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ARTICLE INFO ABSTRACT

Coronary artery disease remains the leading cause of mortality in adult diabetic population with however, a high
predominance also in non-diabetic subjects. In search of common molecular mechanisms and metabolic by-
products with potential pathogenic role, increased advanced glycation end products (AGEs) present a critical
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Endothelium biomarker for CAD development in both cases. Interaction of AGEs with their transmembrane cell receptor,
;ljtce::ets RAGE in endothelial and smooth muscle cells as well as in platelets, activates intracellular signaling that leads to

endothelial injury, modulation of vascular smooth muscle cell function and altered platelet activity.
Furthermore, tissue accumulation of AGEs affects current treatment approaches being involved in stent rest-
enosis. The present review provides an update of AGE-induced molecular mechanisms involved in CAD pa-
thophysiology while it discusses emerging therapeutic interventions targeting AGE reduction and AGE-RAGE
signaling with beneficial clinical outcome.

Stent restenosis

1. Introduction

Coronary artery disease (CAD) or ischemic heart disease is the most
common form of cardiovascular disease, presenting a prominent cause
of mortality globally despite the immense improvements in disease
diagnosis and treatment. Atherosclerosis is the underlying cause of
CAD, a chronic inflammatory disease of the arteries, caused by the
passive deposition of lipids in the coronary arterial wall which in
concert with immune cells function, progresses to atherosclerotic

plaque formation [1]. The interplay between inflammation and risk
factors including hypertension, hypercholesterolemia and smoking in
addition to metabolic syndrome, obesity and modern diet plays a de-
cisive role in the progression rate of atherosclerotic plaque which fur-
ther leads to arterial lumen stenosis, limiting blood flow and affecting
cardiovascular function [1,2].

Long-term hyperglycemia has been associated with cardiovascular
complications, including CAD development and progression in diabetic
population. However, recent studies demonstrate the critical role of
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metabolic memory in the pathogenesis of atherosclerosis and cardio-
vascular disease despite correction of hyperglycemia [2]. Advanced
glycation end products (AGEs) generated from endogenous or exo-
genous sources present the main mediators of metabolic memory ex-
hibiting a critical cardiometabolic impact in both diabetic and non-
diabetic populations [1-3]. In this review, we discuss the pathogenic
role of AGEs in CAD development, focusing on the underlying mole-
cular mechanisms and their therapeutic potential.

1.1. AGE:s formation and classification

Endogenous formation of AGEs occurs during physiological meta-
bolism and normal aging mainly through the non-enzymatic glycation
of proteins, known as the Maillard reaction but also through the Polyol
pathway and at prolonged oxidative stress [2]. During all three pro-
cesses, AGEs synthesis leads to the formation of a-dicarbonyls such as
methylglyoxal (MG) and glyoxal (GL), glyceraldehyde and 3-deox-
yglucosone which further react with proteins in circulation to form
additional AGE molecules [2,3].

The Maillard reaction presents the main source of AGEs formation
during which the carbonyl part of a reducing sugar reacts with amino
groups of proteins, lipids or nucleic acids, to produce an unstable Schiff
base that is further rearranged into a more stable ketosamine, the
Amadori product [2]. Amadori products can either be transformed into
a-dicarbonyls to form AGE forms such as glucosepane or oxidized to
generate other AGE compounds such as N-carboxymethyl-lysine (CML)
and pentosidine. Additional dehydration and oxidation reactions with
extensive crosslinking take place to generate more complex structures,
the crosslinked AGEs [4].

Based on their chemical structure, AGEs can be classified to non-
fluorescent crosslinking forms (e.g. glucosepane, imidazolium dilysine),
fluorescent croslinking molecules (e.g. GL, crossline, pentosidine) and
non-crosslinking compounds (e.g. pyralline, CML; Table 1). The most
abundant AGE type in vivo is CML, commonly used as a glycation
marker and/or a ‘representative AGE’ in most studies. However, CML is
not always associated with disease severity and other AGE forms have
been detected that are protein-bound and extensively crosslinked. On
top, Western diet presents a major contributor of complex AGE struc-
tures other than CML, which are generated during thermal processing
or cooking of high fat and meat protein food regimens, enriching the
total AGE pool in circulation [5-7].

Recently, a further classification of AGEs has been proposed based
on their molecular weight that distinguishes low molecular weight
AGEs, such as CML (< 12kDa) as free or peptide-bound proteins and
high molecular weight AGEs as protein-bound proteins [8]. The former
are easier absorbed by simple diffusion or peptide transport, readily
distributed across the body and removed through renal clearance. The
later are more slowly distributed across the body and exhibit a slow,
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inefficient absorption rate and excretion. High molecular weight AGEs
are suggested to exhibit more deleterious effects in tissues than low
molecular weight compounds, mainly due to extensive protein cross-
linking and resistance to proteolytic degradation [8].

1.2. AGE functions

Accumulation of AGEs in tissues occurs naturally during senescence
due to decreased protein turnover. However, hyperglycaemia, oxidative
stress and increased free radical formation enhance the generation and
accumulation of AGEs in human body [2].

AGEs elicit their cellular effects by two main mechanisms: ex-
ctracellular and intracellular protein crosslinking and cell surface re-
ceptor-mediated signaling. They can alter the physiological properties
of extracellular matrix (ECM) proteins such as elastin, collagen, laminin
through formation of intermolecular bonds or crosslinking, affecting
the mechanical properties of the target tissue and reducing its elasticity
[2]. Intracellular accumulation of AGEs in endoplasmic reticulum (ER)
impairs normal protein folding and induces stress responses, often
leading to inflammation or cell apoptosis [2]. Moreover, AGEs crosslink
mitochondrial proteins of respiratory chain, further reducing ATP
synthesis and enhancing free radical generation [1,2].

In addition, AGEs presence induces downstream cellular responses
by activation of the transmembrane cell Receptor for AGEs, RAGE.
Upon AGE binding, RAGE recruits Src kinases, triggers the intracellular
cascade and activates the extracellular signal-regulated kinase/mi-
togen-activated protein kinase (ERK/MAPK) signaling pathway, ulti-
mately leading to activation of the pro-inflammatory nuclear factor NF-
kB (NF-kB) [9]. Moreover, RAGE modifies the rate of cell autophagy
and apoptosis through activation of other signaling cascades including
Phosphatidylinositol-4,5-bisphosphate  3-kinase/Protein kinase B/
mammalian target of rapamycin (PI3K/Akt/mTOR) and Nuclear factor
of activated T-cells (NFAT) transcription factor [2,9].

Apart from its transmembrane form, RAGE exists in other isoforms
including soluble RAGE (sRAGE) that lacks the signal transduction
peptide chain, endogenous secretory RAGE (esRAGE) and human RAGE
secreted (hRAGEsec). These RAGE variants are present in circulation,
acting as scavengers for AGE molecules, being mainly involved in AGE
clearance [9,10]. Additionally, other protein ligands such as S100, high
mobility group box-1 family members (HMGB-1), amyloid and fibrillar
protein aggregates bind to RAGE, eliciting multiple responses with
pathogenic potential [11].

At the same time, the pleiotropic effects of AGEs can also be elicited
by other cell receptors including CD36 in platelets [12], low density
lipoprotein-receptor 1 (LOX-1) in human endothelial cells and macro-
phage scavenger receptors [13].

The well-established contribution of AGEs in the complications of
diabetes has lead to their extensive investigation in many cell types and

Table 1
Structural and fluorescent properties of representative AGEs.

AGE compound Precursor Fluorescence Crosslinking
Ne-carboxymethyl-lysine (CML) Lysine, glyoxal No No
Ne-carboxyethyl-lysine (CEL) Lysine, methylglyoxal No No
N-fructosyl-lysine Lysine No No
Pyrraline Lysine, 3-deoxyglucosone No No
Glucosepane Lysine No Yes
Imidazolium dilysine (IDL) Lysine No Yes
Alkyl formyl glycosyl pyrroles (AFGP) Lysine No Yes
Arginine-lysine imidazole (ALI) Lysine, arginine No Yes
Glyoxal lysine dimer (GOLD) Lysine, glyoxal No Yes
Methylglyoal lysine dimer (MOLD) Lysine, methylglyoxal No Yes
Crossline Lysine Yes Yes
Pentosidine Lysine, arginine Yes Yes
Argpyrimidine Arginine, methylglyoxal Yes Yes
Vesperlysine Lysine Yes Yes
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organs revealing their clinical impact in a wide spectrum of diseases
including neurodegenerative [14], metabolic, reproductive [15] and
cardiovascular diseases [1,2].

2. AGE effects in CAD pathophysiology

Recent studies demonstrate an association between increased AGE
levels and the incident of cardiovascular events in diabetic patients
being implicated in increased arterial wall stiffness, arrhythmias, sys-
tolic and diastolic dysfunction, congestive heart failure, coronary artery
diseases and in-stent restenosis risk [2].

In EPIC-NL cohort study with a large number of type 2 diabetic
patients, high plasma protein-bound CML, CEL and pentosidine levels
were found to significantly correlate with high risk incident of cardio-
vascular disease after adjustment for confounding factors [16]. In ac-
cordance, recent studies demonstrate that elevated plasma levels of
methylglyoxal hydroimidazolone, MGH1, CML, CEL, 3-deoxyglucosone
hydroimidazolone, and glyoxal hydroimidazolone) and low levels of
two oxidation products (2-aminoadipic acid and methionine sulfoxide)
were associated with the severity of coronary atherosclerosis and in-
cident of cardiovascular events in patients with T2D [17,18].

Importantly, previous studies on patients undergoing coronary an-
giography have shown a correlation of elevated serum AGEs in patients
with normal glucose and 3-vessel disease compared to no-obstructive
disease [19]. Additionally, elevated pentosidine levels were correlated
with CAD severity in patients with obstructive CAD, independent of
diabetic status [20].

Taken together, these studies support the idea of metabolic memory
mediated by AGEs as an important contributor of cardiovascular com-
plications, either independently or synergistically with hyperglycaemia.
In the following sections, we review the molecular mechanisms by
which AGEs may contribute to CAD pathogenesis.

2.1. Role of AGEs in arterial stiffness, vasodilation and atherogenesis

Cardiovascular dysfunction has been associated with modifications
in extracellular and intracellular proteins, affecting vessel function.
AGE-induced crosslinking of vascular and myocardial collagen has been
demonstrated to reduce vascular elasticity and myocardial flexibility.
These effects further contribute to decreased flexibility of vascular walls
as well as vascular and myocardial stiffness subsequently leading to
diastolic dysfunction observed during aging and in DM patients [21].
Elastin and laminin present in the basement membrane can also be
glycated and crosslinked by AGEs, altering cell-matrix interactions and
impairing cell adhesion of endothelial cells. They can further reduce NO
production and impair vasodilation [2].

Additionally, AGE-induced crosslinking has been detected in in-
tracellular proteins that are involved in Ca®* homeostasis, such as
sarcoendoplasmic reticulum Ca®*-ATPase pump and ryanodine re-
ceptor (RyR). Crosslinking of sarco/endoplasmic reticulum Ca®*-
ATPase (SERCA) impairs Ca®>* content and affects cardiomyocyte re-
laxation, resulting in diastolic dysfunction. RyR domains crosslinking
by AGEs also affects Ca®>* release and disrupts cardiomyocyte con-
traction [22].

Furthermore, circulating factors can be modified by AGE cross-
linking and affect their receptor recognition and processing. Glycated
apolipoprotein B100 has been shown to reduce LDL uptake by its re-
ceptor and induce its accumulation in the circulation, promoting foam
cell generation and atherosclerosis [1,2]. Additionally, glycated fi-
brinogen is rendered dysfunctional and more resistant to proteolysis
with a negative impact in the fibrinolytic process [2].

2.2. Role of AGEs in endothelial dysfunction and inflammation

The aggravating role of AGEs in endothelial dysfunction, a hallmark
of CAD has been demonstrated in several studies. AGEs have been
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shown to impair endothelial cell nitric oxide (NO) production by in-
hibiting endothelial NO synthase expression [23]. NO is important in
mediating vasodilatation but also in the regulation of platelet ag-
gregation and inhibition of inflammatory reactions. Furthermore, AGE-
RAGE signaling elevates oxidative stress that can inactivate NO and
increase the formation of toxic peroxynitrite. AGEs can also induce the
production of asymmetric dimethylarginine (ADMA) which is an in-
hibitor of NO synthase in endothelial cells and has been associated with
endothelial dysfunction in high risk CAD patients [1,24].

In addition to oxidative stress, AGE-RAGE signaling activates many
intracellular pathways that result in generation of pro-inflammatory
cytokines (IL-6; tumor necrosis factor alpha, TNF-a; Transforming
growth factor beta, TGF-f3), vascular adhesion molecules (vascular cell
adhesion molecule-1, VCAM-1; intracellular cell adhesion molecule-1,
ICAM-1; endothelin-1, ET-1) and reactive oxygen species (ROS), further
establishing vascular inflammation [1]. More specifically, culture of
human aortic endothelial cells (HAECs) in hyperglycemic conditions
induces oxidative stress through activation of AGE-RAGE signaling
leading to upregulation of MAPK pathways and triggering NF-kB and
AP-1 activation [25]. These transcription factors have been found to
further upregulate gene expression of the ECM enzyme, lysyl oxidase
(LOX) and the vasoconstrictor protein, ET-1, resulting in impaired en-
dothelial homeostasis and cell damage (Fig. 1). In accordance, a posi-
tive association between increased ET-1 levels and AGEs was observed
in serum of PCOS women and controls, indicating that the detrimental
effect of AGEs on endothelial cells may potentially involve elevated ET-
1 production [26].

Additionally, AGEs may directly induce endoplasmic reticulum (ER)
stress in HAECs, through activation of the unfolded protein response
(UPR) leading to endothelial cell apoptosis and dysfunction [27]. This
observation was further confirmed in vivo by the systemic effects of
AGE:s in ER stress induction in major metabolic tissues of normal mice
fed with a high-AGEs content diet for 4 weeks [28].

The AGE precursor, MG has been found to exhibit a negative effect
over thioredoxin (Trx), an anti-oxidative, anti-apoptotic molecule.
Specifically, MG suppressed the activity of the Trx-dependent perox-
idase, peroxiredoxin, and reduced Trx protein levels in HAECs via
transcriptional regulation, indicating a positive contribution of MG to
apoptosis and ROS formation [29].

Methylglyoxal-derived hydroimidazolone 1 (MGH1), the most
abundant AGE in human plasma has been shown to increase ROS
generation and upregulate ICAM-1 expression in HUVECs through in-
teraction with RAGE. It further enhanced THP-1 macrophage adhesion
to HUVECs being implicated in endothelial inflammatory reactions and
presenting a potential early phase marker of atherosclerosis [30].

Another study showed the effect of AGEs in endothelial hy-
perpermeability through induction of profilin-1, an important regulator
of cytoskeleton morphological rearrangements (Fig. 1). Endothelial
cells exposed to an AGE-rich environment, upregulated the mRNA le-
vels of profilin-1, leading to formation of actin stress fibers, and ulti-
mately to the rearrangement and redistribution of the cell cytoskeleton
[31].

The multifactorial role of AGEs in endothelial cell injury is also
demonstrated by the AGE-induced upregulation of vascular endothelial
growth factor (VEGF) and plasminogen activator inhibitor-1 (PAI-1)
leading to pathological neoangiogenesis as well as to a general pro-
thrombotic condition. Higashimoto et al. investigated the potential ef-
fect of phosphothioate-modified aptamers in suppressing toxic AGE
function in human umbilical vein endothelial cells (HUVECs), showing
a significant blockade of AGE-RAGE axis, and a novel therapeutic ap-
proach to AGE-induced endothelial damage [32].

In addition, RAGE-induced activation of ERK1/2 phosphorylation
on endothelial cells in response to a plethora of ligands is a result of
heparan sulfate-induced hexamerization of RAGE extracellular domain.
RAGE-heparan sulfate oligomeric complexes play a pivotal role in sig-
naling and interaction with RAGE oligomerization [33].
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Fig. 1. Effects of AGE-RAGE signaling in platelets and endothelial cell function

Accumulation of AGEs in vascular lumen affects platelets activity and aggregation through binding to RAGE and/or CD36 scavenger receptor. In tunica intima, AGEs
bind to transmembrane receptor RAGE in endothelial cells and can either activate UPR or ERK/MAPK pathway leading to AP-1 and NF-kB induction. These signaling
pathways increase the transcription of pro-inflammatory cytokines, LOX, ET-1, PAI-1, VEGF and enhance endothelial proliferation and inflammation. Furthermore,
AGEs may activate NADPH oxidase and induce ROS generation followed by NF-kB activation and inflammatory response. Finally, AGEs may directly induce

cytoskeletal rearrangements in endothelial cells enhancing their permeability.

AGEs, advanced glycation end products; RAGE, receptor for AGEs; UPR, unfolded protein response; ROS, reactive oxygen species; ERK, extracellular signal-regulated
kinase; MAPK, mitogen activated protein kinase; NF-kB, nuclear factor-kB; AP-1, activator protein-1; LOX, lysyl oxidase; ET-1, endothelin-1; PAI-1, plasminogen

activator inhibitor-1.

Recently, HMGB1/RAGE signaling pathway was revealed as the
underlying molecular mechanism of hyperuricemia's contribution to
endothelial injury. Elevated uric acid was found to potentiate the ex-
pression of HMGB1 and its subsequent extracellular release [34].

Besides RAGE, AGEs can also bind to several other receptors on
endothelial cells, which mainly exhibit a scavenger role including LOX-
1 and galectin-3 [13,35]. AGEs can upregulate LOX-1 expression which
has a prominent role in the pathogenesis of atherosclerosis and mi-
crovascular pathology. The combination of oxidative stress, in-
flammatory cytokines secretion (especially IL-6), and AGE-induced
NADPH oxidase activation seems to play a central role in the athero-
sclerotic process and may serve as a potential therapeutic target [13].

2.3. Role of AGEs in vascular smooth muscle cells function and
atherosclerosis

Vascular smooth muscle cells (VSMCs) constitute the major cell type
in blood vessel walls. The migration and proliferation of VSMCs is very
important for the development of atherosclerosis. VSMCs express RAGE
and the AGE-RAGE signaling axis has been shown to modulate their
function in response to damage signals while inducing phenotypic
changes that contribute to atherosclerosis [36].

Furthermore, accumulation of AGEs in VSMCs affects cell cycle
progression being implicated in their proliferation, apoptosis and au-
tophagy through activation of ERK/MAPK and Akt/mTOR molecular
pathways (Fig. 2). Zhao et al. also showed that upon RAGE binding, the
expression of Ca?*-activated K+ channel (KCa 3.1) is upregulated in rat
VSMC:s followed by activation of ERK1/2, p38 MAPK kinases and PI3K,
thus affecting cell proliferation. However, RAGE inhibition attenuated
growth signals [37].

Moreover, RAGE activates NADPH oxidase and induces the
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generation of reactive oxygen species (ROS) in VSMCs. ROS were
shown to independently lead to p38 MAPK activation, further aug-
menting mitotic signals [38].

The effect of AGEs in autophagy is controversial, with ERK activa-
tion been implicated in induction of autophagy and Akt/mTOR in-
volved in its repression. In primary rat VSMCs, RAGE-induced ERK
activation was shown to positively correlate with the translocalization
of microtubule-associated protein 1 light chain 3 (LC3-II) from the cy-
toplasm to lysosomal membrane, an initiating step of autophagy.
However, Akt/mTOR activation abolished this effect [36].

Further studies demonstrate that AGEs downregulate Cathepsin D, a
lysosomal degradative enzyme suggesting that the increased autopha-
golysosomes observed, derive possible from impaired degradation ra-
ther than increased formation [39]. RAGE activation in human carotid
smooth muscle cells leads to enhanced cell survival mediated by acti-
vation of the NFAT signaling pathway. NFAT induction was shown to
upregulate anti-apoptotic proteins such as Bcl-2 and stabilize mi-
tochondrial membrane potential [9]. However, RAGE activation in
aortic rat VSMCs was reported to increase caspase 3/7 activity and
increase cells' susceptibility to apoptosis [40]. This contradicting evi-
dence indicates the complexity of AGE/RAGE signaling in VSMCs that
needs further elucidation.

In addition to proliferation, AGEs modulate the interaction of
VSMCs with extracellular matrix. RAGE activation is responsible for
upregulation of matrix metalloproteinases 2 and 9 (MMP2/MMP9) and
thus augmentation of their migratory capacity. Moreover, protein ex-
pression of lipocalin-2 is also increased. As a result, MMP2 is stabilized
and its autodegradation is prevented [41,42]. The above effects are
exaggerated when VSMCs are viewed in perspective to their sur-
rounding tissue. Glycotoxins may interact directly with fibronectin.
Glycated fibronectin binds to RAGE exhibiting enhanced adhesion to
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Fig. 2. Effects of AGE-RAGE signaling in VSMCs. In tunica media, AGEs bind to RAGE in VSMCs and activate ERK/MAPK pathway resulting to NF-xB induction,
inflammatory cytokine formation and MMP2/9 activation being ultimately implicated in enhanced proliferation, inflammation and extracellular matrix degradation.
Upon RAGE binding, AGEs also activate PI3k/Akt/mTOR pathways inducing impaired lysosomal degradation and suppressing autophagy. Moreover, AGE-RAGE
signaling in VSMCs reduces the activity of myocardin, a protein responsible for smooth muscle differentiation. Furthermore, ROS production via NADPH oxidase
activation favors the enhanced transcription of RANK Ligand which induces osteogenic differentiation leading to vascular calcification. Finally, AGEs may directly
glycate fibronectin that binds to RAGE in VSMCs and activates intracellular signaling.

AGEs, advanced glycation end products; RAGE, receptor for AGEs; VSMCs, vascular smooth muscle cells; PI3K, phosphoinositide 3-kinase; Akt, AKT serine/threonine
kinase; mTOR, mammalian target of rapamycin; ERK, extracellular signal-regulated kinase; MAPK, mitogen activated protein kinase; NF-kB, nuclear factor-kB;
NFAT1, nuclear factor of activated T cells 1; MMP2/MMP9, matrix metalloproteinases 2/9; RANKL, receptor activator of nuclear factor-kB ligand.

VSMCs compared to normal substrate [42]. Moreover, endothelial da-
mage leads to increased production of inflammatory cytokines such as
IL-1. IL-1 binding to VSMCs increases sensitivity to purinergic signals
like UTP through upregulation of G protein-coupled P2Y purinergic
receptor (P2YR). UTP was shown to induce expression of RAGE and its
downstream molecules while enhancing proliferation and migration of
IL-1B-pretreated VSMCs, thus accelerating the atherosclerotic process
[43].

Vascular calcification constitutes a hallmark of atherosclerosis and
the pattern of calcium deposition determines plaque stability while
increasing the risk of thromboembolic events. VSMCs orchestrate this
process as they undergo a phenotypic shift towards bone differentiation
(Fig. 2). AGE-RAGE signaling has been shown to reduce the activity and
expression of myocardin, a protein responsible for smooth muscle dif-
ferentiation [44]. Furthermore, RAGE ligands function in synergy to
bone morphogenetic protein (BMP) to activate Notch/Homeobox pro-
tein Msx2 (Msx2) signaling pathways that lead to elevated expression of
alkaline phosphatase, an essential enzyme for vascular calcification
[45]. Moreover, ROS production via NADPH oxidase activation favors
the enhanced transcription of receptor activator of nuclear factor-xB
ligand (RANKL) which induces osteogenic differentiation [46]. From a
qualitative perspective, RAGE upregulation has been associated with
granular instead of diffuse calcification, exposing the lipid core of
atheromatous plaques, leading to instability and rupture predisposition
[47].

2.4. Role of AGEs in platelets activation and aggregation

AGEs play a critical regulatory role over platelet activity [48]. MG,
glycated albumin and S100 calcium binding proteins have been shown
to bind and activate RAGE in platelets as well as the scavenger receptor,
CD36 and modulate platelet function through intracellular signaling
[9].

Several studies demonstrate that AGEs increase both platelet acti-
vation and aggregation. Incubation of platelets with AGEs has been
shown to upregulate adhesion molecules such as P-Selectin and platelet
endothelial cell adhesion molecule 1 (PECAM-1), thus stabilizing pla-
telet-endothelium interaction [49,50]. Regarding cell aggregation,
AGEs modify the phospholipids transmembrane ratio through

externalization of phosphatidylserine, a marker of platelet activity [49].
Upregulation of platelet glycoproteins including glycoprotein GPIIb, the
main effector of platelet aggregation has also been observed [50]. Upon
AGE binding to RAGE, NADPH hyperactivity is observed, leading to
ROS generation which is associated with increased cyclooxygenase
activity and thromboxane A2 (TXB) generation in platelets, further
contributing to microthrombus formation (Fig. 1) [51]. Moreover,
Vazzana et al. showed an inverse relationship between the AGE sca-
venger receptor, endogenous soluble RAGE (esRAGE) and urinary 11-
dehydro TXB2 levels, a thromboxane metabolite [52]. In a cohort of
patients with non-alcoholic fatty liver disease, esRAGE was found in-
versely correlated with platelet-independent hypercoaguability of pa-
tients' serum as expressed by the elevated endogenous thrombin po-
tential [53].

Recently, RAGE has been implicated in another pathway of the
platelet aggregation cascade. Neutrophil migration is considered es-
sential for the stabilization of platelet thrombi. The most potent mes-
senger for neutrophils is the RAGE ligand, HMGBLI. In patients with
acute myocardial infarction treated with thrombus ablation, HMGB1
was shown to bind to neutrophil RAGE and upregulate the formation of
autophagolysosomes through the MAPK pathway [11]. Moreover, upon
HMGBI1 binding to TLR4, it acts as a pro-survival agent by stabilizing
the mitochondrial potential [54]. However, further studies are needed
to elucidate the specific intracellular mechanisms responsible for these
effects.

2.5. Role of AGE-RAGE signaling axis in stent restenosis

Primary coronary intervention (PCI) is considered as the class I
treatment recommendation for CAD in both American and European
clinical practice guidelines [55]. However, despite optimal stent pla-
cement, a significant amount of patients will express restenosis in the
position of angioplasty and require further interventions with a pre-
valence approximating 26% [56]. Therefore, the identification of po-
tential prognostic risk factors is crucial to ameliorate patient outcome.
AGEs and their receptor isoforms seem to have an important con-
tribution in both pathogenesis and clinical outcome of stent restenosis.

The study of Falcone et al. was the first to associate the -374AT/TT
polymorphism in RAGE gene promoter with increased risk for both CAD
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and stent restenosis after PCI [57]. In the same study, the -374AA RAGE
polymorphism was inversely correlated with stent restenosis and asso-
ciated with upregulated RAGE expression [58]. This is in accordance
with a cross-sectional study of non-diabetic patients where prePCI
SRAGE levels and prePCI AGE/sRAGE ratio, were predictive of rest-
enosis risk with a positive predictive value of 85% and 84%, respec-
tively. Interestingly, biomarkers of inflammation such as TNF-a and C-
reactive protein (CRP) were inversely correlated with sRAGE levels
pointing to a reduced vascular injury due to the scavenger effect of
SRAGE [59].

Diabetic patients undergoing PCI, however, present the opposite
findings with sRAGE levels being positively correlated with increased
risk of stent restenosis [60]. This may be attributed to the established
vascular inflammation present in diabetic patients where increased
circulating AGEs and sRAGE levels are indicative of the upregulated
tissue RAGE expression, mediating further oxidative stress and en-
dothelial damage [61].

In accordance, reduced serum levels of the endogenous secretory
RAGE (esRAGE) which represents the soluble isoform of RAGE, were
assessed in diabetic and non-diabetic patients in relation to their risk for
restenosis and were associated with poor patients' prognosis and clin-
ical outcome [62].

Concerning sRAGE ligands, both total circulating AGEs and speci-
fically CML has been correlated with increased risk of stenosis and in-
creased vascular injury post PCI, respectively [60,63]. In addition,
HMGB2, another RAGE ligand has been suggested as a significant
modulator of in-stent restenosis risk in CAD patients due to its effects on
smooth muscle cell migration and intimal hyperplasia in response to
vascular injury. This effect was further attenuated by RAGE inhibition,
confirming its critical role in restenosis risk [64].

Regarding RAGE ligand-induced signaling cascades that lead to ar-
terial restenosis, both activation of signal transducer and activator of
transcription 3 (STAT3) transcription factor and of the anti-apoptotic
molecule NFAT1 have been found upregulated leading to stabilization
of mitochondrial membrane potential and depolarization of smooth
muscle cell membrane, along with increased cell proliferation. [38].
Ligand binding to RAGE has been demonstrated to promote arterial
intima formation in response to arterial injury in murine models by
decreasing the activity of the two metabolic kinases, liver kinase B1
(LKB1) and AMP-activated protein kinase (AMPK) in smooth muscle
cells while increasing STAT3 phosphorylation [65].

Furthermore, HMGB protein family has been involved in RAGE-
dependent neointimal hyperplasia through upregulation of the NADPH
oxidase generating ROS and increasing the expression of ECM proteins
including collagen and matrix metalloproteinases [56]. HMGB1 has
also been demonstrated to dedifferentiate VSMCs leading to a more
aggressive phenotype and increased activity of mitotic pathways such
as p38-MAPK/NF-kB. Interestingly, it downregulates superoxide dis-
mutase and decreases the cell decoying capacity of ROS [66]. In ac-
cordance to clinical observations, the aforementioned cellular events
can be modified by the scavenger receptor sRAGE which prevents
binding to membrane RAGE, thus inhibiting neointima formation, fur-
ther highlighting its prognostic and therapeutic value [67].

3. Therapeutic targeting of ages for CAD
3.1. Effects of dicarbonyl scavengers in AGE levels

The 2-aminomethyphenol pyridoxamine, a vitamin B6 analog has
the ability to scavenge 1,2-dicarbonyls and was demonstrated to reduce
CML and CEL along with plasma triglycerides and total cholesterol in
STZ-treated rats [68]. It also reduced vascular calcification in rats fed
with a high fat diet and warfarin [69]. Interestingly, treatment with
pyridoxamine inhibited the development of atherosclerotic lesions in
atherosclerosis-prone STZ-treated apoE—/— mice and improved car-
diac ejection fraction in STZ-induced diabetic mice with experimental
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myocardial infarction [70]. In a study of 212 diabetic patients with
nephropathy, pyridoxamine supplementation for six months improved
creatinine levels and reduced CML, CEL levels and urinary TGFf ex-
cretion, with minimal adverse effects [71].

Treatment with another 2-aminomethylphenol, 2-hydro-
xybenzylamine (2-HOBA) has shown protective effects in vascular
function in vivo. Supplementation of HOBA for five months of trans-
genic mice that overexpress the p22 subunit of NADPH oxidase re-
sulting in elevated superoxide generation, markedly reduced aortic
stiffness and hypertension [72].

3.2. Effects of metformin in AGE levels

The impact of metformin's action in AGE levels has been a subject of
extensive research during recent years. The study of Dziubak et al. re-
ported that among its plethora of functions, metformin suppresses the
biogenesis as well as the aggregation of AGEs [73]. In agreement, Lin
et al. showed that in human neural stem cells (hNSCs), metformin po-
tentiates AMPK effects and specifically AMPK-dependent suppression of
RAGE levels. Moreover, it protected AGE-induced damaged hNSCs from
direct oxidation stress and downregulation of oxidation defense en-
zymes including glutathione (GSH), catalase, and heme oxygenase-1
(HO-1). These protective effects were hindered by the addition of an
AMPK inhibitor, highlighting the AMPK-dependence of metformin ac-
tion [74,75].

In patients with metabolic syndrome, Haddad et al. investigated the
effects of metformin upon plasma pentosidine, CML and sRAGE levels.
A significant reduction of plasma pentosidine was observed along with
a statistically significant increase in sRAGE levels [76]. Zhou et al.
demonstrated that metformin-pretreated cells inhibited the
flammatory effects of AGEs in murine bone marrow-derived macro-
phages. It reduced the expression of AGEs-induced cluster of differ-
entiation 86 (CD86) M1 pro-inflammatory macrophage marker, and at
the same time, metformin induced CD206 (M2 anti-inflammatory
macrophage marker) surface expression as well as the production of the
anti-inflammatory IL-10. These protective effects were also attenuated
by the AMPK antagonist, Compound C, indicating that metformin's
action is partly mediated by AMPK activation and suppression of the
RAGE/NF-kB pathway [77].

Metformin also reacts with MG and was shown to reduce MG me-
tabolism in type 2 diabetic patients after 24 weeks of treatment.
Furthermore, it induced the activity of glyoxalase 1, the major detox-
ification enzyme of MG in peripheral blood mononuclear cells of these
patients indicating its dual role in inhibiting AGE formation [78].

Treatment with metformin was also demonstrated to decrease total
cholesterol, LDL and triglyceride levels in patients with diabetes, con-
ferring cardiovascular protection [79]. In addition, it reduced platelet
aggregation, enhanced fibrinolysis and decreased PAI-1, CRP and
clotting factor VII levels [80]. In a long term intervention study, met-
formin was demonstrated to decrease coronary artery calcium scores in
prediabetic men [81] compared to placebo group while it significantly
reduced cardiovascular risk factors in type 1 diabetic patients [82].

in-

3.3. Effects of statins in AGE levels

Statins exhibit pleiotropic functions in vasculature that are in-
dependent of their lipid-lowering actions including anti-inflammatory
and anti-oxidative stress properties [83]. Interestingly, they have been
used therapeutically to reduce the harmful effects of AGEs. Several
studies show that statins, among other drugs, can increase the plasma
levels of sRAGE and thus inhibit the interaction between AGEs and
RAGE, both directly and indirectly [84,85].

Chen et al. studied the effect of atorvastatin on cardiac fibrosis in
mice treated with AGEs [86]. They report significantly reduced col-
lagen deposits in heart tissues and thus attenuation of diastolic dys-
function in vivo. They also mention a decrease in fibroblast
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differentiation to myofibroblasts, thereby limiting cardiac fibrosis [86].
Statins were also shown to bind peroxisome proliferator-activated re-
ceptor gamma (PPAR-y) in heart tissue and fibroblasts, downregulate
RAGE expression and suppress AGE-induced ERK1/2 phosphorylation
[86].

Moreover, statins and specifically atorvastatin exhibit an inhibitory
effect on the toxic glyceraldehyde-derived AGEs which interact with
RAGE to induce altered intracellular signaling and release of in-
flammatory mediators that contribute to oxidative stress and athero-
sclerosis [87]. The underlying mechanism of action relies on the es-
tablished inhibitory effects of statins on NF-kB and Rho kinase pathway,
or their lipid lowering function [88]. Blockade of 3-hydroxy-3-me-
thylglutaryl-CoA (HMG-CoA) reductase leads to decreased intracellular
farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP), which limit the activation of Rho kinase, and ultimately NF-xB.
This effect may be rather promising in primary percutaneous inter-
vention (PCI) of patients with acute myocardial infarct (AMI). Another
study reports a decrease in RAGE expression in diabetic patients by
simvastatin via suppression of myeloperoxidase-dependent AGE pro-
duction [89]. Moreover, a decrease in prostaglandin E2 (PGE,)-de-
pendent matrix metalloproteinases was observed which is consistent
with reduced inflammation and limited plaque instability.

AGEs are also shown to induce apoptosis of HAECs in a dose-de-
pendent manner, via downregulating the PI3K/Akt pathway and by
reducing heat shock factor 1 (HSF-1) which leads to decreased heat
shock proteins (HSPs), rendering the organism vulnerable to oxidative
stress and endothelial damage [90]. Li et al. showed that atorvastatin
can decrease AGEs effects by stimulating the PI3K/Akt pathway and by
increasing HSF-1 mRNA transcription. At the same time, the cardio-
protective effect of atorvastatin can be attenuated by a PI3K inhibitor
[901].

Nakamura et al. showed that AGEs may independently contribute to
proteinuria in stage I or II chronic kidney disease (CKD) of non-diabetic
patients with dyslipidemia. However, atorvastatin treatment sig-
nificantly ameliorated protein excretion in urine of this population
[91]. On the other hand, statins treatment of patients with brain in-
farctions exhibiting increased AGEs levels, failed to lower AGEs in their
blood [92]. Only co-treatment with statins and angiotensin II receptor
blockers (ARBs) managed to slightly reduce AGE levels [92].

Furthermore, Okamoto et al. found that AGEs induce angiogenesis
through the AGE-RAGE interaction in endothelial cells with a sub-
sequent activation of the VEGF gene transcription through activation of
NF-kB and activator protein-1 (AP-1). Cerivastatin was further shown to
completely diminish the ensuing angiogenesis by blocking the AGE-
RAGE interaction [93].

3.4. Effect of vitamin D supplementation in AGE levels

Vitamin D has been extensively studied with regard to cardiovas-
cular disease, both from the aspect of disease prevention as well as
regarding attenuation of morbidity and mortality. However, the pa-
thophysiologic connection between AGEs and vitamin D has not been
thoroughly investigated. Lee et al. explored the interplay between vi-
tamin D and RAGE/sRAGE in HL-1 myocardial cells. A significant re-
duction of RAGE expression and increased SRAGE concentration was
observed that was associated with enhanced protein expression of
ADAM metallopeptidase domain 10 (ADAM10). However, upon addi-
tion of ADAM10 inhibitor the calcitriol's suppressive effect on RAGE
was eliminated, indicating an important modulatory role of ADAM10
expression in cardiomyocytes, mediating the inhibitory effect of vi-
tamin D on RAGE [94].

Moreover, Igbal et al. investigated possible interaction of vitamin D
with glycation of human serum albumin (HSA) revealing that vitamin D
metabolites may lead to a reduction of glycation [95]. Another study
assessed the role of vitamin D on AGE-induced osteoblastic transdif-
ferentiation of VSMCs. AGEs were shown to induce an upregulation of
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L-type Ca®* channel with ROS elevation and enhancement of NF-kB
and ERK, leading towards an osteogenic shift of VSMCs that was
however, inhibited by vitamin D supplementation [96].

In accordance, the study of Salum et al. reported the impact of vi-
tamin D administration in diabetic rats, indicating a significant pro-
tection against oxidation-mediated vascular complications [97].

4. Conclusion

AGEs constitute a critical family of molecules with pivotal role in
the pathophysiology of coronary heart disease [1,2]. Being directly
implicated in vascular stiffness and atherosclerosis as well as in mod-
ulation of intracellular signaling with detrimental effects in endothelial
cell response, VSMCs function and platelet activity, AGEs should be
considered as major cardiometabolic risk factors [3].

In addition, their interference with the available treatment mod-
alities predisposes individuals to a persistent cardiovascular risk, em-
phasizing the need to improve their analytical measurement, establish
their biomarker potential [16] and integrate them in risk stratification
of patients as well as in treatment decisions.

Future studies should also focus on detection of protein bound high
molecular weight AGEs commonly present in exogenous sources and
characterize their potential toxic effects in vascular tissue [8,21]. The
synergistic action of dietary AGEs to endogenous load further indicates
the need for lifestyle changes in preventive and therapeutic schemes of
myocardial ischemia and its complications [3,15,81,98,99], along with
selective AGE/RAGE modulating drugs [100].
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