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Abstract

The advanced glycoxidation end products (AGEs) and lipoxidation end products (ALEs) contribute to the development of diabetic
complications and of other pathologies. The review discusses the possibilities of counteracting the formation and stimulating the
degradation of these species by pharmaceuticals and natural compounds. The review discusses inhibitors of ALE and AGE formation,
cross-link breakers, ALE/AGE elimination by enzymes and proteolytic systems, receptors for advanced glycation end products (RAGEs)

and blockade of the ligand—RAGE axis.
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Abbreviations: AP, amyloid B-peptide; AD, Alzheimer’s disease; AGEs, advanced glycoxidation end products; ALEs, advanced lipoxidation
end products; CEL, N-g-(carboxyethyl)lysine; CML, N-g-(carboxymethyl)lysine; DAP, diaminopropionic acid; 3-DG, 3-deoxyglucosone;
FN3K, fructosamine-3-kinase; GO, glyoxal; GOLD, glyoxal-lysine dimer; GSH, glutathione; HMGB1, high-mobility group box 1proteins;
HNE, 4-hydroxynonenal; LDL, low-density lipoprotein; oxLDL, oxidized LDL; LPA, lysophosphatidic acid; MDA, malondialdehyde;
MG, methylglyoxal; MMP, metalloproteinase; MOLD, methylglyoxal-lysine dimer; ONE, 4-0xo-2-nonenal; PM, pyridoxamine; PTB,
N-phenacylthiazolium; PMT, pyridinium (3-[[2-(methylsulfonyl) hydrazino] carbonyl]-1-[2-oxo0-2-2-thienyl) ethyl]); RAGE, receptor
for advanced glycation end products; fRAGE, full-length RAGE; sRAGE, shortened RAGE; esRAGE, endogenous secretory RAGE;
RCS, reactive carbonyl species; ROS, reactive oxygen species; STZ, streptozotocin; UPS, ubiquitin-proteasome system; VEGF, vascular

endothelial growth factor.

AGEs, ALEs, and RAGE as drug target (GA)

Advanced glycoxidation [1-3] end products (AGEs) and
advanced lipoxidation end-products (ALEs) are widely
studied as reporters of oxidative and glycoxidative
damage [4-8]. The most common analytical methods
for their quantitative determination are based on
ELISA or Western blot assays, using a variety of com-
mercially available antibodies against AGEs, such as
N-g-(carboxymethyl)lysine (CML), N-g-(carboxyethyl)
lysine (CEL), and ALEs, the most popular being 4-
hydroxynonenal (HNE)- and malondialdehyde (MDA)-
adducted proteins. The content of AGEs and ALEs in
tissue and body fluids has been correlated with different
oxidative-stress based diseases. For instance, the serum
levels of CML, one of the most studied AGEs, are asso-
ciated with the severity of diabetes-related disease,
including retinopathy [9] and microangiopathy [10],
chronic kidney disease, as well as with the formation and
acceleration of diabetic and non-diabetic atherosclerotic
lesions [11]. CML was also found to be elevated in cere-
brospinal fluid of patients with amyotrophic lateral scle-
rosis [12], and the tissue level of CML in cortical neurons

and cerebral vessels was related to the severity of cogni-
tive impairment in patients with cerebrovascular disease
[13]. Also, ALEs have been reported as useful biomarkers
of oxidative damage. The Michael adduct of HNE to pro-
teins was found to be significantly elevated in patients with
a variety of oxidative stress-based diseases, such as Alzheim-
er’s disease [14], chronic pancreatitis [15], obesity and insu-
lin resistance [16], and systemic lupus erythematosus [17].

Besides being considered as reliable biomarkers of
oxidative damage, as well as as predictors and prognos-
tic factors, more recently, AGEs and ALEs have also
been recognized as important pathogenetic factors of
some oxidative-based diseases, as supported by the fol-
lowing facts: (1) as pointed out above, a strict correlation
between the amount of AGEs/ALE:s in tissues and fluids
and disease states has been found, in both animal and
human subjects; (2) a substantial amount of literature is
now available reporting the molecular and cellular patho-
genic mechanisms for the AGEs/ALEs involvement in
the onset and progression of different diseases, including
atherosclerosis, diabetes, and neurological disorders.
The AGE/ALE damaging effect is mediated by different
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mechanisms, including the dysfunction of the proteins
undergoing the oxidative modification, protein polymer-
ization, signal transduction, immunoresponse, and RAGE
activation; (3) compounds effective as inhibitors of
AGESs/ALEs formation or able to block their biological
effects have been found to significantly ameliorate differ-
ent oxidative-based diseases.

Hence, AGEs/ALEs are now considered as promising
drug targets, and a substantial effort is dedicated to delve
into the molecular strategies aimed at preventing, reduc-
ing, or removing these protein oxidation products [18,19].
The different molecular approaches thus far reported can
be grouped by considering at which level of the damaging
AGE/ALE cascade they are effective and in particular if
they act by inhibiting the AGE/ALE formation, accelerat-
ing their catabolism or blocking their biological effects.

The first level of action, the inhibition of AGE/ALE
formation, also consists of different approaches, which
target the different inducers (ROS, metal ions) and inter-
mediate products (mainly reactive carbonyl species (RCS))
involved in the AGE/ALE formation. Antioxidants, metal
ion chelators, and reactive carbonyl compound quenchers
represent the most promising approaches so far reported
for inhibiting AGE/ALE formation, in both in vitro and
in vivo conditions. In some cases, as found for both natu-
ral and synthetic compounds, the inhibition of AGEs/
ALESs formation does not proceed through a single specific
mechanism but implicates multiple mechanisms, involv-
ing at least two of the following ones: antioxidant, metal
ion chelation, and RCS quenching (reactions with RCS
preventing their binding to vital macromolecules). Belong-
ing to this first group of approaches, also the xenobiotics
that act by potentiating the endogenous detoxification sys-
tem devoted to the metabolization/detoxification of all the
endogenous compounds involved in the AGE/ALE forma-
tion. Such a protective system consists of non-enzymatic
and enzymatic antioxidants (compounds that prevent
undesired oxidation by reacting with oxidants or oxidation
intermediates), the enzymes including superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPX), as well as of enzymes involved in the
metabolic inactivation of reactive carbonyl derivatives,
which include both phase I enzymes, namely aldehyde
dehydrogenases (ALDHs), aldo-keto reductases (AKRs)
and carbonyl reductase (CBR), and phase II enzymes, that
is, glutathione S-transferases (GSTs) [20].

The second level of intervention involves accelerating
the catabolism of already-formed AGEs/ALEs; this can be
achieved by potentiating the endogenous proteolytic sys-
tem or by using xenobiotics that are able to catalytically
degrade AGEs/ALE:s.

The third level of intervention, which is also the most
innovative, consists of blocking the biological response of
AGESs/ALEs. Such an approach has emerged in parallel to
the discovery of the receptor for AGEs and ALEs such as
RAGE and galectin-3 [21]. It should be noted that such an
approach permits the blocking of the damaging effect
induced not only by endogenously formed AGEs/ALEs
but also by exogenously derived AGEs/ALEs.

In summary, AGEs/ALEs are involved as pathogenetic
factors in some oxidative-based diseases including athero-
sclerosis, diabetes, and Alzheimer’s disease (AD), and are
now recognized as promising drug targets. On these
grounds, several molecular approaches have been described
with the aim of inhibiting the damaging response induced
by AGE/ALE formation. The aim of the present review is
to systemically describe the molecular approaches thus far
reported with a particular view of the rational drug design
approach used. Compounds and strategies will also be
critically commented on and their limits highlighted.

Inhibitors of ALE/AGE formation (GA)

Several molecular approaches have been considered for
inhibiting AGE/ALE formation, and such diversity is due
to the complex reactions leading to the AGE/ALE forma-
tion, which involves different inducers, precursors, and
intermediates. In particular, as better described in the
paper entitled “Advanced glycoxidation and lipoxidation
end products (AGEs and ALEs): an overview of their
mechanisms of formation” and published in this series,
two main pathways are involved in the AGE formation.
The former is based on the reaction of reducing sugars
(any sugar that either has an aldehyde group (aldoses) or
is capable of forming one in solution through keto-enol
isomerism (ketoses)) with the protein primary amino
groups (the amino terminus and the €-amino group of
Lys), followed by metal ion catalyzed rearrangements.
The latter involves the reaction of RCS such as glyoxal
(GO), methylglyoxal (MG), and 3-deoxyglucosone
(3-DG; Figure 1) with the nucleophilic protein sites, and
in particular Arg, Lys, and Cys. The RCS acting as AGE
precursors are generated by either sugar or AGEs decom-
position/autoxidation, a series of reactions which are
catalyzed by metal ions. ALEs are generated by only one
pathway, based on the covalent adduction of lipid-
derived RCS (HNE, GO, and MDA) with Arg, Lys, His,
and Cys nucleophilic residues. The RCS acting as ALE
precursors are generated by the lipid peroxidation cas-
cade, and hence, several oxidative stress inducers and
propagators impact their formation, including ROS and
metal ions.

By considering the diverse pathways leading to AGE/
ALE formation, the following molecular strategies for the
inhibition of their formation can be considered, based on
the use of the following: (1) antioxidants, able to inhibit
the lipid peroxidation cascade as well as the radical-based
reactions involved in AGE formation; (2) metal ion chela-
tors, inhibiting different oxidative pathways such as those
leading to ROS production, hydroperoxide decomposition,
sugar and AGE decomposition to RCS; (3) compounds
able to quench RCS which act as AGE and ALE precur-
sors. Furthermore, the first two mentioned approaches can
be seen as indirect strategies since they prevent the forma-
tion of AGE and ALE precursors, while the last one is a
direct approach in which the compounds react with the
already-formed RCS, deactivating them and promoting
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Figure 1. Main reactive carbonyl species: glyoxal, methylglyoxal, and 3-deoxyglucosone.

their rapid excretion. The above-mentioned approaches
are grouped and described below (Figure 2).
Multifactorial etiology of post-translational modifica-
tions of proteins/lipids would serve as a rationale for multi-
target-oriented interventions in anti-AGE/ALE therapeutic
strategy. Combination therapies that simultaneously target
multiple pathways may obviously be more successful than
those that modify a single pathway. This approach also
decreases the risk of side effects and is economical.

Indirect inhibition mechanisms (MS)
Antioxidants

Irreversible AGEs were shown to be formed via a sequence
of glycation and oxidation reactions [1-3]. Under physi-
ological conditions, glucose, like other o-hydroxyalde-
hydes, can enolize and reduce molecular oxygen. This

process is catalyzed by transition metals yielding reactive
o-ketoaldehydes and oxidizing free radical intermediates
[22]. The ketoamine Amadori products also undergo
autoxidation, contributing to the oxidative damage of pro-
teins exposed to hyperglycemia [1,2]. At an early stage in
this research, the terms “autoxidative glycosylation” and
“glycoxidation” were introduced for the above-mentioned
processes [1], to emphasize the importance of oxidation
chemistry in AGE formation.

As shown in the classical experiments of [22], glycox-
idation and cross-linking of collagen as a model protein
exposed to glucose in vitro was strongly inhibited under
antioxidative conditions (nitrogen atmosphere and metal
chelators). Antioxidative conditions had no effect on gly-
cation per se measured by the degree of covalent attach-
ment of the radiolabeled glucose.

In addition to the above-mentioned autoxidation pro-
cesses, the oxidative stress in hyperglycemia would be
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Figure 2. Molecular intervention strategies to inhibit and degrade AGEs and ALEs.
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enhanced by generation of ROS occurring at mitochon-
drial level as a consequence of the increased intracellular
glucose metabolism [23,24].

Hyperglycemia does not only generate more ROS but
also attenuates endogenous antioxidative mechanisms
through glycation of scavenging enzymes. Excessive
consumption of NADPH by the polyol pathway in hyper-
glycemia may result in the depletion of glutathione
(GSH).

Taking into consideration the oxidation component(s)
of advanced glycation, pharmacological intervention by
antioxidants represents a reasonable therapeutic strategy
aimed against AGE formation.

Protective effects of exogenously administered antioxi-
dants have been extensively studied in chemical and ani-
mal models of glycoxidation, mostly in relation to the
development of diabetic complications. Antioxidants and
chelators were found to inhibit the formation of glycoxida-
tion products, without a significant effect on the extent of
the protein glycation. Antioxidants may thus dissociate
glycoxidative changes caused by the exposure of protein
to glucose from the incorporation of the monosaccharide
into the protein itself.

There are countless experiments and studies of anti-
oxidant action on processes of non-enzymatic glycation
covered by excellent reviews (see, e.g., [25]). Most of
these studies are aimed at modeling the situation in a
hyperglycemic milieu relevant to diabetes. The effect of a
typical chain-breaking antioxidant on glycoxidation can
be exemplified by the extensive studies performed on the
pyridoindole antioxidant drug stobadine (Figure 3). Under
conditions of an experimental glycation model in vitro,
comprising bovine serum albumin incubated in the pres-
ence of glucose, stobadine inhibited glycation-related
absorbance and fluorescence changes of the protein as
well as the yield of 2,4-dinitrophenyl-hydrazine-reactive
carbonyls with an efficacy comparable with that of the
reference antioxidant trolox, and more efficiently than did
the glycation inhibitor aminoguanidine. Since stobadine
did not affect the early steps of glycation measured as
Amadori product formation and the covalent binding of
glucose, the observed protective effects were explained by
the ability of the drug to eliminate free radical intermedi-
ates of glycoxidation reactions, operative after the preced-
ing glycation steps [26,27].

Using a model of streptozotocin (STZ)-diabetic rats
in vivo, stobadine was found to attenuate pathological
changes in the diabetic myocardium [28,29] and kidneys
[30-32], to decrease matrix collagen cross-linking [30]
and to reduce plasma cholesterol and triglyceride levels in
diabetic animals [28,33]. Stobadine treatment normalized
calcium homeostasis in diabetic heart and liver [33] and
produced beneficial effects on liver and leukocyte function
in diabetic rats [34,35].

Long-term treatment of diabetic animals with stobadine
led to a marked delay in the development of advanced
stages of cataract [36] and inhibited the development of
retinal morphological abnormalities and lipid peroxida-
tion, even under poor glycemic control [37].

Treatment of diabetic animals with stobadine partially
prevented the decrease in conduction velocity of the sci-
atic nerve measured in vitro. The protective effect was
enhanced by co-therapy with vitamin E. On the other
hand, resistance to ischemic conduction failure, elevated
in diabetic animals, was not found to be affected by any
of the drugs studied [38,39].

The antioxidants butylated hydroxytoluene (BHT,
Figure 2) and trolox (6-hydroxy-2,5,7,8-tetramethyl
chroman-2-carboxylic acid, Figure 2) were reported to pro-
tect sugar-induced cataractogenesis in cultured rat lens [40],
and BHT was found to prevent or delay also galactosemic
cataractogenesis in rats [41]. BHT ameliorated nerve
dysfunction in STZ diabetic and galactosemic rats [42].

Several observational studies on age-related and dia-
betic cataract have suggested that antioxidant micronutri-
ents, such as o-tocopherol, retinol, and ascorbic acid, may
help to protect against cataractogenesis [43—45]. However,
other studies reported non-significant effects or even
negative results [46,47]; for review, see [48].

Antioxidant action of natural flavonoids may be effec-
tive in reducing the oxidative pathways conducive to
advanced glycation. It is beyond the scope of this review
to give a thorough survey of the abundant literature cover-
ing numerous studies on the antioxidant activity of fla-
vonoids. The key structural features required for the high
antioxidant efficacy of flavonoids are summarized in Bors’
criteria [49,50]. The current data on natural polyphenols
relevant to glycation-related pathologies demonstrate that
flavonoids may play a role in the prevention of cataract
[51,52] and some complications of diabetes [53—55]. Anti-
oxidant therapy may be of great interest in diabetic patients.
Despite encouraging results obtained by in vitro and
in vivo studies, a number of clinical intervention trials
aimed at elucidating the effects of antioxidant micronutri-
ents (vitamins E and C, B-carotene, and retinol) on the
development of age-related and diabetic cataract, and
other diabetic complications failed to show any beneficial
effects. However, it is still too early to reach a definitive
conclusion on the clinical benefits of antioxidants.

Metal chelators

ROS and free transition metal ions have been recognized
as key players in advanced glycation. Redox metal chela-
tors may therefore efficiently interfere with the process at
the stage of both “autoxidative glycosylation” and “gly-
coxidation” [1]. Chelation, which is sufficient to inhibit
AGE formation independently of carbonyl trapping, is a
common characteristic of many drugs with multiple func-
tional groups [56,57]. The chelating activity of inhibitors
of AGE formation varies widely, yet under in vivo condi-
tions a complete chelation of all free redox metal ions may
not be desirable.

The iron chelator diethylenetriaminepentaacetic acid
(DETAPAC, Figure 3) efficiently inhibited autoxidation of
glucose and glycoxidation changes of model proteins
exposed to high glucose in experimental glycation models
in vitro [58-63]. The potent iron chelator, desferrioxamine,
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Figure 3. Relevant xenobiotics acting as antioxidants (first row) and metal chelators (second and third rows).

inhibited the formation of CML in experimental glycation
models in vitro [64] and accumulation of AGEs under dia-
betic conditions [65,66]. Desferrioxamine therapy amelio-
rated nerve dysfunction in STZ diabetic rats [67].

Triethylenetetramine (TETA, Figure 3) has recently
been identified as a highly selective divalent chelator of
copper, and to a lesser extent of iron, preventing or revers-
ing diabetic copper overload. Alterations in copper and
iron homeostasis were reported in diabetic subjects [68,69].
In diabetes, AGE-modified proteins can act as endogenous
chelators, thus increasing the copper content of organs such
as the heart and kidneys. TETA tightly binds and extracts
excess systemic Cu(Il) into the urine whilst neutralizing its
catalytic activity [70-75]. Chelation of transition metals by
TETA significantly attenuated structural and functional
changes in the heart of the Zucker type 2 diabetic rat [73]
and ameliorated nerve dysfunction in STZ diabetic rats
[42,67,76]. In diabetic rat lenses, TETA decreased the lev-
els of MG and 3-DG, the most potent precursors of AGE:s,
as well as of AGEs themselves [77].

Dietary supplementation of citric acid (2-hydroxypro-
pane-1,2,3-tricarboxylic acid, Figure 3), a relatively non-
specific chelator, significantly prevented structural and
functional changes in the heart of Zucker diabetic rats [73]
and inhibited development of cataract, proteinuria and
ketosis in STZ diabetic rats [78].

In their recent review, Nagai et al. proposed that the
chelation activity may be responsible for AGE formation
inhibitory activities of a variety of drugs commonly used
for the treatment of diabetic complications [57]. Indeed,

strong metal-chelating action was reported for numerous
inhibitors of AGE formation and AGE breakers, including
pyridoxamine (PM) [79], tenilsetam [80-82], carnosine
[83,84], metformin [85-88], OPB-9195 [84], angiotensin
converting enzyme inhibitors, and angiotensin II receptor
blockers [89]. For most inhibitors of AGE formation, it is
difficult to ascertain the contribution of alternative mech-
anisms of action, as trapping of carbonyl species, chela-
tion of metal ions or scavenging of reactive oxygen
intermediates.

To distinguish between the carbonyl trapping and chela-
tion by AGE inhibitors, Price et al. measured the chelating
activity of the inhibitors by determining the ICy, values
for the rate of copper-catalyzed autoxidation of ascorbic
acid in phosphate buffer. The apparent binding constants
of copper ranged from approximately 2 mM for amin-
oguanidine and PM, to 10-100 puM for carnosine,
phenazinediamine, OPB-9195, and tenilsetam. The AGE
breakers, phenacylthiazolium and phenacyldimethylthi-
azolium bromide, and their hydrolysis products, were
found to be the most potent inhibitors of ascorbate oxida-
tion [56]. Based on the above-mentioned results, it was
concluded that, at millimolar concentrations of AGE
inhibitors used in many in vitro studies, inhibition of AGE
formation results primarily from the chelating or antioxi-
dant activity of the AGE inhibitors, rather than from their
carbonyl quenching activity. At therapeutic concentra-
tions, the chelating activity of inhibitors of AGE formation
and AGE-breakers may contribute to their inhibition of
AGE formation.
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Interestingly, compounds of the so-called LR series
(phenyl ureido derivatives as seen in the LR-90 and
LR-59 examples, Figure 3), the mechanism of which is
almost exclusively ascribable to a very potent metal
chelation, were found to prevent dyslipidemia, diabetic
nephropathy, and retinopathy in several animal models
with a protective effect comparable, if not better, with
that exerted by PM or aminoguanidine [90-92]. Notably,
LR-90 also shown marked anti-inflammatory properties
(as demonstrated in human monocytes) and might
therefore have additional protective effects against dia-
betic vascular complications [93]. Collectively, these
results emphasize the prominent role that metal ions
elicit in AGE/ALE formation thus indicating that their
chelation can represent a very effective therapeutic
strategy provided that the induced effect does not alter
the fine homeostasis of the sequestered metal ions in
human body.

Direct scavenging (trapping) of reactive carbonyls (GA)

Several reviews have explicitly discussed the biological
activities as well as the potential therapeutic applications
of RCS quenchers (see, e.g., [94,95]), and for this reason,
these aspects will be not extensively covered but the lit-
erature referred to. In the present chapter, the RCS
quenchers will be classified on the basis of the functional
groups involved in the quenching reactions and the
structure—activity relationship discussed, together with a
detailed explanation of their mechanism in terms of reac-
tivity and selectivity.

The analysis of carbonyl quenchers should start from
the key concept that their biological activity is not based
on fine recognition process between a ligand and a given
biomacromolecular target but on a specific covalent
reaction between a quencher and a given reactive carbo-
nyl derivative. This implies a truly revolutionary change
in the design approaches since all moieties of a ligand
participate in the binding event, despite with a different
relevance, while the quenching activity is heavily influ-
enced by the presence of few reactive groups and the
remaining part of the molecule acts rather as an inert
framework which bears the key centers and at most
modulates their reactivity and/or influences the overall
pharmacokinetic profile. Therefore, the quencher design
should shift attention from interacting groups which are
chosen to stabilize short-range interactions with the cru-
cial residues in the receptor binding site (e.g., H-bonds
or hydrophobic contacts, [96]) toward reactive centers
which should be selected to match the specific electro-
philicity of the RCS, thus promoting the formation of
covalent adducts [97].

In order to better understand the rational drug design
of the compounds removing RCS so far reported, a brief
description of the chemical reactivity of RCS acting as
AGE and ALE precursors is reported here below. RCS
can be firstly grouped into three main chemical classes:
dialdehydes (o-dialdehydes such as GO and [ dialdehydes
such as MDA), keto-aldehydes (i.e., o. oxoaldehydes such

as 3-DG, MG) and o,B-unsaturated carbonyls. Generally
speaking, the chemical reactivity of RCS is not ascribable
to the sole carbonyl moiety but is essentially due to the
combination of more chemical functions, which act syn-
ergistically making the compounds extremely reactive and
hence damaging.

From a very general point of view, RCS can be seen as
electrophilic compounds which require nucleophilic
quenchers to yield condensation reactions which can be at
least qualitatively predicted by the electronic properties of
the reactants as computed by quantum mechanical param-
eters [98]. It should be underlined that electrophiles do not
react indiscriminately with nucleophiles, but, as discussed
by LoPachin and coworkers [99], the reactants can react
provided that they have similar degree of polarizability, as
predicted by Pearson’s Hard and Soft, Acids and Bases
(HSAB) theory [100].

As described above, both AGE and ALE precursors
contain at least two electrophilic moieties which can
clearly explain their unique reactivity. Thus, the enhanced
chemical reactivity of a-dicarbonyls is mainly associated
with the powerful activation of one electron-withdrawing
carbonyl group on the other [101]. The enhanced reactiv-
ity of such compounds make them able to react at the
same time with more nucleophilic centers such as two
Lys residues to form protein cross-linking adducts such
as imidazolium cross-links (i.e., the GO-Lys dimer,
GOLD) and imidazole cross-links (i.e., the GO-Lys—Arg
dimer, GODIC). Again, the specific reactivity of
o,B-unsaturated carbonyls is mainly ascribable to their
capacity to yield Michael-type adducts due to the marked
reactivity of  carbon atom that is added to that of the
carbonyl group, which however conserves the possibility
to condense with suitable nucleophilic groups [102]. In
some cases, their reactivity is further modulated by the
vicinal groups, such as the hydroxyl group in HNE or the
keto function in 4-oxo-2-nonenal (ONE), that enhance
the electrophilic property of o-carbon atom by electron-
withdrawing effects.

On these grounds, it comes as no surprise that all
reported quenchers are endowed with one or more nucleo-
philic centers, which differ in their physicochemical
properties as well as in the capacity to trap different car-
bonyl species. As a trend, compounds possessing only
one strong nucleophilic group act by a one-step mecha-
nism, and as such they are rarely endowed by a suitable
selectivity, trapping also physiological carbonyls. Differ-
ently, scavengers with two or more reactive groups gener-
ally show a softer reactivity, act by multistep mechanisms,
and possess a satisfactory selectivity, thus avoiding the
depletion of physiological compounds. By considering
the number of their reactive centers, the reported carbo-
nyl quenchers can be subdivided into monoreactive and
polyreactive molecules. Based on the chemical nature of
their reactive groups, the former can be further classified
into thiol-containing compounds, guanidine and hydra-
zine derivatives, and B dicarbonyl analogs, while the
latter can be grouped into heterocycle-based compounds,
amino derivatives, and phenols and polyphenols.
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Monoreactive molecules

Thiol-containing compounds. The prototypal example of
thiol-containing carbonyl scavenger is offered by GSH,
the endogenously reducing tripeptide (y-L-glutamyl-L-
cysteinylglycine) involved in several antioxidant processes
given its capacity to prevent cellular damage caused by
ROS such as free radicals and peroxides [103]. Besides
the known antioxidant properties, mainly based on its abi-
lity to oxidize into reversible disulfide species [104], GSH,
due to the marked sulfur nucleophilicity, can also yield
covalent adducts with endogenous or xenobiotic electro-
philic compounds [105]. Once adducted, the peptide loses
its terminal residues (L-glu and gly), thus yielding the
corresponding mercapturic acid which detoxifies the
quenched electrophile rendering it more hydrophilic and
easier to be excreted [106].

Although several electrophilic species can spontane-
ously react with GSH (as firstly demonstrated for o,
B-unsaturated aldehydes by Esterbauer [107]), the addition
can also be catalyzed by cytosolic GSTs [108], which rep-
resent a family of versatile enzymes able to catalyze the
nucleophilic conjugation of GSH with a wide spectrum of
electrophiles. Concerning the detoxification of ALE pre-
cursors [109,110], several studies revealed the involve-
ment of GST enzymes as suggested by their upregulation
in initial stages of oxidative stress. Among the involved
GST isozymes, GSTA4-4 [111] emerges for its high cata-
lytic efficiency toward alkenal substrates, such as HNE,
even though other subtypes can surely contribute to the
RCS detoxification. Notably, this enzymatic HNE addition
shows a certain degree of stereoselectivity, with a relative
preference for (R)- versus (S)-HNE which is presumably
due to the participation of the hydroxyl moiety to the sub-
strate recognition [112]. Such a selectivity tends to gener-
ate preferentially defined sets of diastereoisomeric adducts
with potential biological implications for toxicity and
excretion [113].

Concerning the dicarbonyl detoxification, it should be
reminded that the GSH serves as a cofactor for glyoxalase
enzymes [114], which catalyze the conversion of dicarbo-
nyls into non-toxic products as a part of the cellular defense
system against glycation [115]. Given the remarkable
nucleophilicity of the thiol function and, consequently, its
facile reactivity with unsaturated carbonyls [116], cysteine
derivatives are more able to quench o.,3-unsaturated alde-
hydes, through a Michael addition, compared to dicarbo-
nyls even though also these latter can be trapped by
formation of the corresponding thioacetals. Moreover,
Nomi and coworkers have recently demonstrated that
dicarbonyls can react with N-terminal group of the gluta-
mate residue yielding stable dioxomorpholine adducts
which appear to be favored by the o position of the pri-
mary amine (compared to the N-terminus of other pep-
tides). This cyclic adduct should represent the most
important products coming from quenching reactions
between dicarbonyls and GSH [117].

Free cysteine and N-acetyl cysteine (NAC) [118] can
be seen as both precursors of GSH [119] and compounds
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able to directly quench RCS with a concentration-
dependent activity comparable with that of the non-
enzymatic GSH addition [120]. Similar quenching
activities are also shown by cysteamine (2-aminoethane-
thiol) and cysteine methyl ester, thus confirming that
the carboxyl terminus is not involved in quenching
mechanism [121,122]. Interestingly, also taurine (2-
aminoethanesulfonic acid), that can be seen as an oxi-
dized form of cysteamine, was reported to be able to
directly quench MDA giving fluorescent 1,4-dihydropyri-
dine and non-fluorescent enaminal derivatives, thus sug-
gesting that the modulation of carbonyl stress may be
included among the biological functions of taurine [123].

Penicillamine (3-mercaptovaline) and its analogs [124]
show a significantly greater activity toward dicarbonyls
which can be explained by considering their ability to
yield stable thiazolidine adducts, which results from
nucleophilic ring closure of the initial imine intermediate
[125]. Such a mechanism suggests that, although pen-
icillamine is described here for structural analogy with the
other sulfur-containing quenchers, it can be seen as an
example for polyreactive quencher whose mechanism
requires the concerted involvement of both reactive cen-
ters. The participation of both moieties can also explain
the observed stereoselectivity since D-penicillamine is
slightly more active than the L-enantiomer probably
because it exposes the reactive groups in an arrangement
more favorable to the final cyclization. Similarly, the 3,3
dialkyl substitution may favor the ring closure preventing
the reverse hydrolysis reaction [122]. The relevance of
alkyl substitution is further confirmed by the notable
activity of omo-derivative of penicillamine, namely
3-methyl, 3-ethyl cysteine (MEC) whose quenching abil-
ity induces apoptosis on malignant melanoma cell lines as
reported by Wondrak and coworkers [126].

Lastly, lipoic acid (6,8-dithiooctanoic acid), a naturally
occurring nutraceutical [127], is a well-known antioxi-
dant able to directly quench free radicals as well as to
regenerate other antioxidants due to its redox equilibrium
between the reduced thiols and the oxidized disulfide. It
is also able to trap both ALE and AGE precursors due to
the presence of two nucleophilic thiols [128,129], thus
resulting in protective effects against oxidative-based
diseases as clearly demonstrated by animal models for
diabetes, non-alcoholic steatohepatitis, and ischemia
[130]. As recently evidenced, the protective effect of lipoic
acid can also be due to its restorative action on aldehyde
dehydrogenase, ALDH2, whose activity is upregulated by
about 60% after pretreatment with lipoic acid so inducing
a significant decrease in all carbonyl species [131].

However, it should be emphasized that, despite the
strong sulfur nucleophilicity, thiol-containing drugs are
potentially toxic compounds since they can react with
cysteine thiol functions yielding protein-drug mixed dis-
ulfides. These adducts can impair the physiological func-
tions of the modified proteins, even though cells and
plasma possess protective dethiolation processes which
are able to regenerate critical protein thiols [132]. More
importantly, thiol-containing drugs can behave as haptens
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when the mixed disulfides become antigenic determinants
and initiate an immune response which can culminate in
hypersensitivity and, consequently, idiosyncratic reactions
(IDRs) depending on the body’s capacity to detoxify these
adducts [133].

Guanidine and hydrazine derivatives. Due to the presence
of more electron-rich nitrogen atoms, aminoguanidine
(2-Aminoguanidine, aka Pimagedine [134]; Figure 3) pos-
sesses the necessary nucleophilicity to rapidly react with
both ALE and AGE precursors albeit through different
reaction mechanisms [135]. The o,B-unsaturated alde-
hydes can condense with aminoguanidine through Michael
addition or imino formation [136], while dicarbonyls cycl-
ize with the formation of 1,2,4 triazine analogs [137].
Aminoguanidine was found to reduce tissue levels of
AGEs in experimental models of diabetes as well as to
retard the development of several AGE-related patholo-
gies, including diabetic vascular diseases, neuropathy,
retinopathy, nephropathy, and cataract [67,135,138—152].
However, due to its high reactivity, aminoguanidine does
not possess a suitable selectivity trapping also physiologi-
cal carbonyls [136], and indeed, phase III clinical trials for
aminoguanidine were discontinued because it induced
vitamin B deficiency [153]. Not to mention that amin-
oguanidine has other pharmacological activities since it
inhibits both nitric oxide synthase [154] and semicarbazide-
sensitive amine oxidase (SSAO) [155]). Despite the men-
tioned drawbacks, several aminoguanidine derivatives were
proposed as carbonyl quenchers mainly with a view to
removing the promiscuous biological activities as well as
to improving the pharmacokinetic profile by enhancing
the lipophilicity. Among them, B-resorcylidene amino-
guanidine (RAG) [156]; Figure 3) and ALT-946 [N-(2-
acetamidoethyl) hydrazine-carboximidamide hydrochloride]

H,N__NH
\n/ NH, HO

NH

Aminoguanidine

B-resorcylidene
aminoguanidine

(Figure 3) have attracted considerable interest for the
efficient anti-glycation and anti-oxidant effects in both
animal studies and in vitro experiments with minimal
inhibitory effects on nitric oxide synthase [157-159]. In
addition to the indirect effect of all anti-diabetic agents on
AGE formation by lowering blood glucose level, some
anti-diabetic agents are also direct inhibitor of AGE forma-
tion and can be seen as aminoguanidine derivatives. Thus,
the anti-diabetic agent metformin (1,1-dimethylbiguanide;
Figure 4) was reported to decrease AGE formation in vitro,
most likely by eliminating reactive carbonyl precursors [88,
160-162]. In clinical studies, metformin reduced the levels
of reactive dicarbonyls and AGEs [86,163]. These mecha-
nisms contribute to medicinal effects of metformin beyond
the benefits expected from its anti-hyperglycemic effect.

When serum albumin was incubated in vitro with glu-
cose, ribose, or ascorbate, OPB-9195 (2-isopropylidene-
hydrazono-4-oxo-thiazolidin-5-yl acetanilide; Figure 4),
a quite complex derivative in which the aminoguanidine
moiety is embedded in a thiazolidin-5-acetanilide sys-
tem, prevented AGE formation more efficiently than
aminoguanidine, affecting especially the generation of
pentosidine and carboxymethyl lysine [164]. In animal
studies using diabetic rats, OPB-9195 normalized AGE
levels and afforded neuroprotective, renoprotective, and
angioprotective effects [157,165-170]. Lastly, ALT-462
(4-amino-3-hydrazino-5-isopropyl-4H-1,2,4-triazole
dihydrochloride; Figure 4) can be seen as a cyclic ana-
logue of the aminoguanidine in which the reactive moi-
ety is masked in a triazole ring and shows a
dose-dependent scavenging activity at least 20 times
more potent than aminoguanidine [171].

Besides guanidine, a second nitrogen atom containing
electron-rich function is represented by hydrazine (or hydraz-
ide) group [172]. Hydralazine (1-hydrazinylphthalazine,

ALT-946

° S I
NH \
NH, NH NH N\l/NH
H,NT N l\ll \7/ N-N
Metformin OPB9195 ALT-462
HO
_NH2 OW 0
HN N-N /N
I
IS TS e
_N NX~"oH
Hydralazine Edaravone TM2002

Figure 4. Relevant monoreactive carbonyl quenchers.
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Figure 3) and dihydrohydralazine are the lead compounds
of a series of hydrazine derivatives endowed by a marked
scavenging ability toward both ALE and AGE precursors.
Like aminoguanidine, hydrazine derivatives can react with
o,B-unsaturated aldehydes through Michael addition or
imine formation [136,173], while dicarbonyls cyclize
yielding diazine analogs [174]. Yet again, due to high
hydrazine nucleophilicity, hydralazine lacks suitable
selectivity trapping also physiological carbonyls through
the formation of stable imine derivatives [136]. Moreover,
hydralazine and dihydrohydralazine also show a promis-
cuous activity since they are well-known vasodilator
agents which have been used for the treatment of essential
hypertension since the 1950s [175]. Despite the mentioned
pitfalls, such compounds have attracted considerable inter-
est for their excellent scavenging activity toward reactive
carbonyls, and indeed, they have been proven to be thera-
peutically efficient in preventing AGE and ALE formation
in several oxidative-stress based disorders including dia-
betes, atherosclerosis, and Alzheimer disease [122,
173,174]. Hence, it is not surprising that numerous hydra-
zine-containing derivatives have been proposed with a
view to separating the scavenging activity from the vaso-
active effect, quite a feasible task considering that scav-
enging requires only the hydrazine group and, unlike
vasoactivity, is rather independent on the remaining part
of the molecule and (b) increasing hydrophobicity to
enhance the pharmacokinetic profile and especially to
increase blood-brain barrier permeability. Among the
hydrazine derivatives, bisvanillyl-hydralazone shows
notable antioxidant, carbonyl scavenger, and anti-apop-
totic properties, thus resulting in a particularly efficient
agent for therapeutic applications in atherosclerosis [176].
Studies involving already-marketed drugs with a hydra-
zine (or hydrazide) function (e.g., isoniazid, iproniazid,
and phenelzine) showed that all these drugs induce a sig-
nificant carbonyl stress inhibition correlated with a reduc-
tion of atherosclerotic lesion development [177]. By
considering that oxidative damage is a major pathological
feature of the Alzheimer disease, some authors developed
new hydrazine derivatives endowed by extended aromatic
systems able to interact with the amyloidogenic core of
AP through p-p-stacking interactions so as to intercalate
between A fibrils. In this way, the quenchers so obtained
(e.g., 2-hydrazino-4-phenylthiazole, indole-3-acetic hyd-
razide, and carbazochrome) induced a promising reduc-
tion of both AP misfolding and AP protein modification
by RCS, thus suggesting their potential for further drug
development [178].

P dicarbonyl analogs. The nucleophilic reactivity of the
B dicarbonyl analogs toward reactive carbonyls is essen-
tially ascribable to the acidity of the o methylene due to
the electron-drawing effect of the vicinal carbonyl groups.
Although also B dicarbonyls (as in the well-known case
of MDA) can derive from lipid peroxidation and promptly
react with physiological nucleophiles due to the
extreme reactivity of their B-hydroxyacrolein form [179],
B-dicarbonyl derivatives, in which the carbonyl reactivity
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is suitably modulated, may enhance their nucleophilicity
thus resulting in very reactive carbonyl quenchers. A
well-known example of this class of carbonyl quenchers
is represented by edaravone (5-methyl-2-phenyl-2,
4-dihydro-3H-pyrazol-3-one; Figure 4) whose pyrazolone
ring can be indeed seen as a cyclic (and masked) form of
B dicarbonyl [180]. Edaravone combines a potent free
radical scavenging [181] with a significant carbonyl
quenching activity which is mostly due to the acidic char-
acter of the methylene in position 4 [182]. Edaravone was
approved in 2001 in Japan for the treatment of cerebral
infarction, even though additional clinical studies are still
necessary to verify the complete efficacy of edaravone
and in particular to investigate which kind of ischemic
patients is well suited for the edaravone treatment and to
define the optimal dose and therapy duration in order to
gain a significant efficacy within a reasonable therapeutic
window [183].

A recent study [184] confirmed the excellent reactivity
of edaravone toward GO, acrolein, and HNE while evi-
dencing that it can react with o,B-unsaturated aldehydes
acting as a polymerizing agent and forming adducts
characterized by a very high molecular weight since all
monitored adducts conserve a reactivity comparable with
that of edaravone. The capacity to yield polymeric adducts
can explain some side effects observed during prolonged
edaravone treatments. Notwithstanding this, the notable
quenching activity of edaravone prompted the development
of derivatives mainly substituted in 4 with the aim to mod-
ulate the acidity of this carbon atom. Among them,
TM2002 (Figure 4), which derives from the 4-substitution
of edaravone with a furo-pyridinol moiety, appears to be
a non-toxic inhibitor of advanced glycation and oxidative
stress devoid of effect on blood pressure with a neuro-
protective efficacy comparable with that of the parent
compound [185].

By considering the known protective action of cur-
cumin and other natural B-diketo derivatives [186,187],
LoPachin and coworkers recently proposed a set of simpli-
fied diketo analogs (e.g., 2-acetylcyclopentanone), which
showed a significant scavenging activity toward o,
B-unsaturated aldehydes as well as metal ion chelation
properties. The promising results obtained in cellular
models of oxidative stress render these compounds
potential candidates for the treatment of acute or chronic
oxidative-stress based neurodegenerative conditions [188].

Polyreactive compounds

Heterocycle-based compounds. The parent compound of
all heterocycle-based scavengers is surely carnosine
(B-Ala-His; Figure 5) [189,190], an endogenous peptide
specifically found in millimolar concentration in some
tissues as the brain, the heart, and the skeletal muscles
and whose multistep mechanism, mainly based on the
ability of the imidazole ring to yield Michael addition on
the unsaturated imine intermediate, renders it markedly
selective toward RCS [191,192]. The remarkable profile of
this dipeptide has prompted the development of numerous
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Figure 5. Relevant polyreactive carbonyl quenchers.

derivatives which were extensively examined in recent
reviews (see, e.g., [193,194]). While avoiding extensive
analyses of its derivatives, it is interesting to remind here
the two major objectives for which the carnosine ana-
logues were designed. The first objective was to improve
the quenching activity while maintaining the mentioned
selectivity, and this aim was pursued essentially by
replacing the primary amine with more reactive moieties
such as hydrazines, hydrazides, and diammino groups
(e.g., [195]). The second objective involved the improve-
ment of carnosine’s pharmacokinetic profile since it is
actively absorbed by intestinal transporter hPepT1 [196]
but rapidly hydrolyzed by serum carnosinase, a specific
dipeptidase found in plasma and in the brain [197]. To
this end, carnosine derivatives were created by modifica-
tion at the peptide bond or at the histidine configuration
(i.e., D-carnosine, B-Ala-D-His) [198]. These simple
examples emphasized what was already discussed in the
introductive part, namely that the structure of the scav-
engers can be clearly subdivided into few reactive moi-
eties whose modification heavily influences the quenching
activity and the remainder, which is virtually inert and
can be vastly modified to improve the pharmacokinetic
profile. Although no longer recognized by intestinal tras-
porter, D-carnosine and its lipophilic prodrugs showed a
quenching activity almost superimposable on that of
L-carnosine being totally stable in human plasma [199].
Due to its promising bioactivity, D-carnosine underwent
in vivo studies revealing that it is highly effective in
attenuating experimental atherosclerosis and renal dis-
ease by reducing carbonyl stress and inflammation and
that it may represent a promising therapeutic strategy in
humans [200].

The remarkable profile of both carnosine and other
natural histidine containing peptides, as in the case of
GHK (Gly-His-Lys), prompted also the development
of novel short peptides more active and more stable
than carnosine or GHK. In a recent patent, Lipotec
(Barcelona, Spain) reported a set of tetrapeptides with a
capacity to quench HNE and nonenal significantly greater
than that of carnosine. All the reported tetrapeptides show
the key histidine as a C-terminal residue and alanine in
second position. Interestingly, the most active peptides
have a 2,3-diaminopropionic acid residue as N-terminus,
which might promote the formation of the initial imine
intermediate [201].

A second heterocycle-based natural compound is rep-
resented by thiamine (vitamin B,; Figure 5) whose antig-
lycation activity can have a dual mechanism. Thiamin is
converted in the cell to thiamin pyrophosphate (TPP), the
coenzyme for transketolase (TK), a rate-limiting step of
the pentose phosphate pathway [202]. TK activation could
decrease the accumulation of glyceraldehyde-3-phosphate
and fructose-6-phosphate during glycolysis, thus prevent-
ing AGE formation [203]. Moreover, thiamine can directly
quench reactive carbonyls [204] due to the unique reacti-
vity of its thiazolium nucleus [205] with a mechanism
similar to that exerted by thiamine in the enzymatic catal-
ysis [206]. A similar activity is offered by benfotiamine
(Figure 5), a soluble analogue of vitamin B, [207], which
additionally prevents the lipopolysaccharide-induced acti-
vation of cPLA2 thus exerting a protective effect by mod-
ulating the arachidonic acid pathways [208]. Both
benfothiamine and thiamine were reported to be beneficial
in experimental models of diabetic nephropathy [209,210].
Benfothiamine improved nerve conduction velocity in
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diabetic patients [211,212] and prevented vascular
endothelial dysfunction after a high-AGE meal [213].
Nevertheless, recent clinical studies on patients suffering
from diabetes (types 1 and 2), diabetic nephropathy, and
peripheral nerve inflammation showed that benfotiamine
does not result in significant reductions in plasma or uri-
nary AGEs or plasma markers of endothelial dysfunction
and nerve inflammation compared to placebo [214,215].
Tenilsetam (3-thiophen-2-ylpiperazin-2-one; Figure 4),
a derivative initially developed as cognition-enhancing
drug for the treatment of patients suffering from Alzheimer’s
disease, shows beneficial effects which seem to be ascrib-
able to its ability to reduce protein carbonylation by both
directly quenching RCS and covalently attacking the
already-glycated proteins, thus blocking the reactive sites
for further polymerization reactions with favorable effects
on the AGE-derived cross-linking of amyloid plaques
[82,216]. Despite the fact that precise quenching mecha-
nism is still unclear, the protective effect of tenilsetam
indicates that carbonyl quenchers may represent a
promising therapeutic strategy to reduce intracellular
AGE-accumulation as well to decrease the RCS-induced
impairment in aging and neurodegeneration [217].

Amino derivatives. As a preamble, it should be empha-
sized that the main reactivity that a primary amine can
exert toward RCS involves the formation of stable imine
derivatives. Given the good correlation between basicity
and nucleophilicity for amine derivatives [218], a nucleo-
philicity increase is inevitably paralleled by an increase
in the fraction of protonated forms which in fact cannot
yield the imine formation since the protonated species
cannot attack the carbonyl carbon atom to yield the cor-
responding carbinolamine [219]. This means that the
imine formation may be enhanced by lowering the basi-
city of the amino group so as to increase the fraction of
neutral species even though such an approach should be
cautiously pursued since the imine stability increases
when nucleophilicity decreases due to the stabilizing
effect of electron-drawing substituents on the C=N
double bond [220]. This implies that amino-based scav-
engers endowed with relatively basic amines lose their
selectivity by trapping even physiological carbonyls. Dif-
ferently stated, the reactivity of the amino groups should
be carefully balanced to maximize the quenching activity
without undermining the selectivity.

The amino reactivity is conveniently exploited by
scavengers already examined in the previous sections.
For example, the mechanism of carnosine reaction with
RCS involves as a first step of the condensation between
the carbonyl function and the carnosine primary amine,
resulting in the formation of a reversible o, -unsaturated
imine intermediate which serves as an intramolecular
catalyst to favor the key Michael addition involving the
imidazole ring [221]. Similarly, the cyclization process
involving penicillamine with dicarbonyls starts with the
formation of the initial imine intermediate. Nonetheless,
the mentioned compounds were included in other sec-
tions since their quenching is heavily influenced by the
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nucleophilicity of the second reactive center (the imida-
zole for carnosine and the thiol for penicillamine). By
contrast, this section will examine those derivatives
whose quenching activity is almost exclusively deter-
mined by their amino groups.

PM (4-(aminomethyl)-5-(hydroxymethyl)-2-methylpyridin-
3-ol; Figure 5), a naturally occurring derivative of vitamin
B6, has proved to be an effective inhibitor for protein gly-
cation and lipoxidation both in vivo and in vitro [222]. Its
protective action involves different mechanism including
chelation of metal ions with catalytic oxidation capacity
[56], neutralization of radical species due to the phenol
acidity [222], and scavenging of carbonyl species with a
high glycation ability. Recent studies evidenced that PM
can react with dicarbonyls by rapidly forming stable imine
derivatives whose stability is enhanced by the low basicity
of the benzilic amino group as well as by the capacity of
second carbonyl group to interact with the phenol function
yielding hemiacetalic cycles [223,224]. Moreover, some
dicarbonyls can react with two PM molecules yielding a
dimer fused through a central imidazolium or piperidin-
ium ring depending on the structure of RCS and with a
mechanism which reminds that of the MOLD adduct start-
ing from two lysine residues [225,226]. Yet again, Y dicar-
bonyls, which can be derived from alkyl oxidation, rapidly
cyclize with PM yielding pyrrole derivatives, according to
Paal-Knorr reaction [227]. Comparative analyses showed
that PM is more reactive than the e-amino group of lysine
residues but remains still less reactive when compared to
the strong reactivity of a cysteine thiol function [228,229].
This means that PM can successfully protect lysine resi-
dues by glycation processes but fails to protect also
cysteines. Similarly, PM can quench o,-unsaturated car-
bonyls by yielding both Michael adducts and imino deri-
vatives which involve the PM amino group [136]. Also
here, the phenol group can promote these additions by
yielding the already-mentioned hemiacetalic cycles for
Michael adducts or condensed hemiaminal rings for
adducted Schiff bases [228,229]. The protective effects of
pyridoxime are also reinforced by its enzymatic role since
the phosphorylation of the hydroxyl group in 5 induces an
intracellular accumulation through the so-called metabolic
trapping mechanism [230]. Based on its excellent quench-
ing activities, PM prevented retinal damage [231] and
improved renal function [232,233] in murine models of
diabetes and, in contrast to other carbonyl quenchers, such
as aminoguanidine, PM showed minimal toxicity [234].
The promising results of the ongoing clinical studies
involving PM in diabetes can be found in specialized
reviews [235].

As mentioned before, diaminopropionic acid (DAP) is
a residue which possesses a significant reactivity toward
RCS due to its capacity to give imino adducts. Sasaki and
coworkers [236] proposed a set of DAP-containing dipep-
tides endowed by a noteworthy capacity to quench AGE
precursors. Among them, DAP-Val and DAP-Nle showed
protective effects comparable with those of aminoguani-
dine. Interestingly, the prominent reactivity of DAP deri-
vatives toward dicarbonyls was explained by their ability
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to form stable adducts containing piperazine ring systems.
Recently, Audic and coworkers reported a set of 2,3-
diaminopropionic acid-based molecules which proved
to be excellent scavengers of both dicarbonyls and o,
B-unsaturated aldehydes. In particular their remarkable
quenching activity against MDA is ascribable to their
capacity of yielding stable 2,3-dihydro-1H-1,4-diazepinium
adducts, as indentified by LC-MS and NMR analyses [237].
A similar reactivity is also shown by 2,3 diaminophenazine
which reduces the formation of AGEs and attenuates the
diabetes induced vascular hypertrophy with an overall effect
at least comparable to that of aminoguanidine [238]. More-
over, this quencher was also able to increase the collagen
solubility, a clear effect of the inhibition of AGE cross-
linking, whereas it was unable to ameliorate the diabetes-
induced increase in the albumin clearance [239].

Phenols and polyphenols. In the previous section, the
ancillary reactivity of phenol group in determining the
marked activity of PM was in-depth analyzed, even though
the above described molecules cannot clarify whether the
phenol derivatives possesses enough nucleophilicity to act
as a carbonyl quenchers per se [240]. Lo and coworkers
in a recent systematic study analyzed the quenching acti-
vity of phenols, diphenols, and triphenols evidencing that
the first two groups are substantially inactive toward MG,
whereas some triphenols show relevant quenching activity
not markedly influenced by the presence of other substitu-
ents [241]. This finding clearly suggests that also natural
polyphenols can possess efficient quenching activities and
indeed in the last years several natural compounds were
reported to be able to quench RCS, as recently reviewed
by Wang [242].

Concerning the capacity of dietary polyphenols to trap
dicarbonyls, a systematic study [243] with MG showed the
significant inhibitory effects on MG mediated AGEs for-
mation (greater than 60%) for luteolin, rutin, epigallo-
cathin-3-gallate (EGCG), and quercetin, while catechin,
epicatechin (EC), epicatechin gallate (ECG), epigallocat-
echin (EGC), kaempferol, and naringenin possess lower
inhibitory effects. Among them, theaflavins (Figure 4), the
main components of black tea, were the most reactive
polyphenols toward MG with an inhibition effect around
70% thus suggesting that theaflavins would be promising
candidates for future in vivo studies [244]. Collectively,
these studies evidenced the presence of the flavan-3-ol
(i.e., catechin) substructure as a key element for the
quenching activity which is maximized at basic conditions
and preferentially occurs at positions 6 and 8 of the A-ring
of catechin while the gallate ring does not play an impor-
tant role in the scavenging activity. Comparative analyses
showed that the most efficient polyphenols are more reac-
tive than lysine and arginine residues thus confirming their
protective role against AGE-mediated protein carbonyla-
tion [245]. The chemical relevance of the catechin’s A-ring
in determining carbonyl quenching was substantiated by
quenching activity of genistein (4°,5,7-trihydroxyisofla-
vone; Figure 5) [246], phloretin, and phloridzin [247],
thus confirming the major rules proposed by Matsuda and

coworkers [248], namely that (i) quenching activity
increases with the number of hydroxyl groups; (ii) fla-
vones are normally more active than the corresponding
reduced analogs; (iii) modifications of hydroxyl groups
decrease the activity apart from those on position 3’, and
(iv) as a rule, there is a relationship between carbonyl
quenching and free radical scavenging.

Even though most studies have been focused on the
quenching of dicarbonyls by polyphenols, Beretta and
coworkers demonstrated that green tea polyphenols can
also trap o,B-unsaturated aldehydes always exploiting
the specific reactivity of the A-ring despite with a dif-
ferent mechanism. Indeed, while polyphenols quench
dicarbonyls through an electrophilic substitution in
which the carbonyl carbon atoms attack the most elec-
tronegative phenyl carbon atoms, unsaturated carbonyls
react through a Michael addition between a phenol oxy-
gen atom and the acceptor B carbon atom followed by
an intramolecular condensation to yield stable benzo-
chromene adducts [249].

Other natural phenolic compounds endowed with
carbonyl quenching activities toward AGE precursors
include the stilbene glucosides among which 2,3,5,4-O-
tetrahydroxystilbene 2-O-B-D-glucoside (THSG), the major
bioactive compound from Polygonum multiflorum,
appeared much more active than resveratrol and its methy-
lated derivative pterostilbene, the two major dietary stil-
benes. Similar to flavones, the quenching occurs through
an electrophilic substitution involving the electronegative
positions 4 and 6 of the A ring [250]. Besides the discussed
polyphenols, also terpenoids [251] and procyanidins [252]
displayed inhibitory effects on AGE formation, which are
largely ascribable to both their antioxidant activities and
carbonyl scavenging capacities. Overall, the reported stu-
dies indicate that many natural compounds exert their known
protective and antioxidant effects also through a carbonyl
quenching activity, and much remains to be done in order to
elucidate the precise quenching mechanism for these mole-
cules as well as their potential clinical applications.

Despite structurally different, also the quenching activ-
ity of ascorbic acid (aka Vitamin C, (SR)-[(1S)-1,2-
dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one; Figure 5)
can be explained in terms of nucleophilicity of hydroxyl/
enolic functions which act as Michael donor reacting with
o,B-unsaturated aldehydes [253]. In detail, ascorbic acid
reacts with HNE yielding two major adducts, which share
a common tetrahydrofuro[3,2-b]furan-5-one system and
differ from the arrangement of the third tetrahydrofuran
ring, which is linked in 6 position or fused in a spiro form
similar to that observed with acrolein (see below [254]).
Similarly, ascorbic acid can react with acrolein giving a
tricyclic intermediate which rearranges yielding 5,6,7,
8-tetrahydroxy-4-oxooctanal (THO) which in turn exists
in solution in equilibrium with the corresponding 5- and
6-membered cyclic hemiketals and hemiacetals [255].
Despite the capacity to generate covalent adducts, the abi-
lity of ascorbic acid to prevent protein carbonylation by
reactive aldehydes is, however, mostly ascribable to its
ability to increase the transport of GSH conjugates from
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the cells into the medium by enhancing the efflux of the
multidrug-resistant protein (MRP) substrate as recently
demonstrated in human monocytic THP-1 cells [254].

Miscellaneous inhibition mechanisms

Anti-inflammatory drugs. Aspirin was one of the first
molecules shown to prevent glycation. When present in
incubations of lens proteins, aspirin inhibited glycation of
the proteins treated by glucose, galactose, and other sugars
in vitro [256-258]. Aspirin was classified as a sugar com-
petitor since it acts by acetylation of the reactive amino
groups on proteins [259-261]. Other anti-inflammatory
drugs, ibuprofen and diclofenac, also inhibited glycation,
yet the mechanism may be different since ibuprofen and
diclofenac have no acetyl group. Aspirin and ibuprofen
prevented cataract in diabetic rats [262].

Pyruvic acid. The simplest o-keto acid pyruvate (2-
oxopropanoic acid, an oxidized form of MG) was reported
to protect rat eye lens proteins against sugar-induced gly-
coxidation [263-265] and prevented cataract development
in diabetic rats or mice. The effect was explained by the
ability of pyruvate to bind competitively to protein pri-
mary amines, as well as by the antioxidant action of the
compound [264,266].

Aldose reductase inhibitors. Under hyperglycemic condi-
tions, fructose and 3-DG, compounds with high glyca-
tion potential, are produced by the polyol pathway
[267,268]. Fructose formed via the polyol pathway can
reach the concentrations same as glucose in certain tis-
sues. In this way, polyol pathway may contribute to the
process of advanced glycation. The aldose reductase
inhibitor, epalrestat, was found to reduce plasma levels
of markers of glycoxidation in diabetic patients [269,270].
Epalrestat suppressed the deterioration of diabetic periph-
eral neuropathy in association with a reduction of CML
blood levels [271]. The aldose reductase inhibitor, zopol-
restat, significantly reduced MG levels in aged rat aorta
and significantly improved endothelial-dependent relax-
ation in aged rats [272].

ALEs/AGEs elimination
Physiological pathways of AGE and ALE removal(NC)

Enzymatic defense against AGEs and ALEs

Enzymatic deglycation at the Amadori level. Fructosamine-
3-kinase (FN3K) is a key player in the repair of Amadori
products. It was discovered almost at the same time by
Delpierre et al. [273] and Szwergold et al. [274]. The
enzyme was purified from human erythrocytes and
expressed in Escherichia coli. FN3K is a 35-kDa mono-
meric protein whose tertiary structure is still not resolved,
even though it should show a certain degree of similarity
with the recently resolved structure of the putative FN3K
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from Thermobifida fusca YX-ER1 (YP_290396.1,
Pdb Id: 3f7w). FN3K phosphorylates low-molecular mass
and protein-bound fructosamines on the third carbon of
the hexose. The enzyme phosphorylates 1-deoxy-1-
morpholinofructose, fructoselysine, fructosevaline, and
fructoseglycine in order of decreasing affinity. Histone,
bovine serum albumin, lysozyme, or hemoglobin-bound
fructoselysine was also found to be phosphorylated by
FN3K. The affinity of protein-bound fructoselysines is
about 75-fold higher as compared with free fructoselysines.
The reaction of fructoseamine phosphorylation is ATP
dependent. The phosphorylation product fructosamine-3-
phosphate is unstable and spontaneously decomposes by
B-elimination into 3-DG, inorganic phosphate, and non-
glycated amine (Figure 6). As an example, a half-live of
fructoselysine-3-phosphate is about 5-6 h at 37°C [274].

The discovery of FN3K in human erythrocytes revealed
the enzymatic defense mechanism against glycation at its
early stage. It became obvious that mammalian cells are
able to prevent further conversion of Amadori products
into AGEs and to clear fructosamines formed on proteins
in the cell [275-277]. Physiological importance of FN3K
as a protein repair enzyme was confirmed in the experi-
ment with FN3K-deficient mice. Their level of hemoglo-
bin-bound fructosamines was approximately 2.5-fold
higher than that of control mice. Moreover, other intracel-
lular proteins were 1.8- to 2.2-fold more glycated in eryth-
rocytes and 1.2- to 1.8-fold more glycated in brain, kidney,
liver, and skeletal muscle [278]. On the other hand, the
physiological role of FN3K is not fully clear even despite
the fact that the enzyme is able to reduce the glycation of
intracellular proteins in vivo. Recently, it has been shown
that the survival, functions, and glucotoxic alterations of
pancreatic B-cells from both FN3K-knockout and wild-
type mice are almost identical in the presence of high
glucose concentration [279].

The enzyme is present in mammals and birds, and was
not found in fishes, plants, and bacteria [280], even though
homologous proteins (FN3K-related proteins) are present
in all taxa, where they retain intracellular repair functions.
FN3K is particularly active in brain, heart, kidney, and
skeletal muscle. The activity of FN3K in erythrocytes
from different species correlates well with the concentra-
tion of glucose. Indeed, FN3K is active in erythrocytes
from rat, mouse and man where the intracellular concen-
tration of glucose is close to that of the plasma, and the
activity of FN3K is very low in erythrocytes from pig and
chicken in which the concentration of glucose is low or
near zero [281,282].

Besides FN3K, other deglycating enzymes of Amadori
products are known. In fungi and bacteria, fructosyl amino
acid oxidases called amadoriases catalyze the oxidative
degradation of Amadori products leading to the formation
of unmodified amine and 2-ketoaldose as well as H,O,.
In bacteria, fructosamine 6-phosphate deglycases and
fructoseamine 6-kinases decompose Amadori products,
although these enzyme use different catalytic mechanisms
and have different physiological role as compared with
FN3K [283].
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Figure 6. Reaction of fructosamine-3-kinase.

Enzymatic detoxification of reactive a-oxoaldehydes. GO,
MG, and 3-DG are important glycating agents besides
glucose and fructose (Figure 1). They are up to 20,000-
fold more reactive than glucose and form AGEs bypassing
the stage of early glycation [284,285]. There are two
important pathways involved in the enzymatic defense
against glycation and the prevention of accumulation of
a-oxoaldehydes as AGE precursors in vivo, that is, aldose
reductase and glyoxalase pathways.

Human aldose reductase (AKR1B1; EC 1.1.1.21)
belongs to the AKR superfamily. AKR are oxidoreductases
found in organisms from prokaryotes to eukaryotes includ-
ing yeast, plants, amphibia, and mammals. A systematic
nomenclature for AKR was adopted in 1996. More than
110 enzymes of AKR superfamily are grouped into
14 families (AKR1-AKR14) having less than 40% amino
acid identity with any other family. Families are divided
into subfamilies (>60% amino acid identity among mem-
bers) described by a letter, and an Arabic number signs
the unique protein sequence [286,287].

Human aldose reductase is expressed in almost all tis-
sues [288-294]. AKR1B1 is a cytosolic monomeric pro-
tein of 315 amino acids with a molecular mass of about
36-kDa and known three-dimensional structure. The
enzyme shows an eight-stranded /o -barrel folding and
catalyzes the NADPH-dependent reduction of a wide
variety of carbonyl-containing compounds to their corre-
sponding alcohols with a broad range of catalytic
efficiencies [295-299]. AKR1B1 is the first enzyme in the
polyol pathway of glucose metabolism. It catalyzes the
reduction of glucose to sorbitol that is subsequently
converted to fructose by sorbitol dehydrogenase. Under
normal physiological conditions, this pathway plays a
minor role, and cellular glucose enters the glycolytic path-
way. For aldose reductase, glucose is not a preferred sub-
strate: Ky, =100 mM and k /K, =2.8 X 10> M~ 'min~!
[295]. It seems that the primary role of AKRI1BI is to
remove reactive aldehydes. Kinetics constants k , /K, for

MG, 3-DG, and GO are equal to 1.8 X 107, 2.5 X 10, and
3.0 X 10° M~ 'min~ !, respectively. Thus, o-oxoaldehydes
are better substrates than glucose as glycating agents lead-
ing to AGEs formation [300,301]. Moreover, the cytopro-
tective role of AKR1B1 against MG was revealed using
cultured vascular smooth muscle cells. An MG-induced
dose- and time-dependent increase in aldose reductase
mRNA accompanied by higher enzyme activity and pro-
tein level was found. However, the cytotoxic effect of MG
was enhanced when the activity of aldose reductase was
suppressed by ponalrestat, an inhibitor of the enzyme [302].
Recently, the in vivo role of aldose reductase in mammalian
metabolism of AGE precursors has been studied. The results
show that the reduction of a-oxoaldehydes catalyzed by
aldose reductase is a significant pathway in AGE precursor
removal in human endothelial cells. Mice aldose reductase
AKRI1B3 is also an efficient catalyst for the reduction of
AGEs precursors. The process is diminished in hearts of
aldose reductase-null mice. Moreover, diabetic aldose
reductase —null mice accumulate more AGEs in the plasma
and the heart than wild-type mice [303,304].

Cellular metabolism of 3-DG was studied using human
umbilical vein endothelial cells. The results indicated that
3-DG was internalized by the cells and reduced to 3-
deoxyfructose by AKRs. The reaction was inhibited by an
AKR inhibitor [305].

The glyoxalase system consists of two enzymes, glyox-
alase 1 (EC 4.4.1.5) and glyoxalase 2 (EC 3.2.1.6); GSH is
used as a cofactor. The glyoxalase system catalyzes the
conversion of o-oxoaldehydes into the corresponding o-
hydroxyacids. ~Glutathione-methylglyoxal hemithioacetal
formed non-enzymatically from MG and GSH is isomerized
by glyoxalase 1 to S-D-lactoylglutathione. The latter serves
as a substrate for glyoxalase 2 and is converted to D-lactate
and GSH [114,306]. Human glyoxalase 1 is found in all tis-
sues. This is a cytosolic dimeric Zn>* metalloenzyme of
molecular mass 42 kDa. For glutathione-methylglyoxal hemi-
thioacetal Ky, is 71-130 uM and k_, is 7-11 X 10* min~ ..
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Thus, k_/K,, for glyoxalase 1 is approximately 100-fold
higher than for aldose reductase, thus suggesting that glyox-
alase system should be more effective in MG detoxification
than aldose reductase. Besides MG, physiological substrates
of glyoxalase are also GO and 4,5-dioxovalerate [307,308].
Glyoxalase 2 is also a metalloenzyme and contains a Fe?*-
Zn>* center. Zinc plays an essential role in its catalytic
mechanism. The enzyme has two isoforms and can be
expressed in cytosol (cytosolic form of molecular mass 29
kDa) or in mitochondria (the mitochondrial form has molec-
ular mass of 34 kDa). Glyoxalase 2 has a broad substrate
specificity for GSH thiol esters. K, and k ,, values for S-D-
lactoylglutathione are equal to 146 uM and 727 s~ !, respec-
tively [308]. The physiological role of the mitochondrial
isoform is not clear [309].

Some studies show the biological significance of gly-
oxalase system in the enzymatic defense against glycation
reactions mediated by a-oxoaldehydes. Shinohara et al.
demonstrated that overexpression of glyoxalase 1 in bovine
endothelial cells reduced intracellular AGEs when the
cells were exposed to high glucose concentration in vitro
[310]. Moreover, the ability of glyoxalase system to reduce
the level of a-oxoaldehydes and AGEs was demonstrated
in an in vivo model of diabetes. Diabetic transgenic rats
with a glyoxalase 1 overexpression had less AGEs as com-
pared with wild-type diabetic rats [311]. Glyoxalase 1 is
also critical for human retinal capillary pericyte survival
under hyperglycemic conditions. Human retinal capillary
pericyte incubation with a combination of high glucose
and bromobenzyl-S-p-glutathione cyclopentyl diester, a
competitive inhibitor of glyoxalase 1, results in cells apop-
tosis along with an increase in MG concentration. How-
ever, overexpression of glyoxalase 1 in the cells protects
against apoptosis induced by glyoxalase 1 inhibitor under
high glucose [312]. Investigations of pathophysiological
role of glyoxalase 1 in rat renal ischemia-reperfusion
injury revealed that ischemia-reperfusion induced tubu-
lointerstitial injury and that the histological changes are
associated with a significant decrease in renal glyoxalase
activity and an increase in MG level. However, in rats
overexpressing human glyoxalase 1, renoprotective effects
of that enzyme were observed and the reduction of MG
accumulation in tubular cells was noticed [313,314].

Glyoxalase 1 expression declines on aging, and oxida-
tive stress results in increased glycation and tissue damage
[308]. The decrease in the enzyme activity was observed
in aging human lenses [315], skeletal muscles [316], and
human brain [317]. In AD, glyoxalase 1 is upregulated in
a compensatory manner to maintain physiological level of
a-oxoaldehydes [318]. However, with advancing stage of
AD, the decrease in the level of glyoxalase I was observed.
In both age- and AD-affected brains the level of glyoxalase
1 correlated with AGEs deposits [319].

Intracellular degradation of AGEs by lysosomal
and proteasomal system

Introduction to proteolytic systems. AGEs are the final
products of the non-enzymatic reaction of reducing sugars
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and reactive aldehydes with amino-groups on macromo-
lecules such as proteins, lipids, or nucleic acids [320,321].
These structures are rather stable and capable of forming
cross-links between proteins. As said above, AGEs have
been reported to be accumulated during several patho-
logical conditions and have been detected in various foods
where they are mainly produced by heating [322]. Hence,
they can be ingested thus promoting clear physiological
consequences [323]. Among the mentioned strategies to
reduce their amount in vivo, the proteolytic catabolism
requires the precise identification of the enzymatic path-
ways that are involved in the AGE degradation in order to
modulate them exogenously, thus to increase the cell
clearance of AGE:s.

There are two main cellular proteolytic systems that are
responsible for the degradation of the various macromol-
ecules: the lysosomes and the proteasomes. With regard
to lysosomal degradation, macromolecules are internal-
ized from the extracellular space by endocytosis and they
are then transferred by fusion with phagosomes ending up
in complete degradation by the endosomal-lysosomal sys-
tem. Additionally, cytoplasmic molecules that need to be
degraded are also processed through autophagy [324].
Autophagy can be functionally divided into three known
pathways including the chaperone-mediated autophagy,
the macrophagy, and the microphagy. The chaperone-
mediated autophagy is a highly specific process where
substrates to be degraded are unfolded in a chaperon-
assisted process and t