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Abstract
Cardiovascular disease (CVD) represents the most significant cause of death in postmenopausal women. Advanced glycation end
products (AGEs) are formed by nonenzymatic modification of proteins, lipids, and nucleic acids by glucose. This review focuses on
the contribution of AGEs and their receptors to the development of CVD in menopause. Advanced glycation end products
circulate and activate the proinflammatory endothelial cell surface receptor called RAGE, bind to the extracellular matrix of the
cardiovascular system, or bind to the circulating anti-inflammatory soluble form of RAGE (sRAGE). Data emerging from human and
animal studies suggest that AGEs and both receptors (RAGE and sRAGE) are implicated in the pathophysiology of CVD. Particular
emphasis has been given to the role of AGE–RAGE axis in oxidative stress, inflammation, endothelial cell toxicity, and progression
of atherosclerosis in menopause. Data accruing from human and animal studies suggest that RAGE expression level and circulating
sRAGE level are associated with estradiol and are correlated with CVD risk factors, such as adiposity, dyslipidemia, insulin
resistance, diabetes, and metabolic syndrome. By recognizing the impact of AGEs on atherosclerosis, pharmacological strategies
targeting the AGE–RAGE pathway hold therapeutic potential for CVD in menopausal women.
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Introduction

The natural loss of ovarian function gives rise to menopause, a

phase in a woman’s life that is characterized by loss of repro-

ductive competence. During this period, women acquire an

increased risk of cardiovascular disease (CVD), osteoporosis,

cognitive dysfunction, diabetes, dyslipidemia, and mortality.1

Cardiovascular disease is recognized as the most significant

cause of death in postmenopausal women.1 In addition to the

traditional CVD risk factors such as smoking, hypertension,

obesity, and dyslipidemia, advanced glycation end products

(AGEs) have been recently recognized for their contribution

to CVD. Most of AGEs’ biological effects are mediated

through the receptor RAGE, present on the cell membrane

of several tissues including the cardiovascular system.2 The

activation of RAGE generates oxidative stress and modulates

cellular and tissue fate. On the other hand, the soluble form of

RAGE (sRAGE) acts as a decoy by binding AGEs thus pre-

venting them from binding to the proinflammatory RAGE

receptor.3,4 Data accruing from human and animal studies

suggest that RAGE expression level and circulating sRAGE

level are associated with estradiol and are correlated with

CVD risk factors. This review underscores the implications

of AGEs and their receptors in CVD in menopause with a

focus on adiposity, insulin resistance, dyslipidemia, and hor-

mone replacement therapy.

Pharmacology of AGEs and Their Receptors

The nonenzymatic modification of proteins, lipids, and nucleic

acids by glucose produces AGEs, such as Ne-carboxymethyl-

lysine (CML), pyrraline, and pentosidine.2 Advanced glycation

end products endogenously accumulate in the serum and tis-

sues with aging and at an accelerated rate in diabetes, insulin

resistance, obesity, metabolic syndrome, hypoxia, and oxida-

tive stress.5 The extracellular effect of AGEs includes modifi-

cation of the structural integrity of the vessel wall and the

underlying basement membranes by inducing cross-linking
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of matrix proteins.6 Additionally, AGEs exist in diet and get

absorbed by the gastrointestinal system.7 Food high in protein

and fat, such as fast-food meals, is rich in absorbable AGEs,

influencing serum and tissue AGEs’ concentration.8-11 Such

dietary AGEs can also contribute to increased oxidant stress

and inflammation.8

RAGE is a member of the immunoglobulin superfamily of

receptors.12 The human RAGE gene is located in the major his-

tocompatibility complex locus on chromosome 6.13 Engage-

ment of RAGE in intracellular signaling leads to reactive

oxygen species production via activation of the proinflamma-

tory transcription factor nuclear factor kB and Nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase. This leads

to the production of proinflammatory cytokines (such as inter-

leukin [IL] 1, IL-6, and IL-8), chemokines, apoptosis regulators

(such as bcl-2 and Fas), adhesion molecules (such as vascular

cell adhesion molecule 1 and intercellular adhesion 1), and acti-

vation of macrophages and platelets.6,14 Interestingly, activa-

tion of RAGE induces a positive feedback loop by

increasing its own expression (Figure 1).6,15,16

sRAGE lacks both the cytosolic and transmembrane

domains and is a product of either splicing of RAGE gene

and/or cleavage of the membrane-bound RAGE by a disinte-

grin and metallopeptidase 10 and matrix metalloproteinases.3,4

sRAGE receptors circulate and act as decoy by binding the cir-

culating AG, thus competitively inhibiting AGE–RAGE inter-

action and its downstream proinflammatory signaling.3

Therefore, sRAGE is often considered a ‘‘good’’ receptor.

Role of AGEs and Their Receptors in Vascular
Dysfunction

Atherosclerosis is not only attributed to high fat diet, diabetes,

obesity, smoking, and hypertension17 but also to products con-

taining sugars, which may provide substrates for the nonenzy-

matic glycation reaction, leading to the formation of AGEs.8

The deposition of AGEs in blood vessels contributes to

CVD5,18 by activating RAGE signaling causing chronic activa-

tion of the inflammatory processes resulting in accelerated

atherosclerosis.14,19,20

The relationship between sRAGE plasma levels and athero-

sclerosis (in the presence or absence of coronary artery disease)

has been studied but the results are contentious. The divergence

in the results could be due to difference in ethnicity of the study

participants as well as major confounding variables such as dia-

betes and renal failure.21-23 Nondiabetic participants with

hypertension and coronary artery disease were found to have

lower levels of plasma sRAGE when compared to healthy par-

ticipants.24-26

Recently, Falcone et al3 showed that patients with coronary

artery disease presenting with peripheral artery disease have

lower sRAGE levels than patients with coronary artery disease

without peripheral artery disease (615 vs 766 pg/mL, respec-

tively; P¼ .02). Additionally, that study demonstrated that sta-

ble atherosclerotic lesions in different vascular districts are

inversely correlated with circulating sRAGE levels.3 These

results suggest that stable atherosclerotic lesions in different

vascular districts are inversely related to the soluble decoy

receptor sRAGE. Additionally, others have demonstrated that

a low plasma sRAGE level was significantly related to

endothelial dysfunction in nondiabetic patients.4 Decreased

plasma sRAGE concentration was a predictor of cardiovascular

events, suggesting its role in atherothrombosis,4 thus the

authors speculated that sRAGE could be a potentially protec-

tive agent against vascular complications.4 sRAGE can act as

an important inhibitor of vascular inflammatory responses gen-

erated in branches and curvatures of the arterial tree.27 In a

mouse model, treatment with sRAGE in the region of athero-

sclerotic plaque attenuated the development of plaque forma-

tion and markedly attenuated monocyte–endothelial cell

adhesion.28 In that study, RAGE expression was suppressed

following treatment with sRAGE. This suggest that sRAGE

exerts antiatherogenic effects by blocking the activation of

the RAGE signaling pathway and may thus be a potential ther-

apeutic target for the prevention of atherosclerosis. Of note, a

12-week moderate intensity aerobic exercise program has

been shown to significantly increase circulating sRAGE lev-

els in women with type 2 diabetes resulting in atherosclerosis

risk reduction.29 Altogether, most of these data reveal that

sRAGE actions result in an antiatherogenic effect.

On the other hand, several studies challenged the protective

effect of sRAGE. For instance, elevated sRAGE levels in

women aged 65 and older were associated with an increased

risk of cardiovascular death in the Women’s Health and Aging

Study I, a population-based study designed to evaluate the

Figure 1. Schematic diagram of the pathogenetic effects of AGEs.
They could damage cellular structures via formation of cross-links
between key molecules in the extracellular matrix, for example,
collagen (1). The interaction with the cell membrane receptor
RAGE induces inflammation and apoptosis (2). The circulating
receptor soluble form of RAGE (sRAGE) acts as decoy by binding
the circulating AGEs, thus conferring a protective role (3). AGEs
indicates advanced glycation end products; RAGE, receptor for
AGE; NF-kB, nuclear factor kappa B; AP-1, activator protein-1;
ROS, reactive oxygen species; MAPK, mitogen-activated protein
kinase. CHOP, C/EBP homologous protein; IL, interleukin; TNF,
tumor necrosis factor; VEGF, vascular endothelial growth factor;
VCAM-1, vascular cell adhesion protein 1; ICAM-1, intercellular
adhesion.
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causes and course of physical disability in older disabled

women living in a community.30 However, since this study

involved moderately to severely disabled community-

dwelling women, their results may not be translated to young,

healthier women.30 In a 5-year prospective study, Japanese par-

ticipants with type 2 diabetes had higher CVD events as serum

sRAGE levels increased (P ¼ .046) and serum sRAGE levels

were independently associated with CVD (P ¼ .034) after

adjusting for conventional coronary risk factors.22

Studies have been performed on prevalent genetic variants

of RAGE and CVD. Similar to other studies,31,32 Hofmann

et al33 found no association between RAGE genotype Gly82-

Ser and CVD in the Framingham offspring study. Bansal

et al34 investigated the association between RAGE gene poly-

morphisms (-374T/A, -429T/C, and G82S) with macrovascu-

lar complications in Indian diabetic patients. Their results

showed that -429T/C polymorphism was associated with

macrovascular complications; however, -374T/A polymorph-

ism conferred protection, and G82S polymorphism did not

show any association.

Association Between AGE–RAGE Axis and
Risk Factors for CVD in Menopause

Interestingly, the AGE–RAGE axis has a relationship with CVD

risk factors. Koyama et al35 demonstrated that plasma sRAGE

levels were significantly and inversely correlated with body

mass index, blood pressure, glucose intolerance, triglyceride,

hemoglobulin A1c, and insulin resistance index even in the

absence of diabetes.35 The authors also reported that sRAGE was

inversely associated with atherosclerosis in carotid and femoral

arteries, regardless of diabetes status.35 Sebekova et al,36 in a

study including 59% females (mean age of 33), demonstrated

that plasma sRAGE and CML levels decreased with increasing

number of metabolic syndrome risk factors, in particular waist

circumference.36 Additionally, in a study by Norata et al,37

plasma sRAGE levels were negatively and significantly corre-

lated with body mass index and waist/hip circumference in non-

diabetic healthy participants.37 These correlations were mainly

observed in women (n ¼ 55, mean age of 62).

Insulin Resistance

Menopause coincides with an increase in several comorbid-

ities that include insulin resistance.38,39 Two decades ago,

Lindheim et al40 demonstrated that insulin resistance is preva-

lent in healthy postmenopausal women. Further, Lindheim

et al41 assessed insulin sensitivity in pre- (n¼ 18) and postme-

nopausal (n ¼ 10) women after randomization to either oral

estrogen (0.625 mg conjugated equine estrogen) or estrogen

with progesterone therapy (0.625 mg conjugated equine estro-

gen/10 mg progestin) for 6 months. The authors concluded

that there was a mild degree of insulin resistance in healthy

postmenopausal women and that estrogen appeared to

improve insulin sensitivity, while added progestin attenuated

this beneficial effect.41

Since oxidative stress generation and inflammation are also

associated with insulin resistance, AGE–RAGE axis plays a

role in the pathogenesis of insulin resistance and subsequently

the development of diabetes.42 The Leeds family study43

demonstrated a link between polymorphism of the RAGE gene

and insulin resistance. Additionally, regardless of obesity and

diabetes status, Tan et al44 have demonstrated that the circulat-

ing level of AGEs is associated with insulin resistance.44 Fur-

ther, glycated albumin (a source of AGEs) could be involved

in the modulation of insulin signaling and hence in the gener-

ation of insulin resistance in skeletal muscle cells.45 The effects

of methylglyoxal (precursor of AGEs) on insulin signaling

pathway have been investigated in a rat model of insulin resis-

tance.46 The authors reported an increase in endogenous

methylglyoxal accumulation, which impaired insulin-

signaling pathway and decreased insulin-stimulated glucose

uptake by adipose tissue.46 It was recently reported in a nonob-

ese mouse model that methylglyoxal-AGEs were identified as a

nontraditional risk factor for insulin resistance in nonobese

mice independent of overnutrition.47 Interestingly, the pheno-

typic shift of weight gain, adiposity, and insulin resistance

observed in mice treated with an isocaloric diet in which AGEs

were largely substituted for by synthetic methylglyoxal deriva-

tives of a single protein almost mirrored the metabolic syn-

drome in humans.47 Advanced glycation end products could

also alter insulin sensitivity via an indirect mechanism involv-

ing the dysregulation of adipokines and cytokines in adipo-

cytes,48 macrophages,49 and endothelial cells.48 Taken

together, these considerations place AGE–RAGE in the center

of biochemical and molecular stresses that characterize insulin

resistance, a mediator of CVD in menopausal women.

Lipids

The decline in estradiol following the menopausal transition

leaves the vasculature vulnerable to CVD risk factors, such

as lipids.50 Dyslipidemia in menopause is characterized by an

increase in low-density lipoprotein (LDL) levels and a decline

in HDL.51,52 In Healthy Women Study, total and LDL choles-

terol increased and HDL and HDL2 cholesterol declined among

premenopausal women who ceased menstruating at least 1 year

compared to age-matched premenopausal women who contin-

ued menstruating.53 Interestingly, both The Los Angeles Ather-

osclerosis Study and the SWAN Heart Women demonstrated

that the antiatherogenic effect of HDL diminishes in women

around the age of menopause54 and it was suggested that it is

possibly related to changes in the lipoprotein subclass profile

observed during the menopausal transition.55

Data support the involvement of AGE–RAGE axis in dys-

lipidemia. Lopes-Virella et al56 reported that oxidized LDL

and AGE-modified LDL levels in circulating immune com-

plexes were significantly associated with progression and

increased levels of carotid intima–media thickness in Dia-

betes Control and Complications trial participants.56 Later,

the same group reported that levels of AGE-modified LDL in

circulating immune complexes were independent predictors for
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the development and progression of atherosclerosis over a

12-year period in patients with type 1 diabetes.57 Turk et al58

demonstrated a positive correlation between serum level of

methylglyoxal adducts and LDL-cholesterol and a positive cor-

relation between urinary levels of methylglyoxal adducts and

serum triglycerides in diabetic patients.58

Cholesterol-lowering statin therapy reduces morbidity and

mortality from CVD in diabetic patients. Simultaneously, statin

treatment suppresses the AGE–RAGE axis by reducing serum

levels of AGEs and by lowering RAGE expression in patients

with type 2 diabetes.59 Atovastatin treatment in patients with

hypercholesterolemia and type 2 diabetes also showed an

increase in serum sRAGE levels.60,61 In diabetic rats, atovasta-

tin treatment downregulated the RAGE expression.62 These

studies suggest that statins may prevent the development of

RAGE-mediated pathogenesis.63 On the other hand, Collabora-

tive Atorvastatin Diabetes Study trial results showed that long-

term, daily treatment with atovastatin had no effect on sRAGE

values.64

Given the relationship between ‘‘menopause and dyslipide-

mia’’ and given the association between ‘‘AGE–RAGE system

and dyslipidemia,’’ it is reasonable to hypothesize that there is a

possible involvement for the proinflammatory AGE–RAGE

system in the pathogenesis of dyslipidemia in menopause, a

major risk factor for CVD (Figure 2).

Menopausal Hormone Therapy and
AGE–RAGE Axis

Up to date, the data on the impact of menopausal hormone ther-

apy on AGE–RAGE axis are quite limited but studies suggest an

involvement of estradiol in AGE–RAGE signaling. Six months

of estrogen treatment (estradiol valerate 2 mg/daily) resulted

in significant decrease in AGEs (such as a non-fluorescent gly-

cation crosslink NFC-1) in vaginal epithelial tissues of postme-

nopausal women when compared to placebo.65 These findings

suggest a possible anti-inflammatory and risk-reducing role of

estrogens in postmenopausal women.66 Additionally, 10 nmol/

L of 17b-estradiol, predominantly found in the circulation of

premenopausal women, induced the expression of RAGE in

in vitro cultured human endothelial cells.67 This indicates that

estrogens might actually be the trigger that fuels CVD by indu-

cing the expression of the proinflammatory molecule RAGE.68

Therefore, administration of synthetic estrogens to postmeno-

pausal women might further increase the level of proinflamma-

tion leading to the progression of various cardiovascular

complications via enhancing the expression of RAGE.65

Pullerits et al69 evaluated the effect of menopausal hor-

mone therapy (2 mg of estradiol þ 1 mg of noretisterone acet-

ate) on circulating sRAGE levels in postmenopausal women

with rheumatoid arthritis in a prospective 2-year randomized,

single blinded, and controlled study. The results indicated that

menopausal hormone therapy decreased circulating sRAGE

levels. The increase in serum estradiol was associated with the

decline in sRAGE levels.69 Moreover, higher sRAGE levels

were associated with elevated levels of bone resorption and

bone turnover markers at baseline, whereas the decrease in

sRAGE levels paralleled with diminished concentration of

these molecules indicating a possible role of sRAGE in

bone/cartilage metabolism.69 These data indicate that estro-

gens might be directly involved in the regulation of sRAGE

levels, but studies are needed to provide insights into the clin-

ical significance of menopausal hormone therapy in sRAGE

regulation and vice versa.

Pharmacological Strategies Targeting AGE-
Induced Pathophysiological Mechanisms

Recognizing the impact of AGEs on atherosclerosis, pharma-

cological strategies targeting reduction in the pathophysiolo-

gical mechanisms caused by AGEs are being developed

(Table 1).70-88 The precise chemical product responsible for

in vivo AGE formation has not been identified yet and therefore

the development of specific inhibitors is quite challenging.70

This section will discuss some of the strategies since the block-

ade of AGEs’ formation, obstruction of AGEs with RAGE inter-

action, and/or suppression of the RAGE downstream pathway

represent promising therapeutic strategies for CVD.

DyslipidemiaInsulin resistance

Increased AGEs

Obesity

Increased oxidative stress

Endothelium dysfunction

Atherosclerosis

Cardiovascular disease

Figure 2. The relation between cardiovascular disease risk factors
and advanced glycation end products. The postmenopausal changes
in adiposity, lipid metabolism, and insulin resistance indicate a shift
toward a proatherogenic state. The findings of relationships between
CVD risk factors and the AGE–RAGE axis at the serum and cellular
levels provide a framework for explaining the role of such axis in the
development of CVD. Thus, AGEs increase oxidative stress, which
during the menopausal transition is already heightened as a conse-
quence of greater production of reactive oxygen species with a decline
in antioxidant defense. Oxidative stress causes endothelial dysfunc-
tion, leading eventually to atherosclerosis. AGE indicates advanced
glycation end product CVD, cardiovascular disease; RAGE, receptor
for AGE.
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� AGE formation inhibitors

(a) Aminoguanidine: Aminoguanidine was demonstrated in

vitro to prevent the formation of AGE-modified apoli-

poprotein A-1.71 Aminoguanidine treatment increased

arterial elasticity and decreased vascular AGE accumu-

lation as well as the severity of atherosclerotic plaques

in streptozotocin-induced diabetic rats with diabetic

nephropathy.72 Aminoguanidine was studied in humans

and thus it holds a promise in the prevention of CVD in

menopausal women. For instance, Aminoguanidine

Clinical Trial in Overt Type 2 Diabetic Nephropathy

(ACTION II) was a randomized, double-blind, and

placebo-controlled trial comparing 2 dose levels of ami-

noguanidine with placebo on the progression of nephro-

pathy in 599 type 2 diabetic patients (72% male and

28% female) with renal disease from 84 centers in the

United States and Canada. The primary end point was

time to doubling of serum creatinine concentration. Sec-

ondary end points included the effect of aminoguanidine

on time to all-cause mortality, such as cardiovascular

morbidity and mortality, end-stage renal disease.

(b) Cinnamic acid: In vitro results demonstrated that cin-

namic acid significantly inhibited the formation of

AGEs.73 Cinnamic acid also significantly decreased

the protein carbonyl content and increased the level

of protein thiol.73

(c) Isoferulic acid: In vitro studies have been shown to

markedly suppress the formation of fructosamine (an

Amadori product clinically used as an indicator for

short-term control of blood sugar in diabetic patients)

as well as AGEs.74 The production of CML, an precur-

sor of AGEs formation, was also inhibited by isoferulic

acid both in fructose- and glucose-induced glycation.74

At a concentration of 5 mmol/L, it significantly inhib-

ited the formation of CML by 47.0% in BSA/fructose

and 21.9% in BSA/glucose system.74 Isoferulic acid

might be a new promising antiglycation agent for the

prevention of CVD in menopausal women.

(d) Pyridoxamine: It is a broad inhibitor of advanced gly-

cation. In diabetic rats, pyridoxamine inhibited the

progression of retinopathy, attenuated the accumula-

tion of AGEs in aortic collagen,75 and decreased

hyperlipidemia.76 The safety and tolerability of pyri-

doxamine in patients with overt nephropathy and type

1/type 2 diabetes have been reported; pyridoxamine

showed a beneficial effect on the progression of renal

disease.77 The potential concern with this agent is its

relationship with the vitamin B family, which has

demonstrated some serious adverse drug events such

as stroke and myocardial infarction in diabetic

patients with kidney disease.78

� Inhibitor of AGE cross-link

Alagebrium (formerly known as ALT-711): It was the first

drug candidate to be clinically tested for the purpose of

breaking the cross-links caused by AGEs. In rats, alageb-

rium was found to reverse erectile dysfunction and preserve

vasodilatation.79 This action was associated with a restora-

tion in penile neuronal nitric oxide synthase content and a

reduction in serum and penile tissue AGE levels.79 Alageb-

rium has been studied in humans.80,81 A clinical trial (42%
males and 58% females, mean ages in the 60s) has shown

that patients who received alagebrium experienced statisti-

cally significant reduction in arterial pulse pressure and an

increase in large artery compliance compared to those who

received placebo.80 Moreover, alagebrium improved

endothelial dysfunction in male patients with isolated systo-

lic hypertension as well.81

� Chelators

Chelators are compounds that remove excess metal ions

such as iron and copper. Examples of chelators are EDTA,

triethylenetetramine, and penicillamine. Several recent stud-

ies demonstrated therapeutic benefits of chelators for dia-

betic cardiovascular and renal disease in humans.82,83

Table 1. Pharmacological Strategies Targeting Pathophysiological Mechanisms Caused by AGEs on Endothelial Cells.

General Description Mechanism of Action Compound Name (examples)

Inhibitors of AGE formation de
novo

Trap reactive carbonyl intermediates and block
the formation of AGEs

Aminoguanidine, pyridoxamine,85 cinnamic
acid,74 and isoferulic acid74

Inhibitors of AGE cross-link Destruct collagen cross-linking structure resulting
in overcoming of artery stiffening

Phenylthiazol, DPTC chloride, ALT-711,
and LR-9073

Compounds that downregulate
RAGE expression

Suppressors of ROS generation Analogue of prostacyclin-beraprost86 or
forskolin activator of adenylate cyclase,86

angiotensin II-converting enzyme inhibi-
tors, angiotensin II receptor type 1
blocker,87 red grape skin extract88

Compounds that remove excess
metal ions

Chelate Triethylenetetramine84

Abbreviations: AGE, advanced glycation end product; ROS, reactive oxygen species; DPTC chloride, 4,5-dimethyl-3-phenyl-acyl-thiazole; ALT-711, chloride, 4,5-
dimethyl-3-(2-oxo-2-phenyl-ethyl)-thiazole; LR-90, 4,402-chloro-phenyl-ureide; RAGE, receptor for AGE.
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Thus, chelation therapy deserves serious consideration as a

clinical tool for prevention and treatment of CVD in meno-

pausal women.

Conclusion

Menopausal women have increased risk for CVD. AGEs and

their receptors contribute to an abnormal atherogenic milieu.

In this review, we provided data that place the AGE–RAGE sys-

tem in the center of biochemical and molecular stresses that

characterize CVD in postmenopausal women. Data emerging

from human studies suggest that levels of RAGE ligands and/or

sRAGE in the circulation correlate with CVD risk factors.

Interestingly, polymorphisms in the gene encoding RAGE may

hold promise for the identification of postmenopausal women

who are vulnerable to CVD. The intricate interaction between

steroid hormones and the AGE–RAGE system could further

explain the increased incidence of cardiovascular events in

menopausal women. Up to date, data on the effect of HT on the

AGE–RAGE axis are limited and equivocal. Further studies are

needed to understand the clinical significance of menopausal HT

in RAGE and sRAGE regulation. Finally, therapeutic antagon-

ism of RAGE-dependent signaling provides a new target for the

prevention of the deleterious consequences of oxidative stress

and inflammation, particularly associated with the increased risk

of CVD in the menopausal years.
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