
S 3 2 |  Y A M A G I S H I  E T  A L .  |  M O L  M E D  2 1  ( S U P P L E M E N T  1 ) ,  S 3 2 - S 4 0 ,  2 0 1 5

INTRODUCTION
Diabetes is a global health challenge.

In the recent report in the IDF Diabetes
Atlas, the prevalence and number of dia-
betes cases in the world are estimated to
be 8.3% and 387 million, and one person
dies from diabetes every 7 s (1). Al-
though diabetic vascular complications,
including coronary heart disease and
apoplexy, could mainly account for dis-
abilities and high mortality rate in pa-
tients with diabetes (1,2), the risk of
other aging-associated disorders such as
cancer, Alzheimer’s disease and osteopo-
rosis is also increased in diabetic subjects
(3–6). As a result, average life span is re-

duced by more than 20 years in middle-
aged people with type 1 diabetes and by
up to 10 years in middle-aged, type 2 di-
abetic patients compared with nondia-
betic subjects (7–9). The recent report of
Emerging Risk Factors Collaboration
showed that 40-year-old diabetic subjects
without known cardiovascular disease
(CVD) at the time of enrollment died
about 6.3 years earlier than nondiabetic
subjects (3). Furthermore, cumulative hy-
perglycemic exposure and subsequently
enhanced accumulation of advanced gly-
cation end products (AGEs) have been
shown to contribute to the development
and progression of these diabetes- and

aging-related disorders (2,4–6). There-
fore, inhibition of AGE formation could
be a novel molecular target for various
devastating and life-threatening disor-
ders. In this report, we review the
progress of research on AGEs from 1994
to the present, especially focusing on
vascular complications in diabetes, and
we discuss how our studies in the field
of AGEs have been influenced by and
contributed to the article published in
Molecular Medicine in 2001 (10). More-
over, we would like to refer to how the
information in the article may alter the
diagnosis and treatment of diabetic vas-
cular complications now or in the future.

METABOLIC MEMORY
The Diabetes Control and Complica-

tions Trial–Epidemiology of Diabetes In-
terventions and Complications (DCCT-
EDIC) research has revealed that
beneficial effects of intensive therapy on
microvascular complications in type 1 di-
abetic patients persist for 14–18 years
after the DCCT, despite deterioration of
blood glucose control (11–13). Further-
more, intensive glycemic control during
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the DCCT resulted in decreased progres-
sion of intima-media thickness and sub-
sequently reduced the risk of nonfatal
myocardial infarction, stroke or death
from CVD by 57% 11 years after the end
of the trial (14–16). Recently, original in-
tensive therapy for 6.5 years has been
shown to yield benefits on all-cause mor-
tality rate after a mean 27 years of fol-
low-up in patients with type 1 diabetes
(17). In addition, a follow-up study of the
U.K. Prospective Diabetes Study
(UKPDS), called UKPDS80, has also
shown that benefits of an intensive ther-
apy in patients with type 2 diabetes are
sustained after the cessation of the trial
(18). In this study, despite an early loss of
glycemic differences between the original
intensive therapy group and the conven-
tional one, a continued reduction in mi-
crovascular risk and emergent risk re-
ductions for myocardial infarction and
death from any cause were observed
during 10 years of post-trial follow-up
(18). These findings demonstrate that so-
called “metabolic memory” may cause
chronic abnormalities in diabetic vessels
that are not easily reversed, even by sub-
sequent, relatively good blood glucose
control, thus suggesting a long-term ben-
eficial influence of early metabolic con-
trol (that is, the legacy effect) on the risk
of diabetic vascular complications and
death in both type 1 and type 2 diabetic
patients.

AGEs AND RECEPTOR TO AGEs (RAGE)
AGEs are formed by the Maillard pro-

cess, a nonenzymatic reaction between
reducing sugars and the amino groups of
proteins, lipids and nucleic acids that
contribute to the aging of macromole-
cules (2,10,19). Under hyperglycemic
and/or oxidative stress conditions, this
process begins with the conversion of re-
versible Schiff base adducts to more sta-
ble, covalently bound Amadori re-
arrangement products (2,10,19). Over the
course of days to weeks, these Amadori
products undergo further rearrangement
reactions to form the irreversibly cross-
linked, fluorescent macroprotein deriva-
tives, termed AGEs. About 10% of

Amadori products could move to the ir-
reversible process (20). AGEs are slowly
degraded and remain for a long time in
diabetic vessels, even after glycemic con-
trol has been improved (21,22).

Several types of AGE binding proteins
have been reported (23). Among them,
the receptor to AGEs (RAGE) is a cell
surface receptor that belongs to the im-
munoglobulin superfamily and is a sig-
nal-transducing receptor for AGEs
(23–27). There is a growing body of evi-
dence that engagement of RAGE with
AGEs elicits oxidative stress generation
and results in evoking inflammatory and
thrombogenic reactions in a variety of
cells, thereby being involved in vascular
complications in diabetes. Furthermore,
AGEs are known to upregulate RAGE
expression and induce sustained activa-
tion of nuclear factor-κB (NF-κB) (23–27).
Therefore, it is conceivable that the
AGE–RAGE–induced oxidative stress
generation further potentiates the forma-
tion and accumulation of AGEs and sub-
sequent RAGE overexpression. These
positive feedback loops between AGEs
and RAGE-downstream pathways could
make a vicious cycle, thus providing a
mechanistic basis for understanding why
the phenomenon of metabolic memory
exists in vascular complications in dia-
betes. Therefore, the biochemical nature
and mode of action of AGEs are most
compatible with the concept of metabolic
memory (28,29).

PATHOPHYSIOLOGICAL ROLE OF AGEs
IN VASCULAR COMPLICATIONS IN
DIABETES

CVD
Vascular stiffness and inflammation.

Cross-linking of proteins by AGE modifi-
cation not only leads to an increase in
vascular and myocardial stiffness, but
also deteriorates structural integrity and
physiological function of multiple organ
systems, thus being involved in isolated
systolic hypertension and diastolic heart
failure (30).

There is a growing body of evidence,
ranging from in vitro experiments to

pathologic analysis and epidemiologic
studies suggesting that atherosclerosis is
intrinsically an inflammatory disease
(31,32). Activation of the AGE–RAGE
axis results in generation of intracellular
oxidative stress generation and subse-
quent activation of NF-κB in vascular
wall cells, which could promote a variety
of atherosclerosis/inflammation-related
gene expression, thereby contributing to
the development and progression of
CVD in diabetes (2,23–27).

Nitric oxide (NO) is the most potent
endogenous vasodilator and, by the role
of its antiinflammatory, antiproliferation
and antithrombotic effects, it is widely
recognized as an endogenous antiathero-
genic factor (33–38). We, along with oth-
ers, have shown that AGEs not only in-
hibit endothelial NO synthase expression
in endothelial cells, but they also stimu-
late generation of peroxynitrite, a reac-
tive intermediate and toxic product of
NO with superoxide anion (33–35). Fur-
thermore, the AGE–RAGE interaction en-
hances the production of asymmetric di-
methylarginine (ADMA), an endogenous
inhibitor of NO synthase in endothelial
cells, mesangial cells and renal proximal
tubular cells (35–38). Because ADMA is
now considered one of the strongest bio-
markers of CVD and chronic kidney dis-
ease progression (35), decreased produc-
tion and/or impaired bioavailability of
NO by the AGE–RAGE axis could also
be involved in cardiorenal syndrome in
diabetes.

Foam cell formation within the ather-
osclerosis. AGE modification impairs
plasma clearance of low-density lipopro-
tein and transforms the lipoprotein into a
more atherogenic and redox-sensitive
mitogen-activated kinase stimulant in di-
abetic patients (39,40). Furthermore, we
demonstrated that AGEs reduce adeno-
sine triphosphate–binding membrane
cassette transporter A1 (ABCA1) and
ABCG1 levels in THP-1 cells and inhibit
cholesterol efflux from THP-1
macrophages to apolipoprotein (apo) AI
and HDL cholesterol, respectively (41).
These findings suggest the involvement
of the AGE–RAGE axis in impaired re-
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verse cholesterol transport in diabetes
and accelerated foam cell formation
within the atherosclerotic lesions (41,42).

Thrombogenesis. AGEs not only
cause platelet activation and aggrega-
tion, but also stimulate procoagulant ac-
tivity by increasing expression of tissue
factor, the main initiator of the coagula-
tion cascade, which is responsible for
thrombus formation (43). Furthermore,
we recently found that AGEs could po-
tentiate thrombin or factor Xa–evoked
endothelial and renal cell damages via
upregulation of protease-activated 
receptor-1 and -2 (44–46). These observa-
tions suggest that blockade of the
crosstalk between AGE–RAGE axis and
coagulation system by factor Xa in-
hibitors might be a novel therapeutic tar-
get for thromboembolic disorders in dia-
betes. In addition, AGEs inhibit
prostacyclin production and induce plas-
minogen activator inhibitor-1 generation
in endothelial cells through an interac-
tion with RAGE (47). Therefore, AGEs
may have the ability to cause platelet ag-
gregation and fibrin stabilization, result-
ing in a predisposition to thrombogene-
sis, thereby contributing to the
promotion of vascular injury in diabetes.

Pathological angiogenesis within the
atherosclerosis. Plaque neovasculariza-
tion is comprised of a network of capil-
laries that arise from adventitial vasa va-
sorum and extend into the intimal layer
of atherosclerotic lesions (48–50). They
are often found in areas rich in inflam-
matory cells, such as macrophages and
T cells, and have been considered to
function as conduits for the entry of
leukocytes and nutrients into the artery
wall. Moreover, plaque vessels are asso-
ciated with plaque rupture, intraplaque
hemorrhage and unstable angina (48,50).
Therefore, ischemia and hypoxia due to
microthrombus formation within the ath-
erosclerotic plaques may further stimu-
late vascular endothelial growth factor
(VEGF) expression and trigger pathologi-
cal angiogenesis in these vulnerable le-
sions (51,52). Therefore, the AGE-in-
duced pathological angiogenesis may
contribute to plaque growth and instabil-

ity within the atherosclerotic plaques in
diabetes.

Impaired endothelial cell repair. Dia-
betes is associated with endothelial dys-
function and decreased endothelial pro-
genitor cell (EPC) function and
mobilization, which could contribute to
accelerated atherosclerosis and increased
risk for CVD in diabetic patients (53).
AGEs enhance apoptosis and suppress
migration and tube formation of late
EPCs through the interaction with
RAGE via downregulation of Akt and
cycloxygenase-2 (54). AGEs have also
been shown to cause a reduction of
length growth and EPC incorporation
into the sprouts in association with
RAGE overexpression and p38 mitogen-
activated protein kinase activation (55).
Moreover, AGE modification of vascular
substrates impair vascular repair by in-
hibiting EPC adhesion, spreading and
migration via glycation of the Arg-Gly-
Asp motif of fibronectin (56).

Vascular calcification. AGEs have the
ability to induce the osteoblatic differen-
tiation of pericytes, thus contributing to
the development of vascular calcification
in atherosclerosis (57). Pericytes have the
plasticity to differentiate into other mes-
enchymal cell types under various cir-
cumstances and may function as resting
stem cells to be converted into smooth
muscle cells, macrophage-like phago-
cytes or osteoblasts (48). Furthermore, ac-
tivation of RAGE not only inhibits my-
ocardin-dependent smooth muscle cell
(SMC) gene expression, but also induces
osteogenic differentiation of vascular
SMCs through Notch/Msx2 induction,
thus being involved in vascular calcifica-
tion as well (58).

SMC proliferation. AGEs elicit reac-
tive oxygen species generation and sub-
sequently induce SMC proliferation
through the interaction with RAGE via
NADPH oxidase activation (59,60).
AGE–RAGE–induced extracellular signal-
related kinase activation is reported to in-
crease Na+/H+ exchanger-1 activity, which
leads to a decrease in intracellular H+ and
subsequently promotes a cell-cycle pro-
gression and SMC proliferation (61).

Diabetic Retinopathy
Pericytes are elongated cells of the

mesodermal origin, wrapping around
and along endothelial cells of small ves-
sels (48). Because pericytes have played
an important role in the maintenance of
microvascular homeostasis, AGE-caused
pericyte apoptosis could predispose the
vessels to angiogenesis, thrombogenesis
and endothelial cell injury, thus leading
to full-blown clinical expression of dia-
betic retinopathy (2). Moreover, AGEs di-
rectly stimulate growth and tube forma-
tion of microvascular endothelial cells,
the key steps of angiogenesis, through
the interaction with RAGE by inducing
VEGF expression (49).

AGEs have been shown to increase
leukocyte adhesion to cultured retinal
microvascular endothelial cells by induc-
ing intracellular cell adhesion molecule-1
expression as well (62). This phenome-
non is also apparent in nondiabetic mice
infused with preformed AGEs, which re-
sults in significant leukostasis and blood-
retinal barrier dysfunction in these mice
(62). Because retinal VEGF induces intra-
cellular cell adhesion molecule-1 expres-
sion, which could lead to leukostasis and
breakdown of the blood-retinal barrier in
vivo (63–65), the AGE-elicited proinflam-
matory reactions could be modulated by
the blockage of VEGF.

Diabetic Nephropathy
Accumulation of AGEs in the kidney

may contribute to the progressive alter-
ation in renal architecture and loss of
renal function in patients and rodents via
various mechanisms, including their
cross-linking properties of matrix proteins
and activation of the downstream signal-
ing (2,66,67). AGE formation on 
extracellular matrix proteins alters both
matrix–matrix and cell–matrix interac-
tions, and is involved in diabetic glomeru-
losclerosis. AGEs induce apo ptotic cell
death and VEGF expression in human
cultured mesangial cells, as is the case in
pericytes, a counterpart of mesangial cells
in retinas (68). Because mesangial cells oc-
cupy a central anatomical position in the
glomerulus and play a crucial role in
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maintaining structure and function of
glomerular capillary tufts, the AGE-
 induced mesangial apoptosis and dys-
function may contribute in part to
glomerular hyperfiltration, an early renal
dysfunction in diabetes. Podocyte loss is a
common and early feature in human and
experimental diabetic nephropathy (69).
AGEs have also been shown to induce
podocyte damage and detachment (70).
Furthermore, AGEs induce transforming
growth factor-β expression in renal con-
stituents such as podocytes, mesangial
cells and proximal tubular cells, thereby
contributing to glomerulosclerosis and
tubulointerstitial fibrosis in diabetic
nephropathy as well (71,72). We posit a
scheme to summarize the pathophysio-
logical role of AGEs in vascular complica-
tions in diabetes (73) (Figure 1).

RAGE TRANSGENIC AND KNOCKOUT
MICE

Diabetic RAGE–/–/apoE–/– mice had
significantly reduced atherosclerotic
plaque area, which is associated with at-
tenuation of leukocyte recruitment, de-
creased expression of proinflammatory
mediators, reduced oxidative stress and
AGE accumulation (74).

RAGE-overexpressing diabetic mice
have exhibited progressive glomeru-
losclerosis with renal dysfunction, com-
pared with diabetic littermates lacking
the RAGE transgene (75). Furthermore,
Wendt et al. (76) reported that diabetic
homozygous RAGE null mice failed to
develop mesangial matrix expansion or
thickening of the glomerular basement
membrane. They also claimed in their re-
port that activation of RAGE in
podocytes could contribute to expression
of VEGF and enhanced attraction/activa-
tion of inflammatory cells in the diabetic
glomeruli, causing albuminuria and
glomerulosclerosis in diabetes (76). In
addition, db/db or streptozotocin-in-
duced diabetic mice have developed
renal changes seen in human diabetic
nephropathy such as glomerular hyper-
trophy, glomerular basement membrane
thickening, mesangial matrix expansion,
connective tissue growth factor overex-
pression and NF-κB activation, all of
which are blocked by the administration
of neutralizing antibody raised against
RAGE (77,78).

Blood-retinal barrier breakdown and
retinal leukostasis were significantly aug-
mented in RAGE-transgenic diabetic

mice, which were blocked by the sys-
temic administration of a soluble form of
RAGE (79). Inflammatory reactions and
the AGE–RAGE–NF-κB pathway were
enhanced in peripheral nerves of diabetic
mice, all of which were prevented by
RAGE gene deficiency or the addition of
a soluble form of RAGE, which was asso-
ciated with dramatic improvement in the
loss of pain perception (80).

THERAPEUTIC INTERVENTIONS OF THE
AGE–RAGE AXIS

Inhibitors of AGE Formation and
Breaker

Various types of inhibitors of AGE for-
mation or AGE breaker alagebrium have
been shown to prevent vascular damage
in diabetic animals (81,82). Indeed,
aminoguanidine was reported to increase
vascular elasticity, improve left ventricu-
lar arterial coupling and decrease vascu-
lar permeability in diabetic rats (82,83).
Aminoguanidine prevented the de-
creased myocardial compliance and car-
diac hypertrophy in diabetic animals
(83). Furthermore, aminoguanidine treat-
ment decreased accumulation levels of
AGEs and reduced atherosclerotic plaque
area in the thoracic and abdominal aortas
in streptozotocin-induced diabetic apoE-
deficient mice (84). Alagebrium treat-
ment significantly attenuated plaque
area or complexity within the thoracic
and abdominal aortas and inhibited ac-
cumulation of AGE-modified collagens
in the aortas with reduced expression of
RAGE and profibrotic cytokines, TGF-β
and connective tissue growth factor in
streptozotocin-induced diabetic apoE-
 deficient mice as well (84). In addition,
alagebrium reduced transdifferentiation
of proximal tubules in the diabetic kid-
neys in association with reduced tubular
AGE and TGF-β levels. Alagebrium treat-
ment also decreased AGE and collagen
accumulation in the diabetic kidneys, in-
hibited glomerulosclerosis and tubuloint-
erstitial injury and retarded albumin ex-
cretion rate in streptozotocin-induced
diabetic rats. These rats were associated
with reduced renal expression of RAGE,

Figure 1. Pathophysiological role of AGEs in diabetic vascular complications.
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TGF-β and connective tissue growth 
factor (85).

Pigment Epithelium-Derived Factor
Pigment epithelium-derived factor

(PEDF), a glycoprotein that belongs to
the superfamily of serine protease in-
hibitors with potent neuronal differenti-
ating activity, inhibits vascular hyperper-
meability, inflammatory, thrombotic and
fibrotic reactions in diabetic nephropathy
and retinopathy partly by suppressing
the AGE–RAGE axis, which could poten-
tially be exploited as a therapeutic option
for the treatment of vascular complica-
tions in diabetes (86–89).

Renin-Angiotensin System Inhibitors
The interaction of the renin-

 angiotensin system (RAS) and
AGE–RAGE axis has been proposed (90).
We have found that angiotensin II (Ang
II) potentiates the deleterious effects of
AGEs on pericytes by inducing RAGE
protein expression (91). In vivo, AGE in-
jection stimulated RAGE expression in
the eye of spontaneously hypertensive
rats, which was blocked by telmisartan,
an Ang II type 1 (AT1) receptor blocker.
In vitro, Ang II-AT1 receptor–mediated
oxidative stress generation elicited RAGE
gene upregulation in retinal pericytes
through NF-κB activation. Furthermore,
Ang II augmented AGE-induced pericyte
apoptosis, the earliest hallmark of dia-
betic retinopathy (2). In addition, the
AGE–RAGE axis stimulates Ang II pro-
duction or AT1 receptor overexpression
in renal constituents, further deteriorat-
ing diabetic nephropathy (92–94).

Dipeptidyl Peptidase-4 Inhibitors and
Incretins

There is a pathological crosstalk be-
tween the AGE–RAGE system and
dipeptidyl peptidase-4 (DPP-4)-incretin
axis in the pathogenesis of vascular com-
plications in diabetes (95,96). Glucagon-
like peptide-1 directly acts on endothelial
cells, mesangila cells and proximal tubu-
lar cells via the glucagon-like peptide-1
receptor, and glucagon-like peptide-1
could work as an antiinflammatory and

antioxidative agent against AGEs by re-
ducing RAGE expression via activation
of cyclic AMP pathways (95,96). More-
over, we have recently found that
AGE–RAGE–induced oxidative stress
generation stimulates the release of DPP-
4 from endothelial cells, which could act
on endothelial cells in an autocrine man-
ner via the interaction with mannose 6-
phosphate insulin-like growth factor II
receptor, further potentiating the delete-
rious effects of AGEs (97). DPP-4 defi-
ciency or an inhibitor of 
DPP-4 protects against experimental dia-
betic nephropathy in a glucose-lowering–
independent manner, where benefficial
effects were partly mediated by suppres-
sion of the AGE–RAGE axis (98,99).

AGE-Aptamer
Aptamers are short, single-stranded

DNA or RNA molecules that can bind
with high affinity and specificity to a
wide range of target proteins (100,101).
We have recently found that a high-
 affinity DNA aptamer directed against
AGEs (AGE-aptamer) inhibits glomeru-
lar hypertrophy and extracellular matrix
protein accumulation, decreases urinary
excretion levels of albumin and prevents
renal dysfunction in type 2 diabetic ani-
mals (100). In this study, AGE-aptamer
directly bound to AGEs and resultantly
blocked the binding of AGEs to RAGE,
and continuous infusion of AGE-
 aptamer dramatically decreased AGE
levels in the glomeruli of diabetic mice
(100). Therefore, it is conceivable that
AGE-aptamer might decrease the
glomerular accumulation of AGEs via
the blockade of RAGE-induced, oxida-
tive stress–mediated AGE formation in
the kidney. In addition, turnover rate of
aptamer-bound AGEs by THP-1 macro -
phages was increased. Therefore, AGE-
aptamer could enhance the elimination
of AGEs from the body through in-
creased turnover by macrophages.

MEASURING SERUM LEVELS OF AGES
AND ITS CLINICAL UTILITY

The facts that AGEs could reflect cu-
mulative diabetic exposure and play a

role in the pathogenesis of diabetic vas-
cular complications led us to speculate
that circulating levels of AGEs could be a
biomarker of vascular injury and organ
damage in patients with diabetes. To ad-
dress the issue, we began to develop an
enzyme-linked immunosorbent assay
(ELISA) system for measuring serum lev-
els of toxic AGEs in humans.

In the article in Molecular Medicine in
2001, we produced five specific antibod-
ies for noncarboxymethyllysine AGEs
that recognized the immunoreactive
types of AGEs (glucose-, glyceraldehyde-,
glycolaldehyde-, methylglyoxal- and
 glyoxal-derived AGEs) (10). We found
that (a) five distinct classes of AGE struc-
tures circulate in the blood of individuals
with diabetic nephropathy on hemodial-
ysis (DM-HD), (b) neurotoxic effects of
serum fraction from DM-HD containing
various AGEs structures are completely
neutralized by the addition of antibodies
raised against glyceraldehyde-derived
AGEs, and (c) this type of AGE mimics
the deleterious effects of AGE-rich serum
purified from DM-HD on endothelial
cells (85,102). Furthermore, because of
the stronger binding affinity to RAGE
(103), glyceraldehyde-derived AGEs are
considered to be more toxic than glu-
cose-derived AGEs. Hence, we focused
on glyceraldehyde-derived AGEs, devel-
oped a specific ELISA for this type of
AGE and examined the clinical utility 
of measuring glyceraldehyde-derived
AGEs for evaluating disease activity in
patients with various diabetes- and
aging-associated disorders.

So far, we have found that glyceralde-
hyde-derived AGE levels are (a) corre-
lated with a soluble form of RAGE that
could reflect tissue RAGE expression in
both nondiabetic and diabetic subjects
(104–107), thus suggesting a marker of
the activation of AGE–RAGE axis; (b) as-
sociated with low-density lipoprotein
cholesterol levels and thrombogenic
markers such as plasminogen activator
inhibitor-1 and fibrinogen in a general
population (108–110); (c) elevated under
oxidative stress, chronic kidney disease
and/or diabetic conditions and corre-
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lated with inflammatory biomarkers
such as monocyte chemoattractant
 protein-1, the soluble form of vascular
cell adhesion molecule-1 and ADMA
(106,107,111–113); (d) increased in nonal-
coholic steatohepatitis (NASH) patients
and associated with insulin resistance in
both NASH subjects and an non-NASH
general population (114–116); (e) corre-
lated with serum PEDF and DPP-4 lev-
els, markers of insulin resistance
(117,118); (f) associated with visceral and
subcutaneous adipose tissue inflamma-
tion and decreased adiponectin levels
(114,119); (g) correlated with vascular in-
flammation and endothelial dysfunction
in high-risk patients (120,121); (h) in-
versely associated with number and mi-
gratory activity of EPCs (122), thus sug-
gesting the involvement of this type of
AGEs in impaired endothelial cell repair;
and (i) significantly associated with
plaque progression in patients with
acute coronary syndrome (123). More-
over, atrovastatin, pioglitazone and 
α-glucosidase inhibitor have been shown
to significantly decrease serum levels of
glyceraldehyde-derived AGEs, which are
associated with reduced biomarker levels
for organ damage in diabetic, chronic
kidney disease or NASH subjects
(120,124–128).

CONCLUSIONS
Glyceraldehyde, which could be de-

rived from glucose metabolism, is not a
major sugar in vivo and its incubation
with proteins will generate a large num-
ber of AGEs; in addition, there is some
criticism that measurement of AGEs
using liquid chromatography–tandem
mass spectrometry technique may pro-
duce different results to that using ELISA
(129). However, our series of studies have
suggested that serum levels of glycer-
aldehyde-derived AGEs might be a novel
biomarker for insulin resistance and vas-
cular injury and may predict future car-
diovascular events in diabetes. Measur-
ing this type of AGEs by specific ELISA
could identify high-risk patients and may
provide us variable information for treat-
ment decision-making in the  future.

In addition, we have recently found
that AGE-aptamer raised against glycer-
aldehyde-derived AGEs, but not control-
aptamer, binds to glyceraldehyde- derived
pyridinium (GLAP) and the 3-hydroxy-5-
hydroxymethyl-pyridinium adduct and
subsequently blocks the interaction of
GLAP with RAGE. Moreover, a GLAP-
evoked increase in oxidative stress gener-
ation and upregulation in RAGE as well
as inflammatory reactions were signifi-
cantly inhibited by treatment with AGE-
aptamer but not control-aptamer (130).
These findings suggest that GLAP is a
target compound for AGE-aptamer and
might be a main glyceraldehyde-related
AGE structure that interacted with
RAGE and elicited oxidative, inflamma-
tory and thrombogenic reactions in en-
dothelial cells. GLAP was only formed in
glyceraldehyde-modified bovine serum
albumin, not in another sugar-modified
one, thus supporting our speculation
(131). So, development of a simple, spe-
cific, reliable assay system for GLAP
would be desired, and it should be an im-
portant issue in the feature to examine
whether serum levels of GLAP may be a
novel biomarker for vascular damage
and CVD in diabetes.
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