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Abstract: Advanced glycation end products (AGEs) are a heterogeneous, complex group 

of compounds that are formed when reducing sugar reacts in a non-enzymatic way with 

amino acids in proteins and other macromolecules. This occurs both exogenously (in food) 

and endogenously (in humans) with greater concentrations found in older adults. While 

higher AGEs occur in both healthy older adults and those with chronic diseases, research is 

progressing to both quantify AGEs in food and in people, and to identify mechanisms that 

would explain why some human tissues are damaged, and others are not. In the last twenty 

years, there has been increased evidence that AGEs could be implicated in the development 

of chronic degenerative diseases of aging, such as cardiovascular disease, Alzheimer’s 

disease and with complications of diabetes mellitus. Results of several studies in animal 

models and humans show that the restriction of dietary AGEs has positive effects on 

wound healing, insulin resistance and cardiovascular diseases. Recently, the effect of 

restriction in AGEs intake has been reported to increase the lifespan in animal models. This 

paper will summarize the work that has been published for both food AGEs and in vivo 

AGEs and their relation with aging, as well as provide suggestions for future research. 
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1. Introduction  

Advanced glycation end products (AGEs) are a heterogeneous, complex group of compounds that 

are formed mainly via the Maillard reaction. The Maillard reaction occurs when reducing sugar reacts 

in a non-enzymatic way with amino acids in proteins, lipids or DNA. This reaction has been studied 

for years in the food industry because its products add a desirable color and taste to foods. However, 

the study of the products of this reaction in vivo have received increasing attention in recent years due 

to association of AGEs with certain chronic diseases, such as diabetes mellitus, cardiovascular 

diseases, and Alzheimer’s disease, as well as during the aging process. 

2. Formation of AGEs  

The formation of AGEs through the Maillard reaction occurs in three phases (Figure 1). First, 

glucose attaches to a free amino acid (mainly lysine and arginine) of a protein, lipid or DNA, in a 

non-enzymatic way to form a Schiff base. A Schiff base is a compound that has a carbon to nitrogen 

double bond where the nitrogen is not connected to hydrogen. The initiation of this first step depends 

on glucose concentration and takes place within hours. If the concentration of glucose decreases, this 

reaction is reversible. During the second phase, the Schiff base undergoes chemical rearrangement 

over a period of days and form Amadori products (also known as early glycation products). The 

Amadori products are more stable compounds (hemoglobin A1c is the most well known), but the 

reaction is still reversible. If there is accumulation of Amadori products, they will undergo complicated 

chemical rearrangements (oxidations, reductions, and hydrations) and form crosslinked proteins. This 

process takes place in weeks or months and it is irreversible. The final brownish products are called 

AGEs and some of them have fluorescent properties. They are very stable, and accumulate inside and 

outside the cells and interfere with protein function [1,2]. Besides the Maillard reaction, other 

pathways can also form AGEs. For instance, the autoxidation of glucose and the peroxidation of lipids 

into dicarbonyls derivatives by an increase in oxidative stress is another pathway described for the 

formation of AGEs [3]. These dicarbonyl derivatives known as α-oxaldehydes (glyoxal, methylglyoxal 

(MG), and 3-deoxyglucosone) can interact with monoacids and form AGEs. The other well-studied 

mechanism for the formation of AGEs is the polyol pathway, where glucose is converted to sorbitol by 

the enzyme aldose reductase and then to fructose by the action of sorbitol dehydrogenase. Fructose 

metabolites (as fructose 3-phosphate) then are converted into α-oxaldehydes and interact with 

monoacids to form AGEs [4]. Thus, at least three pathways may form AGEs: The Maillard reaction; 

oxidation of glucose; and peroxidation of lipids and through the polyol pathway. Given these differing 

pathways, it is not surprising that AGEs are diverse in their chemical structure. Among the most 

widely studied AGEs are carboxymethyl-lysine (CML), pentosidine, and pyrraline, and, together with 

methylglyoxal (an α-oxaldehyde), they have been used as biomarkers for in vivo formation of 

AGEs [2,5,6]. CML (not fluorescent, not cross-linked AGEs) has been consistently used also as a 

biomarker for long-term protein damage and can be formed by the Maillard reaction and by 

α-oxaldehydes. As well as CML, pentosidine (a fluorescent protein crosslink) is formed by the 

Maillard reaction and by the α-dicarbonyl glyoxal, while pyrraline (not fluorescent, not cross-linked 

AGEs) is formed by the Maillard reaction [7].  
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Figure 1. Formation of AGEs. 

 

The deleterious effects of AGEs in different tissues are attributed to their chemical, pro-oxidant, and 

inflammatory actions [1,2]. The biological effects of AGEs are exerted by two different mechanisms: 

One independent of the receptor (damage of protein structure and extracellular matrix metabolism); or 

one involving the receptor for advanced glycation end products (RAGE) [2,8] (Figure 2). The 

interaction of AGEs with the receptor RAGE triggers the activation of the mitogen-activated protein 

kinases (MAPKs) and the phosphatidylinositol-3 kinase (PI3-K) pathways that will lead to the 

activation of the transcription factor NF-B (nuclear factor kappa B). After activation, NF-B 

translocates to the nucleus where it will activate the transcription of genes for cytokines, growth 

factors and adhesive molecules, such as tumor necrosis factor α (TNFα), interleukin 6 (Il-6), well 

known inflammation promoters, and vascular cell adhesion molecule 1 (VCAM1) [8-12]. NF-B 

activation increases RAGE expression, creating a positive feedback cycle that enhances the production 

of inflammation promoters. In addition, AGE-RAGE interaction activates NAD(P)H oxidase 

(a complex of enzymes which produces superoxide) and when this complex is upregulated, it increases 

intracellular oxidative stress. The sudden increase in oxidative stress by NAD(P)H oxidase in response 

to AGE-RAGE interaction will also activate NF-B [13-15].  
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Figure 2. Mechanism of AGEs action at the cell level. 

 

3. Implications for Health 

Accumulation of AGEs has been found in healthy aging persons, and this accumulation is higher 

during high glucose concentrations. Microvascular and macrovascular damage, seen in diabetes, is 

attributed to the accumulation of AGEs in tissues, but it is also associated with atherosclerosis, 

Alzheimer’s disease, end stage renal disease, rheumatoid arthritis, sarcopenia, cataracts, and other 

degenerative ophthalmic diseases, Parkinson’s disease, vascular dementia and several other chronic 

diseases [16-19]. For instance, Bar et al. have demonstrated differential increases of AGEs products in 

Alzheimer’s dementia and vascular dementia compared to controls [20]. It has also been suggested that 

AGEs are involved in the loss of bone density and muscular mass associated with aging [21]. We 

discuss briefly some of the health implications described in the older population. 

3.1. Cardiovascular Diseases 

The in vivo accumulation of AGEs over time contributes to changes in the structure and function of 

the cardiovascular system and presents as arterial stiffening, myocardial relaxation abnormalities, 

atherosclerotic plaque formation and endothelial dysfunction. Several authors have described some of 

the mechanisms for these changes. One of the proposed mechanisms involves additional cross-linking 

on collagen (whose normal structure already contains crosslinking) by glycation of its free amino 

acids. The collagen-AGEs cross-linking will produce stiffness of blood vessels. Sims et al. completed 

a histological study on 27 samples of post-mortem aortas from people with diabetes and controls and 

found a correlation between AGEs accumulation and aortic stiffness [22]. Another mechanism by 

which AGEs exert damage to the cardiovascular system is reduction of low-density lipoproteins (LDL) 

uptake by cell receptors. This occurs through glycation of the LDL particle on the apolipoprotein B 

and in the phospholipid components of LDL. The glycated LDL is more susceptible to cross-linking 

with collagen on the arterial wall than non-glycated LDL, and it is not taken up into the cell and 
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accumulates. Macrophages uptake of these modified LDL lead to foam cell formation, and the 

development of atheroma [23,24]. Furthermore, decreasing in nitric oxide (NO) activity is another 

mechanism described by AGEs damaging the cardiovascular system. NO (a vasodilator) biosynthesis 

in the endothelium counteracts some of the mechanisms for atherosclerosis. Some authors proposed 

that AGEs reduce NO synthase (eNOS) half-life in the endothelium. For instance, Xu et al. found a 

decreased in eNOS activity after exposure to CML. They also found that after 30 minutes of exposure 

with CML-albumin, there was a reversible inhibition of endothelium and vascular response dependent 

on NO in vivo and in vitro [25-28].  

Additional work supports the role of increased androgens during and after menopause as a risk 

factor for cardiovascular events in women, with an associated increase in AGEs. A study of 

106 postmenopausal women found significant correlations between testosterone and free androgen 

indices versus AGEs after adjustment for age, body mass index, insulin resistance indices, and fasting 

glucose and insulin levels [29]. 

Therefore, the accumulation of AGEs could be explained by some of the cardiovascular changes 

associated with aging, such as vascular stiffening, diastolic dysfunction and endothelial dysfunction [24]. 

A study with long-term (24–30 weeks) administration of aminoguanidine (an inhibitor of AGE 

formation) showed prevention of the age-related cardiac hypertrophy and arterial stiffness [30]. It has 

also been found that CML, a predominant AGE, can serve as a predictor of cardiovascular mortality. 

Semba et al. studied a group of 559 women aged 65 and older for 4.5 years from the Women’s Health 

and Aging Study I (WHAS I). During this time 22% of the population died; 43.9% from 

cardiovascular disease. They measured CML as a marker for AGEs and found that the highest risk for 

dying of cardiovascular disease were for women in the highest quartiles of CML [31]. From these 

reports, it appears that high concentrations of AGEs could be a risk factor for cardiovascular disease, 

but further evidence is needed to support this statement.  

3.2. Sarcopenia 

Loss of muscle mass and strength (sarcopenia) is a serious problem among older populations [32]. 

In accordance with recent studies, one third of women and half of men older than 60, have sarcopenia 

in the U.S. [33]. The pathogenesis of sarcopenia is multifactorial, and may include hormonal changes, 

increased oxidative stress and inflammation, changes in vasculature, and inactivity [34-36]. AGEs may 

also contribute to this condition by increasing oxidative stress and inflammation. Some studies have 

found a relation between AGEs and muscular function in older population. Haus et al. found that 

pentosidine concentrations were 200% higher in a group of older individuals with a mean age of 78 y 

(n = 22) compared with their younger counterparts with a mean age of 25 y (n = 20). The authors 

concluded that AGEs may contribute to the decline of muscular function observed in aging [37]. 

Dalal et al. conducted a study of older women to measure the AGEs concentration in blood and 

handgrip strength. Serum carboxymethyl-lysine (CML), the circulating soluble form of receptor for 

advanced glycation end products (sRAGE), endogenous secretory receptor for advanced glycation end 

product (esRAGE) and grip strength, were measured in 559 moderately-to-severely disabled women, 

age 65 and older, in the Women’s Health and Aging Study I in Baltimore. The authors found that 

women with higher concentrations of CML had less grip strength than women with lower CML 
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concentrations. The authors concluded that women with higher AGEs have more muscle weakness [38]. 

These studies presented interesting results, but they are not conclusive of a causal relationship between 

AGEs and sarcopenia, and more studies will need to further address this health problem among 

older population.  

3.3. Renal Disease  

The relationship between renal disease and AGEs has largely been studied in patients with type 2 

diabetes mellitus, and to a lesser extent in older populations. Semba et al. [39] demonstrated that in an 

older population (n = 1008), elevated circulating AGEs were an independent predictor of renal 

function. The study was carried out in men and women, age 64 and older, participating in the 

InCHIANTI study in Tuscany, Italy. The results of the study demonstrated an elevated plasma 

concentration of CML independently associated with chronic kidney disease and the estimated 

glomerular filtration rate (an index of kidney function) at baseline, after three and six years of follow-

up. These findings suggest that the potential adverse effects of AGEs on the kidney are applicable to 

the general population of older community-dwelling adults [39]. In another study of 548 women from 

the Women’s Health and Aging Study I in Baltimore, 51.6% of women had decreased glomerular 

filtration rate, which was associated with increased serum levels of CML and sRAGE. However, more 

follow-up studies on the elderly population are needed to establish if high levels of CML could predict 

decreased in renal function [40]. 

3.4. Alzheimer’s Disease 

Although a definitive etiology for Alzheimer’s disease is unknown, oxidative stress has been 

identified as a primary risk factor for the disease. Both aging itself and the presence of AGEs are 

thought to be risk factors through their role in chemical, pro-oxidant, and inflammatory actions as 

previously described. A comparison of normal control and Alzheimer’s disease patients’ brain tissue 

found higher AGEs and RAGE expressions in age-matched controls [41]. In addition, there is evidence 

that RAGE mediates the blood-brain barrier transport of amyloid peptides in certain situations [42]. A 

recent review has described possible links between Alzheimer’s disease and diabetes, which include 

AGEs, advancing age, as well as oxidative stress and hypercholesterolemia, although exact 

mechanisms and relationships require additional research [43].  

3.5. Diabetes 

Hemoglobin A1c is the most widely recognized early glycation product, and is also used as an 

indicator of blood glucose management in those with diabetes. Hyperglycemia increases the glycation 

process, and is especially apparent in insulin independent tissues such as red blood cells, peripheral 

nerve tissue cells, endothelial cells, eye lens cells, and kidney cells [44]. It is also hypothesized that 

glycation of proteolytic enzymes in diabetes reduces their efficiency, resulting in more build up of 

glycated end products [44]. Not surprisingly, AGEs have also been implicated in delayed wound 

healing associate with diabetes, presumably through vascular, neurological, or intermediary metabolic 

modifications [45]. 
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4. Exogenous Sources of AGEs 

In addition to in vivo production, AGEs can also be found in cigarettes and in foods. The curing of 

tobacco leaves has been proposed as the source for compounds that can readily increase in vivo AGEs. 

Cerami et al. found that glycotoxins from cigarettes are inhaled into the alveoli, and then they are 

transported to blood stream or to lung cells where they can interact with other glycation products and 

contribute with AGEs formation [46].  

4.1. Dietary AGEs 

Heat has been used for treatment of foods to improve their safety, bioavailability and taste. In 

addition to these positive effects, overheating of foods can also provoke protein degradation and other 

deteriorative reactions [47]. Heat treatment in some foods results in promotion of the Maillard 

reaction, which adds desirable flavor, color and aroma. In the food industry, the Maillard reaction has 

been used for caramel production, coffee roasting, and bread baking among others. Some products of 

the Maillard reaction can be added to industrialized products such as sodas and juices among others [48]. 

There is growing evidence that the average Western diet is a plentiful source of exogenous AGEs. The 

AGEs content of a diet depends on the nutrient composition (foods rich in protein and fat have the 

highest content) and on the way food is processed [49,50]. AGEs formation can be rapidly accelerated 

by increasing the time and degree of exposure to heat and can be introduced into the body in 

heat-processed foods [47,49,50]. These findings were demonstrated using an AGE-specific, 

enzyme-linked immunosorbent assay (ELISA), and it was estimated that ≈10% of ingested 

immunoreactive AGEs are transported into circulation, two-thirds of which remain in the body, and are 

incorporated covalently in tissues. Only one third is excreted via the kidneys [51]. 

However, it has been controversial whether dietary AGEs are harmful to human health. One of the 

reasons for this controversy is that, as well as those found in vivo, Maillard reaction products formed in 

foods are heterogeneous and only a few have been characterized. Some of the products formed during 

this intricate reaction are furfurals, pyrralines and dicarbonyl compounds such as methylglyoxal. The 

products formed in the last reaction of this process are known as melanoidins in food science [52]. As 

mentioned before, regardless of the diversity of AGEs, CML has been reported as one of the most 

abundant in vivo and it was one of the first to be characterized in foods (milk and milk products). For 

this reason in most studies CML is chosen as a marker of AGEs in foods and in vivo [53]. 

Studies on the effects of AGEs from foods not only are limited to CML, but also to the melanoidins 

found in bread crust, bakery products and coffee. Some positive and negative effects of melanoidins 

have been studied. Ames et al. found that melanoidins increased the number of anaerobes, clostridia, 

and bifidobacteria in a culture of human fecal bacteria [54]. These results indicate that a mixture of 

melanoidins can stimulate growth of health-beneficial bacteria in the gut. Borrelli et al. found similar 

results showing that melanoidins from bread crust can promote growth of some bifidobacterias strains, 

indicating a possible potential prebiotic effect of bread crust melanoidins. Somoza et al. carried out a 

study in rats fed with malt and bread crust to measure the activity of chemopreventive enzymes such as 

glutathione-S-transferase (GST) and UDP glucuronyl-transferase (UDP-GT) [55]. The activity of GST 

in kidney increased by 18% on the group fed with bread crust, while UDP-GT in liver increased by 27%. 

The authors concluded that diet malt and dietary bread crust increased chemopreventive enzymes in rats.  
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On the other hand, several studies, mostly with CML and MG, have shown that the intake of dietary 

AGEs modifies circulating AGEs levels in human subjects and animals with or without diabetes or 

renal disease. In a study with 90 healthy subjects, Uribarri et al. estimated the amount of AGEs from 

three days food records using a database with the AGEs content of certain foods. They found a 

significant correlation between the ingested AGEs and the plasma levels. A subgroup was exposed to a 

dietary restriction of AGEs and their plasma levels decreased as well. These results are similar to 

previous reports on patients with diabetes and renal failure patients [56]. Those findings support the 

view that the intake of dietary AGEs is an important contributor to the body AGEs pool [56-60]. 

Besides the endogenously formed AGEs, dietary AGEs have also been shown to act as RAGE ligands 

and activate major signal transduction pathways in vitro [11,61,62]. Dietary AGEs, together with those 

made endogenously, could promote a systemic glycoxidant burden, oxidant stress and cell activation, 

which increases vulnerability of target tissues to injury [63,64]. 

4.2. Dietary AGEs Metabolism  

Several studies have focused on understanding the absorption, metabolism and excretion of dietary 

AGEs. Forster et al. carried out a study to try and understand the bioavailability and the kinetics of 

elimination of some Maillard products found on custard, pretzels and brewed coffee. They found that 

pretzel sticks are a rich source of pentosidine and pyrraline. The study was carried out with 18 healthy 

subjects who received specific amounts of these foods on a single day. Urinary excretion of pyrraline 

and pentosidine was measured by chromatographic methods for the following three days. The urinary 

excretion of both Maillard products increased after ingestion and the rate of recovery in urine was 

around 50% for pyrraline and around 60% for pentosidine. However, the metabolic fate of the 

pyrraline and pentosidine is unknown [65]. 

The mechanisms of intestinal absorption of AGEs are not yet well understood. A recent study trying 

to answer this question found that pyrraline is absorbed by the peptide transporter hPEPT1. This study 

is the first one addressing this question and studies on the absorption mechanism for more AGEs are 

needed [66]. 

A few studies about intestinal absorption of different AGEs have been conducted. However, the 

complete extent of absorption of each individual AGE is not well known. As mentioned before, the 

most studied dietary AGEs are CML, pyrraline and pentosidine. Several studies have shown different 

rates of absorption of each of them. However, their metabolic pathways have not been elucidated. 

More studies on this area are needed to understand the impact of dietary AGEs on health and aging. 

5. AGEs in the Elderly 

The serum levels of AGEs are dependant of endogenous production, exogenous intake and renal 

and enzymatic clearance, which together produce transient increases and decreases in serum AGEs 

levels. Several enzymes (glyoxalase I, II and carbonyl reductase) and a receptor (AGER1) have been 

shown to be part of a detoxification and counterregulation system against the prooxidant effects of 

glycation [67,68]. In addition, renal excretion eliminates excess of AGEs production under 

physiological conditions. Some authors have proposed that with aging as well as in some pathological 

conditions there is imbalance in this steady-state. This imbalance can be due to an increased 
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endogenous production, or an increased exogenous intake that, in combination with lower renal AGEs 

clearance, leads to the accumulation of AGEs observed in older population [68,69].  

Uribarri et al. investigated whether AGEs intake correlated with glycotoxin levels, markers of 

inflammation and oxidative stress (OS) comparing older versus younger healthy adults. They studied 

172 healthy volunteers in two groups (18–45 years) and (60–80 years). The CML and MG derivatives 

were higher in the older group. The concentration of AGEs in serum correlated with levels of 

inflammation markers and OS. Additionally, the level of dietary glycotoxins correlated independently 

with CML and MG derivatives, as well as hsCRP. The association found between sCML and the 

homeostasis model assessment (HOMA an instrument to measure insulin sensitivity) levels of normal 

persons could be linked to metabolic processes, which may precede insulin resistance, diabetes 

mellitus, or vascular dysfunction at any age [70]. Vlassara et al. found similar results in a study with 

325 healthy participants and 66 participants with kidney disease (CKD). Serum CML and MG were 

higher in the group of older participants, and serum CML correlated negatively with eGFR and 

positively with age [67]. 

The accumulation of AGEs in tissues may contribute to increased OS, and as a final result, impair 

organ function [16]. Indeed, within the complex the association between OS and aging ovarian 

follicles, AGEs may have an important role as they accumulate over the lifespan [71]. More recent 

work suggests a mechanism for this in that detoxification of an AGEs precursor is significantly 

diminished in older mice, allowing AGEs to increase [72]. Additionally, slowly diminishing renal 

function with age [73] could affect the ability to excrete AGEs. Uribarri et al. suggest this as a possible 

explanation as to why they found high AGE levels in the older group, even though the intake of dietary 

AGEs by the older age group was reduced [70]. More evidence is needed, but these results suggest the 

important role of dietary and circulating AGEs in chronic degenerative diseases, which are more 

prevalent in the elderly. 

6. Strategies for AGEs Reduction  

Some of the strategies studied to lower the extra load of AGEs are reducing dietary AGEs, 

pharmacological treatment and, more recently, exercise.  

6.1. Dietary Restriction of AGEs 

Findings in several intervention studies, both human subjects and animals, indicate that the high 

intake of dietary AGEs contributes to tissue damage that can be prevented by dietary AGEs restriction. 

These intervention studies reduced dietary AGEs by decreasing the heat during the preparation of 

foods [74-79]. Sebekova et al. found that long-term consumption of AGEs in rats leads to a 

dose-dependent increase in proteinuria that overtime could induce renal damage [80]. In addition, the 

high long term consumption of AGEs has also been associated to higher levels of fasting glucose, 

insulin and serum AGEs, as well as increased AGEs localization and RAGE staining in ovarian tissue 

of rats [81]. In studies of mice, reduced dietary AGEs have been found to attenuate insulin resistance, 

increase the prevention of diabetes and, in diabetic mice, reduce diabetic vascular and renal 

complications, and improve impaired wound healing [74-76].  
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Whereas in human studies, Uribarri et al. demonstrated that intake of dietary AGEs by people with 

type 1 and 2 diabetes promotes the formation of pro-inflammatory mediators, leading to tissue 

injury [82]. Patients with uremia, with and without diabetes, in whom the intake of AGEs was reduced, 

showed reduced levels of inflammatory molecules such as TNF-α and high sensitivity C-reactive 

protein (hsCRP) [79]. In another study in patients with type 2 diabetes mellitus, decreasing the intake 

of AGEs for six weeks contributed to decreased levels of circulating AGEs and inflammatory 

markers [60]. The effects of reducing dietary AGEs have also been studied in nondiabetic peritoneal 

dialysis patients, a group that has very high AGE levels, and the results showed significant reduction in 

the levels of AGEs and C-reactive protein [79]. 

6.2. Role of Restriction of Dietary AGEs in Lifespan 

It has been demonstrated that caloric restriction increases lifespan in C. elegans and mice. Several 

centenarian populations have been studied, and they have one thing in common: a lower caloric 

intake [83,84]. It has been postulated that positive outcomes of caloric restriction (CR) in mice could 

be explained in part by a decrease in the intake of AGEs and concomitant decrease of OS [85]. 

To investigate whether a reduction in CR would decrease the AGE intake, and whether this 

decrease could explain the benefits of CR, investigators studied three groups of mice assigned to one 

of three diets (n = 22 per group): CR diet, regular diet; or CR diet high in AGEs [86]. A longer lifespan 

in CR mice versus Reg or CR-high mice (median and maximal survival 13.2% and 6%, respectively) 

was reported. Additionally, survival in CR-high mice was shorter than in Reg mice. There was a 

significant increase of OS in the CR-high group and accelerated aging-related cardiovascular and renal 

disease and a shorter lifespan. In these studies, the high levels of AGEs in the CR-high diet compete 

with the benefits of CR, but the mechanism remained uncertain [86].  

6.3. Exercise and AGEs 

Published reports of research linking exercise and AGEs are sparse. One of the first studies in this 

subject suggested a decrease in levels of AGEs in exercise-trained diabetic rats as compared with 

sedentary diabetic rats. A possible explanation for the decrease is that adaptation to systemic physical 

exercise in diabetic animals affects not only enzyme-regulated metabolism but also non-enzymatic 

processes involving protein glycation. This study was published in Russian, so access was only to the 

abstract. Another study explored whether exercise prevented the age-associated changes in 

non-enzymatic cross-linking of myocardial collagen, and thus may improve cardiac performance in an 

animal model. In this study long-term exercise training appeared to attenuate age-related deteriorations 

in cardiac contractility and myocardial stiffness and was related to decreases in myocardial pathologic 

collagen cross-linking (AGEs cross-linked collagen) in old rats (n = 7) when compared with controls 

(n = 7) [87]. Boor et al. carried out a study in Zucker rats where one group (n = 8) had a training 

program for five weeks and the other group (n = 8) did not perform any exercise. It was found that the 

group with the training protocol had lower levels of CML in plasma, renal cortex and in glomeruli, in 

comparison with the sedentary group [88].  

Few studies have explored the effects of exercise on AGEs on the human model. One of them 

showed the effect of Tai Chi in a healthy Malaysian population older than 45 years. The subjects were 
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randomized either to practice Tai Chi two times per week or to a control group. Measures were taken 

at 0, 6, and 12 months. The subjects in the Tai Chi group had a decrease in concentration of AGEs and 

malondialdehyde MDA (a lipoxidation marker) after 12 months of intervention [89]. In another study, 

researchers reported the acute effect of exercise in subjects with coronary artery disease, finding no 

difference between the levels of RAGE before and after the training session [90]. Recently, Yoshikawa 

recruited seventeen healthy women (30–60 y) who participated in a lifestyle modification protocol for 

three months to measure changes in AGEs. The protocol aimed to increase physical activity among the 

intervention group, which was measured by a pedometer. An education session was given at the 

beginning of the study and participants attended supervised sessions once per week. Levels of CML 

decreased in the treatment group compared to the control group (n = 12) and CML decrease was 

negatively correlated with the number of daily steps [91].  

6.4. Pharmacological Interventions 

Several pharmacological agents have been studied as blockers of AGEs crosslinking or as blockers 

of their actions using cellular, animal and human models: benfotiamine (a B1-like vitamin with higher 

bioavailability), metformin, aminoguanidine, aspirin, and inhibitors of the renin-angiotensin system for 

example. Saha et al. showed that Candersatan, an angiotensin receptor blocker, administered for 

12 weeks reduced levels of CML in the urine of patients with diabetic kidney disease [92]. 

Aminoguanidine, a scavenger of α-dicarbonyl, showed in some studies promising results as an 

inhibitor of AGEs formation. However, a clinical trial carried out in diabetic patients was stopped due 

to safety concerns and lack of efficacy. Patients presented secondary effects that included 

gastrointestinal disturbance, abnormal tests for liver function, and flu-like symptoms [93]. 

Additionally, metformin has shown to decrease circulating AGEs in patients with diabetes, as well as 

decreasing the activity of NFB [94]. In a study of 22 women with polycystic ovary disease (PCOS), 

metformin therapy for six months resulted in a reduction of serum AGEs [95]. In a similar intervention 

with 21 women with PCOS, Orlistat, a lipase inhibitor, reduced serum AGEs after a high AGEs meal 

as compared to 15 women without PCOS by decreasing AGEs absorption [96]. A six month study 

evaluating the effect of calorie restriction and Orlistat found serum AGEs reduction in both the PCOS 

and obese groups, independent of body mass index changes [97]. Some of these agents are in 

preclinical or clinical phase trials, and it could be a long time before any of these treatments emerge as 

effective and safe therapeutic agents to inhibit and counteract AGEs effects. 

7. Limitations of Dietary AGEs Studies 

Formation of AGEs in foods is a complex process involving several reactions and many end 

products. Only a few of them have been characterized and measured in foods. Some of these products 

have fluorescence properties. By taking advantage of this property, some studies have measured AGEs 

using chromatography methods while other studies have measured AGEs by immunohistochemical 

techniques [53,98]. There is as yet no agreement among the different groups studying dietary AGEs as 

to which is the best. Recently Uribarri et al. published a food database with approximately 500 food 

items with CML content using ELISA [49]. This database represents a great tool to asses CML content 
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of the diet of larger populations. However, more extensive research with other methodology is needed 

to validate CML content of this database.  

Intervention studies on the implications of reducing dietary AGEs have been performed mainly in 

patients with renal disease or diabetes. A few studies exploring the short term effects (2–4 weeks) of 

reducing dietary AGEs in healthy subjects have been performed mainly in young population [99,100]. 

Long-term clinical studies with older individuals are needed to determine the health effects of dietary 

AGEs on this population, but the methodological design of long-term studies represents a great 

challenge. One of the difficulties is achieving diets with different dietary AGEs content, but with 

similar content in other nutrients, such as heat-sensitive vitamins. Pouillart et al. demonstrated that 

diets with different dietary AGEs content but similar thiamine, vitamin E and other heat-sensitive 

vitamins content, are challenging but possible [101]. Future intervention studies addressing the impact 

of dietary AGEs will need to include diets with varying AGEs content, adequate content of all nutrients, 

as well as be attractive and tasteful to achieve high compliance during these long-term interventions.  

8. Conclusions  

Although the data are not conclusive, the convergence of data from diverse experimental studies 

suggests an important role of AGEs in healthy aging, as well as chronic disease morbidity. Certainly 

the data are supportive that endogenous AGEs are associated with declining organ functioning. It 

appears that dietary AGEs may also be related. There are no conclusive results about the damaging 

effect of Maillard products from foods, but it appears from several studies that Maillard products 

coming from foods rich in protein and fat are more damaging than Maillard products from bread crust, 

and roasted coffee. Foods rich in protein and fat seem to have a higher content of CML and 

Methylglyoxal; in contrast, bread crust has lower content of these two AGEs. However, characterization 

of AGEs in food and biomarkers of these AGEs require additional research before reaching a conclusion.  

Although many promising pharmacologic anti-AGE therapies exist, their efficacy and safety are 

still under study. Research in this area is in the earliest phase, and a long time could pass before the 

U.S. Food and Drug Administration could approve a drug targeting AGE formation or modification. 

As of today, restriction of dietary intake of AGEs and exercise has been shown to safely reduce 

circulating AGEs, with further reduction in oxidative stress and inflammatory markers. More research 

is needed to support these findings and to incorporate these into recommendations for the 

elderly population. 

Acknowledgements 

The authors would like to acknowledge support from the College of Agricultural, Consumer, and 

Environmental Sciences, University of Illinois, and National Council for Science and Technology of 

Mexico (CONACYT). 

References 

1. Brownlee, M.; Vlassara, H.; Cerami, A. Nonenzimatic glycosilation and the pathogenesis of 

diabetes complications. Ann. Intern. Med. 1984, 101, 527-537. 



Nutrients 2010, 2  

 

 

1259 

2. Ahmed, N. Advanced glycation endproducts—role in pathology of diabetic complications. 

Diabetes Res. Clin. Pract. 2005, 67, 3-21. 

3. Uribarri, J.; Tuttle, K.R. Advanced glycation end products and nephrotoxicity of high-protein 

diets. Clin. J. Am. Soc. Nephrol. 2006, 1, 1293-1299. 

4. Lorenzi, M. The polyol pathway as a mechanism for diabetic retinopathy: Attractive, elusive, and 

resilient. Exp. Diabetes Res. 2007, 2007, 61038. 

5. Ahmed, N.; Thornalley, P.J. Quantitative screening of protein biomarkers of early glycation, 

advanced glycation, oxidation and nitrosation in cellular and extracellular proteins by tandem 

mass spectrometry multiple reaction monitoring. Biochem. Soc. Trans. 2003, 31, 1417-1422. 

6. Oya, T.; Hattori, N.; Mizuno, Y.; Miyata, S.; Maeda, S.; Osawa, T.; Uchida, K. Methylglyoxal 

modification of protein. Chemical and immunochemical characterization of methylglyoxal-arginine 

adducts. J. Biol. Chem. 1999, 274, 18492-18502. 

7. Cho, S.J.; Roman, G.; Yeboah, F.; Konishi, Y. The road to advanced glycation end products: A 

mechanistic perspective. Curr. Med. Chem. 2007, 14, 1653-1671. 

8. Sheetz, M.J.; King, G.L. Molecular understanding of hyperglycemia’s adverse effects for 

diabetic complications. JAMA 2002, 288, 2579-2588. 

9. Kalousova, M.; Skrha, J.; Zima, T. Advanced glycation end-products and advanced oxidation 

protein products in patients with diabetes mellitus. Physiol. Res. 2002, 51, 597-604. 

10. Basta, G.; Schmidt, A.M.; De, C.R. Advanced glycation end products and vascular inflammation: 

Implications for accelerated atherosclerosis in diabetes. Cardiovasc. Res. 2004, 63, 582-592. 

11. Bierhaus, A.; Humpert, P.M.; Morcos, M.; Wendt, T.; Chavakis, T.; Arnold, B.; Stern, D.M.; 

Nawroth, P.P. Understanding RAGE, the receptor for advanced glycation end products. J. Mol. 

Med. 2005, 83, 876-886. 

12. Lukic, I.K.; Humpert, P.M.; Nawroth, P.P.; Bierhaus, A. The RAGE pathway: activation and 

perpetuation in the pathogenesis of diabetic neuropathy. Ann. N. Y. Acad. Sci. 2008, 1126, 76-80. 

13. Basta, G.; Lazzerini, G.; Del, T.S.; Ratto, G.M.; Schmidt, A.M.; De, C.R. At least 2 distinct 

pathways generating reactive oxygen species mediate vascular cell adhesion molecule-1 

induction by advanced glycation end products. Arterioscler. Thromb. Vasc. Biol. 2005, 25,  

1401-1407. 

14. Wautier, M.P.; Chappey, O.; Corda, S.; Stern, D.M.; Schmidt, A.M.; Wautier, J.L. Activation of 

NADPH oxidase by AGE links oxidant stress to altered gene expression via RAGE. Am. J. 

Physiol. Endocrinol. Metab. 2001, 280, E685-E694. 

15. Lin, L.; Park, S.; Lakatta, E.G. RAGE signaling in inflammation and arterial aging. Front. 

Biosci. 2009, 14, 1403-1413. 

16. Bengmark, S. Impact of nutrition on ageing and disease. Curr. Opin. Clin. Nutr. Metab. Care 

2006, 9, 2-7. 

17. Jakus, V.; Rietbrock, N. Advanced glycation end-products and the progress of diabetic vascular 

complications. Physiol. Res. 2004, 53, 131-142. 

18. Schleicher, E.D.; Wagner, E.; Nerlich, A.G. Increased accumulation of the glycoxidation product 

N(epsilon)-(carboxymethyl)lysine in human tissues in diabetes and aging. J. Clin. Invest. 1997, 

99, 457-468. 



Nutrients 2010, 2  

 

 

1260 

19. Shuvaev, V.V.; Laffont, I.; Serot, J.M.; Fujii, J.; Taniguchi, N.; Siest, G. Increased protein 

glycation in cerebrospinal fluid of Alzheimer’s disease. Neurobiol. Aging 2001, 22, 397-402. 

20. Bar, K.J.; Franke, S.; Wenda, B.; Muller, S.; Kientsch-Engel, R.; Stein, G.; Sauer, H. Pentosidine 

and N(epsilon)-(carboxymethyl)-lysine in Alzheimer’s disease and vascular dementia. Neurobiol. 

Aging 2003, 24, 333-338. 

21. Odetti, P.; Rossi, S.; Monacelli, F.; Poggi, A.; Cirnigliaro, M.; Federici, M.; Federici, A. 

Advanced glycation end products and bone loss during aging. Ann. N. Y. Acad. Sci. 2005, 1043, 

710-717. 

22. Sims, T.J.; Rasmussen, L.M.; Oxlund, H.; Bailey, A.J. The role of glycation cross-links in 

diabetic vascular stiffening. Diabetologia 1996, 39, 946-951. 

23. Bucala, R.; Makita, Z.; Vega, G.; Grundy, S.; Koschinsky, T.; Cerami, A.; Vlassara, H. 

Modification of low density lipoprotein by advanced glycation end products contributes to the 

dyslipidemia of diabetes and renal insufficiency. Proc. Natl. Acad. Sci. USA 1994, 91,  

9441-9445. 

24. Zieman, S.; Kass, D. Advanced glycation end product cross-linking: Pathophysiologic role and 

therapeutic target in cardiovascular disease. Congest. Heart Fail. 2004, 10, 144-149. 

25. Klein, R.L.; Laimins, M.; Lopes-Virella, M.F. Isolation, characterization, and metabolism of the 

glycated and nonglycated subfractions of low-density lipoproteins isolated from type I diabetic 

patients and nondiabetic subjects. Diabetes 1995, 44, 1093-1098. 

26. Sobenin, I.A.; Tertov, V.V.; Koschinsky, T.; Bunting, C.E.; Slavina, E.S.; Dedov, I.I.;  

Orekhov, A.N. Modified low density lipoprotein from diabetic patients causes cholesterol 

accumulation in human intimal aortic cells. Atherosclerosis 1993, 100, 41-54. 

27. Aronson, D.; Rayfield, E.J. How hyperglycemia promotes atherosclerosis: Molecular mechanisms. 

Cardiovasc. Diabetol. 2002, 1, 1. 

28. Xu, B.; Chibber, R.; Ruggiero, D.; Kohner, E.; Ritter, J.; Ferro, A. Impairment of vascular 

endothelial nitric oxide synthase activity by advanced glycation end products. FASEB J. 2003, 

17, 1289-1291. 

29. Diamanti-Kandarakis, E.; Lambrinoudaki, I.; Economou, F.; Christou, M.; Piperi, C.; 

Papavassiliou, A.G.; Creatsas, G. Androgens associated with advanced glycation end-products in 

postmenopausal women. Menopause 2010, 17, 1182-1187. 

30. Corman, B.; Duriez, M.; Poitevin, P.; Heudes, D.; Bruneval, P.; Tedgui, A.; Levy, B.I. 

Aminoguanidine prevents age-related arterial stiffening and cardiac hypertrophy. Proc. Natl. 

Acad. Sci. USA 1998, 95, 1301-1306. 

31. Semba, R.D.; Ferrucci, L.; Sun, K.; Beck, J.; Dalal, M.; Varadhan, R.; Walston, J.; Guralnik, J.M.; 

Fried, L.P. Advanced glycation end products and their circulating receptors predict 

cardiovascular disease mortality in older community-dwelling women. Aging Clin. Exp. Res. 

2009, 21, 182-190. 

32. Muscaritoli, M.; Anker, S.D.; Argiles, J.; Aversa, Z.; Bauer, J.M.; Biolo, G.; Boirie, Y.;  

Bosaeus, I.; Cederholm, T.; Costelli, P.; Fearon, K.C.; Laviano, A.; Maggio, M.; Rossi, F.F.; 

Schneider, S.M.; Schols, A.; Sieber, C.C. Consensus definition of sarcopenia, cachexia and 

pre-cachexia: joint document elaborated by Special Interest Groups (SIG) ―cachexia-anorexia in 

chronic wasting diseases‖ and ―nutrition in geriatrics‖. Clin. Nutr. 2010, 29, 154-159. 



Nutrients 2010, 2  

 

 

1261 

33. Janssen, I.; Shepard, D.S.; Katzmarzyk, P.T.; Roubenoff, R. The healthcare costs of sarcopenia in 

the United States. J. Am. Geriatr. Soc. 2004, 52, 80-85. 

34. Perrini, S.; Laviola, L.; Carreira, M.C.; Cignarelli, A.; Natalicchio, A.; Giorgino, F. The 

GH/IGF1 axis and signaling pathways in the muscle and bone: Mechanisms underlying 

age-related skeletal muscle wasting and osteoporosis. J. Endocrinol. 2010, 205, 201-210. 

35. Aagaard, P.; Suetta, C.; Caserotti, P.; Magnusson, S.P.; Kjaer, M. Role of the nervous system in 

sarcopenia and muscle atrophy with aging: Strength training as a countermeasure. Scand. J. Med. 

Sci. Sports 2010, 20, 49-64. 

36. Sakuma, K.; Yamaguchi, A. Molecular mechanisms in aging and current strategies to counteract 

sarcopenia. Curr. Aging Sci. 2010, 3, 90-101. 

37. Haus, J.M.; Carrithers, J.A.; Trappe, S.W.; Trappe, T.A. Collagen, cross-linking, and advanced 

glycation end products in aging human skeletal muscle. J. Appl. Physiol. 2007, 103, 2068-2076. 

38. Dalal, M.; Ferrucci, L.; Sun, K.; Beck, J.; Fried, L.P.; Semba, R.D. Elevated serum advanced 

glycation end products and poor grip strength in older community-dwelling women. J. Gerontol. 

A Biol. Sci. Med. Sci. 2009, 64, 132-137. 

39. Semba, R.D.; Fink, J.C.; Sun, K.; Bandinelli, S.; Guralnik, J.M.; Ferrucci, L. 

Carboxymethyl-lysine, an advanced glycation end product, and decline of renal function in older 

community-dwelling adults. Eur. J. Nutr. 2009, 48, 38-44. 

40. Semba, R.D.; Ferrucci, L.; Fink, J.C.; Sun, K.; Beck, J.; Dalal, M.; Guralnik, J.M.; Fried, L.P. 

Advanced glycation end products and their circulating receptors and level of kidney function in 

older community-dwelling women. Am. J. Kidney Dis. 2009, 53, 51-58. 

41. Cruz-Sanchez, F.F.; Girones, X.; Ortega, A.; Alameda, F.; Lafuente, J.V. Oxidative stress in 

Alzheimer’s disease hippocampus: A topographical study. J. Neurol. Sci. 2010, 299, 163-167. 

42. Candela, P.; Gosselet, F.; Saint-Pol, J.; Sevin, E.; Boucau, M.C.; Boulanger, E.; Cecchelli, R.; 

Fenart, L. Apical-to-Basolateral Transport of Amyloid-beta Peptides through Blood-Brain 

Barrier Cells is Mediated by the Receptor for Advanced Glycation End-Products and is 

Restricted by P-Glycoprotein. J. Alzheimers Dis. 2010, 22, 849-859. 

43. Sims-Robinson, C.; Kim, B.; Rosko, A.; Feldman, E.L. How does diabetes accelerate Alzheimer 

disease pathology? Nat. Rev. Neurol. 2010, 6, 551-559. 

44. Tessier, F.J. The Maillard reaction in the human body. The main discoveries and factors that 

affect glycation. Pathol. Biol. (Paris) 2010, 58, 214-219. 

45. Peppa, M.; Stavroulakis, P.; Raptis, S.A. Advanced glycoxidation products and impaired diabetic 

wound healing. Wound Repair Regen. 2009, 17, 461-472. 

46. Cerami, C.; Founds, H.; Nicholl, I.; Mitsuhashi, T.; Giordano, D.; Vanpatten, S.; Lee, A.; 

Al-Abed, Y.; Vlassara, H.; Bucala, R.; Cerami, A. Tobacco smoke is a source of toxic reactive 

glycation products. Proc. Natl. Acad. Sci. USA 1997, 94, 13915-13920. 

47. Faist, V.; Erbersdobler, H.F. Metabolic transit and in vivo effects of melanoidins and precursor 

compounds deriving from the Maillard reaction. Ann. Nutr. Metab. 2001, 45, 1-12. 

48. O’Brien, J.; Morrissey, P.A. Nutritional and toxicological aspects of the Maillard browning 

reaction in foods. Crit. Rev. Food Sci. Nutr. 1989, 28, 211-248. 



Nutrients 2010, 2  

 

 

1262 

49. Uribarri, J.; Woodruff, S.; Goodman, S.; Cai, W.; Chen, X.; Pyzik, R.; Yong, A.; Striker, G.E.; 

Vlassara, H. Advanced glycation end products in foods and a practical guide to their reduction in 

the diet. J. Am. Diet. Assoc. 2010, 110, 911-916. 

50. Goldberg, T.; Cai, W.; Peppa, M.; Dardaine, V.; Baliga, B.S.; Uribarri, J.; Vlassara, H. Advanced 

glycoxidation end products in commonly consumed foods. J. Am. Diet. Assoc. 2004, 104,  

1287-1291. 

51. Koschinsky, T.; He, C.J.; Mitsuhashi, T.; Bucala, R.; Liu, C.; Buenting, C.; Heitmann, K.; 

Vlassara, H. Orally absorbed reactive glycation products (glycotoxins): An environmental risk 

factor in diabetic nephropathy. Proc. Natl. Acad. Sci. USA 1997, 94, 6474-6479. 

52. Zhang, Q.; Ames, J.M.; Smith, R.D.; Baynes, J.W.; Metz, T.O. A perspective on the Maillard 

reaction and the analysis of protein glycation by mass spectrometry: probing the pathogenesis of 

chronic disease. J. Proteome Res. 2009, 8, 754-769. 

53. Ames, J.M. Determination of N epsilon-(carboxymethyl)lysine in foods and related systems. 

Ann. N. Y. Acad. Sci. 2008, 1126, 20-24. 

54. Ames, J.M.; Wynne, A.; Hofmann, A.; Plos, S.; Gibson, G.R. The effect of a model melanoidin 

mixture on faecal bacterial populations in vitro. Br. J. Nutr. 1999, 82, 489-495. 

55. Somoza, V.; Wenzel, E.; Lindenmeier, M.; Grothe, D.; Erbersdobler, H.F.; Hofmann, T. 

Influence of feeding malt, bread crust, and a pronylated protein on the activity of 

chemopreventive enzymes and antioxidative defense parameters in vivo. J. Agric. Food Chem. 

2005, 53, 8176-8182. 

56. Uribarri, J.; Cai, W.; Sandu, O.; Peppa, M.; Goldberg, T.; Vlassara, H. Diet-derived advanced 

glycation end products are major contributors to the body’s AGE pool and induce inflammation 

in healthy subjects. Ann. N. Y. Acad. Sci. 2005, 1043, 461-466. 

57. He, C.; Sabol, J.; Mitsuhashi, T.; Vlassara, H. Dietary glycotoxins: Inhibition of reactive 

products by aminoguanidine facilitates renal clearance and reduces tissue sequestration. Diabetes 

1999, 48, 1308-1315. 

58. Sebekova, K.; Krajcoviova-Kudlackova, M.; Schinzel, R.; Faist, V.; Klvanova, J.; Heidland, A. 

Plasma levels of advanced glycation end products in healthy, long-term vegetarians and subjects 

on a western mixed diet. Eur. J. Nutr. 2001, 40, 275-281. 

59. Uribarri, J.; Peppa, M.; Cai, W.; Goldberg, T.; Lu, M.; Baliga, S.; Vassalotti, J.A.; Vlassara, H. 

Dietary glycotoxins correlate with circulating advanced glycation end product levels in renal 

failure patients. Am. J. Kidney Dis. 2003, 42, 532-538. 

60. Vlassara, H.; Cai, W.; Crandall, J.; Goldberg, T.; Oberstein, R.; Dardaine, V.; Peppa, M.; 

Rayfield, E.J. Inflammatory mediators are induced by dietary glycotoxins, a major risk factor for 

diabetic angiopathy. Proc. Natl. Acad. Sci. USA 2002, 99, 15596-15601. 

61. Somoza, V.; Lindenmeier, M.; Hofmann, T.; Frank, O.; Erbersdobler, H.F.; Baynes, J.W.; 

Thorpe, S.R.; Heidland, A.; Zill, H.; Bek, S.; Huber, J.; Weigle, T.; Scheidler, S.; Busch, A.E.; 

Sebekova, K. Dietary bread crust advanced glycation end products bind to the receptor for AGEs 

in HEK-293 kidney cells but are rapidly excreted after oral administration to healthy and 

subtotally nephrectomized rats. Ann. N. Y. Acad. Sci. 2005, 1043, 492-500. 



Nutrients 2010, 2  

 

 

1263 

62. Zill, H.; Bek, S.; Hofmann, T.; Huber, J.; Frank, O.; Lindenmeier, M.; Weigle, B.;  

Erbersdobler, H.F.; Scheidler, S.; Busch, A.E.; Faist, V. RAGE-mediated MAPK activation by 

food-derived AGE and non-AGE products. Biochem. Biophys. Res. Commun. 2003, 300, 311-315. 

63. Cai, W.; Gao, Q.D.; Zhu, L.; Peppa, M.; He, C.; Vlassara, H. Oxidative stress-inducing carbonyl 

compounds from common foods: Novel mediators of cellular dysfunction. Mol. Med. 2002, 8, 

337-346. 

64. Cai, W.; He, J.C.; Zhu, L.; Peppa, M.; Lu, C.; Uribarri, J.; Vlassara, H. High levels of dietary 

advanced glycation end products transform low-density lipoprotein into a potent redox-sensitive 

mitogen-activated protein kinase stimulant in diabetic patients. Circulation 2004, 110, 285-291. 

65. Forster, A.; Kuhne, Y.; Henle, T. Studies on absorption and elimination of dietary maillard 

reaction products. Ann. N. Y. Acad. Sci. 2005, 1043, 474-481. 

66. Geissler, S.; Hellwig, M.; Zwarg, M.; Markwardt, F.; Henle, T.; Brandsch, M. Transport of the 

advanced glycation end products alanylpyrraline and pyrralylalanine by the human 

proton-coupled peptide transporter hPEPT1. J. Agric. Food Chem. 2010, 58, 2543-2547. 

67. Vlassara, H.; Cai, W.; Goodman, S.; Pyzik, R.; Yong, A.; Chen, X.; Zhu, L.; Neade, T.; Beeri, M.; 

Silverman, J.M.; Ferrucci, L.; Tansman, L.; Striker, G.E.; Uribarri, J. Protection against loss of 

innate defenses in adulthood by low advanced glycation end products (AGE) intake: Role of the 

antiinflammatory AGE receptor-1. J. Clin. Endocrinol. Metab. 2009, 94, 4483-4491. 

68. Vlassara, H.; Striker, G. Glycotoxins in the diet promote diabetes and diabetic complications. 

Curr. Diab. Rep. 2007, 7, 235-241. 

69. Peppa, M.; Uribarri, J.; Vlassara, H. Aging and glycoxidant stress. Hormones (Athens) 2008, 7, 

123-132. 

70. Uribarri, J.; Cai, W.; Peppa, M.; Goodman, S.; Ferrucci, L.; Striker, G.; Vlassara, H. Circulating 

glycotoxins and dietary advanced glycation endproducts: two links to inflammatory response, 

oxidative stress, and aging. J. Gerontol. A Biol. Sci. Med. Sci. 2007, 62, 427-433. 

71. Tatone, C.; Amicarelli, F.; Carbone, M.C.; Monteleone, P.; Caserta, D.; Marci, R.; Artini, P.G.; 

Piomboni, P.; Focarelli, R. Cellular and molecular aspects of ovarian follicle ageing. Hum. 

Reprod. Update 2008, 14, 131-142. 

72. Tatone, C.; Carbone, M.C.; Campanella, G.; Festuccia, C.; Artini, P.G.; Talesa, V.; Focarelli, R.; 

Amicarelli, F. Female reproductive dysfunction during ageing: role of methylglyoxal in the 

formation of advanced glycation endproducts in ovaries of reproductively-aged mice. J. Biol. 

Regul. Homeost. Agents 2010, 24, 63-72. 

73. Lindeman, R.D. Overview: Renal physiology and pathophysiology of aging. Am. J. Kidney Dis. 

1990, 16, 275-282. 

74. Hofmann, S.M.; Dong, H.J.; Li, Z.; Cai, W.; Altomonte, J.; Thung, S.N.; Zeng, F.; Fisher, E.A.; 

Vlassara, H. Improved insulin sensitivity is associated with restricted intake of dietary 

glycoxidation products in the db/db mouse. Diabetes 2002, 51, 2082-2089. 

75. Zheng, F.; He, C.; Cai, W.; Hattori, M.; Steffes, M.; Vlassara, H. Prevention of diabetic 

nephropathy in mice by a diet low in glycoxidation products. Diabetes Metab. Res. Rev. 2002, 

18, 224-237. 



Nutrients 2010, 2  

 

 

1264 

76. Peppa, M.; He, C.; Hattori, M.; McEvoy, R.; Zheng, F.; Vlassara, H. Fetal or neonatal 

low-glycotoxin environment prevents autoimmune diabetes in NOD mice. Diabetes 2003, 52, 

1441-1448. 

77. Peppa, M.; Brem, H.; Ehrlich, P.; Zhang, J.G.; Cai, W.; Li, Z.; Croitoru, A.; Thung, S.;  

Vlassara, H. Adverse effects of dietary glycotoxins on wound healing in genetically diabetic 

mice. Diabetes 2003, 52, 2805-2813. 

78. Feng, J.X.; Hou, F.F.; Liang, M.; Wang, G.B.; Zhang, X.; Li, H.Y.; Xie, D.; Tian, J.W.; Liu, Z.Q. 

Restricted intake of dietary advanced glycation end products retards renal progression in the 

remnant kidney model. Kidney Int. 2007, 71, 901-911. 

79. Uribarri, J.; Peppa, M.; Cai, W.; Goldberg, T.; Lu, M.; He, C.; Vlassara, H. Restriction of dietary 

glycotoxins reduces excessive advanced glycation end products in renal failure patients. J. Am. 

Soc. Nephrol. 2003, 14, 728-731. 

80. Sebekova, K.; Hofmann, T.; Boor, P.; Sebekova, K., Jr.; Ulicna, O.; Erbersdobler, H.F.;  

Baynes, J.W.; Thorpe, S.R.; Heidland, A.; Somoza, V. Renal effects of oral maillard reaction 

product load in the form of bread crusts in healthy and subtotally nephrectomized rats. Ann. N. Y. 

Acad. Sci. 2005, 1043, 482-491. 

81. Diamanti-Kandarakis, E.; Piperi, C.; Korkolopoulou, P.; Kandaraki, E.; Levidou, G.; Papalois, A.; 

Patsouris, E.; Papavassiliou, A.G. Accumulation of dietary glycotoxins in the reproductive 

system of normal female rats. J. Mol. Med. 2007, 85, 1413-1420. 

82. Uribarri, J.; Stirban, A.; Sander, D.; Cai, W.; Negrean, M.; Buenting, C.E.; Koschinsky, T.; 

Vlassara, H. Single oral challenge by advanced glycation end products acutely impairs 

endothelial function in diabetic and nondiabetic subjects. Diabetes Care 2007, 30, 2579-2582. 

83. Lakowski, B.; Hekimi, S. The genetics of caloric restriction in Caenorhabditis elegans. Proc. 

Natl. Acad. Sci. USA 1998, 95, 13091-13096. 

84. Shimokawa, I.; Chiba, T.; Yamaza, H.; Komatsu, T. Longevity genes: Insights from calorie 

restriction and genetic longevity models. Mol. Cells 2008, 26, 427-435. 

85. Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Wallenstein, S.; Striker, G.E.; Vlassara, H. Reduced 

oxidant stress and extended lifespan in mice exposed to a low glycotoxin diet: Association with 

increased AGER1 expression. Am. J. Pathol. 2007, 170, 1893-1902. 

86. Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Zheng, F.; Striker, G.E.; Vlassara, H. Oral glycotoxins 

determine the effects of calorie restriction on oxidant stress, age-related diseases, and lifespan. 

Am. J. Pathol. 2008, 173, 327-336. 

87. Choi, S.Y.; Chang, H.J.; Choi, S.I.; Kim, K.I.; Cho, Y.S.; Youn, T.J.; Chung, W.Y.; Chae, I.H.; 

Choi, D.J.; Kim, H.S.; Kim, C.H.; Oh, B.H.; Kim, M.H. Long-term exercise training attenuates 

age-related diastolic dysfunction: association of myocardial collagen cross-linking. J. Korean 

Med. Sci. 2009, 24, 32-39. 

88. Boor, P.; Celec, P.; Behuliak, M.; Grancic, P.; Kebis, A.; Kukan, M.; Pronayova, N.; Liptaj, T.; 

Ostendorf, T.; Sebekova, K. Regular moderate exercise reduces advanced glycation and 

ameliorates early diabetic nephropathy in obese Zucker rats. Metabolism 2009, 58, 1669-1677. 

89. Goon, J.A.; Aini, A.H.; Musalmah, M.; Anum, M.Y.; Nazaimoon, W.M.; Ngah, W.Z. Effect of 

Tai Chi exercise on DNA damage, antioxidant enzymes, and oxidative stress in middle-age 

adults. J. Phys. Act. Health 2009, 6, 43-54. 



Nutrients 2010, 2  

 

 

1265 

90. Danzig, V.; Mikova, B.; Kuchynka, P.; Benakova, H.; Zima, T.; Kittnar, O.; Skrha, J.; Linhart, A.; 

Kalousova, M. Levels of circulating biomarkers at rest and after exercise in coronary artery 

disease patients. Physiol. Res. 2010, 59, 385-392. 

91. Yoshikawa, T.; Miyazaki, A.; Fujimoto, S. Decrease in serum levels of advanced glycation 

end-products by short-term lifestyle modification in non-diabetic middle-aged females. Med. Sci. 

Monit. 2009, 15, H65-H73. 

92. Saha, S.A.; Lasalle, B.K.; Clifton, G.D.; Short, R.A.; Tuttle, K.R. Modulation of Advanced 

Glycation End Products by Candesartan in Patients with Diabetic Kidney Disease—A 

Dose-Response Relationship Study. Am. J. Ther. 2010, 17, 553-558. 

93. Thornalley, P.J. Use of aminoguanidine (Pimagedine) to prevent the formation of advanced 

glycation endproducts. Arch. Biochem. Biophys. 2003, 419, 31-40. 

94. Isoda, K.; Young, J.L.; Zirlik, A.; MacFarlane, L.A.; Tsuboi, N.; Gerdes, N.; Schonbeck, U.; 

Libby, P. Metformin inhibits proinflammatory responses and nuclear factor-kappaB in human 

vascular wall cells. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 611-617. 

95. Diamanti-Kandarakis, E.; Alexandraki, K.; Piperi, C.; Aessopos, A.; Paterakis, T.; Katsikis, I.; 

Panidis, D. Effect of metformin administration on plasma advanced glycation end product levels 

in women with polycystic ovary syndrome. Metabolism 2007, 56, 129-134. 

96. Diamanti-Kandarakis, E.; Piperi, C.; Alexandraki, K.; Katsilambros, N.; Kouroupi, E.;  

Papailiou, J.; Lazaridis, S.; Koulouri, E.; Kandarakis, H.A.; Douzinas, E.E.; Creatsas, G.; 

Kalofoutis, A. Short-term effect of orlistat on dietary glycotoxins in healthy women and women 

with polycystic ovary syndrome. Metabolism 2006, 55, 494-500. 

97. Diamanti-Kandarakis, E.; Katsikis, I.; Piperi, C.; Alexandraki, K.; Panidis, D. Effect of long-term 

orlistat treatment on serum levels of advanced glycation end-products in women with polycystic 

ovary syndrome. Clin. Endocrinol. (Oxf.) 2007, 66, 103-109. 

98. Matiacevich, S.B.; Santagapita, P.R.; Buera, M.P. Fluorescence from the maillard reaction and its 

potential applications in food science. Crit. Rev. Food Sci. Nutr. 2005, 45, 483-495. 

99. Birlouez-Aragon, I.; Saavedra, G.; Tessier, F.J.; Galinier, A.; Ait-Ameur, L.; Lacoste, F.; 

Niamba, C.N.; Alt, N.; Somoza, V.; Lecerf, J.M. A diet based on high-heat-treated foods 

promotes risk factors for diabetes mellitus and cardiovascular diseases. Am. J. Clin. Nutr. 2010, 

91, 1220-1226. 

100. Garcia, M.M.; Seiquer, I.; Delgado-Andrade, C.; Galdo, G.; Navarro, M.P. Intake of Maillard 

reaction products reduces iron bioavailability in male adolescents. Mol. Nutr. Food Res. 2009, 

53, 1551-1560. 

101. Pouillart, P.; Mauprivez, H.; Ait-Ameur, L.; Cayzeele, A.; Lecerf, J.M.; Tessier, F.J.; 

Birlouez-Aragon, I. Strategy for the study of the health impact of dietary Maillard products in 

clinical studies: The example of the ICARE clinical study on healthy adults. Ann. N. Y. Acad. Sci. 

2008, 1126, 173-176. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


