugt
et al., 2020; Brighina et al., 2021). Additional small batch fermentations
with individual fecal slurries, however, resulted in decreasing concen-
trations of 3-deoxyglucosone, methylglyoxal and glyoxal (Brighina
et al., 2021).

Taken together, it appears that only LMM AGEs and LMM AGE pre-
cursors may end up in the systemic circulation and contribute to the
endogenous exposure (Poulsen et al., 2013). Zhao et al. (2019) specu-
lated that free AGEs might be less bioavailable than peptide-bound AGEs
as uptake of free AGEs via diffusion can be slow and might be rate
limiting while peptide-bound AGEs can enter the systemic circulation
via multiple routes (e.g. paracellular, via hPEPT1) (Zhao et al., 2019).
HMM protein-bound AGEs themselves are not absorbed efficiently but
first require degradation to LMM forms, while bioavailability of LMM
AGE precursors can contribute to the formation of endogenous LMM and
HMM AGEs.

3.2. Distribution

Once absorbed, the LMM AGEs and precursors are detectable in
plasma and distributed to various tissues including liver and especially
the kidneys where they appear to accumulate. For example upon dosing
of casein-bound FL to rats, the levels of protein-bound FL in whole
kidneys were increased over 17- and 33-fold above control values (at
low dose of 71.4 mg/day and high dose of 474 mg/day, respectively)
while those in whole liver increased by only 1.1 and 1.4-fold (Somoza
et al., 2006). Upon dosing casein-CML in a low and high dose (40
mg/day and 127.3 mg/day, respectively), concentrations of CML in
whole kidney increased 269 and 741-fold and in liver tissue 1.0 and
1.2-fold for low and high dose, respectively (Somoza et al., 2006)
pointing at differences between these two model compounds and their
major accumulation in the kidney compared to the liver. A high per-
centage of the FL, amounting to up to 27% of high dose casein FL
administered to the rats, appeared to accumulate in the kidneys, while
for the casein-CML administered rats this value amounted to only 1.4%.
Levels of FL in kidney and liver after the control diet were higher
compared to CML levels in the tissues after the control diet, indicating
endogenous FL formation as FL content in the control diet was below the
limit of detection (0.3 pmol) (Somoza et al., 2006). It is important to
note that prior to absorption casein-bound FL and CML were likely
degraded to LMM forms in the intestine.

For FL this relatively high level of distribution to the kidney as
compared to the liver has been ascribed to the possible involvement of
active transporters into the kidney (Erbersdobler and Faist, 2001), while
uptake in the liver may proceed be limited to passive diffusion (Finot
and Magnenat, 1981). Later studies concluded that macrophage scav-
enger receptors expressed by liver endothelial cells are involved in up-
take and subsequent lysosomal degradation of AGEs in the liver via
endocytosis as studied using uncharacterized AGE-BSA (bovine serum
albumin) (Sano et al., 1998). However the contribution of this system is
debated to be also dependent on the sites and degree of the glycated
proteins (Svistounov and Smedsrgd, 2004) and occurs slowly and is
impaired by AGE-BSA exposure itself (Hansen et al., 2002).

Some studies tested CML individually. In a study with mice, long-
term exposure for 30 days to !3Cy-labelled BSA-bound CML
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administered through the diet (at a dose of 40 mg/kg bw/day) compared
to a low exposure in the control group (0.3 mg/kg bw/day) resulted in
high accumulation of 13¢,-labelled CML in kidney, ileum, colon and
lungs, and increased accumulation, although with up to 39-fold lower
levels, in brain, testis, heart, muscle and liver tissue (Tessier et al.,
2016). However, no distinction was made within this study between
protein-bound and free levels of CML accumulating in the tissues as this
was not part of the analysis. 12Co-CML levels measured in kidney, ileum,
colon and lungs - potentially both from exogenous and endogenous
origin — were 5 to 9-fold lower compared to the 13Cy-levels exclusively
from dietary origin (Tessier et al., 2016). These results show that di-
etary, protein-bound HMM CML significantly increased CML levels in
multiple tissues, with high accumulation in the kidney, ileum, colon and
lungs. In general, relevant to consider for distribution of AGEs to certain
tissues is an AGE-exposure induced increase in the permeability of
endothelial cells (Dobi et al., 2021). Upon oral administration of free
CML (at a dose of 60 mg/kg bw/day) to rats fed a high fat diet for 12
weeks an increase in protein-bound CML levels was reported in the
kidney (2.07-fold), heart (1.27-fold), lung (1.19 fold), pancreas
(1.70-fold), and muscle (1.48-fold), whereas no statistical increase was
found in the liver and spleen (Li et al., 2015a). In a similar study from the
same authors, oral administration of free CML (60 mg/kg bw/day for 12
weeks) combined with a regular diet and not a high fat diet as in their
other study, a significant increase in protein-bound CML compared to
the control was found in kidney (2.06-fold), liver (1.55-fold), heart
(1.86-fold) and the lungs (1.41-fold) but not in the spleen, pancreas and
serum (Li et al., 2015b). It has to be noted that the dose of free CML
administered in these studies is far above the normal estimated total
(both free and protein-bound) dietary CML intake of 0.034-0.252
mg/kg bw/day for adults (Tessier and Birlouez-Aragon, 2012). Given
these generally less than 2-fold increases in the tissue levels of
protein-bound CML upon long term intake of a dose level of free CML
that exceeds normal dietary intake 2 to 3 orders of magnitude, this result
implies that increases in tissue levels of protein-bound CML upon normal
dietary intake of free CML may be negligible.

Other studies reported that higher AGE content of the diet resulted in
an increased AGE level in serum (Nowotny et al., 2018). In another study
in 20 overweight but healthy individuals a two-week low AGE diet
resulted in a decrease in the AGEs MG-H1, CML and CEL in their free
form in urine but not in protein-bound levels in serum as measured by
LC-MS/MS (de Courten et al., 2016). In a study with 261 adults, no
correlation was found between dietary intake as assessed by a dietary
recall and serum and urinary CML, quantified using immunobased
methods (Semba et al., 2012). The CODAM study included 450 in-
dividuals and found a positive correlation between dietary intake of
protein-bound CML, CEL and MG-H1 and their free levels in both plasma
and urine, but -again- not with their protein-bound form (Scheijen et al.,
2018). This indicates that — at least in humans - upon dosing
protein-bound HMM AGEs degradation to LMM peptide-bound or free
forms is a prerequisite for systemic availability. A recent study in mice
did distinguish between protein-bound and free CML, CEL and MG-H1 in
both the diet and in tissues and plasma. A heated diet was orally
administered for 10 weeks and compared to a standard diet. The heated
diet contained increased levels of both free AGEs and protein-bound
AGEs, with the latter covering the largest proportion. After 10 weeks
of dietary intervention both free and protein-bound CML and CEL were
increased in plasma in the mice receiving the heated diet, while MG-H1
was only increased in its free form. In liver only free CML and free
MG-H1 were increased, while in kidney CML, CEL and MG-H1 were
increased in their free form and only CML was increased in its
protein-bound form (van Dongen et al., 2021a). This corroborates that
free AGEs might be the preferred form in which protein-bound AGEs
become bioavailable. In addition, the results for the three AGEs char-
acterized in the study (i.e. CML, CEL and MG-H1) differed in their
responsive patterns in both plasma and tissues, pointing at AGE specific
kinetics and the importance of characterizing and measuring individual
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AGEs in both protein-bound and free forms.

In a study on the improvement of insulin resistance in human type 2
diabetic patients by restriction of glycation products in the diet it was
reported that compared with nondiabetic healthy control individuals,
the type 2 diabetic patients showed significantly higher fasting blood
glucose, and higher serum levels of CML and the dicarbonyl methyl-
glyoxal before the intervention. In these diabetic subjects a 50% dietary
AGE restriction resulted in lower levels of serum CML and methylglyoxal
and also of intracellular methylglyoxal compared to the levels before the
intervention. Healthy subjects on the AGE restricted diet also showed
reduced serum CML and methylglyoxal levels but intracellular levels of
CML and methylglyoxal were unaffected. Thus, for both diabetic and
healthy subjects there appeared to be a significant association between
dietary AGEs and AGE level in serum (Uribarri et al., 2011). A difference
in serum CML and methylglyoxal levels upon intake of a diet high or low
in total CML and methylglyoxal was also reported in non-obese diabetic
(NOD) mice, supporting a correlation between ingested AGEs and AGEs
in the systemic circulation (Peppa et al., 2003), although it remains to be
established whether the endogenous and exogenous levels refer to the
same form of the AGEs. In similar studies in diabetic or apolipoprotein
E-deficient (apoE’/ ) mice a difference in serum and in one of the studies
also urinary levels of CML and methylglyoxal-derived AGEs was re-
ported following several weeks of low versus high AGE diet (Hofmann
et al., 2002; Lin et al., 2002, 2003; Zheng et al., 2002; Peppa et al.,
2003). In all these studies the AGEs were detected by immunological
techniques so a differentiation between free or protein-bound AGEs and
thus between LMM and HMM AGEs could not be made, which could
have been achieved by appropriate sample preparation combined with
LC-MS/MS (Hellwig et al., 2019).

3.3. Metabolism

Given the different nature of free LMM and protein-bound HMM
glycation products their metabolism also proceeds in a different way.
Multiple possibilities of metabolism of AGEs and their precursors in vivo
have been described in literature and will be discussed in this section.
Upon oral intake, protein-bound exogenous HMM AGEs may be subject
to enzymatic digestion into LMM AGEs, resulting in systemic exposure to
the LMM AGEs, with the heating-induced AGE-mediated change in
protein structure potentially to some extent hampering degradation by
the digestive enzymes in the gastrointestinal tract (e.g. gut proteases)
(Poulsen et al., 2013). Upon oral intake also the LMM AGEs and the LMM
AGE precursors may be degraded by the intestinal microbiota, thereby
reducing their bioavailability. It was reported for example that 3-10% of
orally administered bound Amadori rearrangement products are
excreted in urine while only 1-3% appear in feces, indicating that a
substantial part (about 80%) can be degraded by the gut microbiota
(Tuohy et al., 2006; Zhao et al., 2019). Thus, the majority of orally
ingested AGEs may serve as gut bacterial nutrients.

Sofar, some bacterial taxa (i.e. Bacillus subtilis, Escherichia coli and
Intestinimonas butyriciproducens AF211) were shown to (partially)
degrade FL with an identified key enzyme being a kinase (encoded by
frID/yhfQ) (Wiame et al., 2002, 2004; Bui et al., 2015). FL can for
example be converted into fructoselysine 6-phosphate followed by
conversion to lysine and glucose-6-phosphate by E. coli (Wiame et al.,
2002) and result in further production of the short chain fatty acid
butyrate by I butyriciproducens AF211 (Bui et al., 2015). An intracellular
enzyme fructosamine 3-kinase found in mammalian but not in bacterial
cells can phosphorylate FL into fructosamine 3-phosphate which turns
into lysine and the reactive dicarbonyl and AGE-precursor 3-deoxyglu-
cosone (Veiga da-Cunha et al., 2006; Ott et al., 2014). Using anaerobic
fecal incubations with different free LMM AGEs or their precursors
including FL, CML, pyrraline, and maltosine, it was demonstrated that
the level of conversion varies with the glycation product studied, while
also showing substantial interindividual variability (Hellwig et al.,
2015; van Dongen et al., 2021b). While conversion of FL was complete
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within a few hours, maltosine was hardly degraded, while the conver-
sion of CML and pyrraline amounted to about 60 and 20% upon 24 h
incubation with fecal slurries (Hellwig et al., 2015).

There are also several receptors that play a role in the detoxification
of AGEs including oligosaccaharyltransferase-48 (AGE-R1), 80K-H
phosphoprotein (AGE-R2) and macrophage scavenger receptors, all
known to be present in mammalian cells. AGE-R1 is present on the cell
surface of monocytes and macrophages and is able to bind AGEs and
induce their endocytosis (Vlassara and Bucala, 1996; Ott et al., 2014).
AGEs that have been endocytosed are modified in the cell by lysosomal
degradation (Grimm et al., 2010; Ott et al., 2014; Asadipooya and Uy,
2019). The degradation of AGEs likely includes the formation of LMM
AGEs from HMM AGEs, while other studies report new intracellular
formed AGEs in macrophages (Nagai et al., 2007). The LMM AGEs and
their precursors are thought to be soluble in the serum and cleared by
the kidney (Semba et al., 2010; Ott et al., 2014) (see section on excre-
tion). It has also been shown that increased activation of AGE-R1 is
related to increased turnover of AGEs in plasma and tissues (Poulsen
et al., 2013). There are studies where AGE-R1 was found able to inhibit
the effects that RAGE activation has on oxidative stress and inflamma-
tory actions by suppressing nuclear factor-kappa B (NF-kB) and
mitogen-activated protein kinases (MAPK) phosphorylation. AGE-R1
expression levels can be downregulated by a long-term high AGE
burden (Vlassara, 2001; Poulsen et al., 2013). This has also been sug-
gested for AGE-R2, a receptor present on T-lymphocytes (Vlassara,
2001). AGE-R2 is a protein which has not been proven to directly bind
AGEs. However, it seems to be involved in the degradation of AGEs by
the activation of intracellular signaling. Lastly, the soluble variant of
RAGE, sRAGE, is thought to help prevent AGE accumulation. sRAGE is
not entirely similar to RAGE as it consists merely of the extracellular
parts of the receptor and is present in the circulation. This receptor is
thought to bind the same ligands as RAGE (Poulsen et al., 2013; Asa-
dipooya and Uy, 2019). The absence of the intracellular parts cause that
the AGE binding to SRAGE does not induce the cellular signaling cascade
that would be induced upon binding to RAGE, and sRAGE could thus
function as a decoy receptor. The binding of AGEs to sRAGE may
potentially prevent the interaction between AGEs and RAGE thus
eliminating some of the activity (Asadipooya and Uy, 2019). Possible
other functions of SRAGE are still unknown (Steenbeke et al., 2021).

Some studies report on degradation of specific AGEs. Intravenous
administration of for example radiolabeled pentosidine to rats resulted
in a recovery of 80% of the radioactivity in urine of which only a limited
amount (20%) appeared to be intact pentosidine. The authors concluded
that free pentosidine is catabolized or modified in the proximal tubule
and that the kidney plays a role in pentosidine degradation (Miyata
et al,, 1998). The nature of the degradation products, whether this
process is also relevant for other AGEs and AGE precursors, and whether
the products formed present a detoxification or contribute to
AGE-associated kidney damage remains to be elucidated.

In addition, conversion by the glutathione dependent glyoxalase
system may provide a pathway for detoxification of especially the
dicarbonyl AGE precursors such as methylglyoxal and glyoxal. It has
been reported that more than 99% of endogenously formed methyl-
glyoxal can be converted by this glyoxalase system into harmless
products such as lactate (Rabbani and Thornalley, 2012; Degen et al.,
2013). It is of interest to note that the activity of the glyoxalase system is
influenced by a genetic polymorphism (Peculis et al., 2013) and operates
under control of the nuclear factor erythroid 2-related factor 2 (Nrf2)
transcription factor (Xue et al., 2012).

3.4. Excretion

Some HMM AGEs might not be fully hydrolyzed by digestive en-
zymes or microbiota-derived enzymes, and this may result in substantial
fecal excretion. Saturation of these intestinal degradation processes
upon increasing dose levels results in increased relative fecal excretion
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with increasing dose levels (Somoza et al., 2006). For FL efficient
degradation of both its free and protein-bound form by gut microbiota
has been established with, depending on the experimental set-up, almost
complete degradation within a few hours (Mori et al., 1980; Wiame
et al., 2002; Bui et al., 2015; Hellwig et al., 2015; van Dongen, van der
Zande, et al., 2021), while degradation of other LMM and HMM AGEs
and precursors by intestinal microbiota as well as the pathways involved
in these degradations remain to be further characterized. The relatively
high fecal excretion of up to 55% of the administered dose of FL in young
children (Niederwieser et al., 1975) has been ascribed to their different
intestinal microbial communities and activity suggested to result from
their lower extent of adaptation to chronic dietary intake of heat-treated
proteins (Somoza et al., 2006).

Once in the systemic circulation AGEs and their precursors are
mainly excreted via the kidneys into urine. Especially LMM AGEs and
LMM AGE precursors are readily eliminated from the body by renal
excretion via glomerular filtration (Semba et al., 2010; Ott et al., 2014).
The renal clearance of an intravenous dose of free CML or CEL in rats
was rapid with over 87% recovery in urine within 2 h (Bergmann et al.,
2001). In humans, free pyrraline and pentosidine were recovered in the
urine at 50 and 60% of the dietary doses respectively, while consump-
tion of HMM pentosidine resulted in only 2% urinary recovery of pen-
tosidine (Forster et al., 2005), indicating that this excretion via
glomerular filtration will be less relevant for HMM AGEs (Semba et al.,
20105 Ott et al., 2014). In addition, this limited urinary recovery of the
HMM AGE is likely to be (in part) due to the limited bioavailability of
HMM AGEs upon dietary intake.

In a study in rats there was a trend of increasing urinary excretion of
free CML with increasing dietary levels of heat processed proteins, with
4-19% of the CML present in the diet (actual form not characterized)
being recovered in urine. The increasing trend made the authors
conclude that the urinary CML was preliminary of dietary origin (Liar-
don et al., 1987). Another study with rats, already referred to in the
section on absorption, concluded that recovery of CML in urine was
independent of the molecular mass of the administered CML, suggesting,
in contrast to most other data, comparable ADME characteristics be-
tween LMM and HMM CML (Poulsen et al., 2016).

Important to note is that some studies reported that upon their
excretion by glomerular filtration free CML and pentosidine and espe-
cially also peptide bound LMM AGEs could be reabsorbed in the prox-
imal tubule (Horie et al., 1997; Miyata et al., 1998; Asano et al., 2002;
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Saito et al., 2005). Tissue accumulation and/or binding of LMM AGEs to
tissue proteins corroborates to the accumulation of HMM AGEs (Poulsen
et al., 2013) as mentioned in the section on distribution.

3.5. Conclusions on ADME characteristics

Altogether, most studies indicate substantial differences in the ADME
characteristics of LMM AGEs and AGE precursors versus protein-bound
HMM AGEs. These differences result in different kinetics of exogenous
versus endogenously formed glycation products, as summarized in
Fig. 2. Upon oral intake exogenous HMM AGEs show limited if any
bioavailability so that systemic exposure to HMM AGE:s is expected to
result mainly from endogenously formed AGEs. In the gastrointestinal
tract exogenous HMM AGEs are degraded to LMM AGEs which can
become systemically available. Once in the systemic circulation espe-
cially LMM AGEs and precursors are cleared via urinary excretion.
Elimination and clearance of HMM AGEs rather depends on receptor
mediated transport into cells where they can be degraded via lysosomal
degradation. Endogenous HMM AGEs may result from exposure to
endogenously formed or exogenously provided AGE precursors
including the reactive dicarbonyls like glyoxal, methylglyoxal, or 3-
deoxyglucosone, although one could also argue that these reactive
AGE precursors in food may readily react with proteins and amino acids
in the food matrix before being ingested. This would leave endogenous
production of the reactive AGE precursors and possibly exposure to
LMM glycation products as a major source for endogenous HMM AGE
formation. The production of these endogenous reactive AGE precursors
may be enhanced for example upon exposure to high levels of glucose
(Ramasamy et al., 2005), via degradation of FL (Veiga da-Cunha et al.,
2006), in individuals with diabetes (Beisswenger et al., 1999; Lu et al.,
2011; Scheijen and Schalkwijk, 2014; Rabbani et al., 2016), or upon
ageing (Akhter et al., 2021). In general, interspecies and interindividual
differences in toxicokinetic properties are likely to exist and remain to
be characterized to a further extent.

Based on these toxicokinetic considerations, systemic and tissue
levels of HMM AGEs may result mainly from endogenous formation,
while LMM AGEs and precursors may originate from both endogenous
and exogenous sources. Effects of dietary exogenous HMM AGEs them-
selves may thus be limited to the intestinal tract and/or result from their
LMM intestinal degradation products.

Distribution Metabolism Excretion
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Fig. 2. Overview of toxicokinetic characteristics of exogenous and endogenous glycation products including advanced glycation end products (AGEs) and their
precursors such as the Amadori products (AP), and distinguishing between their low molecular mass (LMM) form (green), high molecular mass (HMM) form (blue)
and their reactive dicarbonyl precursors (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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4. Toxicodynamics

The modes of action generally reported to play a role in the ultimate
potential adverse health effects of glycation products include 1) dicar-
bonyl stress resulting in cross-linking and damage to protein structures
and functions, and 2) interactions with AGE receptors (RAGEs) inducing
pathways leading to adverse effects. These two pathways are of different
importance for LMM AGEs and AGE precursors versus HMM AGEs. In
addition, 3) toxicodynamic effects of AGEs and their precursors on gut
microbiota composition and/or gut barrier integrity provide another
potential link between dietary exposure to glycation products and
possible pathological consequences.

4.1. Dicarbonyl stress resulting in cross-linking and protein damage

Early in the process of production of glycation products, dicarbonyls
can be formed e.g. via decomposition of Amadori products via the
Namiki pathway or as products of glycolysis. These dicarbonyls are
reactive compounds. Accumulation of such dicarbonyls can not only
result in AGE production but also in what is referred to as dicarbonyl
stress (Singh et al., 2001), which can have negative effects on health.
Dicarbonyls are able to react with body proteins and amino acids,
leading to the formation of AGEs and cross-linking of proteins. Baynes
and Thorpe (1999) confirmed that increased production of endogenous
AGEs in diabetes is linked to increased cross-linking of body proteins
(Baynes and Thorpe, 1999). Dicarbonyls have been reported to react
with for example amino groups of proteins of the connective tissue
matrix and the basement membranes (Raj et al., 2000; Singh Singh Jaggi
et al., 2014). The respective components are long-lived proteins so that
damage formed may accumulate over time (Sharma et al., 2015). In the
case of very high AGE concentrations, short-lived plasma proteins can be
affected as well, such as for examples low density lipoproteins (LDL) and
immunoglobulins (Sharma et al., 2015).

Cross-linking of body proteins can have many physiological conse-
quences. It results in altered structure and function of the proteins
(Zieman and Kass, 2004; Sharma et al., 2015). Additionally, the proteins
are less easily degraded (Zieman and Kass, 2004). The AGE cross-linking
of proteins such as collagen is related to an increase in stiffness in tissues
that are rich in these proteins (Sharma et al., 2015). This includes
arterial stiffness, stiffness in lung tissue, joints, and extracellular matrix.
Stiffness in these tissues has been associated with diseases including
hypertension, cataract, dementia, atherosclerosis, glomerulosclerosis,
emphysema and joint pain (Raj et al., 2000). Cross-linking of body
proteins is related to complications in diabetes and increased cardio-
vascular risk (Singh Singh Jaggi et al., 2014).

Dicarbonyl stress has also been associated with damage in the kid-
ney, vascular damage and accelerated atherosclerosis development (Raj
et al., 2000; Singh et al., 2001; Bussel et al., 2017). Development of
atherosclerosis occurs not only because of cross-linking but also because
AGEs formed in the matrix of vessel walls are thought to be able to ‘trap’
LDL. This leads to decreased uptake and degradation of LDL in the
kidney, which in turn promotes the lipoprotein accumulation and
atherosclerosis (Singh et al., 2001; Sharma et al., 2015). Raj et al. (2000)
also concluded that LDL, when bound to the extracellular matrix as a
result of AGE formation, can be oxidized (Raj et al., 2000). This results in
the formation of toxic degradation products of LDL. These oxidized LDL
particles can lead to the formation of antibodies which bind to AGEs in
vessel walls, and thereby contribute to vascular inflammation and
atherosclerosis (Lopes-Virella et al., 2013). In addition, dicarbonyl stress
can lead to oxidative stress and inflammation and also induce carbon-
ylation of biomolecules such as DNA, and thus damage DNA (Roberts
et al., 2003; Rabbani and Thornalley, 2015; Lin et al., 2016).

The reactive dicarbonyls causing protein crosslinking are precursors
of AGEs that may originate from both exogenous and endogenous
sources. However, given the high reactivity of these dicarbonyls it can
also be foreseen that when formed in food upon heating they may be
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scavenged via reactions with food matrix proteins forming AGEs in the
food before the food is actually consumed. Relatively low levels of
dicarbonyls (0-40 mg/kg food) were indeed found in certain food
products in a recently presented dietary dicarbonyl database where the
three major dicarbonyls methylglyoxal, glyoxal and 3-deoxyglucosone
were quantified in multiple food products. The presence of relatively
lower levels of dicarbonyls in certain food products was explained by the
presence of potential scavengers such as polyphenols or protein residues
in the food product. However, multiple food products contained rela-
tively high levels of dicarbonyls (40-2990 mg/kg) (i.e. cake, dried fruit,
candy bars) (Maasen et al., 2021). It remains to be investigated if these
dicarbonyls would be scavenged when these food products are
consumed combined with other dietary compounds.

4.2. Interactions with receptors

Circulating AGEs can bind to AGE receptors (RAGEs) on cell surfaces.
RAGEs can be found on cells in the cardiovascular system, including
heart tissue, endothelial cells, white blood cells, lung tissue, neural tis-
sue and the intestinal tract (Brett et al., 1993; Poulsen et al., 2013).
Following the binding of AGE to RAGE, the transcription factor, NF-kB is
activated (Poulsen et al., 2013; Perrone et al., 2020). Activation of NF-xkB
leads to activation of NADPH oxidase, which increases oxidative stress,
and activates an inflammatory cascade. This cascade consists of elevated
expression of proinflammatory cytokines, growth factor and adhesive
molecules, which are molecules that interact with leukocytes (Perrone
et al., 2020). Oxidative stress also contributes to endogenous formation
of AGEs. ROS involved in oxidative stress can damage proteins, possibly
accompanied by the production of more AGEs (Asadipooya and Uy,
2019) and increased infiltration of macrophages (Hulsmans and Hol-
voet, 2010). Besides the inflammatory response and increased oxidative
stress, the activation of NF-kB causes proliferative, fibrotic, angiogenic,
thrombogenic and apoptotic reactions. These reactions can contribute to
the development of cardiovascular diseases (Singh et al., 2001; Perrone
et al., 2020). The combination of chronic inflammation, oxidative stress
and high AGE content has been shown to promote chronic kidney dis-
ease and kidney damage (Semba et al., 2010). Animal studies suggested
that the combination of these factors can even be involved in tumor
development (Gebhardt et al., 2008).

It was found that not all AGEs have the same affinity to RAGE.
Standards of free CML and CEL were not able to interact with RAGE
(Kislinger et al., 1999; Xie et al., 2008) and the presence of a polypeptide
backbone was found to be required in order to interact with RAGE as
tested with both synthesized peptide-bound CML (~1 kDa) (Xie et al.,
2008) and HMM CML (>30 kDa), the latter being synthesized by gly-
cation of BSA or as derived from endogenous sources (Kislinger et al.,
1999; Xie et al., 2008; Penfold et al., 2010). In line with this, synthesized
HMM MGO-derived AGEs such as MG-H1 in its HMM form and the
HMM, cross-linked MOLD were shown to interact with RAGE (Valencia
et al., 2004; Xue et al., 2014; Lee et al., 2021). The early Amadori
product FL on the other hand, was not able to interact with RAGE at all,
not in its LMM or HMM form (Xie et al., 2008). Overall, despite the
heterogenous chemical structures, it seems that the presence of at least a
polypeptide backbone is a prerequisite for an AGE to interact with
RAGE, while early glycation products such as the Amadori product FL do
not seem to interact with RAGE at all.

Studies on the effect of dietary AGE exposure and expression of cy-
tokines have reported 3.5-fold increased expression of various cytokines
upon providing an AGE rich diet to mice (Sowndhar Sowndhar Rajan
et al., 2018). Interestingly, the heated diet induced a stronger inflam-
matory response than the unheated diet enriched with CML, suggesting
that free AGEs may not be the AGEs responsible for induction of the
inflammatory response. The involvement of RAGE in these processes
was shown in a study in which RAGE knock out mice did not show
production of inflammatory cytokines, endothelial dysfunction and
aortic stiffening upon 9 months exposure to a diet enriched in HMM
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CML-BSA (Grossin et al., 2015).

Finally the RAGE-dependent release of serotonin by human parietal
cells in vitro was shown to be affected by HMM AGEs whilst free CML
showed a RAGE-independent increase in serotonin release (Holik et al.,
2018). Another in vitro study with RAGE-expressing HEK-293 cells
showed a comparable RAGE-dependent effect on cellular p38 MAP ki-
nase activation by free and casein-linked HMM CML, although it should
be noted that also non-AGE type products from heating, such as
N-methylpyridinium, appeared able to induce this effect (Zill et al.,
2003).

Other receptors interacting with AGEs include AGE-R1, AGE-R2,
macrophage scavenger receptors and the soluble form of RAGE (sRAGE)
(Sano et al., 1998; Singh et al., 2001). These receptors have different
functions from RAGE. As discussed in Section 3.3, AGE-R1, AGE-R2 and
macrophage scavenger receptors are involved in endocytosis and sub-
sequent degradation of AGEs (Poulsen et al., 2013; Asadipooya and Uy,
2019).

It is thought that exogenous HMM AGEs, provided they can reach the
systemic circulation, can bind to RAGE similarly as endogenously pro-
duced AGEs (Uribarri et al., 2015). However, given the potential limited
bioavailability of HMM AGEs their role in activation of the RAGE re-
ceptors may be limited compared to that of endogenously formed HMM
AGEs, except in the gastrointestinal tract where RAGE expression is
generally low (Brett et al., 1993) but is upregulated under pathophysi-
ological conditions (Chen et al., 2012).

4.3. Alterations of gut microbiota composition and/or gut barrier integrity

A third mode of action potentially involved in the toxicodynamics of
AGEs includes their effect on the gut microbiota composition and ac-
tivity. Such effects may result in a decrease or increase of the abundance
of specific bacteria, which in turn may have no, positive, or negative
health implications, such as for example an effect on inflammation.
Increasingly links between alterations in gut microbiota composition
and disease have been reported (Carding et al., 2015). Multiple studies
showed an effect of exposure to exogenous AGEs on gut microbiota
composition, both in experimental animals and humans. Table 1 pre-
sents an overview, and reveals that upon dietary exposure to a (heated)
diet rich in AGEs several studies reported a decrease in the relative
abundance of Lactobacillus spp. (Seiquer et al., 2014; Delgado-Andrade
et al., 2017; Mastrocola et al., 2020; van Dongen et al., 2021a), while
others showed an increase in the genus Akkermansia (Han et al., 2018;
Snelson et al., 2021) and/or Allobaculum (Marungruang et al., 2016; Qu
et al., 2017; Han et al., 2018) or Dubosiella (van Dongen et al., 2021a).
Effects on host health directly linked to these AGE-mediated gut mi-
crobial alterations remain to be established and understood. Such effects
may potentially result from alterations in gut microbial production of
short chain fatty acids (SCFAs) (Table 1)(Delgado-Andrade et al., 2017;
Qu et al., 2017, 2018; Han et al., 2018; Yang et al., 2020), or of other
fecal bacterial metabolites (Qu et al., 2018; Snelson et al., 2021)
although evidence for such an underlying mode of action remains to be
substantiated. Nevertheless, and whatever the underlying mode of ac-
tion, given the important role of the gut microbiota in human health and
disease (Round and Mazmanian, 2009) an AGE-mediated effect on the
gut microbiota could prove to represent an additional mode of action for
AGE-mediated health effects. Obviously, free AGEs and precursors,
reactive dicarbonyls, dipeptide bound AGEs and precursors resulting
from digestion, and HMM AGEs and precursors may all affect the gut
microbiota in different ways. An important condition to further eluci-
date such effects is to distinguish between all these AGEs and their
precursors when characterizing exposure; this information is not always
provided in the studies listed in Table 1.

In addition to alterations in gut microbiota profiles (Aljahdali et al.,
2017; Yacoub et al., 2017), exposure to exogenous AGEs can induce
other effects in the intestine. It was found that intestinal epithelial
integrity was affected by exposure to dietary AGEs, as shown by altered
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gene expression of several tight junction proteins (Qu et al., 2017;
Snelson et al., 2021), potentially resulting in increased systemic expo-
sure to exogenous (HMM) AGEs or increased systemic infiltration of
bacteria and microbial metabolites or components (Kellow and Cough-
lan, 2015). Overall, the potential effects of exogenous dietary glycation
products on the intestinal microbiota and the potential consequences for
metabolite formation, intestinal inflammatory processes and barrier
integrity (Gasaly et al., 2021), support the relevance of including the gut
microbiota composition, function and dynamic (local) effects combined
with intestinal translocation studies in future glycation product expo-
sure studies (Snelson and Coughlan, 2019).

5. Discussion

The present review aimed to provide an overview of the tox-
icokinetics and toxicodynamics of AGEs and their precursors, in order to
evaluate the potential contribution of both endogenous and exogenous
dietary glycation products on human health. The overview reveals the
important influence of the molecular mass on the toxicokinetics and
toxicodynamics of the AGEs and their precursors. Table 2 presents an
overview of the major differences in the toxicokinetics and toxicody-
namics of endogenously formed versus exogenous glycation products.
From this overview it follows that the contribution of exogenous gly-
cation products to the potential adverse health effects may be limited for
various reasons.

First of all, the systemic bioavailability of HMM AGEs upon their oral
intake may be limited. The extent to which they are degraded in the
digestive track remains to be quantified and may vary for each HMM
glycation product (Poulsen et al., 2013). In contrast LMM AGEs and
precursors present in food may become bioavailable, although for the
reactive dicarbonyl precursors this may to some extent be hampered by
the fact that upon their formation upon heating of food they may already
react and be scavenged by amino acids and proteins present in the food
matrix or diet before or when the food is actually consumed. For CML
which is known to be a major AGE in heat processed foods, it was
demonstrated that exposure to free CML at levels that exceeded an
average dietary intake by 2-3 orders of magnitude resulted in an in-
crease in tissue protein-bound CML levels to only a limited extend (less
than 2-fold or not at all) (Li et al., 2015a), suggesting that at the much
lower average dietary intake levels these increases may be negligible.
However, it should be noted that this result may be different upon a
life-long dietary exposure to AGEs. Other LMM AGEs or precursors, like
for example FL may show higher levels of bioavailability but the extent
to which they contribute to formation of endogenous protein-bound
HMM AGEs remains to be established.

The limited systemic bioavailability of HMM AGEs may limit the
contribution of exogenous glycation products to adverse effects induced
via RAGE receptors, since RAGE affinity of AGEs appeared to be mainly
dependent on the size of the AGE with protein- or peptide-bound CML or
protein- or peptide-bound CEL interacting with RAGE, while free CML or
free CEL did not (Kislinger et al., 1999; Xie et al., 2008). Only in the
intestinal tract orally ingested HMM AGEs may be able to activate RAGE,
while for systemic effects rather endogenous formation of HMM AGEs
may dominate the induction of adverse health effects via RAGE.

In addition, AGEs and their precursors, including those in their HMM
form, may affect the composition and activity of the gut microbiota. This
would provide another mode of action for AGE mediated effects on host
health since effects on the gut microbiota are known to influence host
health in both beneficial and adverse ways (Round and Mazmanian,
2009; Power et al., 2014; Chen et al., 2021). The importance of this
mode of action in the processes underlying the potential health effects of
AGEs remains to be studied to a further extent, although various studies
already reported an effect of AGEs on the composition and activity of the
intestinal microbiota (Table 1). Also, the relative importance of dicar-
bonyl stress versus the role of RAGE activation remains to be elucidated
and may vary for the adverse effect under consideration.
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Table 1

Alterations in gut microbial composition and metabolome due to exogenous exposure to glycation products. Abbreviations: AGE = advanced glycation end products;
AP = Amadori product; CEL = carboxyethyllysine; CML = carboxymethyllysine; HMF = hydroxymethylfurfural; MG-H1 = N§-(5-hydro-5-methyl-4-imidazolon-2-yl)-
ornithine; RCT = randomized controlled trial; LMM = low molecular mass; HMM = high molecular mass; PB = protein-bound; SCFA = short chain fatty acid; MGO =

methylglyoxal; GO = glyoxal; 3-DG = 3-deoxyglucosone.

Exposure

Subject or
system used

Altered bacterial taxa

Increased
compared to control group

Decreased
compared to control group

Altered bacterial
metabolites

Reference

In vivo human studies

Diet high in total CML
and HMF,
randomized two-
period crossover trial
for 7 days with wash-
out period

Dietary AGE restriction
for one month after
habitual high AGE
diet

In vivo studies with experimental animals

Heated glucose-lysine
added to the diet,
resulting in
increased APs, HMF
and CML. Orally
exposed for 87 days.

Soluble LMM or HMM
AGEs from bread
crust added to the
diet for 88 days
(LMM <5 kDa; HMM
>5 kDa)

Heated high-fat diet,
for 8 weeks

Glycated fish protein,
orally for 14 days

CML, orally for 21 days
(1.6 mg/kg bw/day)

High AGE diet
(generated by heat
treatment), orally for
8 months

AGE-enriched diet
(generated by
replacing casein with
modified, glycated
casein), orally for 22
weeks

High AGE diet
(generated by heat
treatment), orally up
to 18 weeks

Heat-treated diet,
orally for 24 weeks
(measured increased
CML, CEL,
fructosamine)

High AGE diet
(generated by heat
treatment), orally for
16 weeks. Measured
increase of free CML
and CEL (by ELISA)

High AGE diet
(generated by heat
treatment), orally for
10 weeks. Measured

20 adolescents,
fecal samples

20 peritoneal
dialysis

patients, RCT,
fecal samples

Rats, cecal
content

Rats, cecal
content

apoE /" mice,
cecal content
Rats (Spraque-
Dawley), cecal
content

Mice, cecal
samples
Mice, fecal
samples

Mice, fecal
samples

Rats, cecal
samples

Mice, cecal
samples

Mice (young: 3
months old; old:
15 months old),
cecal samples

Mice, fecal
samples

Alistipes indistinctus, Clostridium
hathewayi, Ruminococcus gauvreauii

LMM: Bacteroides spp.,
ratio Escherichia/Shigella
HMM: total bacteria,
ratio Escherichia/Shigella

Firmicutes, Allobaculum, Clostridiales

Actinobacteria, Verrucomicrobia,
Allobaculum, Collinsella,
Ruminococcaceae UCG-014,
Lactobacillus animalis, Turicibacter,
Akkermansia, Allisonella,
Lachnospiraceae_ UCG-006
Bacteroidaceae, Odoribacteraceae,
Desulfovibrionaceae, Dorea
Increased: Actinobacteria,
Porphyromonadaceae, Prevotellaceae,
Helicobacteraceae

Parabacteroides, Alloprevotella,
Helicobacter,

Ruminococcaceae UCG 014,
unclassified Rhodospirallaceae

Lachnospiraceae
Parabacteroides, Ruminococcus,
Lawsonia

Proteobacteria, Allobaculum,

Bacteroides, Desulfovibrio

Helicobacteraceae, Akkermansia,

Young: Parabacteroides
Old: Tenericutes

Dubosiella

Lactobacillus spp., Enterobacteria,
ratio Escherichia/Shigella

Prevotella copri, Bifidobacterium
animalis

Lactobacilli, total bacteria

LMM: total bacteria, Lactobacillus
spp., E. rectale/C. coccoides,

HMM: Lactobacillus spp., E. rectale/C.
coccoides, C. leptum

Bacteroidetes, Rikenellaceae

Fusobacteria, Deferribacteres,
Ruminococcus_gauvreauii group,
Ruminococcaceae UCG-009,
Erysipelatoclostridium

Lachnospiraceae, Sutterella

Decreased:

Firmicutes, Rikenellaceae,
Lachnospiraceae, Desulfovibrionaceae
Desulfovibrio,

Rikenellaceae_ RC9_gut group,
unclassified Lachnospiraceae,
Alistipes,

Lachnospiraceae NK4A136_group

Muribaculaceae

Lactobacillus, Prevotella, Anaerostipes,
Candidatus Arthromitus,

Bacteroidetes, Alloprevotella,
Ruminococcaceae, Lachnospiraceae,
Eubacterium, Phascolarctobacterium

Saccharibacteria, Ruminococcus,

Sutterella

Young: Odoribacter

Lactobacillus, Bacteroides
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Total fecal SCFAs increased
after both LMM and HMM
AGE diets

Total fecal SCFAs were
increased; cecal SCFAs
were unaffected

Decrease in fecal acetate
and butyrate, increase in
fecal isobutyrate and
isovalerate. Effects on fecal
metabolome by
upregulation of 36
metabolites and
downregulation of 21
metabolites.

Decrease of the cecal SCFAs
acetate and propionate.

Increased metabolites
related to phenylalanine,
tryptophan and tyrosine
pathways in the cecal
metabolome after heat
treated diet.

Cecal total SCFA did not
differ between groups.
Increased isobutyric and
isovaleric acid in young
mice compared to control.

Seiquer et al.
(2014)

Yacoub et al.
(2017)

Seiquer et al.
(2014)

Delgado-Andrade
et al. (2017)

Marungruang et al.
(2016)
Han et al. (2018)

Aljahdali et al.
(2017)
Qu et al. (2018)

Mastrocola et al.

(2020)

Qu et al. (2017)

Snelson et al.

(2021)

Yang et al. (2020)

van Dongen et al.
(2021a)

(continued on next page)
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Exposure

Subject or

Altered bacterial taxa

Altered bacterial Reference

system used

Increased

compared to control group

metabolites

Decreased
compared to control group

increase of PB CML,
CEL, MG-H1, free
CEL and MG-H1 and
3-DG, MGO, GO.

Table 2

Overview of main characteristics for toxicokinetics and toxicodynamics of
endogenous and exogenous AGEs. Abbreviations: AGE = advanced glycation

end product; LMM = low molecular mass; HMM = high molecular mass.

Endogenous glycation
products

Exogenous glycation
products

Toxicokinetics

Contribute to the AGE
level in the systemic
circulation.

Can be cleared from the
systemic circulation.

Toxicodynamics

Can cause damage by
cross-linking.

Can cause damage by

Yes

Yes, HMM via
lysosomal degradation
and LMM via
glomerular filtration

Yes, especially the
dicarbonyl precursors
Yes, especially the

Partly, mainly for LMM
AGEs and precursors and
dicarbonyl precursors and
for HMM AGEs and
precursors upon digestive
degradation to their LMM
form

Yes, mainly LMM AGEs and
precursors and dicarbonyl
precursors via glomerular
filtration

Yes, especially the
dicarbonyl precursors
HMM AGE:s only in the

binding to RAGE. HMM AGEs gastrointestinal tract or
upon digestive degradation
to LMM AGEs
Can affect gut microbiota  No Yes, differences between

composition and/or the
intestinal barrier.

LMM and HMM glycation
products remain to be
established

Overall, considering the significant differences between the HMM
and LMM AGEs and precursors in both toxicodynamics and tox-
icokinetics, the distinction between glycation products based on mo-
lecular mass is of importance and should be taken into account when
evaluating the potential health effects of AGEs and precursors. However
it should also be recognized that only characterizing the molecular mass
of the AGEs tested may provide insufficient information, because in
addition to molecular mass, other structural characteristics of different
glycation products and their precursors may equally well affect their
toxicokinetic and toxicodynamic properties (e.g. when comparing cross-
linked with non cross-linked AGEs). Given that at present data on only a
limited number of well characterized individual AGEs or precursors are
available future studies should include testing of more individual AGEs
and their precursors and also on better characterization of the material
tested. Thus, based on our reviewed findings we identified several
research needs for the future. First of all, it is important that future
studies invest in better characterization of the glycation product actually
tested, and of the urinary, fecal, tissue, or plasma AGE and precursor
levels measured, identifying and quantifying the AGEs and precursors by
analytical techniques that enable quantification of the different glyca-
tion product and of at least the HMM glycation products, LMM glycation
products and dicarbonyl precursors. The absence of this information for
both the test materials as well as the AGE related biomarkers and end-
points quantified hampers interpretation of the results presented and
confuses the discussions on the role of exogenous AGEs as compared to
endogenous AGEs in the overall health effects. A recent overview of
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endogenous versus exogenous sources of putative genotoxins indicated
that the endogenous formation of reactive dicarbonyls may be one to
two orders of magnitude higher than the estimated intake via food
(Rietjens et al., 2022) suggesting that the role of dietary dicarbonyls to
the overall exposure may be limited, and illustrating that for these and
also other AGEs it is essential to generate this knowledge. This infor-
mation will prove essential to quantify the respective contributions of
exogenous versus endogenous glycation products to the AGE induced
health effects. In addition, considering the heterogeneity of the glyca-
tion products, as also reflected in different ADME outcomes, AGEs and
their precursors cannot be grouped together but specific, individual
information is required for a proper evaluation, especially considering
ADME properties. The use of in vitro models can help to increase the
understanding of toxicokinetic and toxicodynamic properties of indi-
vidual AGEs and precursors as in vitro assays provide better possibilities
than in vivo studies to test multiple individual as well as mixtures of
glycation products. LC-MS/MS based analytical techniques, such as
proteomics, can be a valuable addition to further elucidate the nature of
the HMM AGEs as well as of AGE modified cellular targets. Furthermore,
it remains to be elucidated if reactive dietary dicarbonyls are scavenged
by for example the food matrix before reaching the systemic circulation,
and also to what extent they can actually become systemically available.
Given the results of the present overview it seems prudent to conclude
that when considering studies focusing on a role of exogenous AGEs and
precursors in adverse human health effects to focus on either effects in
the gastrointestinal tract (including effects on the gut microbiota)
and/or effects induced by exposure to AGEs or their precursors known to
be bioavailable and able to increase systemic endogenous AGE levels
and/or dicarbonyl stress.

To conclude, based on the current state-of-the-art, the role of exog-
enous HMM AGEs and precursors seems to be restricted by their limited
bioavailability to local effects on the intestine including its microbiota,
unless being degraded to their LMM form. An important role is probably
left for reactive (endogenously formed) dicarbonyl AGE precursors and
as a consequence the endogenously formed AGEs. This implies that an
important route for future research could be the role of especially
reactive AGE dicarbonyl precursors and the endogenous pathways
leading to their bioavailability, formation and detoxification. The direct
contribution of reactive dicarbonyl precursors to dicarbonyl stress and
their indirect contribution to endogenous HMM AGE formation and
subsequent RAGE activation remain to be further studied. Future
research on AGEs should better characterize the material tested and
quantify the levels originating from endogenous versus exogenous
formation.
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