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1. Introduction
Large randomized studies in diabetes have established that early intensive glycemic control
reduces the risk of diabetic microvascular complications, with less impact on macrovascular
complications 1, 2. In type 2 diabetic patients, further intensive therapy to target normal
glycated hemoglobin levels also failed to reduce mortality and major cardiovascular events
3, 4, while it may be rather harmful 5. However, follow-up data of these trials reveal a longterm influence of early metabolic control on longer cardiovascular outcomes, even though
the influence on glycemic control has been immediately disappeared after the trials 6, 7. This
phenomenon has recently been defined as "metabolic memory". In at-risk patients with type
2 diabetes, intensive intervention with multiple drug combinations and behavior
modification had similar sustained beneficial effects with respect to vascular complications
and on rates of death from any cause and from cardiovascular causes 8. Similarly in patients
with end-stage renal disease (ESRD), intensive interventions to the general risk factors, such
as high LDL-cholesterol or C-reactive protein, have not been successful in improving their
cardiovascular outcomes 9, 10, suggesting that the beneficial effect of risk reduction may be
overwhelmed by accumulated “metabolic memory” by long-term exposure to oxidative
stress during the progression of renal failure.
Potential mechanisms for propagating this "memory" are the non-enzymatic glycation of
cellular and tissue proteins which are conceptualized as advanced glycation end-products
(AGEs), the generation of which has been implicated to be deeply associated with increased
oxidative stress as well as hyperglycemia. AGEs, with their receptor (receptor for AGEs,
RAGE), potentially mediate molecular and cellular pathway leading to metabolic memory.
Moreover, interaction of the RAGE with AGEs leads to crucial biomedical pathway
generating intracellular oxidative stress and inflammatory mediators, which could result in
further amplification of the pathway involved in AGE generation.
By utilizing genetically engineered mouse models, emerging evidence suggests that
AGE/RAGE axis is also found to be profoundly associated with non-diabetic, non-uremic
pathophysiological conditions including 1) atherogenesis, 2) angiogenic response, 3) vascular
injury, and 4) inflammatory response (see review in 11), many of which are now implicated in
metabolic syndrome. Numerous truncated forms of RAGE have also been described, and the
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C-terminally truncated soluble form of RAGE has received much attention. Soluble RAGE
consists of several forms including endogenous secretory RAGE (esRAGE) which is a spliced
variant of RAGE 12, and a shedded form derived from cell surface RAGE 13, 14. These
heterogeneous forms of soluble RAGE, carrying all of the extracellular domains but devoid of
the transmembrane and intracytoplasmic domains, bind ligands including AGEs, and may
antagonize RAGE signaling in vitro and in vivo. ELISA systems to measure plasma esRAGE
and total soluble RAGE have been developed, and decreased plasma esRAGE is found to be
associated with insulin resistance, obesity and metabolic syndrome 15. Moreover, our recent
observation highlights the direct role of RAGE in adiposity; RAGE deficiency is associated
with less weight gain, less abdominal fat mass, less adipocyte size, less atherosclerotic lesion
formation and higher plasma adiponectin than wild type control 16.
Insulin resistance is the primary mechanism underlying the development of type 2 diabetes
and is a central component defining the metabolic syndrome, a constellation of abnormalities
including obesity, hypertension, glucose intolerance, and dyslipidemia. Insulin resistance or
metabolic syndrome has been defined to be associated with low-grade inflammation, and
therefore inflammation could contribute in large part to its development 17, implicating an
intriguing possibility that this pathophysiological condition is also an additional face of
metabolic memory driven by RAGE axis. Although insulin resistance has been characterized
by complex factors including genetic determinants, nutritional factors, and lifestyle, growing
evidence suggests that mediators synthesized from inflammatory cells are critically involved
in the regulation of insulin action. In brief, insulin binding to its specific receptor stimulates
tyrosine phosphorylation of insulin receptor substrate (IRS) proteins, which is a crucial step for
insulin signaling system. Many inflammatory signals appear to induce serine phosphorylation
of IRS, which could be involved in disruption of insulin-receptor signaling 17. In this chapter,
we would like to summarize the recent findings regarding pathophysiological roles of RAGE
and soluble RAGE in insulin resistance and metabolic syndrome.

2. AGEs
2.1 AGE formation by glucose and its derivatives
AGEs are proteins generated by a series of reactions termed the Maillard Reaction.
Classically, AGE formation has been described by a nonenzymatic reaction between
proteins and glucose 18, 19. AGEs derive from the spontaneous reaction of carbohydrates with
amino group of proteins, which undergo from the formation of reversible products (Schiff
base adducts) to the generation of more stable products (Amadori products). Subsequently,
complex reactions occur including intermolecular crosslink formation, and cleavage through
oxidation, dehydration, condensation, cyclization, and other reactions follows, with
generation of AGEs through a late reaction characterized by fluorescent and brown
coloration and molecular crosslinkage. Recently, it was confirmed that AGEs are also
formed by non-enzymatic reaction of reactive carbonyl compounds such as 3deoxyglucosone, methylglyoxal resulting from persisting high blood glucose level, and
oxidative stress associated with the amino residues of proteins.
2.2 AGEs formation independent of hyperglycemia
There is also increasing evidence that AGEs are also formed through lipid-derived
intermediates, resulting in advanced lipoxidation products 20. AGEs might be formed
directly by autoxidation of free glucose 21, 22. In this pathway, known as autoxidative
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glycosylation, such reactive oxygen species as hydrogen peroxide were identified as both
products and catalysts of autoxidation of sugars. Other than diabetes mellitus patients, high
plasma and tissue levels of AGEs are observed in patients with ESRD. It has been reported
that no difference was noted in blood AGEs levels between those with and without diabetes
mellitus among chronic renal failure patients on hemodialysis, which is believed to enhance
production and accumulation of AGEs in conditions other than hyperglycemia. Local
accumulation of AGEs is also observed in patients with Alzheimer disease, rheumatoid
arthritis, arteriosclerosis, cancer, and other diseases, suggesting the involvement of
inflammation and oxidative stress in the formation of AGEs.
2.3 Orally absorbed AGEs
In addition to the endogenously formed, AGEs are abundant in exogenous sources such as
foods, especially when prepared under elevated temperatures 23. Vlassara’s group has
extensively examined the role of the exogenous AGEs in several pathological conditions (see
review in 24). After ingestion, 10% of orally-administered AGEs are absorbed into the
circulation 25-27, majorities of which are shown to be accumulated in tissues. Among them are
tissue-reactive α, β-dicarbonyl-containing intermediate products, such as methylglyoxal,
which has been linked to cellular oxidant stress and apoptosis 28, and terminal products,
such as ε N-carboxymethyllysine (CML), which is formed by glycoxidation as well as by
lipoxidation 29-31. Both methylglyoxal and CML have been identified in vivo and are shown
to be associated with oxidant stress and tissue damage 31-33.

3. AGEs and endogenous RAGE ligand in insulin resistance or metabolic
syndrome
3.1 AGEs in insulin producing and acting tissues
Importantly, among the multiple targets of bioactive AGEs are also such diverse tissues as
the pancreatic islet 34, 35, the adipose tissue (adipocyte) 36 and skeletal muscle cells 37, major
tissues involved in insulin secretion and its actions. Pharmacological inhibition of
glycoxidation protects against damage to either tissue 33, 38. AGEs are shown to inhibit
glucose-stimulated insulin secretion from islet through iNOS-dependent nitric oxide
production 35. Reduced intake of dietary AGEs has also been shown to decrease the
incidence of type 1 diabetes in NOD mice 39 as well as the formation of atherosclerotic
lesions in diabetic apolipoprotein E-deficient mice 40.
3.2 AGEs and insulin resistance in vivo
AGEs burden is also shown to be associated with impaired endothelial function 41-44.
Endothelial dysfunction could be profoundly associated with less insulin delivery to the
skeletal muscle interstitium, leading to decreased insulin-stimulated glucose uptake by the
skeletal muscle 45-49, which is implicated in the pathogenesis of insulin resistance. More
directly, the restriction of the AGE content in standard mouse diets was found to markedly
improve insulin resistance in obese db/db(++) mice 50. More recent observation shows targeted
reduction of the advanced glycation pathway improved renal function in obesity 51. This
interesting observation was further supported by the findings that the development of
insulin resistance and type 2 diabetes during prolonged high-fat feeding are linked to the
excess AGEs/advanced lipoxidation end products inherent in fatty diets 52.
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3.3 AGEs and insulin resistance in vitro
Several evidences also suggest that AGEs affect the function of insulin-target cells in vitro.
AGEs interact with CD36 in mouse 3T3 and human subcutaneous adipocytes, which is
associated with down-regulation of leptin expression in adipocyte through reactive oxygen
species (ROS) system 53. Miele et al showed in L6 skeletal muscle cells that AGEs affect
glucose metabolism by impairing insulin-induced insulin receptor substrate (IRS) signaling
through protein kinase Cα-mediated mechanism 37. The same research group also showed in
the muscle cells that methylglyoxal, an essential source of intracellular AGEs, hampers a key
insulin signaling molecule 54. Recent observations by Unoki et al also showed that AGEs
impair insulin signaling in adipocytes by increasing generation of intracellular ROS 55. Thus,
AGEs may not only induce the debilitating complications of diabetes, but may also
contribute to the impairment of insulin signaling in insulin-target tissues which could be
involved in pathophysiology of insulin resistance, metabolic syndrome and diabetes.
3.4 Endogenous RAGE ligands, insulin resistance and metabolic syndrome
RAGE also interacts with other endogenous non-glycated peptide ligands including
S100/calgranulin 56, amphoterin (also termed as high mobility group box 1 protein,
HMGB1) 57, 58, amyloid fibrills 59, transthyretin 60, and a leukocyte integrin, Mac-1 61, many of
which are important inflammatory regulators. Some of these inflammatory ligands for
RAGE may be involved in pathogenesis of obesity and metabolic syndrome. Early studies
show expression of S100B protein in pre- and mature- adipocyte and is induced during
adipogenesis 62, 63. Physiological S100B levels appear to closely reflect adipose tissue mass or
insulin resistance in humans 64-66. HMGB1 is also found to be expressed in human adipose
tissue with the expression level associated with the fat mass and obesity-associated gene 67.
Moreover, growing evidences suggest that infiltration of inflammatory cells, including
macrophages, play fundamental roles in adiposity and metabolic syndrome 68-70. MAC-1, an
integrin expressed in macrophage, can act as a RAGE ligand 61, and may be involved in
adipogenesis through interaction with RAGE.

4. RAGE and its potential link with insulin resistance and metabolic
syndrome
4.1 Structure and function of RAGE
RAGE is a multiligand cell-surface protein that was isolated from bovine lung in 1992 by the
group of Schmidt and Stern 71, 72. RAGE belongs to the immunoglobulin superfamily of cell
surface molecules and has an extracellular region containing one “V”-type immunoglobulin
domain and two “C”-type immunoglobulin domains 71, 72 (Figure 1). The extracellular
portion of the receptor is followed by a hydrophobic trans-membrane-spanning and then by
a highly charged, short cytoplasmic domain which is essential for intracellular RAGE
signaling. RAGE is initially identified as a receptor for CML-modified proteins 73, a major
AGE in vivo 74. Three-dimensional structure of the recombinant AGE-binding domain by
using multidimensional heteronuclear NMR spectroscopy revealed that the domain
assumes a structure similar to those of other immunoglobulin V-type domains 75, 76. Three
distinct surfaces of the V domain were identified to mediate AGE-V domain interactions 75.
The site-directed mutagenesis studies identified the basic amino acids which play a key role
in the AGE binding activities 76. As mentioned in the previous sentence, RAGE also interacts
with other endogenous non-glycated peptide ligands, many of which are important
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inflammatory regulators. The common characteristics of these ligands are the presence of
multiple β-sheets 61, 77, 78. RAGE is thought to interact with these ligands through their
shared three-dimensional structure.

Fig. 1. Numerous truncated forms of RAGE. There are three major spliced variants of RAGE:
full length, N-terminally truncated, and C-terminally truncated. The C-terminally truncated
form of RAGE is secreted from the cell and is named endogenously secreted RAGE
(esRAGE). esRAGE has a V-domain, which is essential for binding with ligands, and is
capable of competing with RAGE signaling as a decoy receptor. There are other forms of
soluble RAGE (sRAGE) that are cleaved from cell-surface RAGE by matrix
metalloproteinases. The ELISA assay for sRAGE measures all soluble forms including
esRAGE in human plasma, while the ELISA for esRAGE measures only esRAGE, using
polyclonal antibody raised against the unique C-terminus of the esRAGE sequence.
4.2 Inflammatory signaling mediated by RAGE
Ligand engagement of RAGE leads to prolonged inflammation, resulting in a RAGEdependent expression of proinflammatory mediators such as monocyte chemoattractant
protein-1 (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1) 79, 80. RAGE-mediated
proinflammatory signals could potentially converge with insulin signaling system (Figure
2). The engagement of RAGE has been reported to induce activation of the transcription
factor nuclear factor-κB (NF-κB). Recent reports by Harja et al demonstrate that RAGE
mediates upregulation of VCAM-1 in response to S100b and oxLDL and JNK MAP kinase
underlies the RAGE ligand-stimulated molecular events 81. It is not known at present
whether this is also the case in classical insulin target cells. JNK activity is strikingly
increased in critical metabolic sites (eg. adipose and liver tissues) 82, and is shown to be
crucial in IRS-1 phosphorylation and consequently insulin resistance 82, 83. Moreover, the
main pathological consequence of RAGE ligation is the induction of intracellular reactive
oxygen species (ROS) via NAD(P)H oxidases and other identified mechanisms such as
mitochondrial electron transport chain 84, which consequently results in oxidative stress in
the cells 85. Oxidative stress is emerging as a feature of obesity and an important factor in the
development of insulin resistance 86, 87. Both the NF-kB and JNK pathways can be activated
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under the conditions of oxidative stress, and this may be important for the ability of ROS to
mediate insulin resistance. RAGE has a short cytosolic portion that contains 43 amino acids
72. So far, adaptors and/or scaffold proteins that interact with the cytosolic tail of RAGE has
barely been identified. The RAGE mutant lacking the 43-residue C-terminal tail fails to
activate NF-κB, and expression of the mutant receptor results in a dominant negative effect
against RAGE-mediated production of proinflammatory cytokines from macrophages 56, 57.

Fig. 2. RAGE and insulin signaling. RAGE is known to activate JNK pathway, which could
phosphorylate serine-residue of insulin receptor substrate (IRS) and inhibit its activity.
RAGE mediated generation of reactive oxygen spices (ROS) may alternatively influence
insulin signaing.
4.3 RAGE and obesity
A.

RAGE, adiposity and atherosclerosis in mouse model

Recent reports suggest that RAGE could be involved in progression of obesity. Recent study
in humans shows RAGE mRNA expression in subcutaneous adipose tissues 88. Although
this study does not delineate which cells in adipose tissue express RAGE, our current animal
study shows RAGE expression in adipocyte as wells as endothelial cells in adipose tissues 16.
We have shown by using apo E/RAGE double knockout mice that progression of
atherosclerosis is closely associated with RAGE-regulated adiposity in non-diabetic
conditions 16. As shown in Figure 3, apoE-/-RAGE-/- mice fed either with standard or
atherogenic diet exhibited significantly decreased atherosclerotic plaque area in aorta as
compared with apoE-/-RAGE+/+ mice. Importantly, apoE-/-RAGE-/- mice also exhibited
significantly less body weight, epididymal fat weight and epididymal adipocyte size than
apoE-/-RAGE+/+ mice at 20-weeks of age (Figure 4). Decreased body weight, epididymal fat
weight, and adipocyte size are associated with higher plasma adiponectin levels and
decreased atherosclerosis progression. RAGE is involved in adiposity even in apo E+/+
genetic background. At 20-weeks of age, epididymal adipocyte size of RAGE-/- mice was
significantly smaller than that of RAGE+/+ mice (data not shown).
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Fig. 3. RAGE deficiency suppresses atherosclerotic progression in apoE deficient mice.
Representative aortas from apoE-/-RAGE+/+ and apoE-/-RAGE-/- mice (20-weeks old) fed
with atherogenic diet were shown in left panel. Right panel summarizes the quantitative
analyses. Plaque area was represented as percentages of the total plaque area. Columns
represent mean ± standard deviation. Black columns represent apoE-/-RAGE+/+ mice, and
grey columns, apoE-/-RAGE-/- mice. P values were analyzed by Student’s unpaired t-test.
Reproduced from ref 16.
B.

Roles of inflammatory cells?

RAGE is also known to play fundamental role in functions of inflammatory cells 61, 89, 90,
raising an intriguing possibility that RAGE’s function on adiposity may be mediated
through its function in inflammatory cells infiltrated in adipose tissues. In our study in
apoE-/- genetic background fed with atherogenic diet, numbers of Mac-3-positive
inflammatory cells infiltrated in the epididymal adipose tissues of RAGE+/+apoE-/- mice and
RAGE-/-apoE-/- did not show significant differences, and crown-like structure were barely
detected in epididymal adipose tissue in both groups even at 20-week of age. In standard
diet-fed mice, even though the adiposity was significantly different between RAGE+/+apoE/- and RAGE-/-apoE-/- mice, crown-like structure were not detected in epididymal adipose
tissues in both groups even at 20-week of age. Further in apoE+/+ genetic background at 10
week of age when significantly different pattern of gene expression was observed between
WT and RAGE-/- mice, no marked differences in expressions of macrophage markers were
observed as analyzed by gene microarray. At that age, macrophage infiltration in adipose
tissues is also reported to be scant 91. Thus, it appears infeasible to RAGE acting primarily at
inflammatory cells at least in early phase of adiposity, while RAGE expressed in endothelial
cells or adipocyte might play fundamental roles.
C.

RAGE-regulated genes in adipose tissue: gene chip analysis

To explore potential mechanisms underlying RAGE-regulation of adiposity, mRNA
expression profile in epididymal adipose tissue was compared between RAGE+/+ and
RAGE-/- mice using Affymetrix GeneChip Mouse Genome 430 2.0. We isolated total RNA
from epididymal adipose tissue at 10-weeks of age, at which phenotypic change in
adipocyte size was not observed. Using 3 µg of total RNA, 59.8% and 61.4% of 45,037 genes
were revealed to be present in RAGE+/+ and RAGE-/- adipose tissue, respectively.
Comparison analysis of the genes (RAGE+/+ adipose tissue as base line) revealed that 10.3%
of the total genes were decreased, while 11.7% increased in RAGE-/- adipose tissue. As
compared with RAGE+/+ adipose tissue, 623 genes were downregulated to less than a half,
and 2,470 genes upregulated more than 2 fold in RAGE-/- adipose tissue.
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Fig. 4. RAGE deficiency is associated with decreased body weight, epididymal fat weight
and adipocyte size in apolipoprotein E (apoE)-deficient genetic background. (A)
Comparisons of body weight between apoE-/-RAGE+/+ and apoE-/-RAGE-/- mice fed with
standard or atherogenic diet. (B) Comparisons of epididymal fat weight between apoE-/RAGE+/+ and apoE-/-RAGE-/- mice fed with standard or atherogenic diet. (C) Comparisons
of adipocyte size in epididymal adipose tissues. Columns represent mean ± standard
deviation. P values were analyzed by Student’s t-test. Modified from ref 16.
D.

RAGE-regulated genes in adipose tissue: ontology analysis

To mine specific group of genes involved in adiposity regulated by RAGE, gene ontology
analyses were performed. Downregulated genes in RAGE-/- adipose tissue were significantly
accumulated in the ontology terms of metabolic process including acetyl-CoA biosynthetic
process, neutral lipid biosynthetic process, pyruvate metabolic process, gluconeogenesis,
glycogen biosynthetic process, and NADPH regeneration. Interestingly, genes involved in fat
cell differentiation were also identified to be accumulated as down-regulated in RAGE-/adipose tissue. Ontology terms of glucose transport and neutral amino acid transport were
also significantly extracted as downregulated in RAGE-/- adipose tissue. Insulin receptor
signaling pathway was a highly significant ontology term downregulated in RAGE-/- adipose
tissue. On the contrary, many of the genes upregulated in RAGE-/- adipose tissue were
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accumulated in ontology terms including cell adhesion, endocytosis, T cell activation,
prostaglandin biosynthesis, protein binding, protein folding, processing and glycoprotein
biosynthetic process, many of which are known be associated with cellular mechanisms for
inflammation and defensive process. Nitrogen compound metabolic process, including amino
acid metabolic process, was also identified to be a significant ontology term upregulated in
RAGE-/-. Interestingly, upregulated genes in RAGE-/- tissue were also significantly
accumulated in ontology term for cell redox homeostasis process.
E.

RAGE-regulated genes in adipose tissue: pathway analysis

To further identify potential pathways involved in RAGE-regulation of adiposity, KEGG
pathway analyses were performed (Table 1). In accordance with the ontology analyses,
insulin signaling pathway, pyruvate metabolism, fatty acid biosynthesis and
gluconeogenesis were identified to be downregulated pathways in RAGE-/- adipose tissue.
PPAR signaling and adipocytokine signaling were also identified to be downregulated in
RAGE-/- adipose tissue. Similar to gene ontology analyses, inflammatory pathways
including cell adhesion molecules and leukocyte transendothelial migration were the
significant pathways upregulated in RAGE-/- mice. Pathways including amino acid
metabolic pathways, nitrogen metabolism, glycan biosynthesis, structure and degradation
were the pathways significantly upregulated in RAGE-/- adipose tissues.
WT>RAGE-/- (>= 3 fold)
Insulin signaling pathway
Fatty acid biosynthesis
ErbB signaling pathway
Ethylbenzene degradation
1- and 2-methylnaphthalene degradation
Jak-STAT signaling pathway
WT>RAGE (>= 2 fold)
Alanine and aspartate metabolism
Pyruvate metabolism
Insulin signaling pathway
Adipocytokine signaling pathway
Fatty acid biosynthesis
Glycerophospholipid metabolism
Glycerolipid metabolism
Glutathione metabolism
Ethylbenzene degradation
Valine, leucine and isoleucine biosynthesis
Type II diabetes mellitus
Metabolism of xenobiotics by cytochrome P450
Sulfur metabolism
PPAR signaling pathway
Propanoate metabolism
Glycolysis / Gluconeogenesis
Circadian rhythm

count
4/137
1/6
2/87
1/10
1/20
2/151

P value
0.0002
0.0146
0.0179
0.0242
0.0478
0.0500

7/33
7/41
12/137
6/71
2/6
5/61
4/41
4/42
2/10
2/10
4/46
5/71
2/11
5/74
3/30
4/53
2/13

<0.0001
<0.0001
0.0001
0.0059
0.0077
0.0134
0.0148
0.0160
0.0216
0.0216
0.0218
0.0245
0.0260
0.0287
0.0320
0.0345
0.0358

Table 1. Pathway analyses of the genes differentially expressed in WT vs. RAGE-/epididymal adipose tissue.
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WT<RAGE-/- (>= 2 fold)
Arginine and proline metabolism
Glycine, serine and threonine metabolism
Glycerolipid metabolism
N-Glycan degradation
Cyanoamino acid metabolism
One carbon pool by folate
Glycosphingolipid biosynthesis - ganglioseries
Polyunsaturated fatty acid biosynthesis
Ether lipid metabolism
Cell adhesion molecules (CAMs)
Prostate cancer
Nitrogen metabolism
Glycosylphosphatidylinositol(GPI)-anchor
biosynthesis
Glycan structures - biosynthesis 1
WT<RAGE-/- (>= 3 fold)
Arginine and proline metabolism
Polyunsaturated fatty acid biosynthesis
Glycerolipid metabolism
Leukocyte transendothelial migration
Glutathione metabolism
Cell adhesion molecules (CAMs)
O-Glycan biosynthesis
Thyroid cancer
Glyoxylate and dicarboxylate metabolism
Glycan structures - biosynthesis 1
One carbon pool by folate
Pantothenate and CoA biosynthesis

6/33
7/47
5/41
3/15
2/6
3/16
3/16
3/17
4/32
10/147
7/88
3/21
3/21

0.0008
0.0010
0.0128
0.0136
0.0163
0.0164
0.0164
0.0194
0.0234
0.0301
0.0317
0.0343
0.0343

8/114

0.0428

4/33
3/17
4/41
7/115
4/42
8/147
3/27
3/28
2/14
6/114
2/16
2/16

0.0053
0.0054
0.0114
0.0118
0.0124
0.0137
0.0199
0.0219
0.0358
0.0364
0.0459
0.0459

Table 1. Pathway analyses of the genes differentially expressed in WT vs. RAGE-/epididymal adipose tissue (continuation).
F.

RAGE-regulated genes in adipose tissue: real time RT-PCR confirmation

Adipogenesis related genes including, lipin 1, peroxisome proliferator-activated receptor
(PPAR)-γ, adipose differentiation related protein, were shown to be downregulated in
RAGE-/- mice. Fatty acid binding protein 5, 1-acylglycerol-3-phosphate O-acyltransferase 2,
diacylglycerol O-acyltransferase 2, monoacylglycerol O-acyltransferase 1, acetoacetyl-CoA
synthetase, acetyl-coenzyme A carboxylase α were downregulated in RAGE-/- adipose
tissue, which could be an essential mechanisms for decreased adiposity in RAGE-/- mice. In
insulin signaling, phosphatidylinositol 3-kinase (p85α), adaptor protein with pleckstrin
homology and src (APS), sorbin and SH3 domain containing 1 (CAP), insulin receptor
substrate (IRS) 1 and 3, thymoma viral proto-oncogene 2 / similar to serine/threonine
kinase (Akt), Protein phosphatase 1 regulatory (inhibitor) subunit 3C, facilitated glucose

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

101

Fig. 5. Gene microarray, Ontology and KEGG pathway analyses suggest that insulin
signaling and adipocyte differentiation are the potential pathways regulated by RAGE. (A)
Figure summarizes the results of Ontology and KEGG pathway analyses. Genes suppressed
in RAGE-/- adipose tissue were described in black circles. (B) Changes in mRNA expression
obtained by gene microarray analyses were confirmed by real-time quantitative RT-PCR
analyses. All changes in gene expression were statistically significance (p<0.05, Student’s ttest). IRS-1: insulin receptor substrate 1, PI3K: phosphatidylinositol 3-kinase (p85α), AKT:
thymoma viral proto-oncogene 2 / similar to serine/threonine kinase, APS: adaptor protein
with pleckstrin homology and src, CAP: sorbin and SH3 domain containing 1, Glut4:
facilitated glucose transporter member 4, FABP4: fatty acid binding protein 4, PPAR-γ:
peroxisome proliferator-activated receptor, Steap4: six-transmembrane epithelial antigen of
prostate 4, ACC: acetyl-coenzyme A carboxylase α, Gldx: glutaredoxin.
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transporter member 4 (Glut 4) were identified to be downregulated in RAGE-/- adipose
tissue. Figure 5A shows genes specifically suppressed in RAGE-/- adipose tissue (closed
circles) in insulin signaling and adipocyte differentiation pathways. Real-time quantitative
RT-PCR analyses confirmed the genes in the pathways were indeed down-regulated in
RAGE-/- adipose tissue (Figure 5B). These results altogether suggest direct role of RAGE in
adiposity. Although in which cell types RAGE is principally working, insulin signaling and
adipocyte signaling pathway in adipose tissue appear to play important part in RAGE
regulation of adiposity.
4.4 RAGE, endothelial dysfunction and insulin resistance
Impaired insulin action, when assessed by fasting serum insulin levels or the homeostasis
model assessment of insulin resistance (HOMA-IR) 92, is associated with atherosclerosis and
an increased risk of myocardial infarction. Insulin resistance is associated with endothelial
dysfunction 93 and may serve as a link between insulin resistance and atherosclerosis. Recent
findings by Harja et al highlighted the involvement of RAGE in endothelial dysfunction 81.
Endothelium-dependent vasorelaxation was tested in isolated mouse aortic rings from apoE–
/– and apoE–/–RAGE–/– mice, and relaxation response to acetylcholine was significantly
improved in the RAGE deficient mouse. Similarly, impaired endothelial function in diabetic
obese mice was also shown to be mediated by AGEs/RAGE system, since blockade of AGERAGE interaction by soluble RAGE significantly improved endothelial function 94. Recent
clinical observations by Linden et al 44 also implies AGEs/RAGE system is involved in
impaired endothelial function in patients with chronic kidney diseases. Thus, not only by
the interaction at the cellular signaling level, but RAGE appears to impair endothelial
function and potentially blood flow in insulin target tissues, leading to insulin resistance in
vivo.

5. C-terminally truncated form of RAGE (soluble RAGE, sRAGE) as potential
biomarkers for cardiovascular diseases, metabolic syndrome and insulin
resistance
5.1 Truncated form of RAGE
Numerous truncated forms of RAGE have recently been described 12, 95-98 (Figure 1). Two
major spliced variants of RAGE mRNA, N-terminal and C-terminal truncated forms, have
been most extensively characterized 12. The N-truncated isoform of RAGE mRNA codes
for a 303-amino-acid protein lacking the N-terminal signal sequence and the first V-like
extracellular domain. The N-truncated form is incapable of binding with AGEs, since the
V-domain is critical for binding of the ligand 71. The N-truncated form of RAGE appears
to be expressed on the cell surface similar to the full-length RAGE, although its biological
roles remain to be elucidated 99. It has been suggested that this form of RAGE could be
involved in angiogenic regulation in a fashion independent of the classical RAGE
signaling pathway 99.
5.2 Endogenous secretory RAGE (esRAGE)
The C-terminal truncated form of RAGE lacks the exon 10 sequences encoding the
transmembrane and intracytoplasmic domains 12. This spliced variant mRNA of RAGE
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encodes a protein consisting of 347 amino acids with a 22-amino-acid signal sequence, and is
released from cells. This C-truncated form is now known to be present in human circulation
and is named endogenous secretory RAGE (esRAGE) 12. Regulation of alternative splicing of
the RAGE is recently shown to be regulated through G-rich cis-elements and heterogenous
nuclear ribonucleoprotein H 100. esRAGE was found to be capable of neutralizing the effects
of AGEs on endothelial cells in culture 12. Adenoviral overexpression of esRAGE in vivo in
mice reverses diabetic impairment of vascular dysfunction 101. Thus, the decoy function of
esRAGE may exhibit a feedback mechanism by which esRAGE prevents the activation of
RAGE signaling.
5.3 Soluble RAGE generated by shedding
It has also been suggested that some sRAGE isoforms that could act as decoy receptors
may be cleaved proteolytically from the native RAGE expressed on the cell surface 102,
suggesting heterogeneity of the origin and nature of sRAGE. This proteolytic generation
of sRAGE was initially described as occurring in mice 103. Recent studies suggest that
ADAM10 and MMP9 to be involved in RAGE shedding 13, 14. ADAM is known as a
shedase to shed several inflammatory receptors and can be involved in regulation of
RAGE/sRAGE balance. A RAGE gene polymorphism is shown to be strongly associated
with higher sRAGE levels, although the mechanism by which the polymorphism alters
the sRAGE levels remains to be elucidated 104. Thus, the molecular heterogeneity of the
diverse types of sRAGE in human plasma could exert significant protective effects against
RAGE-mediated toxicity. However, the endogenous action of sRAGE may not be confined
to a decoy function against RAGE-signaling. In HMGB1-induced arthritis model, for
example, sRAGE is found to interact with Mac-1, and act as an important
proinflammatory and chemotactic molecule 105. Further analyses are warranted to
understand more about the endogenous activity of sRAGE.
5.4 Circulating sRAGE and esRAGE in diseases
A.

Circulating sRAGE and cardiovascular diseases

Since sRAGE and esRAGE may be involved in feedback regulation of the toxic effects of
RAGE-mediated signaling, recent clinical studies have focused on the potential
significance of circulating sRAGE and esRAGE in a variety of pathophysiological
conditions, including atherosclerotic disorders, diabetes, hypertension, Alzheimer’s
dieases and chronic kidney diseases (Table 2). First, Falcone et al 106 reported that total
sRAGE levels are significantly lower in patients with angiographically proven coronary
artery disease (CAD) than in age-matched healthy controls. The association between
circulating sRAGE and angiographic observations was shown to be dose-dependent, with
individuals in the lowest quartile of sRAGE exhibiting the highest risk for CAD.
Importantly, this cohort consisted of a non-diabetic population, suggesting that the
potential significance of sRAGE is not confined to diabetes. Falcone et al also showed that
the association between sRAGE and the risk of CAD was independent of other classical
risk factors. Their findings are reproduced later by several research groups in larger
numbers of subjects, and are also extended to other atherosclerotic diseases, such as
carotid atherosclerosis, cerebral ischemia, and aortic valve stenosis (Table 2). Patients with
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Alzheimer disease have also lower levels of sRAGE in plasma than patients with vascular
dementia and controls, suggesting a role for the RAGE axis in this clinical entity as
well 107.
sRAGE
CAD (non-DM)
Calcified aortic valve stenosis
Carotid atherosclerosis
Cerebral ischemia
Alzheimer’s disease
Endothelial dysfunction
Diabetes (type 1)
Diabetes (type 2)
Hypertension
NASH
Chronic kidney disease

references
decreased
increased
decreased
decreased
decreased
decreased
decreased
increased
increased
decreased
decreased
decreased
increased

106, 153, 154
124
155
156
157 158 127
107 159
160
122
123, 124
120, 121
117
118 119
109, 123, 129, 161
162

Oxidative stress and inflammatory markers
esRAGE
Insulin resistance
Metabolic syndrome
Diabetes (type 1)
Diabetes (type 2)
Hypertension
NASH
Carotid atherosclerosis
CAD
Altzheimer’s disease
Chronic kidney disease

positively associated
inversely associated
inversely associated
decreased
decreased
decreased
decreased
decreased
decreased
no association
decreased
decreased
increased

163, 164
121

15
15
108, 110
15, 113
15
119
15, 110-112
109
113, 153
165
114, 161 162

Table 2. Levels of circulating soluble RAGE in cardiovascular and metabolic diseases.
B.

Circulating esRAGE and cardiovascular diseases

Following development of an ELISA system to specifically measure human esRAGE 108,
we measured plasma esRAGE level and cross-sectionally examined its association with
atherosclerosis in 203 type 2 diabetic and 134 non-diabetic age- and gender-matched
subjects 15. esRAGE levels were inversely correlated with carotid and femoral
atherosclerosis, as measured as intimal-medial thickness (IMT) by arterial ultrasound.
Stepwise regression analyses revealed that plasma esRAGE was the third strongest and an
independent factor associated with carotid IMT, following age and systolic blood
pressure15. Importantly however, when non-diabetic and diabetic groups were separately
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analyzed, inverse correlation between plasma esRAGE level and IMT was significant in
non-diabetic population only, suggesting a potential significance of esRAGE in nondiabetic condition. No association of plasma esRAGE with IMT in diabetes was also
reported in other study with 110 Caucasian type 2 diabetic subjects 109. Another Japanese
research group found an inverse correlation between plasma esRAGE and carotid
atherosclerosis in type 1 110 and type 2 diabetic subjects 111. Recently, the same research
group also longitudinally examined the predictive significance of plasma esRAGE and
sRAGE on progression of carotid atherosclerosis, and found that low circulating esRAGE
level as well as sRAGE level was an independent risk factor for the progression of carotid
IMT in type 1 diabetic subjects 112. In Chinese type 2 diabetic patients, plasma esRAGE is
recently shown to be decreased in angiographically-proved patients with coronary artery
disease than those without it 113.
C.

Low circulating sRAGE as a predictor of cardiovascular diseases

We also reported an observational cohort study in patients with end-stage renal disease
(ESRD) and longitudinally evaluated the effect of plasma esRAGE on cardiovascular
mortality 114. The cohort in that study included 206 ESRD subjects, who had been treated by
regular hemodialysis for more than 3 months. Even though the plasma esRAGE levels at
baseline were higher in ESRD subjects than in those without kidney disease, the subjects in
the lowest tertile of plasma esRAGE levels exhibited significantly higher cardiovascular
mortality, but not non-cardiovascular mortality. Importantly, even in the subpopulation of
non-diabetic subjects alone, low circulating esRAGE level was a predictor of cardiovascular
mortality, independent of the other classical risk factors. Thus, low circulating esRAGE or
sRAGE level is a potential predictor for atherosclerosis and cardiovascular diseases even in
non-diabetic population.
D.

Circulating sRAGE, esRAGE and metabolic syndrome

Several components of metabolic syndrome have been shown to be associated with
altered plasma sRAGE or esRAGE levels. We first reported that plasma esRAGE levels are
already decreased in patients with impaired glucose tolerance as compared with those
with normal glucose tolerance (Figure 6A). Moreover, patients with metabolic syndrome
showed significantly lower plasma esRAGE than those without it (Figure 6A). Plasma
esRAGE levels are inversely correlated with many of the components of metabolic
syndrome including body mass index (Figure 6B), blood pressures, fasting plasma
glucose, serum triglyceride, and lower HDL-cholesterol levels 15. The majorities of these
correlations remained significant even when the non-diabetic or type 2 diabetic
subpopulation was extracted for analyses. An inverse correaltion between esRAGE (or
sRAGE) and body mass index was also found for control subjects 115, those with type 1
diabetes 116, and those with ESRD 114. Patients with hypertension have been found to have
lower plasma sRAGE or esRAGE levels 15, 117. Importantly, our findings also showed that
plasma esRAGE was also inversely associated with insulin resistance index, HOMA
(Figure 6B), suggesting esRAGE and sRAGE as potential biomarkers for metabolic
syndrome and insulin resistance, which could be associated with altered cardiovascular
outcomes. Both sRAGE and esRAGE are found to be decreased in patients with liver
steatosis 118, 119, which is know to be deeply associated with visceral fat accumulation and
insulin resistance.
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Fig. 6. Plasma esRAGE levels are decreased in glucose intolerance, metabolic syndrome,
obesity and insulin resistance (A) Left panel demonstrates the levels of plasma esRAGE in
subjects with normal glucose tolerance (NGT) (n=118), impaired glucose tolerance (IGT)
(n=16), and type 2 diabetes (DM) (n=203). Right panel compares the plasma esRAGE levels
in subjects with (n-53) or without (n=282) metabolic syndrome (Met) as characterized by
modified NCEP criteria. * p<0.05, ANOVA with multiple comparison (Scheffe’s type). (B)
Plasma esRAGE levels were inversely associated with body mass index or HOMA insulin
resistance index. Logarithm-transformed HOMA index was used for the analyses because of
the skewed distribution. Modified from ref 15.
E.

Circulating sRAGE and esRAGE in diabetes

The findings regarding plasma levels of the soluble form of RAGE in diabetes are quite
confusing. We and other groups have found that plasma esRAGE level is significantly lower
in type 1 and type 2 diabetic patients than in non-diabetic controls 15, 110. Plasma sRAGE
levels have also been shown to be decreased in diabetic subjects 120, 121, although conflicting
findings have also been reported for type 1 122 and type 2 diabetes 123, 124. We examined
plasma sRAGE levels by different ELISA system using esRAGE as a standard protein and
different sets of antibodies against whole RAGE molecule 125. In our hand, type 2 diabetic
subjects without overt nephropathy (0.60 ± 0.28 ng/ml) exhibited significantly (p<0.001,
Student’s t-test) lower plasma sRAGE level than non-diabetic controls (0.77 ± 0.34 ng/ml) 11.
Of note, when diabetic subjects alone were extracted for analyses, a direct association was
not observed between plasma soluble RAGE (both sRAGE and esRAGE) levels and the
status of glycemic control (i.e. glycated hemoglobin A1c) 15, 109, 116, 120, 126. Thus, these complex
findings in diabetic subjects suggest that levels of plasma soluble forms of RAGE are not
determined simply by status of glycemic control, and that even plasma esRAGE and sRAGE
levels may be under the control of distinct mechanisms. Recent study suggests that sRAGE
levels may be significantly influenced by ethnicity 127, which may partially explain
controversial findings.
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Circulating sRAGE and esRAGE in CKD

Another important component that can affect plasma sRAGE is the presence of chronic
kidney disease. It has been shown that, in peripheral monocytes from subjects with varying
severities of CKD, RAGE expression is closely associated with worsening of CKD and is
strongly correlated with plasma levels of pentosidine, a marker for AGEs 128. Circulating
sRAGE levels have been shown to be increased in patients with decreased renal function,
particularly those with ESRD 109, 123, 129. Our observations revealed that plasma esRAGE
levels in type 2 diabetic subjects without CKD are lower than non-diabetic controls, which is
gradually elevated in accordance with progression of CKD 11. Plasma sRAGE levels in
diabetic subjects without CKD also exhibited significantly lower than those of non-diabetic
controls 11. Thus, plasma sRAGE and esRAGE are markedly affected by the presence of
CKD, which might make the interpretation of the role of soluble RAGE quite complicated
130. It remains to be determined whether the increase in plasma esRAGE in CKD is caused by
decreased renal function alone or whether esRAGE levels are upregulated to protect against
toxic effects of the RAGE ligands. Successful kidney transplantation resulted in significant
decrease in plasma sRAGE 131, implying that the kidneys play a role in sRAGE removal.

6. RAGE and Soluble RAGE as a therapeutic target against metabolic
syndrome, insulin resistance and cardiovascular disease?
6.1 Soluble RAGE as a therapeutic tool in animal disease models
Potential usefulness of soluble RAGE for prevention and treatment of inflammatory diseases
has been demonstrated in many animal models. Blockade of RAGE by administration of
genetically engineered sRAGE successfully prevented the development of micro- 132, 133 and
macrovascular complications in diabetes 134-136. We have also shown that adenoviral
overexpression of esRAGE successfully restored the impaired angiogenic response in
diabetic mice 101. Sakaguchi et al found that administration of sRAGE markedly suppressed
neointimal formation following arterial injury in non-diabetic mice 137. Soluble RAGE has
also been shown to effectively prevent the development of diabetes 138, protect against
tumor growth and metastasis 58, improve the outcome of colitis 56, restore impaired wound
healing 139, and suppress Alzheimer disease-like conditions 140. These effects of soluble
RAGE in animal models could be explained by its decoy function, inhibiting RAGE
interaction with its proinflammatory ligands, which might be applicable to human diseases
as well. Since our findings strongly suggest the role of RAGE in adiposity, metabolic
syndrome and atheroslcerosis 16, RAGE/soluble RAGE axis could also be a potential
therapeutic target against these pathophysiological conditions.
6.2 Potential regulatory mechanisms of circulating soluble RAGE
So far, limited findings are available regarding the mechanisms of regulation of circulating
esRAGE or sRAGE in humans. A tissue microarray technique using a wide variety of adult
normal human preparations obtained from surgical and autopsy specimens revealed that
esRAGE was widely distributed in tissues, including vascular endothelium,
monocyte/macrophage, pneumocytes, and several endocrine organs 141. However, it is
unclear at present from which organ or tissue plasma sRAGE or esRAGE originate.
Circulating AGEs may be involved in regulation of the secretion or production of soluble
RAGE, since AGEs are known to upregulate RAGE expression in vitro 142. esRAGE could be
simultaneously upregulated by AGEs and act as a negative feedback loop to compensate for
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the damaging effects of AGEs. We and others have found positive correlations between
plasma sRAGE or esRAGE and AGEs 11, 114-116, 123. Significant positive correlation between
plasma esRAGE and pentosidine was observed both in hemodialysis and non-hemodialysis
subjects 11. However, plasma CML did not significantly correlated with plasma esRAGE
both in hemodialysis and non-hemodialysis subjects. AGEs-mediated regulation of soluble
RAGE is also supported by the findings that the suppression of sRAGE expression in
diabetic rat kidney is reversed by blockade of AGEs accumulation with alagebrium 143.
Other inflammatory mediators, such as S100, tumor necrosis factor α, and C-reactive
protein, could also be potential candidates for regulation of the plasma level of soluble
RAGE in humans 120, 142, 144. Moreover, Geroldi et al 145 showed that high serum sRAGE is
associated with extreme longevity, suggesting that understanding the intrinsic regulation of
RAGE and soluble RAGE is important for longevity/anti-aging strategies. Without doubt,
further understanding of the regulation of soluble RAGE will be most helpful in delineating
potential targets for therapeutic application of soluble RAGE.
6.3 Pharmacological agents regulate circulating sRAGE and esRAGE
A.

Angiotensin-converting enzyme inhibitor

It would be essential to determine whether currently available pharmacological agents can
regulate plasma sRAGE or esRAGE. Potential agents that may affect circulating soluble
RAGE include the angiotensin-converting enzyme (ACE) inhibitor 146, thiazolidinediones
(TZD) 147 and statins 148-150, which are known to modulate the AGEs-RAGE system in
culture. Forbes et al 146 showed that inhibition of angiotensin-converting enzyme (ACE) in
rats increased renal expression of sRAGE, and that this was associated with decreases in
expression of renal full-length RAGE protein. They also showed that plasma sRAGE levels
were significantly increased by inhibition of ACE in both diabetic rats and in human
subjects with type 1 diabetes. Thus, one attractive scenario is that the protective effect of
ACE inhibition against progression of renal dysfunction is mediated through regulation of
RAGE versus soluble RAGE production.
B.

Statin

Tam et al recently reported changes in serum levels of sRAGE and esRAGE in archived
serum samples from a previous randomized double-blind placebo-controlled clinical trial
that explored the cardiovascular effects of atorvastatin in hypercholesterolemic Chinese type
2 diabetic patients, and found that atorvastatin can increase circulating esRAGE levels 150.
C.

Thiazolidinedione

For thiazolidinedione, a randomised, open-label, parallel group study was performed with
64 participants randomised to receive add-on therapy with either rosiglitazone or
sulfonylurea to examine the effect on plasma soluble RAGE 151. At 6 months, both
rosiglitazone and sulfonylurea resulted in a significant reduction in HbA1c, fasting glucose
and AGE. However, significant increases in total sRAGE and esRAGE were only seen in the
rosiglitazone group. In a recent study in type 2 diabetes mellitus patients, pioglitazone, but
not rosiglitazone, significantly raised sRAGE levels 152, suggesting that all thiazolidinedione
may not act similarly. Nevertheless, thiazolidinedione could be one promising candidate
which increase circulating levels of esRAGE and sRAGE, and RAGE/soluble RAGE
regulation may be involved in thiazolidinedione-mediated improvement of insulin
resistance. Finally, we have started the randomized clinical trial comparing the effect of
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pioglitazone with glimepiride on plasma sRAGE and esRAGE, expression of RAGE on
peripheral mononuclear cells, and RAGE shedase gene expression in type 2 diabetic patients
(UMIN000002055). This study will be of particular importance to understand the regulatory
mechanisms of sRAGE and esRAGE in clinical setting.

7. Summary
The findings discussed here implicated pivotal role of RAGE system in initiation and
progression of metabolic syndrome, insulin resistance and atherosclerosis. Provided that
continuous RAGE activation represents the concept of “metabolic memory”, metabolic
syndrome might be conceptualized as memorized long-term subtle inflammation and
oxidative stress using RAGE as an inflammatory scaffold. In this system, endogenous
inflammatory RAGE ligands may be profoundly involved (Figure 7). Further, sRAGE or
esRAGE could serve as a biomarker as well as a therapeutic target for these disease
conditions. Obviously there are many missing parts to be veiled to further understand the
role of RAGE/soluble RAGE axis in metabolic syndrome and insulin resistance. However,
we believe our findings and this concept would open up a new research field which could
further precede our understanding of the RAGE biology.

Fig. 7. Metabolic syndrome may be an aspect of “metabolic memory” conceptualized as
prolonged RAGE activation through subclinical information.

8. Acknowledgments
The authors thank all colleagues in the Hyogo College of Medicine, Osaka City University
Graduate School of Medicine, and Kanazawa University Graduate School of Medical Science
for their unflagging support to our projects. We apologize to all colleagues whose work we
could not cite other than indirectly through other publications, due to limitation of space.
This work was supported in part by a Grant-in-aid for Scientific Research from the Japan
Society for the Promotion of Science (20591067 and 23591329 to H.K), and a Grant-in-Aid for
Promotion of Technological Seeds in Advanced Medicine, Hyogo College of Medicine (T.Y.).

www.intechopen.com

110

Biomedical Science, Engineering and Technology

9. References
[1] The effect of intensive treatment of diabetes on the development and progression of longterm complications in insulin-dependent diabetes mellitus. The Diabetes Control
and Complications Trial Research Group. N Engl J Med. 1993;329(14):977-986.
[2] Intensive blood-glucose control with sulphonylureas or insulin compared with
conventional treatment and risk of complications in patients with type 2 diabetes
(UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group. Lancet.
1998;352(9131):837-853.
[3] Patel A, MacMahon S, Chalmers J, Neal B, Billot L, Woodward M, Marre M, Cooper M,
Glasziou P, Grobbee D, Hamet P, Harrap S, Heller S, Liu L, Mancia G, Mogensen
CE, Pan C, Poulter N, Rodgers A, Williams B, Bompoint S, de Galan BE, Joshi R,
Travert F. Intensive blood glucose control and vascular outcomes in patients with
type 2 diabetes. N Engl J Med. 2008;358(24):2560-2572.
[4] Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, Zieve FJ, Marks J,
Davis SN, Hayward R, Warren SR, Goldman S, McCarren M, Vitek ME, Henderson
WG, Huang GD. Glucose control and vascular complications in veterans with type
2 diabetes. N Engl J Med. 2009;360(2):129-139.
[5] Gerstein HC, Miller ME, Byington RP, Goff DC, Jr., Bigger JT, Buse JB, Cushman WC,
Genuth S, Ismail-Beigi F, Grimm RH, Jr., Probstfield JL, Simons-Morton DG,
Friedewald WT. Effects of intensive glucose lowering in type 2 diabetes. N Engl J
Med. 2008;358(24):2545-2559.
[6] Nathan DM, Cleary PA, Backlund JY, Genuth SM, Lachin JM, Orchard TJ, Raskin P,
Zinman B. Intensive diabetes treatment and cardiovascular disease in patients with
type 1 diabetes. N Engl J Med. 2005;353(25):2643-2653.
[7] Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year follow-up of intensive
glucose control in type 2 diabetes. N Engl J Med. 2008;359(15):1577-1589.
[8] Gaede P, Lund-Andersen H, Parving HH, Pedersen O. Effect of a multifactorial
intervention on mortality in type 2 diabetes. N Engl J Med. 2008;358(6):580-591.
[9] Wanner C, Krane V, Marz W, Olschewski M, Mann JF, Ruf G, Ritz E. Atorvastatin in
patients with type 2 diabetes mellitus undergoing hemodialysis. N Engl J Med.
2005;353(3):238-248.
[10] Fellstrom BC, Jardine AG, Schmieder RE, Holdaas H, Bannister K, Beutler J, Chae DW,
Chevaile A, Cobbe SM, Gronhagen-Riska C, De Lima JJ, Lins R, Mayer G,
McMahon AW, Parving HH, Remuzzi G, Samuelsson O, Sonkodi S, Sci D,
Suleymanlar G, Tsakiris D, Tesar V, Todorov V, Wiecek A, Wuthrich RP, Gottlow
M, Johnsson E, Zannad F. Rosuvastatin and cardiovascular events in patients
undergoing hemodialysis. N Engl J Med. 2009;360(14):1395-1407.
[11] Koyama H, Yamamoto H, Nishizawa Y. RAGE and soluble RAGE: potential therapeutic
targets for cardiovascular diseases. Mol Med. 2007;13(11-12):625-635.
[12] Yonekura H, Yamamoto Y, Sakurai S, Petrova RG, Abedin MJ, Li H, Yasui K, Takeuchi
M, Makita Z, Takasawa S, Okamoto H, Watanabe T, Yamamoto H. Novel splice
variants of the receptor for advanced glycation end-products expressed in human
vascular endothelial cells and pericytes, and their putative roles in diabetesinduced vascular injury. Biochem J. 2003;370(Pt 3):1097-1109.
[13] Raucci A, Cugusi S, Antonelli A, Barabino SM, Monti L, Bierhaus A, Reiss K, Saftig P,
Bianchi ME. A soluble form of the receptor for advanced glycation endproducts
(RAGE) is produced by proteolytic cleavage of the membrane-bound form by the

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

111

sheddase a disintegrin and metalloprotease 10 (ADAM10). FASEB J.
2008;22(10):3716-3727.
[14] Zhang L, Bukulin M, Kojro E, Roth A, Metz VV, Fahrenholz F, Nawroth PP, Bierhaus A,
Postina R. Receptor for advanced glycation end products is subjected to protein
ectodomain shedding by metalloproteinases. J Biol Chem. 2008;283(51):35507-35516.
[15] Koyama H, Shoji T, Yokoyama H, Motoyama K, Mori K, Fukumoto S, Emoto M, Tamei
H, Matsuki H, Sakurai S, Yamamoto Y, Yonekura H, Watanabe T, Yamamoto H,
Nishizawa Y. Plasma level of endogenous secretory RAGE is associated with
components of the metabolic syndrome and atherosclerosis. Arterioscler Thromb
Vasc Biol. 2005;25(12):2587-2593.
[16] Ueno H, Koyama H, Shoji T, Monden M, Fukumoto S, Tanaka S, Otsuka Y, Mima Y,
Morioka T, Mori K, Shioi A, Yamamoto H, Inaba M, Nishizawa Y. Receptor for
advanced glycation end-products (RAGE) regulation of adiposity and adiponectin
is associated with atherogenesis in apoE-deficient mouse. Atherosclerosis.
2010;211(2):431-436.
[17] Hotamisligil GS. Inflammation and metabolic disorders. Nature. 2006;444(7121):860-867.
[18] Monnier VM, Cerami A. Nonenzymatic browning in vivo: possible process for aging of
long-lived proteins. Science. 1981;211(4481):491-493.
[19] Dyer DG, Blackledge JA, Thorpe SR, Baynes JW. Formation of pentosidine during
nonenzymatic browning of proteins by glucose. Identification of glucose and other
carbohydrates as possible precursors of pentosidine in vivo. J Biol Chem.
1991;266(18):11654-11660.
[20] Thorpe SR, Baynes JW. Maillard reaction products in tissue proteins: new products and
new perspectives. Amino Acids. 2003;25(3-4):275-281.
[21] Wolff SP, Dean RT. Glucose autoxidation and protein modification. The potential role of
'autoxidative glycosylation' in diabetes. Biochem J. 1987;245(1):243-250.
[22] Harding JJ, Beswick HT. The possible contribution of glucose autoxidation to protein
modification of diabetes. Biochem J. 1988;249(2):617-618.
[23] O'Brien J, Morrissey PA. Nutritional and toxicological aspects of the Maillard browning
reaction in foods. Crit Rev Food Sci Nutr. 1989;28(3):211-248.
[24] Vlassara H, Striker G. Glycotoxins in the diet promote diabetes and diabetic
complications. Curr Diab Rep. 2007;7(3):235-241.
[25] Koschinsky T, He CJ, 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 U S A. 1997;94(12):6474-6479.
[26] 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(6):1308-1315.
[27] 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(3):728-731.
[28] Che W, Asahi M, Takahashi M, Kaneto H, Okado A, Higashiyama S, Taniguchi N.
Selective induction of heparin-binding epidermal growth factor-like growth factor
by methylglyoxal and 3-deoxyglucosone in rat aortic smooth muscle cells. The
involvement of reactive oxygen species formation and a possible implication for
atherogenesis in diabetes. J Biol Chem. 1997;272(29):18453-18459.
[29] Fu MX, Requena JR, Jenkins AJ, Lyons TJ, Baynes JW, Thorpe SR. The advanced
glycation end product, Nepsilon-(carboxymethyl)lysine, is a product of both lipid
peroxidation and glycoxidation reactions. J Biol Chem. 1996;271(17):9982-9986.

www.intechopen.com

112

Biomedical Science, Engineering and Technology

[30] Wells-Knecht KJ, Brinkmann E, Wells-Knecht MC, Litchfield JE, Ahmed MU, Reddy S,
Zyzak DV, Thorpe SR, Baynes JW. New biomarkers of Maillard reaction damage to
proteins. Nephrol Dial Transplant. 1996;11 Suppl 5:41-47.
[31] Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complications: a new
perspective on an old paradigm. Diabetes. 1999;48(1):1-9.
[32] Miyata T, van Ypersele de Strihou C, Kurokawa K, Baynes JW. Alterations in
nonenzymatic biochemistry in uremia: origin and significance of "carbonyl stress"
in long-term uremic complications. Kidney Int. 1999;55(2):389-399.
[33] Singh R, Barden A, Mori T, Beilin L. Advanced glycation end-products: a review.
Diabetologia. 2001;44(2):129-146.
[34] Kaneto H, Fujii J, Myint T, Miyazawa N, Islam KN, Kawasaki Y, Suzuki K, Nakamura
M, Tatsumi H, Yamasaki Y, Taniguchi N. Reducing sugars trigger oxidative
modification and apoptosis in pancreatic beta-cells by provoking oxidative stress
through the glycation reaction. Biochem J. 1996;320 ( Pt 3):855-863.
[35] Zhao Z, Zhao C, Zhang XH, Zheng F, Cai W, Vlassara H, Ma ZA. Advanced glycation
end products inhibit glucose-stimulated insulin secretion through nitric oxidedependent inhibition of cytochrome c oxidase and adenosine triphosphate
synthesis. Endocrinology. 2009;150(6):2569-2576.
[36] Kuniyasu A, Ohgami N, Hayashi S, Miyazaki A, Horiuchi S, Nakayama H. CD36mediated endocytic uptake of advanced glycation end products (AGE) in mouse
3T3-L1 and human subcutaneous adipocytes. FEBS Lett. 2003;537(1-3):85-90.
[37] Miele C, Riboulet A, Maitan MA, Oriente F, Romano C, Formisano P, Giudicelli J,
Beguinot F, Van Obberghen E. Human glycated albumin affects glucose
metabolism in L6 skeletal muscle cells by impairing insulin-induced insulin
receptor substrate (IRS) signaling through a protein kinase C alpha-mediated
mechanism. J Biol Chem. 2003;278(48):47376-47387.
[38] Brownlee M. Negative consequences of glycation. Metabolism. 2000;49(2 Suppl 1):9-13.
[39] Peppa M, He C, Hattori M, McEvoy R, Zheng F, Vlassara H. Fetal or neonatal lowglycotoxin environment prevents autoimmune diabetes in NOD mice. Diabetes.
2003;52(6):1441-1448.
[40] Lin RY, Choudhury RP, Cai W, Lu M, Fallon JT, Fisher EA, Vlassara H. Dietary
glycotoxins promote diabetic atherosclerosis in apolipoprotein E-deficient mice.
Atherosclerosis. 2003;168(2):213-220.
[41] Stirban A, Negrean M, Stratmann B, Gawlowski T, Horstmann T, Gotting C, Kleesiek K,
Mueller-Roesel M, Koschinsky T, Uribarri J, Vlassara H, Tschoepe D. Benfotiamine
prevents macro- and microvascular endothelial dysfunction and oxidative stress
following a meal rich in advanced glycation end products in individuals with type
2 diabetes. Diabetes Care. 2006;29(9):2064-2071.
[42] Negrean M, Stirban A, Stratmann B, Gawlowski T, Horstmann T, Gotting C, Kleesiek K,
Mueller-Roesel M, Koschinsky T, Uribarri J, Vlassara H, Tschoepe D. Effects of lowand high-advanced glycation endproduct meals on macro- and microvascular
endothelial function and oxidative stress in patients with type 2 diabetes mellitus.
Am J Clin Nutr. 2007;85(5):1236-1243.
[43] Uribarri J, Stirban A, Sander D, Cai W, Negrean M, Buenting CE, 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(10):2579-2582.
[44] Linden E, Cai W, He JC, Xue C, Li Z, Winston J, Vlassara H, Uribarri J. Endothelial
dysfunction in patients with chronic kidney disease results from advanced

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

113

glycation end products (AGE)-mediated inhibition of endothelial nitric oxide
synthase through RAGE activation. Clin J Am Soc Nephrol. 2008;3(3):691-698.
[45] Sherwin RS, Kramer KJ, Tobin JD, Insel PA, Liljenquist JE, Berman M, Andres R. A
model of the kinetics of insulin in man. J Clin Invest. 1974;53(5):1481-1492.
[46] Yang YJ, Hope ID, Ader M, Bergman RN. Insulin transport across capillaries is rate
limiting for insulin action in dogs. J Clin Invest. 1989;84(5):1620-1628.
[47] Jansson PA, Fowelin JP, von Schenck HP, Smith UP, Lonnroth PN. Measurement by
microdialysis of the insulin concentration in subcutaneous interstitial fluid.
Importance of the endothelial barrier for insulin. Diabetes. 1993;42(10):1469-1473.
[48] Barrett EJ, Eggleston EM, Inyard AC, Wang H, Li G, Chai W, Liu Z. The vascular actions
of insulin control its delivery to muscle and regulate the rate-limiting step in
skeletal muscle insulin action. Diabetologia. 2009;52(5):752-764.
[49] Kubota T, Kubota N, Kumagai H, Yamaguchi S, Kozono H, Takahashi T, Inoue M, Itoh
S, Takamoto I, Sasako T, Kumagai K, Kawai T, Hashimoto S, Kobayashi T, Sato M,
Tokuyama K, Nishimura S, Tsunoda M, Ide T, Murakami K, Yamazaki T, Ezaki O,
Kawamura K, Masuda H, Moroi M, Sugi K, Oike Y, Shimokawa H, Yanagihara N,
Tsutsui M, Terauchi Y, Tobe K, Nagai R, Kamata K, Inoue K, Kodama T, Ueki K,
Kadowaki T. Impaired insulin signaling in endothelial cells reduces insulininduced glucose uptake by skeletal muscle. Cell Metab. 2011;13(3):294-307.
[50] Hofmann SM, Dong HJ, Li Z, Cai W, Altomonte J, Thung SN, Zeng F, Fisher EA,
Vlassara H. Improved insulin sensitivity is associated with restricted intake of
dietary glycoxidation products in the db/db mouse. Diabetes. 2002;51(7):2082-2089.
[51] Harcourt BE, Sourris KC, Coughlan MT, Walker KZ, Dougherty SL, Andrikopoulos S,
Morley AL, Thallas-Bonke V, Chand V, Penfold SA, de Courten MP, Thomas MC,
Kingwell BA, Bierhaus A, Cooper ME, Courten BD, Forbes JM. Targeted reduction
of advanced glycation improves renal function in obesity. Kidney Int. 2011 in press.
[52] Sandu O, Song K, Cai W, Zheng F, Uribarri J, Vlassara H. Insulin resistance and type 2
diabetes in high-fat-fed mice are linked to high glycotoxin intake. Diabetes.
2005;54(8):2314-2319.
[53] Unno Y, Sakai M, Sakamoto Y, Kuniyasu A, Nakayama H, Nagai R, Horiuchi S.
Advanced glycation end products-modified proteins and oxidized LDL mediate
down-regulation of leptin in mouse adipocytes via CD36. Biochem Biophys Res
Commun. 2004;325(1):151-156.
[54] Riboulet-Chavey A, Pierron A, Durand I, Murdaca J, Giudicelli J, Van Obberghen E.
Methylglyoxal impairs the insulin signaling pathways independently of the
formation of intracellular reactive oxygen species. Diabetes. 2006;55(5):1289-1299.
[55] Unoki H, Bujo H, Yamagishi S, Takeuchi M, Imaizumi T, Saito Y. Advanced glycation
end products attenuate cellular insulin sensitivity by increasing the generation of
intracellular reactive oxygen species in adipocytes. Diabetes Res Clin Pract.
2007;76(2):236-244.
[56] Hofmann MA, Drury S, Fu C, Qu W, Taguchi A, Lu Y, Avila C, Kambham N, Bierhaus
A, Nawroth P, Neurath MF, Slattery T, Beach D, McClary J, Nagashima M, Morser
J, Stern D, Schmidt AM. RAGE mediates a novel proinflammatory axis: a central
cell surface receptor for S100/calgranulin polypeptides. Cell. 1999;97(7):889-901.
[57] Hori O, Brett J, Slattery T, Cao R, Zhang J, Chen JX, Nagashima M, Lundh ER, Vijay S,
Nitecki D, Morser J, Stern D, Schmidt AM. The receptor for advanced glycation end
products (RAGE) is a cellular binding site for amphoterin. Mediation of neurite
outgrowth and co-expression of rage and amphoterin in the developing nervous
system. J Biol Chem. 1995;270(43):25752-25761.

www.intechopen.com

114

Biomedical Science, Engineering and Technology

[58] Taguchi A, Blood DC, del Toro G, Canet A, Lee DC, Qu W, Tanji N, Lu Y, Lalla E, Fu C,
Hofmann MA, Kislinger T, Ingram M, Lu A, Tanaka H, Hori O, Ogawa S, Stern
DM, Schmidt AM. Blockade of RAGE-amphoterin signalling suppresses tumour
growth and metastases. Nature. 2000;405(6784):354-360.
[59] Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, Slattery T, Zhao L, Nagashima M,
Morser J, Migheli A, Nawroth P, Stern D, Schmidt AM. RAGE and amyloid-beta
peptide neurotoxicity in Alzheimer's disease. Nature. 1996;382(6593):685-691.
[60] Sousa MM, Yan SD, Stern D, Saraiva MJ. Interaction of the receptor for advanced
glycation end products (RAGE) with transthyretin triggers nuclear transcription
factor kB (NF-kB) activation. Lab Invest. 2000;80(7):1101-1110.
[61] Chavakis T, Bierhaus A, Al-Fakhri N, Schneider D, Witte S, Linn T, Nagashima M,
Morser J, Arnold B, Preissner KT, Nawroth PP. The pattern recognition receptor
(RAGE) is a counterreceptor for leukocyte integrins: a novel pathway for
inflammatory cell recruitment. J Exp Med. 2003;198(10):1507-1515.
[62] Haimoto H, Hosoda S, Kato K. Differential distribution of immunoreactive S100-alpha
and S100-beta proteins in normal nonnervous human tissues. Lab Invest.
1987;57(5):489-498.
[63] Kato K, Suzuki F, Ogasawara N. Induction of S100 protein in 3T3-L1 cells during
differentiation to adipocytes and its liberating by lipolytic hormones. Eur J Biochem.
1988;177(2):461-466.
[64] Braga CW, Martinez D, Wofchuk S, Portela LV, Souza DO. S100B and NSE serum levels
in obstructive sleep apnea syndrome. Sleep Med. 2006;7(5):431-435.
[65] Steiner J, Schiltz K, Walter M, Wunderlich MT, Keilhoff G, Brisch R, Bielau H, Bernstein
HG, Bogerts B, Schroeter ML, Westphal S. S100B serum levels are closely correlated
with body mass index: an important caveat in neuropsychiatric research.
Psychoneuroendocrinology. 2010;35(2):321-324.
[66] Steiner J, Walter M, Guest P, Myint AM, Schiltz K, Panteli B, Brauner M, Bernstein HG,
Gos T, Herberth M, Schroeter ML, Schwarz MJ, Westphal S, Bahn S, Bogerts B.
Elevated S100B levels in schizophrenia are associated with insulin resistance. Mol
Psychiatry. 2010;15(1):3-4.
[67] Lappalainen T, Kolehmainen M, Schwab U, Pulkkinen L, de Mello VD, Vaittinen M,
Laaksonen DE, Poutanen K, Uusitupa M, Gylling H. Gene expression of FTO in
human subcutaneous adipose tissue, peripheral blood mononuclear cells and
adipocyte cell line. J Nutrigenet Nutrigenomics. 2010;3(1):37-45.
[68] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW, Jr. Obesity is
associated with macrophage accumulation in adipose tissue. J Clin Invest.
2003;112(12):1796-1808.
[69] Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia
LA, Chen H. Chronic inflammation in fat plays a crucial role in the development of
obesity-related insulin resistance. J Clin Invest. 2003;112(12):1821-1830.
[70] Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Invest.
2006;116(7):1793-1801.
[71] Schmidt AM, Vianna M, Gerlach M, Brett J, Ryan J, Kao J, Esposito C, Hegarty H,
Hurley W, Clauss M, et al. Isolation and characterization of two binding proteins
for advanced glycosylation end products from bovine lung which are present on
the endothelial cell surface. J Biol Chem. 1992;267(21):14987-14997.
[72] Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC, Elliston K, Stern D, Shaw A.
Cloning and expression of a cell surface receptor for advanced glycosylation end
products of proteins. J Biol Chem. 1992;267(21):14998-15004.

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

115

[73] Kislinger T, Fu C, Huber B, Qu W, Taguchi A, Du Yan S, Hofmann M, Yan SF,
Pischetsrieder M, Stern D, Schmidt AM. N(epsilon)-(carboxymethyl)lysine adducts
of proteins are ligands for receptor for advanced glycation end products that
activate cell signaling pathways and modulate gene expression. J Biol Chem.
1999;274(44):31740-31749.
[74] Reddy S, Bichler J, Wells-Knecht KJ, Thorpe SR, Baynes JW. N epsilon(carboxymethyl)lysine is a dominant advanced glycation end product (AGE)
antigen in tissue proteins. Biochemistry. 1995;34(34):10872-10878.
[75] Xie J, Reverdatto S, Frolov A, Hoffmann R, Burz DS, Shekhtman A. Structural basis for
pattern recognition by the receptor for advanced glycation end products (RAGE). J
Biol Chem. 2008;283(40):27255-27269.
[76] Matsumoto S, Yoshida T, Murata H, Harada S, Fujita N, Nakamura S, Yamamoto Y,
Watanabe T, Yonekura H, Yamamoto H, Ohkubo T, Kobayashi Y. Solution
structure of the variable-type domain of the receptor for advanced glycation end
products: new insight into AGE-RAGE interaction. Biochemistry. 2008;47(47):1229912311.
[77] Krieger M, Stern DM. Series introduction: multiligand receptors and human disease. J
Clin Invest. 2001;108(5):645-647.
[78] Schmidt AM, Yan SD, Yan SF, Stern DM. The multiligand receptor RAGE as a
progression factor amplifying immune and inflammatory responses. J. Clin. Invest.
2001;108(7):949-955.
[79] Schmidt AM, Hori O, Chen JX, Li JF, Crandall J, Zhang J, Cao R, Yan SD, Brett J, Stern
D. Advanced glycation endproducts interacting with their endothelial receptor
induce expression of vascular cell adhesion molecule-1 (VCAM-1) in cultured
human endothelial cells and in mice. A potential mechanism for the accelerated
vasculopathy of diabetes. J Clin Invest. 1995;96(3):1395-1403.
[80] Basta G, Lazzerini G, Massaro M, Simoncini T, Tanganelli P, Fu C, Kislinger T, Stern
DM, Schmidt AM, De Caterina R. Advanced Glycation End Products Activate
Endothelium Through Signal-Transduction Receptor RAGE: A Mechanism for
Amplification of Inflammatory Responses. Circulation. 2002;105(7):816-822.
[81] Harja E, Bu DX, Hudson BI, Chang JS, Shen X, Hallam K, Kalea AZ, Lu Y, Rosario RH,
Oruganti S, Nikolla Z, Belov D, Lalla E, Ramasamy R, Yan SF, Schmidt AM.
Vascular and inflammatory stresses mediate atherosclerosis via RAGE and its
ligands in apoE-/- mice. J Clin Invest. 2008;118(1):183-194.
[82] Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, Karin M,
Hotamisligil GS. A central role for JNK in obesity and insulin resistance. Nature.
2002;420(6913):333-336.
[83] Tuncman G, Hirosumi J, Solinas G, Chang L, Karin M, Hotamisligil GS. Functional in
vivo interactions between JNK1 and JNK2 isoforms in obesity and insulin
resistance. Proc Natl Acad Sci U S A. 2006;103(28):10741-10746.
[84] Basta G, Lazzerini G, Del Turco S, Ratto GM, Schmidt AM, De Caterina 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(7):1401-1407.
[85] Yan SD, Schmidt AM, Anderson GM, Zhang J, Brett J, Zou YS, Pinsky D, Stern D.
Enhanced cellular oxidant stress by the interaction of advanced glycation end
products with their receptors/binding proteins. J Biol Chem. 1994;269(13):9889-9897.

www.intechopen.com

116

Biomedical Science, Engineering and Technology

[86] Furukawa S, Fujita T, Shimabukuro M, Iwaki M, Yamada Y, Nakajima Y, Nakayama O,
Makishima M, Matsuda M, Shimomura I. Increased oxidative stress in obesity and
its impact on metabolic syndrome. J Clin Invest. 2004;114(12):1752-1761.
[87] Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal role in multiple
forms of insulin resistance. Nature. 2006;440(7086):944-948.
[88] Rodino-Janeiro BK, Salgado-Somoza A, Teijeira-Fernandez E, Gonzalez-Juanatey JR,
Alvarez E, Eiras S. Receptor for advanced glycation end-products expression in
subcutaneous adipose tissue is related to coronary artery disease. Eur J Endocrinol.
2011;164(4):529-537.
[89] Orlova VV, Choi EY, Xie C, Chavakis E, Bierhaus A, Ihanus E, Ballantyne CM,
Gahmberg CG, Bianchi ME, Nawroth PP, Chavakis T. A novel pathway of HMGB1mediated inflammatory cell recruitment that requires Mac-1-integrin. Embo J.
2007;26(4):1129-1139.
[90] Schmidt AM, Yan SD, Brett J, Mora R, Nowygrod R, Stern D. Regulation of human
mononuclear phagocyte migration by cell surface-binding proteins for advanced
glycation end products. J Clin Invest. 1993;91(5):2155-2168.
[91] Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, 2nd, DeFuria J, Jick Z, Greenberg AS,
Obin MS. Adipocyte death, adipose tissue remodeling, and obesity complications.
Diabetes. 2007;56(12):2910-2918.
[92] Uusitupa MI, Niskanen LK, Siitonen O, Voutilainen E, Pyorala K. 5-year incidence of
atherosclerotic vascular disease in relation to general risk factors, insulin level, and
abnormalities in lipoprotein composition in non-insulin-dependent diabetic and
nondiabetic subjects. Circulation. 1990;82(1):27-36.
[93] Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G, Baron AD. Obesity/insulin
resistance is associated with endothelial dysfunction. Implications for the
syndrome of insulin resistance. J Clin Invest. 1996;97(11):2601-2610.
[94] Gao X, Zhang H, Schmidt AM, Zhang C. AGE/RAGE Produces Endothelial
Dysfunction in Coronary Arterioles in Type II Diabetic Mice. Am J Physiol Heart Circ
Physiol. 2008; 295(2): H491-498.
[95] Malherbe P, Richards JG, Gaillard H, Thompson A, Diener C, Schuler A, Huber G.
cDNA cloning of a novel secreted isoform of the human receptor for advanced
glycation end products and characterization of cells co-expressing cell-surface
scavenger receptors and Swedish mutant amyloid precursor protein. Brain Res Mol
Brain Res. 1999; 71(2):159-170.
[96] Schlueter C, Hauke S, Flohr AM, Rogalla P, Bullerdiek J. Tissue-specific expression
patterns of the RAGE receptor and its soluble forms--a result of regulated
alternative splicing? Biochim Biophys Acta. 2003;1630(1):1-6.
[97] Park IH, Yeon SI, Youn JH, Choi JE, Sasaki N, Choi IH, Shin JS. Expression of a novel
secreted splice variant of the receptor for advanced glycation end products (RAGE)
in human brain astrocytes and peripheral blood mononuclear cells. Mol Immunol.
2004;40(16):1203-1211.
[98] Ding Q, Keller JN. Splice variants of the receptor for advanced glycosylation end
products (RAGE) in human brain. Neurosci Lett. 2005;373(1):67-72.
[99] Bierhaus A, Humpert PM, Morcos M, Wendt T, Chavakis T, Arnold B, Stern DM,
Nawroth PP. Understanding RAGE, the receptor for advanced glycation end
products. J Mol Med. 2005;83(11):876-886.
[100] Ohe K, Watanabe T, Harada S, Munesue S, Yamamoto Y, Yonekura H, Yamamoto H.
Regulation of alternative splicing of the receptor for advanced glycation

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

117

endproducts (RAGE) through G-rich cis-elements and heterogenous nuclear
ribonucleoprotein H. J Biochem. 2010;147(5):651-659.
[101] Shoji T, Koyama H, Morioka T, Tanaka S, Kizu A, Motoyama K, Mori K, Fukumoto S,
Shioi A, Shimogaito N, Takeuchi M, Yamamoto Y, Yonekura H, Yamamoto H,
Nishizawa Y. Receptor for advanced glycation end products is involved in
impaired angiogenic response in diabetes. Diabetes. 2006;55(8):2245-2255.
[102] Hudson BI, Harja E, Moser B, Schmidt AM. Soluble levels of receptor for advanced
glycation endproducts (sRAGE) and coronary artery disease: the next C-reactive
protein? Arterioscler Thromb Vasc Biol. 2005;25(5):879-882.
[103] Hanford LE, Enghild JJ, Valnickova Z, Petersen SV, Schaefer LM, Schaefer TM,
Reinhart TA, Oury TD. Purification and characterization of mouse soluble receptor
for advanced glycation end products (sRAGE). J Biol Chem. 2004;279(48):5001950024.
[104] Gaens KH, Ferreira I, van der Kallen CJ, van Greevenbroek MM, Blaak EE, Feskens EJ,
Dekker JM, Nijpels G, Heine RJ, t Hart LM, de Groot PG, Stehouwer CD,
Schalkwijk CG. Association of polymorphism in the receptor for advanced
glycation end products (RAGE) gene with circulating RAGE levels. J Clin Endocrinol
Metab. 2009;94(12):5174-5180.
[105] Pullerits R, Brisslert M, Jonsson IM, Tarkowski A. Soluble receptor for advanced
glycation end products triggers a proinflammatory cytokine cascade via beta2
integrin Mac-1. Arthritis Rheum. 2006;54(12):3898-3907.
[106] Falcone C, Emanuele E, D'Angelo A, Buzzi MP, Belvito C, Cuccia M, Geroldi D.
Plasma levels of soluble receptor for advanced glycation end products and
coronary artery disease in nondiabetic men. Arterioscler Thromb Vasc Biol.
2005;25(5):1032-1037.
[107] Emanuele E, D'Angelo A, Tomaino C, Binetti G, Ghidoni R, Politi P, Bernardi L,
Maletta R, Bruni AC, Geroldi D. Circulating levels of soluble receptor for advanced
glycation end products in Alzheimer disease and vascular dementia. Arch Neurol.
2005;62(11):1734-1736.
[108] Sakurai S, Yamamoto Y, Tamei H, Matsuki H, Obata K, Hui L, Miura J, Osawa M,
Uchigata Y, Iwamoto Y, Watanabe T, Yonekura H, Yamamoto H. Development of
an ELISA for esRAGE and its application to type 1 diabetic patients. Diabetes Res
Clin Pract. 2006;73(2):158-165.
[109] Humpert PM, Djuric Z, Kopf S, Rudofsky G, Morcos M, Nawroth PP, Bierhaus A.
Soluble RAGE but not endogenous secretory RAGE is associated with albuminuria
in patients with type 2 diabetes. Cardiovasc Diabetol. 2007;6:9.
[110] Katakami N, Matsuhisa M, Kaneto H, Matsuoka TA, Sakamoto K, Nakatani Y, Ohtoshi
K, Hayaishi-Okano R, Kosugi K, Hori M, Yamasaki Y. Decreased endogenous
secretory advanced glycation end product receptor in type 1 diabetic patients: its
possible association with diabetic vascular complications. Diabetes Care.
2005;28(11):2716-2721.
[111] Katakami N, Matsuhisa M, Kaneto H, Yamasaki Y. Serum endogenous secretory
RAGE levels are inversely associated with carotid IMT in type 2 diabetic patients.
Atherosclerosis. 2007;190(1):22-23.
[112] Katakami N, Matsuhisa M, Kaneto H, Matsuoka TA, Sakamoto K, Yasuda T,
Umayahara Y, Kosugi K, Yamasaki Y. Serum endogenous secretory RAGE level is
an independent risk factor for the progression of carotid atherosclerosis in type 1
diabetes. Atherosclerosis. 2009;204(1):288-292.

www.intechopen.com

118

Biomedical Science, Engineering and Technology

[113] Lu L, Pu LJ, Zhang Q, Wang LJ, Kang S, Zhang RY, Chen QJ, Wang JG, De Caterina R,
Shen WF. Increased glycated albumin and decreased esRAGE levels are related to
angiographic severity and extent of coronary artery disease in patients with type 2
diabetes. Atherosclerosis. 2009;206(2):540-545.
[114] Koyama H, Shoji T, Fukumoto S, Shinohara K, Emoto M, Mori K, Tahara H, Ishimura
E, Kakiya R, Tabata T, Yamamoto H, Nishizawa Y. Low circulating endogenous
secretory receptor for AGEs predicts cardiovascular mortality in patients with endstage renal disease. Arterioscler Thromb Vasc Biol. 2007;27(1):147-153.
[115] Yamagishi S, Adachi H, Nakamura K, Matsui T, Jinnouchi Y, Takenaka K, Takeuchi M,
Enomoto M, Furuki K, Hino A, Shigeto Y, Imaizumi T. Positive association between
serum levels of advanced glycation end products and the soluble form of receptor
for advanced glycation end products in nondiabetic subjects. Metabolism.
2006;55(9):1227-1231.
[116] Miura J, Yamamoto Y, Osawa M, Watanabe T, Yonekura H, Uchigata Y, Yamamoto H,
Iwamoto Y. Endogenous secretory receptor for advanced glycation endproducts
levels are correlated with serum pentosidine and CML in patients with type 1
diabetes. Arterioscler Thromb Vasc Biol. 2007;27(1):253-254.
[117] Geroldi D, Falcone C, Emanuele E, D'Angelo A, Calcagnino M, Buzzi MP, Scioli GA,
Fogari R. Decreased plasma levels of soluble receptor for advanced glycation endproducts in patients with essential hypertension. J Hypertens. 2005;23(9):1725-1729.
[118] Yilmaz Y, Ulukaya E, Gul OO, Arabul M, Gul CB, Atug O, Oral AY, Aker S, Dolar E.
Decreased plasma levels of soluble receptor for advanced glycation endproducts
(sRAGE) in patients with nonalcoholic fatty liver disease. Clin Biochem.
2009;42(9):802-807.
[119] D'Adamo E, Giannini C, Chiavaroli V, de Giorgis T, Verrotti A, Chiarelli F, Mohn A.
What is the significance of soluble and endogenous secretory receptor for advanced
glycation end products in liver steatosis in obese prepubertal children? Antioxid
Redox Signal. 2011;14(6):1167-1172.
[120] Basta G, Sironi AM, Lazzerini G, Del Turco S, Buzzigoli E, Casolaro A, Natali A,
Ferrannini E, Gastaldelli A. Circulating soluble receptor for advanced glycation end
products is inversely associated with glycemic control and S100A12 protein. J Clin
Endocrinol Metab. 2006;91(11):4628-4634.
[121] Devangelio E, Santilli F, Formoso G, Ferroni P, Bucciarelli L, Michetti N, Clissa C,
Ciabattoni G, Consoli A, Davi G. Soluble RAGE in type 2 diabetes: association with
oxidative stress. Free Radic Biol Med. 2007;43(4):511-518.
[122] Challier M, Jacqueminet S, Benabdesselam O, Grimaldi A, Beaudeux JL. Increased
serum concentrations of soluble receptor for advanced glycation endproducts in
patients with type 1 diabetes. Clin Chem. 2005;51(9):1749-1750.
[123] Tan KC, Shiu SW, Chow WS, Leng L, Bucala R, Betteridge DJ. Association between
serum levels of soluble receptor for advanced glycation end products and
circulating advanced glycation end products in type 2 diabetes. Diabetologia.
2006;49(11):2756-2762.
[124] Nakamura K, Yamagishi SI, Adachi H, Kurita-Nakamura Y, Matsui T, Yoshida T, Sato
A, Imaizumi T. Elevation of soluble form of receptor for advanced glycation end
products (sRAGE) in diabetic subjects with coronary artery disease. Diabetes Metab
Res Rev. 2007;23(5): 368-371.
[125] Yamamoto Y, Miura J, Sakurai S, Watanabe T, Yonekura H, Tamei H, Matsuki H,
Obata KI, Uchigata Y, Iwamoto Y, Koyama H, Yamamoto H. Assaying soluble

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

119

forms of receptor for advanced glycation end products. Arterioscler Thromb Vasc
Biol. 2007;27(6):e33-e34.
[126] Humpert PM, Kopf S, Djuric Z, Wendt T, Morcos M, Nawroth PP, Bierhaus A. Plasma
sRAGE is independently associated with urinary albumin excretion in type 2
diabetes. Diabetes Care. 2006;29(5):1111-1113.
[127] Hudson BI, Moon YP, Kalea AZ, Khatri M, Marquez C, Schmidt AM, Paik MC, Yoshita
M, Sacco RL, Decarli C, Wright CB, Elkind MS. Association of serum soluble
Receptor for Advanced Glycation End-products with subclinical cerebrovascular
disease: The Northern Manhattan Study (NOMAS). Atherosclerosis. 2011 in press.
[128] Hou FF, Ren H, Owen WF, Jr, Guo ZJ, Chen PY, Schmidt AM, Miyata T, Zhang X.
Enhanced expression of receptor for advanced glycation end products in chronic
kidney disease. J Am Soc Nephrol. 2004;15(7):1889-1896.
[129] Kalousova M, Hodkova M, Kazderova M, Fialova J, Tesar V, Dusilova-Sulkova S, Zima
T. Soluble receptor for advanced glycation end products in patients with decreased
renal function. Am J Kidney Dis. 2006;47(3):406-411.
[130] Nin JW, Jorsal A, Ferreira I, Schalkwijk CG, Prins MH, Parving HH, Tarnow L, Rossing
P, Stehouwer CD. Higher plasma soluble Receptor for Advanced Glycation End
Products (sRAGE) levels are associated with incident cardiovascular disease and
all-cause mortality in type 1 diabetes: a 12-year follow-up study. Diabetes.
2010;59(8):2027-2032.
[131] Kalousova M, Bartosova K, Zima T, Skibova J, Teplan V, Viklicky O. Pregnancyassociated plasma protein a and soluble receptor for advanced glycation end
products after kidney transplantation. Kidney Blood Press Res. 2007;30(1):31-37.
[132] Wendt TM, Tanji N, Guo J, Kislinger TR, Qu W, Lu Y, Bucciarelli LG, Rong LL, Moser
B, Markowitz GS, Stein G, Bierhaus A, Liliensiek B, Arnold B, Nawroth PP, Stern
DM, D'Agati VD, Schmidt AM. RAGE drives the development of
glomerulosclerosis and implicates podocyte activation in the pathogenesis of
diabetic nephropathy. Am J Pathol. 2003;162(4):1123-1137.
[133] Bierhaus A, Haslbeck KM, Humpert PM, Liliensiek B, Dehmer T, Morcos M, Sayed
AA, Andrassy M, Schiekofer S, Schneider JG, Schulz JB, Heuss D, Neundorfer B,
Dierl S, Huber J, Tritschler H, Schmidt AM, Schwaninger M, Haering HU,
Schleicher E, Kasper M, Stern DM, Arnold B, Nawroth PP. Loss of pain perception
in diabetes is dependent on a receptor of the immunoglobulin superfamily. J Clin
Invest. 2004;114(12):1741-1751.
[134] Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ, Jr., Chow WS, Stern D, Schmidt AM.
Suppression of accelerated diabetic atherosclerosis by the soluble receptor for
advanced glycation endproducts. Nat Med. 1998;4(9):1025-1031.
[135] Kislinger T, Tanji N, Wendt T, Qu W, Lu Y, Ferran LJ, Jr., Taguchi A, Olson K,
Bucciarelli L, Goova M, Hofmann MA, Cataldegirmen G, D'Agati V, Pischetsrieder
M, Stern DM, Schmidt AM. Receptor for advanced glycation end products
mediates inflammation and enhanced expression of tissue factor in vasculature of
diabetic apolipoprotein E-null mice. Arterioscler Thromb Vasc Biol. 2001;21(6):905910.
[136] Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Goova MT, Moser B, Kislinger
T, Lee DC, Kashyap Y, Stern DM, Schmidt AM. RAGE blockade stabilizes
established atherosclerosis in diabetic apolipoprotein E-null mice. Circulation.
2002;106(22):2827-2835.
[137] Sakaguchi T, Yan SF, Yan SD, Belov D, Rong LL, Sousa M, Andrassy M, Marso SP,
Duda S, Arnold B, Liliensiek B, Nawroth PP, Stern DM, Schmidt AM, Naka Y.

www.intechopen.com

120

Biomedical Science, Engineering and Technology

Central role of RAGE-dependent neointimal expansion in arterial restenosis. J Clin
Invest. 2003;111(7):959-972.
[138] Chen Y, Yan SS, Colgan J, Zhang HP, Luban J, Schmidt AM, Stern D, Herold KC.
Blockade of late stages of autoimmune diabetes by inhibition of the receptor for
advanced glycation end products. J Immunol. 2004;173(2):1399-1405.
[139] Goova MT, Li J, Kislinger T, Qu W, Lu Y, Bucciarelli LG, Nowygrod S, Wolf BM,
Caliste X, Yan SF, Stern DM, Schmidt AM. Blockade of receptor for advanced
glycation end-products restores effective wound healing in diabetic mice. Am J
Pathol. 2001;159(2):513-525.
[140] Arancio O, Zhang HP, Chen X, Lin C, Trinchese F, Puzzo D, Liu S, Hegde A, Yan SF,
Stern A, Luddy JS, Lue LF, Walker DG, Roher A, Buttini M, Mucke L, Li W,
Schmidt AM, Kindy M, Hyslop PA, Stern DM, Du Yan SS. RAGE potentiates
Abeta-induced perturbation of neuronal function in transgenic mice. Embo J.
2004;23(20):4096-4105.
[141] Cheng C, Tsuneyama K, Kominami R, Shinohara H, Sakurai S, Yonekura H, Watanabe
T, Takano Y, Yamamoto H, Yamamoto Y. Expression profiling of endogenous
secretory receptor for advanced glycation end products in human organs. Mod
Pathol. 2005;18(10):1385-1396.
[142] Tanaka N, Yonekura H, Yamagishi S, Fujimori H, Yamamoto Y, Yamamoto H. The
receptor for advanced glycation end products is induced by the glycation products
themselves and tumor necrosis factor-alpha through nuclear factor-kappa B, and by
17beta-estradiol through Sp-1 in human vascular endothelial cells. J Biol Chem.
2000;275(33):25781-25790.
[143] Coughlan MT, Thallas-Bonke V, Pete J, Long DM, Gasser A, Tong DC, Arnstein M,
Thorpe SR, Cooper ME, Forbes JM. Combination therapy with the advanced
glycation end product cross-link breaker, alagebrium, and angiotensin converting
enzyme inhibitors in diabetes: synergy or redundancy? Endocrinology.
2007;148(2):886-895.
[144] Zhong Y, Li SH, Liu SM, Szmitko PE, He XQ, Fedak PW, Verma S. C-Reactive protein
upregulates receptor for advanced glycation end products expression in human
endothelial cells. Hypertension. 2006;48(3):504-511.
[145] Geroldi D, Falcone C, Minoretti P, Emanuele E, Arra M, D'Angelo A. High levels of
soluble receptor for advanced glycation end products may be a marker of extreme
longevity in humans. J Am Geriatr Soc. 2006;54(7):1149-1150.
[146] Forbes JM, Thorpe SR, Thallas-Bonke V, Pete J, Thomas MC, Deemer ER, Bassal S, ElOsta A, Long DM, Panagiotopoulos S, Jerums G, Osicka TM, Cooper ME.
Modulation of soluble receptor for advanced glycation end products by
angiotensin-converting enzyme-1 inhibition in diabetic nephropathy. J Am Soc
Nephrol. 2005;16(8):2363-2372.
[147] Marx N, Walcher D, Ivanova N, Rautzenberg K, Jung A, Friedl R, Hombach V, de
Caterina R, Basta G, Wautier MP, Wautiers JL. Thiazolidinediones reduce
endothelial expression of receptors for advanced glycation end products. Diabetes.
2004;53(10):2662-2668.
[148] Okamoto T, Yamagishi S, Inagaki Y, Amano S, Koga K, Abe R, Takeuchi M, Ohno S,
Yoshimura A, Makita Z. Angiogenesis induced by advanced glycation end
products and its prevention by cerivastatin. Faseb J. 2002;16(14):1928-1930.
[149] Cuccurullo C, Iezzi A, Fazia ML, De Cesare D, Di Francesco A, Muraro R, Bei R,
Ucchino S, Spigonardo F, Chiarelli F, Schmidt AM, Cuccurullo F, Mezzetti A,

www.intechopen.com

AGE/RAGE as a Mediator of Insulin Resistance or
Metabolic Syndrome: Another Aspect of Metabolic Memory?

121

Cipollone F. Suppression of RAGE as a basis of simvastatin-dependent plaque
stabilization in type 2 diabetes. Arterioscler Thromb Vasc Biol. 2006;26(12):2716-2723.
[150] Tam HL, Shiu SW, Wong Y, Chow WS, Betteridge DJ, Tan KC. Effects of atorvastatin
on serum soluble receptors for advanced glycation end-products in type 2 diabetes.
Atherosclerosis. 2010;209(1):173-177.
[151] Tan KC, Chow WS, Tso AW, Xu A, Tse HF, Hoo RL, Betteridge DJ, Lam KS.
Thiazolidinedione increases serum soluble receptor for advanced glycation endproducts in type 2 diabetes. Diabetologia. 2007;50(9):1819-1825.
[152] Oz Gul O, Tuncel E, Yilmaz Y, Ulukaya E, Gul CB, Kiyici S, Oral AY, Guclu M, Ersoy
C, Imamoglu S. Comparative effects of pioglitazone and rosiglitazone on plasma
levels of soluble receptor for advanced glycation end products in type 2 diabetes
mellitus patients. Metabolism. 2010;59(1):64-69.
[153] Yan XX, Lu L, Peng WH, Wang LJ, Zhang Q, Zhang RY, Chen QJ, Shen WF. Increased
serum HMGB1 level is associated with coronary artery disease in nondiabetic and
type 2 diabetic patients. Atherosclerosis. 2009;205(2):544-548.
[154] Mahajan N, Malik N, Bahl A, Sharma Y, Dhawan V. Correlation among soluble
markers and severity of disease in non-diabetic subjects with pre-mature coronary
artery disease. Mol Cell Biochem. 2009;330(1-2):201-209.
[155] Basta G, Corciu AI, Vianello A, Del Turco S, Foffa I, Navarra T, Chiappino D, Berti S,
Mazzone A. Circulating soluble receptor for advanced glycation end-product levels
are decreased in patients with calcific aortic valve stenosis. Atherosclerosis. 2011 in
press;210(2):614-618.
[156] Basta G, Leonardis D, Mallamaci F, Cutrupi S, Pizzini P, Gaetano L, Tripepi R, Tripepi
G, De Caterina R, Zoccali C. Circulating soluble receptor of advanced glycation end
product inversely correlates with atherosclerosis in patients with chronic kidney
disease. Kidney Int. 2010;77(3):225-231.
[157] Yokota C, Minematsu K, Tomii Y, Naganuma M, Ito A, Nagasawa H, Yamaguchi T.
Low levels of plasma soluble receptor for advanced glycation end products are
associated with severe leukoaraiosis in acute stroke patients. J Neurol Sci.
2009;287(1-2):41-44.
[158] Park HY, Yun KH, Park DS. Levels of Soluble Receptor for Advanced Glycation End
Products in Acute Ischemic Stroke without a Source of Cardioembolism. J Clin
Neurol. 2009;5(3):126-132.
[159] Yao L, Li K, Zhang L, Yao S, Piao Z, Song L. Influence of the Pro12Ala polymorphism
of PPAR-gamma on age at onset and sRAGE levels in Alzheimer's disease. Brain
Res. 2009;1291:133-139.
[160] Chiang KH, Huang PH, Huang SS, Wu TC, Chen JW, Lin SJ. Plasma levels of soluble
receptor for advanced glycation end products are associated with endothelial
function and predict cardiovascular events in nondiabetic patients. Coron Artery
Dis. 2009;20(4):267-273.
[161] Kalousova M, Jachymova M, Mestek O, Hodkova M, Kazderova M, Tesar V, Zima T.
Receptor for advanced glycation end products--soluble form and gene
polymorphisms in chronic haemodialysis patients. Nephrol Dial Transplant.
2007;22(7):2020-2026.
[162] Semba RD, Ferrucci L, Fink JC, Sun K, Beck J, Dalal M, Guralnik JM, Fried LP.
Advanced glycation end products and their circulating receptors and level of
kidney function in older community-dwelling women. Am J Kidney Dis.
2009;53(1):51-58.

www.intechopen.com

122

Biomedical Science, Engineering and Technology

[163] Nakamura K, Yamagishi S, Adachi H, Kurita-Nakamura Y, Matsui T, Yoshida T,
Imaizumi T. Serum levels of sRAGE, the soluble form of receptor for advanced
glycation end products, are associated with inflammatory markers in patients with
type 2 diabetes. Mol Med. 2007;13(3-4):185-189.
[164] Nakamura K, Yamagishi SI, Adachi H, Matsui T, Kurita-Nakamura Y, Takeuchi M,
Inoue H, Imaizumi T. Circulating advanced glycation end products (AGEs) and
soluble form of receptor for AGEs (sRAGE) are independent determinants of serum
monocyte chemoattractant protein-1 (MCP-1) levels in patients with type 2
diabetes. Diabetes Metab Res Rev. 2007.
[165] Nozaki I, Watanabe T, Kawaguchi M, Akatsu H, Tsuneyama K, Yamamoto Y, Ohe K,
Yonekura H, Yamada M, Yamamoto H. Reduced expression of endogenous
secretory receptor for advanced glycation endproducts in hippocampal neurons of
Alzheimer's disease brains. Arch Histol Cytol. 2007;70(5):279-290.

www.intechopen.com

Biomedical Science, Engineering and Technology
Edited by Prof. Dhanjoo N. Ghista

ISBN 978-953-307-471-9
Hard cover, 902 pages
Publisher InTech

Published online 20, January, 2012

Published in print edition January, 2012
This innovative book integrates the disciplines of biomedical science, biomedical engineering, biotechnology,
physiological engineering, and hospital management technology. Herein, Biomedical science covers topics on
disease pathways, models and treatment mechanisms, and the roles of red palm oil and phytomedicinal plants
in reducing HIV and diabetes complications by enhancing antioxidant activity. Biomedical engineering coves
topics of biomaterials (biodegradable polymers and magnetic nanomaterials), coronary stents, contact lenses,
modelling of flows through tubes of varying cross-section, heart rate variability analysis of diabetic neuropathy,
and EEG analysis in brain function assessment. Biotechnology covers the topics of hydrophobic interaction
chromatography, protein scaffolds engineering, liposomes for construction of vaccines, induced pluripotent
stem cells to fix genetic diseases by regenerative approaches, polymeric drug conjugates for improving the
efficacy of anticancer drugs, and genetic modification of animals for agricultural use. Physiological engineering
deals with mathematical modelling of physiological (cardiac, lung ventilation, glucose regulation) systems and
formulation of indices for medical assessment (such as cardiac contractility, lung disease status, and diabetes
risk). Finally, Hospital management science and technology involves the application of both biomedical
engineering and industrial engineering for cost-effective operation of a hospital.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:
Hidenori Koyama and Tetsuya Yamamoto (2012). AGE/RAGE as a Mediator of Insulin Resistance or Metabolic
Syndrome: Another Aspect of Metabolic Memory?, Biomedical Science, Engineering and Technology, Prof.
Dhanjoo N. Ghista (Ed.), ISBN: 978-953-307-471-9, InTech, Available from:
http://www.intechopen.com/books/biomedical-science-engineering-and-technology/age-rage-and-metabolicsyndrome-another-aspect-of-metabolic-memory-

InTech Europe

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

www.intechopen.com

© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

