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1. Introduction
Diabetes mellitus is a group of metabolic disorders leading to defects in insulin secretion and action of insulin or both. Diabetes is caused by a combination of hereditary and
environmental factors. In the human body, blood glucose levels are controlled by a complex
interaction of multiple chemicals and hormones, including insulin and glucagon. Insulin is a
peptide hormone produced in the beta cells of the pancreas that allows blood glucose to enter
various cells of the body where it is oxidized to yield energy needed by the muscles and tissues
to function [1]. Glucagon is also a peptide hormone, produced by the alpha cells of the pancreas, which causes a rise in the concentration of glucose in the blood. The effect of glucagon
is opposite to that of insulin, which lowers the glucose concentration.
There are three main types of diabetes, namely: Type 1 diabetes mellitus (T1DM), Type
2 diabetes mellitus (T2DM) and gestational diabetes (GDM). T1DM is a chronic autoimmune
disorder that occurs in genetically susceptible individuals by environmental factors. In this
condition, the body’s own immune system attacks the pancreatic β-cells, and destroy or dam1
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age these cells to an extent where they are not able to meet the body’s insulin requirements.
T2DM is a metabolic disorder that is characterized by hyperglycemia (high blood sugar) in the
context of insulin resistance and relative lack of insulin. GDM is a condition in which women
without previously diagnosed diabetes exhibit high blood glucose levels during pregnancy
(especially during their third trimester).
The global prevalence of diabetes, especially T2DM, is increasing at an alarming rate.
According to the recent update by the International Diabetes Federation (IDF) more than 382
million adults aged 20-79 years had diabetes in 2013 [2].The prevalence is increasing in every
country, and major economic, social and health care impacts will be seen in developing countries, as these countries are home to as much as 80% of people with diabetes. If these trends
continue, by 2035, some 592 million people, or one adult in 10 will have diabetes, according
to data of IDF (Fig 1) [IDF, sixth edition. 2013]. This equates to approximately three new cases
in every 10 seconds or almost 10 million per year. Diabetes caused 5.1 million deaths in 2013
and every six seconds a person dies from diabetes. Diabetes is rampant in Indian subcontinent.
India is the 2nd topmost country having the highest number of people with diabetes. In India
alone, it is estimated that the total number of people with diabetes in 2013 was around 65.1
million, rising to 109 million by 2035.

1.1. Vascular complications of diabetes
Microvascular and macrovascular complications manifesting as chronic vascular complications of diabetes, which are the major causes of morbidity and mortality (Fig 2). Diabetes especially type 2 diabetes (due to increased prevalence) has become the principal cause
2
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Figure 1: Global prevalence of diabetes mellitus (Adapted from Guariguata et al [2])
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of blindness and end stage renal disease. About 30-45% of all diabetic subjects suffer from
microvascular complications. Patients with diabetes are at two to four times increased risk
of coronary heart disease, cardiovascular disease and related deaths than those in the general
population. Patients with diabetes are at four times higher risk of developing peripheral vascular disease (PVD) [3].

Figure 2: The major diabetic complications (Adapted from Bate et al [3])

The Diabetes Control and Complications Trial (DCCT) and United Kingdom Prospective Diabetes Study Trial (UKPDS) have clearly demonstrated the vital importance of intensive
glycemic control in preventing the progression of diabetic complications. Hyperglycemia induces a variety of metabolic changes, which includes activation of polyol pathway, activation
of the diacylglycerol protein kinase, and increased oxidative stress (Fig 3). Hyperglycemia
inflicts cumulative long-term structural and functional changes in important macromolecules
through advanced glycation end products (AGEs). Endothelial dysfunction in diabetes is most
often described in the context of oxidative stress. This chapter summarizes the role of AGERAGE-oxidative stress system in diabetic vascular complications and its therapeutic interventions.
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Figure 3: Hyperglycemia and its mechanism (Adapted from Brownlee M [8])

1.2. Hyperglycemia and oxidative stress
Oxidative stress (OS) is an imbalance between the production of free radicals and the
body’s antioxidant defense system. Free radicals are atoms or molecules that contain one or
more unpaired electrons. Oxygen alone or either associated with hydrogen ion or nitrogen,
can be converted into very highly reactive molecules, including OH radicals, superoxide, NO,
H2O2 etc., which rapidly interact with proteins, lipids and carbohydrates [4]. These highly reactive molecules attach to the normal cellular components, changing them into abnormal ones.
Thus a critical cell membrane protein can become very rigid instead of being flexible, which
impairs cell functions and may lead to cell death giving rise to various complications (Fig 4)
[5].
Free radicals are formed disproportionately in diabetes by glucose oxidation, non-enzymatic glycation of proteins, and subsequent oxidative degradation of glycated proteins [6].
Abnormally high levels of free radicals and the simultaneous decline of antioxidant defense
mechanisms can lead to damage of cellular organelles and enzymes, increased lipid peroxidation, and development of insulin resistance. Therefore OS is considered a common endpoint
of chronic disease like diabetes [7] and is often characterized by an increase in superoxide
and hypochlorous acid. OS can modulate a wide variety of biological processes by coupling
signals at the cell surface with changes in gene expression, suggesting the multiple signaling
pathways are involved [8]. Indeed, reactive oxygen species (ROS) may be defined as true
second messenger molecules that regulate various signal transduction cascades upstream of
nuclear transcription factors, including modulation for Ca2+ signaling protein kinase and protein phosphate pathways [8].
4
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At physiologic levels, oxidants are important signaling molecules that are involved in
processes such as cell growth and regulation of transcription factors like nuclear factor-kappa
B (NF-kB). Normally the cell regulates the amount of oxidants very closely. The amount of
oxidants in the cell is determined by the balance of production of oxidants versus the destruction of oxidants (called reduction) by antioxidants. Thus, increased oxidant production and/or
decreased antioxidant function can lead to increased oxidant stress. Increased production of
oxidants in diabetes occurs due to high glucose. Brownlee et al, have shown that high glucose
activates superoxides production (a form of oxidant) in the mitochondria [9]. According to
their hypothesis, the superoxides produced by the mitochondria lead to inhibition of a particular glycolytic enzyme glyceraldehyde 3 phosphate dehydrogenase (GAPDH) causing a buildup of molecules upstream of this enzyme. These molecules are then shunted to other pathways
and can activate PKC β, aldose reductase and other pathways.
Increased hyperglycemia derived electron donors from the TCA cycle (NADH and
FADH) generates a high mitochondrial membrane potential by pumping protons across the
mitochondrial inner membrane. This inhibits electron transport at complex III, increasing the
half life of free radical intermediates of coenzyme Q (ubiquinone), which reduce O2 to superoxide. Another well described source of increased oxidant production is via activation of
an enzyme called reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.
NADPH oxidase generates superoxide by transferring electrons from NADPH inside the cell
across the membrane and coupling these to molecular oxygen to produce superoxide anion, a
reactive free radical [10].

Figure 4: Hyperglycemia and oxidative stress.

The mechanisms described above are the causal factor in the development and progression of diabetic complications by increased OS development. Under hyperglycemic conditions,
the factors that stimulate the above mentioned enzyme remained to be defined. AGEs may be
one of an important factor which leads to increased NADPH oxidase activity and thereby enhance the OS. NADPH oxidase is a critical component of macrophages and neutrophils and is
also found in many other cell types. NADPH oxidases are multi-subunit, membrane associated
proteins that catalyze electrons reduction of oxygen using NADPH as an electron donor [11].
Diabetic patients exposed to high level of OS, which play an important role in pathogenesis
5
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of diabetes associated complications. Increasing evidence in both experimental and clinical
studies suggested that OS plays an important role in the pathogenesis of diabetes mellitus [12,
13].Oxidative stress has also been strongly implicated in the development and progression of
vascular complications [14]. Chronic exposure of biomolecules like lipids, proteins and DNA
to higher level of ROS leads to peroxidation and oxidation reaction that results in protein carbonyl (PCO) formation, oxidants of thiol (T-SH) groups, advanced oxidation protein products
(AOPP) generation, lipid peroxidation and DNA damage. These OS markers have been shown
to be enhanced significantly in diabetic patients [13].
Serum malondialdehyde (MDA) level is a sensitive marker of lipid peroxidation that is
a useful measure of OS status. MDA is a decomposition product of peroxidised polyunsaturated fatty acid. Lipid peroxidation was estimated by measuring the level of MDA through
thiobarbituric acid reaction [15]. In our previous report, we observed higher serum MDA level
in patients with diabetes mellitus compared with healthy controls and significantly more elevated in patients having vascular complications compared with T2DM patients without vascular complications showing enhanced OS in diabetic patients [16]. Cakatay et al, has reported
that plasma level of MDA in diabetic patients with poor glycemic control may contribute to
the development of diabetic complications [17]. Various studies have also reported high levels
of lipid peroxidation in diabetic patients [16-19]. Lipid peroxidation of several structures, a
consequence of increased oxygen free radicals, is thought to play an important role in the development of vascular complications in diabetes [20]. MDA is a major player in low density
lipoprotein (LDL) modification and is a product of the peroxidation of arachidonic, eicosapentaenoic and docosahexaneoic acids [21]. Oxidised-LDL (ox-LDL) results from the interaction
between aldehydes such as MDA and lysine residue in apoB-100 of LDL [22]. The pathologic
effects of ox-LDL plays an important role in the induction of diabetic complications.
Another important marker of protein oxidation AOPP has begun to attract the attention
of various investigations. Advanced oxidation protein products have been described by WitkoSarsat et al for the first time [23]. They are formed during OS by the action of chlorinated oxidants, mainly hypochlorous acid and chloramines (produced by yellow peroxidaes in activated
neutrophils). AOPP are defined as dityrosine-containing cross-linked protein products and are
considered as a reliable marker to estimate the degree of protein oxidation [23]. Protein oxidation may represent an important mechanism in the onset of complications in patients with
diabetes. Oxidative modification of proteins that give rise to dityrosine and carbonyl groups
generally cause loss of catalytic or structural function in the affected proteins. It is likely the
level of oxidized proteins observed during diabetes may have serious deleterious effects in the
development of vascular complications. In our previous study, we reported an elevated level
of PCO and AOPP in diabetic patients having vascular complications [16]. Various studies also
observed elevated levels of these protein oxidation markers in diabetic subjects [24-26].
6
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The mechanism how AGEs induce OS in diabetes is not clearly understood. AGEs can
mediate their effect via specific receptors, such as receptors for AGEs (RAGE). AGE-RAGE
interaction activates multiple signals such as NADPH oxidase, p21RAS, NF-kB, MAP kinase,
TGF-β, vascular adhesion molecules, etc. This transcribes number of pro-inflammatory genes
and subsequently elicits vascular inflammation, over expression of endothelial growth factor,
impaired fibrinolytic affinity, platelet aggregation, angiogenesis and thrombosis, thereby playing a central role in the pathogenesis of vascular complications in diabetes by enhancing the
OS development [27,28].
2. Biochemistry of Formation of Advanced Glycation End Products
Hyperglycemia associated with diabetes mellitus stimulates non-enzymatic reaction
between the free amino groups of proteins and carbonyl groups of reducing sugars or other
carbonyl compounds leading to enhanced formation of AGEs, also known as the Maillard
reaction [29-31]. Advanced glycation end product formation is a complicated molecular process involving multistep reaction. At an early stage, glucose (or other reducing sugars such as
fructose, pentose, galactose, mannose, xylulose) reacts with a free amino group of biological
amines to form an unstable compound, the Schiff base which undergoes a rearrangement to a
more stable product known as Amadori product [32]. In an intermediate stage, the Amadori
product degrades to a variety of reactive dicarbonyl compounds such as glyoxal, methylglyoxal, and deoxyglucosones via dehydration, oxidation and other chemical reactions. In the
late stage of glycation, non-reversible compounds called AGEs are formed through oxidation, dehydration and cyclization reactions (Fig 5). The AGEs are yellow-brown, fluorescent
and insoluble adducts that accumulate on long-lived proteins, thus impair their physiological
functions [33]. AGEs-modified proteins lose their specific functions and undergo accelerated
degradation to free AGEs such as 2-(2-Furoyl)-4(5)-(2-furanyl)-1H-imidazole (FFI), imidazolone, N-ε-carboxy-methyl-lysine (CML), N-ε-carboxy-ethyl-lysine (CEL), glyoxal-lysine
dimmer (GOLD), methyl-glyoxal-lysine dimer (MOLD), and others. In addition, AGEs can
also act as cross-linkers between proteins, resulting in the production of proteins-resistant aggregates.
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Figure 5: Formation of advanced glycation end products.

In the Maillard reaction, formation of reactive intermediate products during Amadori rearrangement is very important. These compounds are known as α-dicarbonyls or oxoaldehydes
such as 3-deoxyglucosone, methylglyoxal (an intermediate product of Maillard reaction) [7].
Furthermore, humans are also exposed to exogenous AGEs, which are ingested with food.
Over a dozen AGEs have been detected in tissues and can be divided into three categories: 1.
Fluorescent cross-linking AGEs such as pentosidine and crossline. 2. Non-fluorescent crosslinking AGEs such as imidazolium dilysine cross-links, alkyl formyl glycosyl pyrrole (AFGP)
cross-links and arginine-lysine imidazole (ALI) cross-links. 3. Non-cross-linking AGEs such
as pyrraline and N-carboxymethyllysine (CML) [34].
The other well studied mechanism for the formation of AGEs is the polyol pathway,
where glucose is converted into sorbitol by the enzyme aldolase reductase and then to fructose
by the action of sorbitol dehydrogenase [35, 36]. Fructose metabolism as fructose 3-phosphate,
then is converted into α-oxaldehydes and interacts with monoacids to form AGEs. Thus, at least
three pathways are responsible for AGEs formation including Malliard reaction, oxidation of
glucose and peroxidation of lipids and finally through polyol pathway. The serum AGEs level
was determined spectrofluorometrically at emission maximum (440 nm) upon excitation at
350 nm [26]. Briefly, serum was diluted 1:50 with phosphate buffer saline (PBS) (pH=7.4) and
fluorescence intensity was expressed in arbitrary units (AU). Total serum AGEs were also determined by ELISA using commercial kits. Previously, we reported higher levels of circulating
AGEs in patients with micro and/or macro-vascular complications indicating that higher the
serum AGEs level, higher the likelihood of development of vascular complication of diabetes
[16,37,38]. Earlier gradual increase in serum AGEs level have been reported with the severity
of atherosclerosis in diabetic patients [39,40]. Kalusova et al determined AGEs spectrofluorometrically and found AGEs were about 23% higher in diabetic patients compared to healthy
individuals [26]. In recent studies, AGEs level has been suggested to act as a predictor of CVD
mortality and diabetic nephropathy [39-43].
2.1. Metabolism of advanced glycation end products
Once the AGEs are formed, they interact with their receptors namely: AGE-R1, AGER2, AGE-R3 and RAGE.
2.1.1. AGE-R1 (oligosaccharyltransferase-48)
AGE-R1 is a cell surface associated receptor that opposes excessive ROS generation
by AGEs. AGE-R1 is linked to the endocytosis and removal of AGEs [44] and to the suppression of MAPK and NF-kB activity, via inhibition of AGE-induced ROS generation [45]. Thus,
AGE-R1 appears to control the activation of distinct cellular pathways and protects against
8
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vascular disease promoted by oxidants [46]. Interruption of AGE-R1 dependent uptake of
AGEs and subsequent degradation is associated with accelerated glomerular renal pathology
in the spontaneous non-obese diabetic strains of mice [47]. AGE-R1 may be suppressed or
saturated in circumstances of sustained AGE-induced OS when RAGE is up-regulated and
AGE-R1 to RAGE ratio is negative. Diminished expression of AGE-R1 in circulating mononuclear cells and a corresponding elevation in serum AGE levels are seen in human subjects
with severe diabetic complications [47].
2.1.2. AGE-R2 (80K-H phosphoprotein)
AGE-R2 is an 80 to 90kD protein involved in the intracellular signaling of various
receptors like fibroblast growth factor receptor. AGE-R2 contains a tyrosine phosphorylated
section in the plasma membrane of the cell [48].
2.1.3. AGE-R3 (galectin-3)
AGE-R3 belongs to lectin family of carbohydrate binding protein. AGE-R3 is up-regulated in hyperglycemia after exposure to AGEs. Galectin-3 knockout mice have developed
accelerated glomerulopathy in response to diabetes, with increased renal glomerular AGE accumulation and diminished scavenger receptor expression [49].
2.1.4. Receptor for advanced glycation end products (RAGE)
RAGE is the best characterized and the most studied receptor for AGEs [50]. The main
receptor which is responsible for AGEs related diabetic complications is RAGE which appears
to activate a stress response leading to inflammation and cellular dysfunction. AGEs bind
to specific receptor RAGE which is expressed in many of the cell types which includes endothelium, monocytes/macrophages, T-lymphocytes, neuronal cells and glomerular epithelial
(podocyte) cells [51-54]. RAGE is highly expressed at the mRNA and protein levels in early
developmental stages under normal physiological conditions [55]. RAGE expression occurs in
most tissues, including the heart, liver, brain and kidney [56-58]. Since its isolation in 1992, a
growing body of scientific evidence has demonstrated a role for RAGE in the pathogenesis of
diabetes and its vascular complications [59].
2.1.5. Molecular structure of RAGE
RAGE is a 45kD transmembrane receptor of immunoglobin super family and is composed of 404 amino acid [50]. RAGE consists of three distinct domains as shown in Fig.6
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Figure 6: Molecular structure of RAGE (Adapted from kalea et al. [53])

1.
Extracellular domain (amino acids 1-339): This extracellular component has three immunoglobulin-like (Ig) domains. The N-terminal Ig domain is assigned to the V-set of Ig-like
molecules and is known as the V domain of RAGE. The other two Ig domains are part of the
C1 and C2 set. The N-terminal V domain is located far away from the plasma membrane, but
the C2 domain lies close to the membrane. V and C1 domains can be joined together to form
an elongated structure. V and C1 domains can be fixed and become the VC1 domain, which
can connect to the C2 domain by several amino acids that have no secondary structure, which
allows the VC1 and C2 domains to link. NMR spectroscopy studies have shown that VC1
moves as a single unit and can combine with the C2 domain.
The V domain consist a large amount of arginine and lysine, which carry positive charge
at neutral pH. RAGE V domain has more arginine and lysine than the V-set of Ig domains.
Arginine and lysine residues form large positively charged patches on the surface of the V and
C1 domains. Meanwhile, C2 domain has mainly acidic residues on its surface and is negatively charged. Because the two domains are oppositely charged, the extracellular component
of RAGE is subdivided. This subdivision is reflected in the ligand binding properties of the
different domains since ligands do not bind to C2 due to charge repulsion. Most ligands tend
to bind to the V domain or the VC1 domain since ligands are negatively charged. There is only
one case where a ligand has bound to the C2 domain. Nonetheless, charge-charge interactions
are important for the formation of the receptor-ligand complex and suggested that the positively charged ligand-binding domain of the RAGE molecule can recognize certain arrangements
of negative charges of ligands and can recognize these as common features for the ligands.
2.
Single transmembrane domain (amino acid 340-361): Transmembrane domain is a single hydrophobic helix.
3.
Short intracellular cytoplasmic tail (amino acids 362-404): An intracellular domain consists of highly acidic short 42 amino acid cytoplasmic tail, which is essential for RAGE-mediated signaling and overall RAGE function.
10
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Apart from the full length, RAGE also available as soluble circulating isoform including sRAGE1/2/3, esRAGE (endogeneous soluble RAGE) and hRAGEsec (human RAGE secreted). A number of mechanisms have been reported that lead to the production of soluble
proteins, alternative splicing of the mRNA to remove the transmembrane domain and the proteolytical cleavage from the cell surface. Various studies of RAGE have shown that sRAGE
can be formed by both alternative splicing and proteolytic cleavage [60-62].
3. Role of RAGE Genetic Variants And Its Expression In Diabetes And Its Complications
Type 2 diabetes mellitus is genetically heterogenous disease, caused by interaction between genetic and environmental factors [63]. As described earlier, prevalence of T2DM varies with geographic regions and ethnicity of the population and AGE-RAGE interaction play a
significant role. The up-regulation and pathogenic effects of RAGE in diabetic vascular complication as well as multiple genetic variants identified for RAGE, suggests a significant role
of RAGE as an important contributing mechanism in diabetes and its complications. The gene
encoding RAGE is located on chromosome 6 in major histocompatibility complex, a region
of a genome containing number of inflammatory genes [64]. Genetic studies have identified
approximately 30 polymorphisms in the RAGE gene at exons, introns and in the 5’ flanking
region as shown in Fig 7 [65]. Sequence variation in the RAGE gene has been studied and a
relatively large number of single nucleotide polymorphisms (SNPs) in the coding and noncoding region of the RAGE gene have been identified recently. The functional impact of several of them on the transcriptional activity, ligand binding or intermediate phenotype has been
described.

Figure 7: SNP map for RAGE gene. (Adapted from Hudson et al. [65])

3.1. Promoter region polymorphism of RAGE gene
The up-regulation of RAGE gene expression is a hallmark of vascular disease and therefore genetic variation affecting RAGE m-RNA or protein levels may therefore an important
disease marker. The RAGE gene is regulated by a promoter region (1.5 KB) up-stream of the
transcription start site and within this region, numerous polymorphisms have been identified
including -374T/A and -429T/C substitution [65]. Recent studies have revealed that -374 T/A
(rs 1800624) and -429T/C (rs 1800625) polymorphisms in the promoter region considered
11
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as an important genetic variation as targets for association studies due to its marked effect on
transcriptional activity which may alter AGE-RAGE interaction leading to an altered signaling
cascade [66-68].
Falcone et al has reported that conversion of T to A substitution of -374 T/A polymorphism results in repression of receptor expression inefficiency in RAGE cellular signaling. In
our previous study, we reported protective nature of -374A mutant allele towards macrovascular complications in diabetic subjects [69, 70]. Similar observations were found in case control
studies which revealed a strong link between an individual’s possessions of the -374A allele of
AA genotype and protection against vascular disease. This includes decreasing risk of cardiocerebral vascular disease [71-74]. A decrease restenosis of the angioplasty [75], decrease in
the number of affected vessels [76,77], a decrease mortality after myocardial infarction [78].
Reduce risk of coronary artery disease for -374A allele has reported in African – Brazilian and
Caucasian-Brazilian population independent of the risk factor associated with this complication [73,77]. In Caucasian populations Zee et al has reported that patients carry -374A variant
has reduced risk of ischemic stroke [72]. However, no association has been reported with diabetic retinopathy [79,80]. A meta analysis report has also reaffirmed the protective nature of
-374A allele towards development of macrovascular complications in DM patients [81].
Proximal to the −374T/A polymorphism, −429T/C is another polymorphic variant. Although this variant was shown to increase transcriptional levels in various studies, unlike the
−374T/A SNP. In our recent study, we reported -429C mutant allele was associated with the
development of macrovascular complications in T2DM subjects in a highly significant manner (p < 0.001) [70]. However, in Chinese and Slovene population, no association has been
reported [82,83]. In contrast, another study reported increased risk of diabetic retinopathy
among patients with the TC or CC genotypes [68]. Not many studies are available on -429T/C
promoter polymorphism in Indian population.
The dissimilar association of two promoter polymorphisms i.e. -374T/A and -429T/C
reveals an interesting outcome. The protective nature of -374T/A polymorphism towards macrovascular complication, while -429T/C showed significant association towards the development of macrovascular complication in diabetic patients. This opposite phenotypic characteristics of these two promoter region polymorphisms may be attributed to their dissimilarity in
association to diabetic complications and also due to strong linkage disequilibrium. -374T/A
polymorphism has been shown to cause repression of RAGE gene expression [68]. The lesser
the RAGE gene expression, lesser will be its binding with ligand and consequent lesser signal transduction for pro-coagulant or pro-thrombotic gene and thereby imparting protection
towards vasculature. On the other hand -429T/C promoter polymorphism has been shown to
increase RAGE gene transcript [76]. The enhanced availability of RAGE augments AGE binding and induce downstream signaling resulting in release of proinflammatory cytokines and
12
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adhesion protein that favors thrombosis and eventually capillary leakage and occlusion.
3.2. Coding change polymorphisms in the RAGE gene
The G82S polymorphism was one of important identified naturally occurring polymorphism of the RAGE gene at position 82 proximal to an N-glycosylation site (position 81) is
involved in ligand binding and downstream signaling has also attracted considerable interest and therefore strongly suggests that this variant may affect RAGE function [65,84]. This
polymorphism is the only frequent coding-change polymorphism in the RAGE gene, with
all other polymorphisms identified to change the amino acid sequence occurring in less than
1% of subjects [65]. Most recently, Xie et al. [85] investigated the protein structural changes
of this variant and revealed that the Ser82 substitution lead to local structural changes in the
V-domain, and also it imparted more widespread overall tertiary structural alterations in the
extracellular domain. In our previous study, we observed a significant association of Ser82
mutant allele with microvascular complications in T2DM patients [70]. Similar to our finding,
the mutant allele (Ser82) has been shown to be associated with the development of microvascular complications in Chinese, Caucasian and North Indian population [86-89]. A meta analysis report has also reaffirmed the significant association of Gly82Ser polymorphism towards
development of diabetic retinopathy among Asian populations [90]. Although, various studies
found no association between Gly82Ser polymorphism and diabetic complications in various
other populations such as Malaysian, Brazilian and Japanese [91-93]. Mutant allele (Ser82)
of G82S RAGE displays enhanced ligand binding and downstream signaling which leads to
microvascular complications. How RAGE signaling induces microvascular complications in
T2DM subjects has not been fully elucidated. It was reported that NF-қB mediated enhanced
expression of pro-inflammatory and pro-fibrotic cytokine TGF-β is responsible for retinal and
renal damage, characteristics of microvascular complications [94,95].
The other functional variant identified in the RAGE gene was a 63 bp deletion which
spans from −407 to −345 of the promoter (transcriptional) region. Due to its incidence being
<1% in populations the use of this variant as a genetic marker for the disease is limited to date
[67]. Studies of other RAGE gene promoter variants in the 5’ flanking region make difficult
due to the overlapping 3′-UTR of the PBX2 gene on chromosome 3 [94]. In essence, this
means any variant amplified within this region is in fact amplifying both chromosome 6 and
3 and therefore renders it very difficult to genotype specific variants. The other possible genetic variation in the RAGE gene occurs within the intronic regions, which may affect RAGE
mRNA splicing and therefore alter the ratio of splice variant and hence the levels of full-length
and sRAGE. Although no variants exist proximal to or within exon/intron boundaries, a number of variants have been identified within introns 7 and 8 [94]. These include the +1704G>T,
+2184A>G and +2245G>A which were first identified in a Czech population and demonstrat13
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ed to be associated with diabetic microvascular dermatitis [94]. Subsequent studies by these
researchers demonstrated an association of the +1704G>T and +2184A>G with antioxidant
status in Type 2 diabetes, but not with proliferative retinopathy [89]. However, limited studies
of only the +1704G>T have been performed in other populations [89,93]. Further studies in
large numbers of subjects are required to thoroughly investigate these variants.
4. Therapeutic Intervention of AGEs
Inhibition of AGEs formation and attenuating the AGEs-mediated effects may be considered as ideal candidates for pharmaceutical intervention in the amelioration of diabetic
vascular complications. Therapies against the AGEs mediated effect can through diverse pathways, like inhibiting the production of Amadori products, decreasing AGE-RAGE interaction,
detoxifying dicarbonyl intermediates and interrupting biochemical pathways that impact on
AGEs level. Since OS plays an important role in the development of vascular complications,
antioxidants shows beneficial effects on AGE- mediated vascular complications through suppression of intracellular ROS generation.
4.1. Aminoguanidine
		
Aminoguanidine (Pimagedine,) is a pharmacological inhibitor of the advanced
glcosylation pathway and it also reacts with many biological molecules, including pyridoxal
phosphate, pyruvate, glucose, MDA, and others [30, 96]. Aminoguanidine is a therapeutic
agent for prevention for AGEs formation. It reacts rapidly with alpha, beta-dicarbonyl compounds such as methylglyoxal, glyoxal and 3-deoxyglucosone to prevent the formation of
AGEs [97]. Inhibition of disease mechanisms, particularly vascular complications in diabetes,
by aminoguanidine has provided evidence that accumulation of AGEs is a risk factor for disease progression [30]. Aminoguanidine has other pharmacological activities, inhibition of nitric oxide synthase and semicarbazide-sensitive amine oxidase, at pharmacological concentration achieved in vivo for which controls are required in anti-glycation studies [98]. Use of the
high concentration of aminoguanidine in-vitro brings these reactions and related effects into
play. Aminoguanidine prevents the formation of fluorescent advanced non-enzymatic glycosylation products and of glucose derived collagen cross links in-vitro. It appears that the primary
mechanism by which aminoguanidine inhibits the formation of advanced glycosylation end
products is by reacting with Amadori derived fragmentation products such as 3-deoxyglucosone [99].
4.2. N-acetylcysteine
N-acetyl-L-cysteine (NAC), a thiol containing acetylated form of the amino acid Lcysteine that functions as a precursor of glutathione synthesis [100]. Glutathione (GSH) is an
14
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important thiol involved in cellular detoxification. GSH plays a physiological role in maintaining the body homeostasis and in protecting cells against oxidants, toxicants, DNA damaging agents, and carcinogens of either exogenous or endogenous source [101]. The presence
of sulfhydryl groups in NAC also enables the neutralization of free radicals. It is a powerful
scavenger of HOCl and is capable of reducing HO and H2O2 and act as a powerful antioxidant [102]. NAC occurs in two forms L and D, only L-NAC is active; L-NAC is metabolized
to cysteine and then GSH, but D-NAC is not. NAC acts outside the cell to reduce cystine to
cysteine, which can be transported into the cell 10 times faster than cystine and further used
in the biosynthesis of GSH. By facilitating GSH biosynthesis, NAC serves an indirect antioxidant role where it can enhance glutathione-S-transferase activity; supply GSH for glutathione peroxidase catalyzed detoxification of peroxides [103]. This compound is sold as a dietary
supplement commonly claiming anti-oxidant and liver protecting effects. It is used as a cough
medicine because it breaks disulfide bonds in mucus and liquefies it, making it easier to cough
up. It is useful in thinning the abnormally thick mucus in cystic and pulmonary fibrosis patients [104].
NAC has found to protect the beta cells in culture and in vivo from “glucose toxicity”
preserving insulin synthesis and secretion [105]. Gibson et al suggested that NAC reduce
thrombotic propensity in T2DM patients by increasing platelet anti-oxidant status and GSH
synthesis, thereby lowering platelet derived ROS [106]. NAC helps to increase nitroglycerin
activity, thereby, potentiates the coronary dilating and anti-platelet effects of nitroglycerin
and limits the development of hemodynamic tolerance to nitroglycerin. AGE-RAGE mediated ROS generation induces mesangial cell hypertrophy, and fibronectin synthesis has been
reported to be inhibited by NAC [107].
4.3. Resveratrol
Resveratrol (3,5,4 trihydroxy-trans-stillbene) is a stilbenoid, a type of natural phenol,
and phytoalexin produce naturally by several plants. Resveratrol is a member of a group of
plant compounds called polyphenols. These compounds are thought to have anti-oxidant properties, protecting the body against the kind of damage linked to increased risk for conditions
such as cancer and heart disease. Beneficial effects of resveratrol including telomere lengthening, telomerase activity enhancement, anti-inflammatory and blood sugar lowering have been
reported in mouse and rat model. Reseveratrol gets extensively metabolized in the body. Liver
and gut is the major site of metabolism. [108]
Resveratrol has been shown to inhibit platelet activation and aggregation, suppress
TNF-induced activation of nuclear transcription factors [109], inhibit the generation of reactive oxygen species by human polymorphonuclear leukocytes [110]. Resveratrol has also been
reported to reduce the risk of cardiovascular and tumoral disease by acting on the mechanisms
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that regulate the expression of growth factors and cytokines such as transcription factor NF-kB
[111]. Resveratrol has been reported to afford cardiovascular protection and to reduce atherosclerosis by various mechanisms. These include modulation of lipid turnover, production of
eicosanoids, oxidation of lipoproteins and reduction of platelet adhesion [112]. Thus, resveratrol may be considered as an effective therapeutic agent for the treatment of diabetes mellitus
and its associated complications.
4.4. Curcumin
Curcumin is the principal curcuminoid extracted from the rhizomes of the plant Curcuma
longa (popular Indian spice turmeric), a member of ginger family found in south and southeast
tropical Asia [113]. The curcuminoids are polyphenols and are responsible for the yellow color
of turmeric. Curcumin can exist in at least two tautomeric forms, keto and Enol. The Enol form
is more energetically stable in the solid phase and in solution. Curcumin incorporates several
functional groups having molecular formula C21H20O6. Potential factors that limit the bioavailability of curcumin include poor absorption, rapid metabolism and rapid systemic elimination.
Numerous approaches to increasing curcumin bioavailability have been explored, including
the use of adjuvants [114].
Curcumin has shown diverse and versatile beneficial effects, including anti-inflammatory, anti-oxidative, anti-viral, anti-hypercholestermic, anti-infective and anti-carcinogenic effects [115]. This polyphenol has been shown to reduce risk of cancer, heart disease, Alzheimer’s
disease, and diabetes mellitus [116]. Curcumin supplementation improved diabetes-induced
endothelial dysfunction through lowering plasma glucose levels, decreasing superoxide production and inhibiting protein kinase C activation [117]. The preventive effect of curcumin on
the level of AGEs and cross-linking of collagen in diabetic rats has been reported with respect
to prevention of AGE-induced complications in diabetes mellitus [118]. Xu et al. has reported
that curcumin inhibited the proliferation of activated hepatic stellate cells and this has been
mediated by curcumin induction of gene expression of PPARg and PPARg activation [119].
Okamoto et al has also been reported the preventive effects of curcumin on AGE-induced increase in NF-kB and AP-1 activity, vascular endothelial growth factor m-RNA up-regulation
and the resultant increase in DNA synthesis in microvascular endothelial cells [120].
5. Summary
This chapter summarizes that AGEs formation appears to be enhanced under hyperglycemic condition. Increased glycation of plasma protein and its accumulation plays an important role in the pathogenesis of diabetic vascular complications. Up-regulation and pathogenic
effect of AGEs receptor, i.e. RAGE, expression and its genetic variant plays an important role
in the pathogenesis of diabetes and its vascular complications, the molecular mechanism of
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activation of RAGE needs to be investigated. The possibility of reducing glycation of protein
or circulating AGEs or blocking RAGE is an approachable target of delaying or preventing the
onset of diabetic complications. Various compounds are under investigation for their possible
therapeutic intervention. Finally, the use of AGEs as biomarkers/predictors of diabetic complications may be helpful to reduce health problems in diabetic patients.
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