
that result in the formation of irreversibly bound moieties 
known as AGEs that (among others) include N  ε  -
(carboxymethyl)lysine (CML), pentosidine (a fl uorescent 
crosslinker AGE), other fl uorescent AGEs, and protein 
crosslinks [3]. 

 Apart from the endogenous biological processes, AGEs 
are also derived from exogenous sources that mostly relate 
to heat-processed AGE-rich diet [4]. A major marker for 
AGEs in food analyses is CML that is generated by the 
oxidative cleavage of Amadori products and is an impor-
tant biological marker of oxidative stress  in vivo  [5]. The 
CML content in the same food can vary signifi cantly as a 
result of diff erent conditions and temperature of process-
ing. Food that is eaten raw or processed at lower tem-
peratures has low CML content, whereas foods with high 
lipid and protein content prepared at high temperatures 
are characterised by increased CML content [6]. Other 
AGE-related chemical entities such as methylglyoxal (an 
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  Abstract 
 Advanced glycation end-products (AGEs) are a heterogeneous group of compounds formed by the Maillard chemical process of non-
enzymatic glycation of free amino groups of proteins, lipids and nucleic acids. This chemical modifi cation of biomolecules is triggered by 
endogeneous hyperglycaemic or oxidative stress-related processes. Additionally, AGEs can derive from exogenous, mostly diet-related, 
sources. Considering that AGE accumulation in tissues correlates with ageing and is a hallmark in several age-related diseases it is not 
surprising that the role of AGEs in ageing and pathology has become increasingly evident. The receptor for AGEs (RAGE) is a single 
transmembrane protein being expressed in a wide variety of human cells. RAGE binds a broad repertoire of extracellular ligands and medi-
ates responses to stress conditions by activating multiple signal transduction pathways being mostly responsible for acute and/or chronic 
infl ammation. RAGE activation has been implicated in ageing as well as in a number of age-related diseases, including atherosclerosis, 
neurodegeneration, arthritis, stoke, diabetes and cancer. Here we present a synopsis of fi ndings that relate to AGEs-reported implication 
in cell signalling pathways and ageing, as well as in pathology. Potential implications and opportunities for translational research and the 
development of new therapies are also discussed.  
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  Abbreviations:   AD  ,   Alzheimer ’ s disease; AP-1  ,   Activator Protein 1; AGEs  ,   Advanced Glycation End-products; AGER1  ,   AGE advanced 
glycation receptor 1; CML  ,   N  ε  -(Carboxymethyl)lysine; CRP  ,   C-reactive protein; ERK  ,   extracellular signal-regulated kinase; ECM  , 
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AGEs; ROS  ,   reactive oxygen species; STAT  ,   Signal Transducer and Activator of Transcription; TNF- α   ,   tumour necrosis factor- α ; TGF- β   , 
  Transforming Growth Factor-beta; VEGF  ,   vascular endothelial growth factor   

  Introduction — chemistry and sources of AGEs 

 Advanced Glycation End-Products (AGEs) are a hetero-
geneous group of compounds formed by the Maillard 
chemical process, which refers to a non-enzymatic glyca-
tion of free amino groups of proteins, lipids, and nucleic 
acids, mostly, by reducing sugars and reactive aldehydes 
[1,2]. Although the  “ Maillard ”  reaction was initially stud-
ied in food chemistry [2], it was later realised that it also 
occurs slowly in biological systems  in vivo  where it con-
tributes to some of the tissue modifi cations that take place 
during ageing and in various pathologies [1]. In biological 
systems, the process of AGE formation begins under 
hyperglycaemic and/or oxidative stress conditions and is 
marked by the conversion of reversibly formed Schiff -base 
adducts to covalently bound Amadori rearrangement 
products. In cases of sustained stress, these Amadori prod-
ucts undergo further rearrangement chemical reactions 
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intermediate product of the Maillard reaction) are also 
derived from food and are very reactive as they can read-
ily modify lysine or arginine residues of proteins [7]. 
Glucose-containing infusion and dialysis fl uids may con-
tain glucose degradation products, such as 3-deoxy-
glucosone which, besides being directly toxic, are direct 
promoters of AGEs formation [8]; glucose degradation 
products are generated mostly upon heat sterilisation. Ini-
tially, the potential biological role of the exogenous AGEs 
was ignored as it was assumed that they undergo negli-
gible gastrointestinal (GI) absorption. However, it soon 
became evident that diet-derived AGEs increase the tissue 
levels of AGEs and contribute to increased oxidative 
stress [9]. They also induce infl ammatory processes and 
correlate with age-related diseases [4]. 

 Herein, we will present a synopsis of fi ndings that 
relate to molecular eff ects induced by AGEs and their 
plasma membrane binding receptors, in cell signalling 
pathways, ageing, and pathology. Also, potential implica-
tions and opportunities for translational research and the 
development of new therapies in relation to AGEs biology 
will be discussed.   

 Eff ects of AGEs on cell signalling pathways 

 Following cloning of the AGE receptor [10], it became 
evident that AGEs activate a number of downstream 
signalling pathways which relate to increased oxidative 
stress and/or acute or chronic infl ammation. These path-
ways often converge to nuclear factor-kappa beta (NF- κ B) 
activation (Figure 1) and correlate with localised tissue 
damage [11]. The plasma membrane receptor for AGEs 
(RAGE) is highly expressed in immune cells, neurons, 
skeletal cells, muscle, lung, and heart, and it is a single 
transmembrane multiligand receptor of the immuno-
globulin superfamily that can initiate signalling by binding 
to distinct proinfl ammatory ligands [12]. This multiligand 
receptor has one V (involved in most ligands binding) and 
two C type extracellular domains; a transmembrane 
domain and a cytoplasmic tail involved in cellular signal-
ling [13]. Binding ligands to RAGE, apart from AGEs, 
include CML, amyloid- β  peptide, members of the S100 
protein family, proteins of the high mobility group box-1 
(HMGB1) and prions [12]. Additional infl ammatory 
mediators that are induced through AGEs-mediated acti-
vation of RAGE and downstream signalling are tumour 
necrosis factor- α  (TNF- α ), interleukin-6 and C-reactive 
protein (CRP) [14]. It is not thus surprising that RAGE 
has been implicated in ageing, as well as in a number of 
pathological conditions, including atherosclerosis, arthri-
tis, metabolic syndromes, stroke, neurodegeneration and 
cancer [14]. 

 As the RAGE promoter contains sites for NF- κ B bind-
ing, it seems that there is a positive feedback loop that 
results in increased RAGE expression thereby prolonging 
NF-kB activity [15]. This might explain, at least in 
part, why RAGE is expressed in low levels in most normal 
adult tissues and increases under stress and pathological 

conditions [16]. Transduction of signalling from RAGE 
seems also to relate to ligand-mediated formation of 
RAGE oligomers indicating that diff erent adaptor proteins 
(e.g. TIRAP) can be recruited [17]. 

 In more recent studies it was shown that extracellular 
signal-regulated kinase (ERK)1/2 and Akt signalling 
pathways are involved in AGE-induced autophagy in 
rat vascular smooth muscle cells [18] and that Ghrelin-
inhibited AGE-induced apoptosis in human endothelial 
cells by involving ERK1/2 and phosphoinositide 3-kinase/
Akt pathways [19]. Moreover, AGEs increase migration 
and infl ammatory responses of adventitial fi broblasts via 
RAGE, mitogen-activated protein kinases and NF- κ B 
pathways [20] and promoted apoptosis in fi broblasts 
through activation of reactive oxygen species (ROS), 
MAPK and the forkhead box O1 (FOXO1) transcription 
factor [21]. Additionally, AGE (including CML) binding 
to RAGE has been found to stimulate vascular endothelial 
growth factor (VEGF) overexpression in retinal pericytes 
[22] and mesangial Transforming Growth Factor-beta 
(TGF- β )-Smad signalling via an angiotensin II type I recep-
tor interaction [23]. Finally, studies in four generations of 

  Figure 1.     Main signalling pathways known to be induced by AGEs 
binding to RAGE; other RAGE binding ligands include HMGB1 
and S100 proteins. At gene expression level, infl ammatory responses 
are mostly mediated by the transcription factors STAT3, NF- κ B and 
Activator Protein 1 (AP-1), although AGEs may also activate Insulin 
Receptor, TGF- β , VEGF and FOXO1 signalling (not shown here). 
Additionally, binding of AGEs on RAGE activates JAK2 which 
induces the phosphorylation of STAT1. Then, homodimerised 
phosphorylated STAT1, together with IFN regulatory factor-1 
(IRF-1), binds to genomic regions of target genes. In a counteracting 
eff ect, binding of AGEs to AGER1, or to soluble forms of RAGE 
suppresses oxidative stress, Ras signalling and infl ammation.  
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C57BL6 mice fed isocaloric diets with or without AGEs 
showed that feeding with AGEs promoted a pro-infl amma-
tory phenotype associated with increased adiposity and pre-
mature insulin resistance [24]. Interestingly, exogenously 
added bovine serum albumin-AGE and lysozyme-AGE 
preparations in human skin fi broblasts apart from similar 
eff ects in gene expression patterns also introduced prepara-
tion-specifi c gene expression signatures indicating the exis-
tence of diff erent receptor-mediated transmission pathways 
that are activated by these two diff erent preparations [25]. 

 Little is known about the proximal signalling events 
after AGEs binding to RAGE, but it seems that following 
ligand binding to RAGE, an induction of ROS, occurs that 
increases infl ammation through various signalling path-
ways [22,26] (Figure 1). It has been found that the mito-
chondrial electron transport chain and nicotinamide 
adenine dinucleotide phosphate oxidase pathway partici-
pate in RAGE-activation related oxidative stress [27,28]. 

 Apart from RAGE, AGEs can also bind to additional 
receptors such as the AGE advanced glycation receptor 1 
(AGER1). AGER1 counteracts RAGE activation signal-
ling (Figure 1) resulting in decreased oxidative stress [29]. 
It was found that stimulation of HEK293 cells with AGEs 
or CML increased phosphorylation of Akt by approxi-
mately three-fold in a redox-dependent manner. The use 
of p66 shc  mutants showed that the AGE-induced eff ects 
required Ser-36 phosphorylation of p66 shc . These pro-
oxidant responses were suppressed in AGER1 overex-
pressing cells and reappeared when AGER1 expression 
was reduced by small interfering RNA [30]. Additional 
receptors that bind AGEs include macrophage class A and 
B scavenger receptors, lectin-like oxidised low-density 
lipoprotein receptor-1 (LOX-1), megalin, toll-like recep-
tors and some other scavenger receptors [31]. Macrophage 
class A scavenger receptors endocytose soluble AGE-
modifi ed proteins and modifi ed LDL, and are involved in 
adhesion of macrophages with extracellular matrix (ECM) 
by recognising AGE-collagen, while LOX-1 was found to 
interact with oxidised LDL and AGE-modifi ed proteins 
[32]. On the other hand megalin is involved in re-absorp-
tion of native fi ltered proteins but also in endocytosis of 
AGE-modifi ed proteins [33], while Toll-like receptors 
participate in innate immune defences and their activation 
is achieved by diff erent molecules shearing similar three-
dimensional pattern [34]. It is worth noting that apart from 
AGER1, AGEs-RAGE signalling can be also suppressed 
by the existence of several diff erent molecular forms of 
RAGE that are formed via alternative gene splicing and 
post-translational proteolysis of full-length RAGE [35,36]. 
Soluble RAGE forms (Figure 1) are known as  ‘ decoy 
receptors ’  since by interacting with RAGE deleterious 
ligands they diminish signalling that leads to infl ammation 
and RAGE-mediated pathogenesis [37,38].   

 Contribution of AGEs to ageing and pathophysiology 

 Ageing refers to a multi-factorial process that is modulated 
by the interplay among environmental and genetic factors 

and it aff ects all tissues and organs of the body [39,40]. 
The major processes that contribute to ageing and to the 
emergence of age-related diseases are the accumulation of 
macromolecular damage, aberrant signalling and chronic 
infl ammation [41 – 44]. In relation to AGEs it has been 
shown that ageing correlates with high rates of AGEs for-
mation and accumulation [45] and that AGE accumulation 
is in fact a reliable biomarker of  in vivo  ageing [46]. 

 The amount of AGEs inside a cell and tissue refl ects 
the extent of equilibrium between the rates of their 
formation and clearance. The rate of AGE formation 
depends on the amount of ROS and reducing sugars, while 
cathepsins D and L seem to represent two of the major 
enzymes involved in the degradation of AGEs at intra-
cellular compartments [47,48]. Also, high amounts of 
intracellular AGEs inhibit both the proteasomal and lyso-
somal pathways [49] and activate immunoproteasomes via 
the involvement of RAGE and Janus kinase 2 (JAK2)/
Signal Transducer and Activator of Transcription 1 
(STAT1) signalling [50] (Figure 1). Noteworthy, the con-
centration of immunoproteasome is higher in aged cells 
[51] and the permanent presence of AGEs might be a 
potential reason for that. 

 There are two pathways recognised to participate in 
AGE contribution to ageing and age-related disorders. The 
fi rst pathway includes AGE receptors whose activation 
induces complex intracellular reactions mainly related to 
stress and infl ammatory processes (see above). At the 
other pathway, AGE-modifi ed proteins (e.g. haemoglobin, 
albumin or collagen) have altered structure that leads to 
modifi ed conformation and physico-chemical characteris-
tics, aggregation and, most importantly, altered reactivity. 
For example, modifi ed glycated haemoglobin (an inter-
mediate in the production of AGEs; see also below) has 
an increased affi  nity for oxygen compared to non-modifi ed 
haemoglobin; this characteristic was found to worsen 
the exercise capacity of diabetic patients [52]. An AGE-
albumin has altered affi  nity for many ligands, including 
hormones, vitamins, fatty acids, metal ions and pharma-
ceuticals, but due to the abundance of albumin and its 
fast turnover, the eff ect of the modifi ed fraction of albumin 
is seemingly not pathologically signifi cant [53]. AGE-
collagen molecules on the other hand have a very slow 
turnover and they form crosslinks that participate in 
vascular stiff ening and circulatory complications [54]. 

 As half-lives of soluble proteins are in general shorter 
than half-lives of structural proteins (which are mainly 
aff ected by AGEs) the eff ects of their modifi cations may 
be limited. However, we assume that under conditions of 
sustained AGE accumulation the AGE-related modifi ca-
tions at even short-lived proteins and the downstream 
eff ects in related signalling pathways (e.g. via RAGE) may 
be signifi cant [14]. In addition, AGEs contribute in the 
generation of new antigenic determinants and thus, oxida-
tive post-translational modifi cations of biomolecules are 
assumed to be part of the aetiology of age-related auto-
immune disorders [55,56]. Native non-immunogenic self 
proteins may be modifi ed in the backbone or have altered 
charge and/or conformation after modifi cation by AGEs, 
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resulting in a  ‘ new ’  protein pattern, no longer recognised 
as self. These non-recognisable epitopes or structures 
may elicit autoimmune responses where the resultant anti-
bodies interact with self-molecules resulting in the forma-
tion of immune complexes. Phagocytic cells then can 
bind to immune complexes, activating the mechanism of 
infl ammation. 

 AGEs- and RAGE-mediated ROS production are 
involved in vascular ageing. Proteins of the extracellular 
matrix and vascular basement membrane have longer half-
lives and they thus accumulate AGEs to a greater extent 
[54]. Cross-linking of collagen and other proteins by 
AGEs in the arteries increased the stiff ness of the vascu-
lature as they aff ected the mechanical properties of the 
modifi ed (mostly long-lived) proteins [57]. Also, higher 
levels of AGEs have been found in erythrocytes during 
ageing contributing to alterations in their deformability 
[58] as well as in the neurons of the aged human brain 
[59]. Similarly, the amount of AGEs increase in the lens 
and the retina during ageing, and major structural proteins 
of the lens (like crystallins) are susceptible to glycation 
and AGE cross-linking [60]. Furthermore, in skin fi bro-
blasts from aged human donors, an enhanced accumula-
tion of AGE-modifi ed vimentin was observed [61]. 
Reportedly, the modifi cation of vimentin was site specifi c 
and although it was not directly demonstrated that the 
observed phenotypic eff ects were due to an AGE-related 
major impact on the function of the protein, fi broblasts 
with increased content of AGE-vimentin exhibited reduced 
contractile capacity, aff ecting tissue reorganisation and 
repair [61]. Older adults have increased cross-linking of 
collagen and deposition of AGEs in skeletal muscle and 
these fi ndings were correlated with increased muscle stiff -
ness [62]. AGEs may also aff ect sarcopenia through 
upregulation of infl ammation and endothelial dysfunction 
in the microcirculation of skeletal muscle [63]. Finally, 
serum AGEs are signifi cantly higher in patients with 
osteoporosis compared with those of healthy controls [64] 
and it has been shown that AGEs contribute to disturbed 
bone modelling and deterioration of bone tissue quality 
[65], as well as that the levels of AGE in the bone correlate 
positively with age and associate negatively with bone 
density and mineralisation [66,67].  

 AGEs in pathophysiology 

 The most signifi cant eff ects of AGE-induced protein alter-
ations have been observed in patients with diabetes who 
reportedly have higher serum AGE concentrations com-
pared with those of healthy controls [68,69]. Due to AGE 
accumulation in hyperglycaemia, AGEs are formed at an 
accelerated rate in poorly controlled diabetics compared 
to those of non-diabetics and many of the pathologies of 
diabetes correlate with increased AGEs, including renal 
and retinal disease, atherosclerosis, poor glycaemic con-
trol and microangiopathy [68 – 72]. AGEs (particularly 
AGEs peptides) are mostly disposed in the kidney, this 
organ is also a major site for accumulation of AGEs and 
AGE-associated damage [73,74], and it has been found 

that AGEs concentration in the plasma associates with 
impaired renal function in a model of acute renal failure 
in rats [74] or in non-diabetic adults [75]. For years 
the glycated haemoglobin, HbA1c, has been used as a 
valuable clinical marker for the detection of hyper-
glycaemia. Notably however, the Amadori-product (1-
deoxyfructosylated amino-terminus of the beta chain) in 
HbA1c is a glycation product that forms directly through 
Amadori-rearrangement from the initial Schiff  base; thus, 
it does not qualify as an AGE and it is considered as an 
intermediate in the production of AGEs [76,77]. 

 In relation to cardiovascular diseases, elevated serum 
AGEs have been described in patients with coronary artery 
disease [78] and serum AGEs were associated with aortic 
stiff ness [79]. Elastin and collagen are long-living proteins 
(see also above) and their AGE-derivatives accumulate 
gradually during life [54] contributing, along with the 
AGEs formed in the extracellular matrix [80] to arterial 
stiff ening. Besides their eff ects on elastin and collagen 
crosslinking, AGEs may also induce local infl ammation 
and intracellular ROS which all together lead to vascular 
alterations and the expression of a variety of atheroscle-
rosis-related genes, including VEGF and RAGE [72]. 
AGE modifi cation of low-density lipoprotein (LDL) 
results in reduced LDL plasma clearance contributing sig-
nifi cantly to increased LDL  in vivo , and potentially to ath-
erosclerosis [81]. Oxidised LDL is taken up by macrophages 
via scavenger receptors leading to formation of foam cells 
which are key mediators in the infl ammatory reaction and 
atherogenesis [82]. The AGE – RAGE interaction aug-
ments angiotensin II-induced smooth muscle cell prolif-
eration and activation thus being involved in accelerated 
atherosclerosis in diabetes [83]. Also, smooth muscle cell 
proliferation, migration and neointimal expansion upon 
arterial injury were strikingly suppressed in homozygous 
RAGE null mice compared with those observed in wild-
type littermates [84]. On the other hand, AGER1 over-
expression in mice protected against injury-induced 
arterial intimal hyperplasia and infl ammation by reducing 
tissue levels of AGEs and oxidative stress [85]. 

 Oxidative stress is an important parameter in the ini-
tiation and progression of neurodegenerative disorders in 
which a progressive decline in neural signal transmission 
is noted, together with neural loss and deposition of aggre-
gated proteins in the brain. Diseases such as Alzheimer ’ s, 
Parkinson ’ s, Huntington ’ s, Creutzfeld-Jakob or prion dis-
ease, and amyotrophic lateral sclerosis belong to this 
group of disorders. A common feature of these disorders 
is increased presence of AGEs in the brain, production of 
ROS, relatively low levels of antioxidant enzymes and 
elevated levels of iron that participates in redox reactions 
[86,87]. Expression of the amyloid precursor protein was 
found to be induced by AGEs [87] and RAGE has been 
involved in amyloid  β  accumulation to the brain [88]. 
Also, oxidative stress was found to increase expression of 
RAGE [89] facilitating thus amyloid  β  accumulation in 
the brain. Furthermore, accumulation of AGEs in cells and 
tissues is accelerated in Alzheimer ’ s disease (AD) where 
AGEs can be detected in pathological deposits such as 
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amyloid plaques and neurofi brillary tangles [90]. Glycox-
idation may aff ect apolipoproteins (ApoB and ApoE), and 
these modifi cations have been proposed to impact on the 
function of the proteins causing impaired cholesterol and 
fat supply to neurons; axon damage and inappropriate 
transmission of neural signals, mitochondrial dysfunction, 
infl ammation and further oxidative damage [91 – 93]. 
Similar processes may underlie other neurodegenerative 
disorders, as accumulation of AGEs in proteins (together 
with Advanced Lipoxidation End products and various 
other protein oxidation modifi cations) will promote the 
accumulation of protease-resistant products, which by 
generating further oxidative stress and infl ammatory reac-
tion will lead to neuronal malfunctioning and death. 
Besides RAGE, a number of scavenger and other 
pattern recognition receptors may also participate in brain 
infl ammatory processes and lesions [94,95]. 

 Almost 25% of all cancers are estimated to be associ-
ated with infl ammation [96] as sustained infl ammatory 
conditions stimulate tumorigenic signalling pathways and 
oncogenes activation [97,98]. Therefore, considering that 
sustained AGEs-mediated activation of RAGE signalling 
leads to increased oxidative stress and infl ammation it is 
not surprising that RAGE ligands are formed and secreted 
by many types of cancer cells as well as that increased 
expression of RAGE has been detected in various tumours 
including colorectal carcinoma, gastric, pancreatic, pros-
tate, breast, brain and ovarian tumours [14]. RAGE-medi-
ated activation of NF- κ B has a pro-infl ammatory eff ect as 
it promotes activation of genes for inducible nitric oxide 
synthase, TNF- α , interleukins-1, -6 and cyclooxygenase-2. 
Cyclooxygenase-2-derived prostaglandin E2 mediates cel-
lular immune tolerance during tumorigenesis [99] and the 
AGE – RAGE signalling enhances the angiogenic potential 
of hepatocellular carcinoma by inducing VEGF expres-
sion [100]. NF- κ B promotes activation of genes for 
X-linked inhibitor of apoptosis and some members of the 
B-cell lymphoma family (BcL-2 and BcL-X) involved in 
antiapoptotic signals [96,97]. Also, RAGE sustains 
autophagy and limits apoptosis promoting pancreatic 
tumour cell survival [101], while low levels of the soluble 
 ‘ decoy ’  RAGE forms have been found in patients with 
breast cancer [102]. A more direct evidence for a pro-
tumorigenic role of RAGE arises from mouse models. 
Specifi cally, RAGE  � / �   mice were almost resistant to 
chemical skin carcinogenesis showing reduced levels of 
infl ammatory mediators, while the few tumours developed 
were highly diff erentiated [103]. In the same study, it was 
shown that RAGE expression on immune cells, but not 
keratinocytes or endothelial cells, is essential for dermal 
infi ltration and epidermal hyperplasia [103]. In line with 
these data, in a mouse model of colitis-induced cancer it 
was found that RAGE plays essential roles in tumor –
 stromal interactions leading to infl ammation-associated 
colon carcinogenesis [104]. Interestingly, although RAGE is 
highly expressed in lung tissue, especially at the site of 
alveolar epithelium, its expression is signifi cantly reduced in 
lung carcinomas [105] indicating that RAGE may exhibit a 
tumour-suppressive function in a tissue-dependent manner. 

 Notably, however beyond the eff ect(s) of activated 
RAGE in accelerating age-related diseases it seems that 
RAGE signalling infl uences gross behavioural activity pat-
terns in basal conditions, as it has been found that RAGE 
knockout in mice relates with an increase of home cage 
activity and in higher sensitivity to auditory signals [106]; 
thus, systemic therapeutic treatment to occlude RAGE acti-
vation (see below) should be exercised cautiously as it may 
have adverse eff ects on several physiological functions.    

 Reduction of AGEs as a strategy for the improvement 
of healthspan 

 Strategies to reduce harmful eff ects of AGEs and increase 
healthspan (i.e. the disease-free period of life) involve pre-
vention of AGEs formation and/or removal of those 
already formed. To prevent accumulation of AGEs in the 
organism it would be essential to adopt a life style that 
lowers the exposure to harmful agents such as obesity, 
smoking, physical inactivity and environmental pollution. 
Environmental pollutants seem to increase the expression 
of several markers of oxidative stress, including RAGE 
[107], while, similarly, cigarette smoking was found to 
increase the levels of AGEs and AGE-ApoB (although the 
exact type of modifi cation is not specifi ed) in both the 
plasma [108] and the urine of smokers [109]. 

 Food and the way it is prepared, along with the degree 
of AGEs intestinal absorption, seem to have the greatest 
health impact of all exogenous AGE sources as heat-
treatment during cooking or roasting and/or irradiation 
during food sterilisation may increase signifi cantly the 
content of AGEs and Advanced Lipoxidation End prod-
ucts in food [110]. In relation to food contribution to 
AGEs accumulation it was found in human studies that 
approximately 10% of diet-derived AGEs were absorbed 
from GI and from these, a signifi cant amount remained in 
the body within 3 days from ingestion [111]. Also, human 
breast milk contains approximately 70-fold lower amounts 
of CML than commercial infant milk and breast-fed 
infants had signifi cantly lower plasma CML compared to 
infants fed with commercial infant milk [112]. Short-term 
restriction of AGEs in the diet in either healthy or diabetic 
subjects was associated with signifi cant decrease of serum 
AGE levels [4] and reduced expression of infl ammation 
related markers (e.g. TNF- α  or CRP) [9,113], while LDL 
particles were more glycated and oxidised in subjects fed 
with AGE-rich diet [114]. Consumption of heated or 
unheated high protein diet (that was otherwise similar in 
regard to energy, protein and carbohydrate intake) corre-
lated with high serum CML levels in those subjects fed 
with a high-AGE diet [9]. 

 In support to fi ndings in human studies, prolonged 
administration of AGEs rich diet to healthy rodents 
increased plasma levels of AGEs and their related deriva-
tives, as compared with the group on AGE-poor diet [72] 
and induced glomerular hypertrophy [115], focal glomerulo-
sclerosis, mesangial expansion and albuminuria [116]. 
Additionally, long-term AGE-rich diets in non-obese 
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diabetic mice correlated with diabetic nephropathy [117], 
whereas an AGE-poor diet delivered to mice for 2 months 
decreased serum levels of AGEs and reduced infl amma-
tory responses [118]. Finally, in a study where C57/BL6 
mice were fed with an isocaloric high fat diet with either 
low or high AGEs content only those animals fed with the 
high fat high-AGEs diet developed diabetes [119]. 

 Thus, inhibition of absorption of dietary AGEs or oral 
administration of AGE crosslink breakers may be novel 
approaches for therapeutic intervention in AGEs-related 
disorders [120]. Specifi cally, the oral absorbent AST-120 
was found to bind to CML and it was shown that admin-
istration of AST-120 decreased serum levels of AGEs in 
patients with chronic renal failure [121]. Similarly, Galec-
tin-3, which is a high-affi  nity binding protein for AGEs, 
could serve as a paradigm of approaches that could con-
tribute in the potential elimination and neutralisation of 
these pathogenic substances. Specifi cally, it was found 
that galectin-3 may serve in the endocytosis by mac-
rophages of a heterogeneous pool of AGE moieties, thus 
contributing to the elimination of these pathogenic sub-
stances [122]. Moreover, galectin-3 ablation is associated 
with increased susceptibility to diabetes- and AGE-
induced glomerulopathy (thus indicating a protective role 
of galectin-3 as an AGE receptor) [123] while, ageing 
galectin-3 knockout mice develop more pronounced 
changes in renal function and structure than wild-type 
mice, in parallel with a more marked degree of AGE accu-
mulation, oxidative stress, and associated low-grade 
infl ammation [124]. In randomised clinical trials using 
aminoguanidine, a prototype therapeutic agent for the pre-
vention of AGE formation, it was found that it prevented 
the progression of diabetic retinopathy in diabetic patients 
[125]. Although due to reported side eff ects, further clin-
ical trials of aminoguanidine were terminated due to safety 
concerns, this study was the fi rst proof of the concept that 
AGEs formation contributes to serious complication of 
diabetes which can be reduced by administration of a spe-
cifi c therapeutic agent [125]. Moreover, alagebrium chlo-
ride (ALT-711); an AGE-lowering agent with benefi cial 
eff ects in renal structural and functional parameters in dia-
betes was found to decrease diabetes-accelerated athero-
sclerosis and age-related myocardial stiff ening [126]. 
Pyridoxamine inhibits Maillard reactions [127,128] and 
exerted a renoprotective eff ect in experimental chronic 
allograft nephropathy in rats [129], while astragalosides 
isolated from the root of astragalus radix inhibited the for-
mation of AGEs [130]. Benfotiamine suppressed protein 
damage in renal glomeruli, retina, nerve, plasma and urine 
in a rat model of diabetes [131] and it also alleviated 
macro- and micro-vascular endothelial dysfunction and 
oxidative stress following a meal rich in AGEs in indi-
viduals with type 2 diabetes [132]; on a more recent study 
however, benfotiamine did not resulted in signifi cant 
reductions (compared to placebo) in plasma or urinary 
AGEs or plasma markers of endothelial dysfunction and 
low-grade infl ammation in patients with type 2 diabetes 
and nephropathy [133]. Nevertheless, it has been sug-
gested that natural products can be a promising source for 

the identifi cation of AGEs inhibitors that could prevent 
(via daily nutritional intake) lifestyle-related diseases such 
as diabetic complications and atherosclerosis [134]. 

 Furthermore, inhibition of RAGE signalling may rep-
resent an alternative eff ective way to suppress the eff ects 
of AGEs as it has been reported that deletion of RAGE 
reduces glomerulosclerosis and preserves renal function 
in the diabetic OVE26 mouse [135]; in support, FPS-ZM1 
a potent multimodal RAGE blocker eff ectively reduced 
amyloid  β -mediated brain disorder in a mouse model of 
AD [136]. Alternatively, exogenously administered solu-
ble RAGE may capture and eliminate circulating AGEs, 
thus protecting against the AGEs-elicited tissue damage 
by acting as a decoy receptor [137].   

 Conclusion 

 On the basis of the aforementioned fi ndings it is 
evident that restriction of AGEs production (and/or accu-
mulation) along with the eff ective breaking of existing 
AGEs crosslinks represent preventive and/or therapeutic 
targets for ageing-associated organ damage and various 
age-related diseases. Particularly, food preparation by 
high-temperature processing and deep-frying, that is a 
relatively recent development in Western diet, most likely 
relates to an overall increase in the content of AGEs in the 
diet. Consumption of whole vegetables and fruits is more 
effi  cient in overcoming oxidative burden than the use of 
individual supplements [138], while the so-called Medi-
terranean diet which is rich in  ω -3 fatty acids, carotenoids, 
vitamins, folic acid and phenolic compounds is considered 
to contain reduced amounts of dietary AGEs [138]. 

 Nevertheless, a better understanding of the molecular 
basis and rate of AGEs absorption from the GI is needed. 
Specifi cally, it should be critically addressed how con-
sumption of an AGE-rich diet would introduce accumula-
tion of similar modifi cations in endogenous tissue and/or 
plasma proteins. It is highly unlikely that following deg-
radation of AGE-modifi ed proteins in the GI the modifi ed 
amino acids are absorbed and are then used for protein 
synthesis. Alternatively, modifi ed proteins (or peptides) 
are directly taken up by the cells raising the possibility of 
a disrupted intestinal barrier by AGE-modifi ed proteins 
and initiation of the infl ammatory response. 

 Also, additional knowledge and a direct relationship 
between AGEs oral administration and longevity should 
be addressed in, preferentially, large experimental cohorts 
as the extent of the AGEs harmful eff ect is still not fully 
evaluated and signifi cant population diversity in response 
to AGEs-rich diet has been observed. These studies 
should be linked with interventions where reduction of 
AGEs accumulation (by dietary or pharmacological 
means) will be directly correlated with eff ects on health- 
and life-span. 

 Despite the existence of a number of AGEs and 
heavy-labelled AGE standards along with very sensitive 
fl uorometric and mass spectrometric assays that are 
available for AGEs ’  measurement, these cannot be used 
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for routine analyses in clinical samples. Thus, an upgrade 
of the current methodological approaches in quantifying 
AGEs is needed, especially regarding reference material, 
referent method and the established analytical validation 
procedure. These approaches will, among others, help to 
adopt a universal terminology in the fi eld as by the rather 
general term AGEs diff erent preparations are usually 
assigned including AGE-modifi ed proteins, free AGE-
modifi ed amino acids or even glyoxal/methylglyoxal 
(which are not AGEs). The clarifi cation of the used 
nomenclature will help the non-expert reader to follow the 
various chemical categories and modifi cations that are 
generally grouped under the term AGEs. 

 Finally, in regard to AGEs biology additional points 
that need further understanding relate to the characterisa-
tion of single nucleotide polymorphisms in large cohorts 
that may associate with the amount of circulating AGEs 
and/or RAGE function, as well as to the determination of 
whether younger adults with high circulating AGE levels 
are at an increased risk for metabolic syndrome, or other 
health problems in later life. 

 In conclusion, the detailed analysis of the AGE-related 
eff ects in the overall organism physiology, ageing and 
pathology remain a very challenging research fi eld with 
signifi cant translational applications in diff erent disci-
plines such as food chemistry and biomedical sciences.   
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