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Abstract: Diabetes, is a metabolic disorder characterised by chronic hyperglycaemia, hypertension, dyslipidaemia, micro-
albuminuria and inflammation. Moreover, there are a number of complications associated with this condition including
retinopathy, neuropathy and nephropathy. Diabetic nephropathy, is the major cause of end-stage renal disease in Western
societies affecting a substantial proportion (25-40%) of patients with diabetes. Advanced glycation end products (AGEs)
have been identified as important modulators of the development and progression of diabetic nephropathy, through both
receptor dependant and independent interactions. AGEs elicit their receptor mediated effects via their engagement with
numerous receptors and binding proteins which are broadly thought to be either inflammatory (RAGE and AGE-R2) or
clearance receptors (AGE-R1, AGE-R3, CD36, Scr-1l, FEEL-1 and FEEL-2). Modulation of AGE receptor expression is
an important potential therapeutic approach worth consideration as a treatment for diabetic nephropathy and likely appli-

cable to other vascular complications.
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INTRODUCTION

Today, it is estimated that approximately 180 million
individuals worldwide have diabetes and WHO predicts that
this is likely to double by the year 2030. The incidence of
diabetes is increasing across the board, irrespective of age,
sex or ethnicity [1]. Diabetes is a metabolic disorder charac-
terised by chronic hyperglycaemia, and often co-morbidities
such as hypertension, dyslipidaemia and inflammation, with
the major types being type 1 (insulin-dependant) or type 2
(commonly non-insulin dependant) [1, 2]. Both forms of
diabetes are associated with micro- and macrovascular com-
plications which include retinopathy, neuropathy, car-
dio/cerebrovascular disease and nephropathy which are the
major cause of mortality and morbidity in diabetic patients
[3, 4]. Indeed, diabetic nephropathy (DN), is the major cause
of end-stage renal disease in Western societies affecting a
substantial proportion of patients with type 1 (25-40%) and
type 2 (30-40%) diabetes [5, 6]. This disease is characterised
by morphological, biochemical and functional alterations
within the kidney [7-11]. In this review we discuss the im-
portance of AGE modifications as ligands for AGE receptors
and the relevance of this interaction to the development of
diabetic renal disease. In addition, we investigate the thera-
peutic benefits of manipulation of AGE-receptor expression
and interactions as a therapeutic target for the treatment of
DN.
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DIABETIC NEPHROPATHY

Diabetic nephropathy is defined as a progressive decline
in glomerular filtration rate, accompanied by proteinuria and
other end-organ complications such as retinopathy [2]. Dia-
betic nephropathy progresses to end-stage renal disease via a
number of stages including, normoalbuminuria, microal-
buminuria/incipient diabetic nephropathy, macroalbuminuria
and finally end-stage renal disease [2, 4]. Indeed, progres-
sion to end stage renal disease is enhanced by hyperglycae-
mia, hypertension and proteinuria, which are all common in
diabetes [3, 12-14].

Renal disease in diabetic patients is characterised by
haemodynamic (hyperfiltration and hyperperfusion) as well
as structural abnormalities (glomerulosclerosis, alterations in
tubulointerstitium including interstitial fibrosis) and meta-
bolic changes [15]. Within glomeruli, there is thickening of
basement membranes, mesangial expansion and hypertrophy
and glomerular epithelial cell (podocyte) loss [16]. In con-
junction, disease progression is also seen in the tubulointer-
stitial compartment causing expansion of tubular basement
membranes, tubular atrophy, interstitial fibrosis and arterio-
sclerosis [12]. To date, the most effective clinical treatments
to prevent the progression of diabetic nephropathy are anti-
hypertensives, which target the renin-angiotensin system
[17-19].

ADVANCED GLYCATION END-PRODUCTS

AGEs are a heterogenous and complex group of com-
pounds, which play an important role in the development of
diabetic nephropathy. They often present as a yellow-brown
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pigmentation, may be fluorescent and a number are primarily
cross-links between proteins [20-22]. AGEs are formed as a
result of non-enzymatic biochemical reactions initiated as the
Maillard Reaction. The Maillard reaction was described in
1912 following the first documented observation of the
browning of sugars when combined with amino acids [23].
This reaction is a multi-step process, where a reactive car-
bonyl, from glucose or its derivatives are attached to lysine
and arginine residues on proteins, amino acids and nucleic
acids [24, 25]. Following further condensation, rearrange-
ment and other reactions, the intermediate compounds of
which some are “Schiff” bases and amadori products, are
further irreversibly modified to become advanced glycation
end products (AGEs) [9, 25]. Physiologically, advanced gly-
cation is thought to play an important role in the identifica-
tion of senescent molecules, which are then subsequently
cleaved and cleared, primarily via the kidneys [26].

Within the body, AGEs accumulate from both endoge-
nous and exogenous sources. Intracellularly, AGEs are
formed as a by-product of a number of important biochemi-
cal reactions including auto-oxidation of glucose to glyoxal,
decomposition of amadori products and the fragmentation of
glyceraldehyde. The reactive intracellular intermediates
formed during these reactions, such as methylglyoxal, react
with the amino groups of both intracellular and extracellular
proteins to form AGEs [21, 27].

AGEs may be categorised on the basis of their action and
function as either non-cross-linking adducts and cross-
linking adducts such as hydroimidazoles [16]. Some of the
best characterised AGEs to date, include N-carboxyme-
thyllysine (CML), N-carboxyethyllysine (CEL), pentosidine,
imidazole, glyoxallysine dimer (GOLD) and pyrraline [9, 14,
16, 21]. In addition, there are a number of exogenous sources
of AGEs identified in recent times, including food and to-
bacco smoke, which also contribute to the body’s AGE pool
[28, 29].

Under normal physiological conditions, AGEs are
cleared from the body via the kidney, following their degra-
dation by reductase enzymes within cells such as macro-
phages. The kidney via a multi-step process, filters AGE
modified-peptides and proteins. Following filtration via the
glomeruli, they are subsequently reabsorbed by the proximal
tubules where they are often further degraded and then ex-
creted into the urine [20]. In homeostasis, the rate of renal
AGE removal is proportional to creatinine clearance, ensur-
ing that there is no excess accumulation of tissue AGEs.

In metabolic disorders, such as diabetes, there is a
marked increase in a number of factors which promote the
formation and accumulation of AGEs within various suscep-
tible organs, in particular, the kidney. As a direct result of
the hyperglycaemia characteristic of diabetes, there is
marked increase in both carbonyl and oxidative stress, which
each promote in vivo AGE accumulation [30, 31].

Excessive AGE accumulation can elicit a variety of dele-
terious effects on tissues and organs. These include altering
the structure and function of both intracellular and extracel-
lular molecules, increasing oxidative stress, modulation of
cell activation, enhancement of signal transduction pathways
and increasing the activation and expression of cytokines and
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growth factors. These actions have been shown to be medi-
ated via both receptor dependant and independent mecha-
nisms [9, 22].

AGE RECEPTORS

The receptors for AGE are important modulators of the
deleterious effects of these compounds. Receptors for AGEs
may be loosely grouped as either inflammatory (RAGE,
AGE-R2) or clearance type receptors (AGE-R1, AGE-R3,
CD36, Scr-11, FEEL-1 and FEEL-2) [9, 32-36]. Vascular,
renal, neuronal and haematopoietic cells are all known to
express receptors for AGEs [37] Fig. (1).

RECEPTOR FOR ADVANCED-GLYCATION END-
PRODUCTS (RAGE)

One of the best characterised receptors for AGEs is the
receptor for AGE (RAGE). RAGE (45kD) is a member of
the immunoglobulin superfamily, expressed on the surface of
monocytes, macrophages, neurons, proximal tubular cells
[38] and glomerular epithelial cells (podocytes) [39], mesan-
gial, endothelial, smooth muscle and fibroblast cells [40-42].
RAGE is a multifunctional receptor as it is capable of bind-
ing to a number of ligands other than AGE modifications
including amyloid-B-peptides, amyloid A, s100 calgranulins
and amphoterin (HMGBL1) [41, 43, 44] Fig. (1). Its major
physiological role is thought to be in host-pathogen defence.

The RAGE gene is located on chromosome 6 adjacent to
the HLA locus in both human and mouse [40, 41] and its
transcription is known to be both constitutive and inducible.
RAGE is expressed during embryogenesis whilst it is down-
regulated in adult life during homeostasis in most tissues
[41].

The RAGE protein consists of three immunoglobulin-like
regions, one v-domain and two c-domains, in addition to
transmembrane and cytoplasmic regions [45-48] Fig. (1).
There are a number of identified isoforms of RAGE, which
lack either the cytoplasmic or extracellular domains. These
include soluble RAGE (sRAGE), thought to be the result of
proteolytic cleavage of RAGE from the cell surface [49] Fig.
(1). Soluble RAGE binds AGEs with a high affinity and
thought of as a possible scavenger receptor for AGEs [50].
Endothelial cells are known to secrete an isoform of RAGE
(es-RAGE), which is c-terminal splice variant of RAGE,
which lacks a trans-membrane and effector domain and may
bind to extracellular ligands independently of cell contact.
Dominant-negative (DN-RAGE) is a recombinant isoform,
which may bind to ligands and suppresses the intracellular
signalling of full-length RAGE. Finally, NT-RAGE, lacks an
amino terminus however its function is still unclear [16, 41,
51].

AGE-CLEARANCE RECEPTOR COMPLEX (AGER1,
AGE-2 AND AGE-R3)

The AGE-receptor complex is thought to consist of
AGE-R1, AGE-R2 and AGE-R3 and fundamental in the
clearance of AGEs. The interaction amongst these receptors
is thought to drive the degradation of AGE modified mole-
cules into smaller fragments for clearance by the kidney.
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Fig. (1). Schematic representation of cellular and soluble AGE-receptors identified and the signalling pathways which they transduce.

AGE-R1 (OST-48, 48kD), as a member of the oligosac-
charyl-transferase protein family, is a type 1 integral mem-
brane protein which has a short extracellular amino terminal,
a single transmembrane region and cytoplasmic c-terminal
domain [52, 53]. AGE-R1 was the first AGE-receptor cell
surface clearance receptor identified and is anchored within
the endoplasmic reticulum where it is thought to be a stabi-
lising molecule for the oligosaccahryltransferase (OST)
complex and thus referred to as OST-48 [52, 53] Fig. (1).

AGE-R2 (80K-H, 90kD), is a tyrosine phosphorylated
protein which is located within the plasma membrane Fig.
(1). This receptor was initially thought to act as a substrate
for protein kinase C, however it has been recently shown to
be involved in the intracellular signalling of several receptors
including fibroblast growth factor (FGF)-receptor [9, 52-56].
Whilst it does not directly bind to AGEs, it is highly efficient
in phosphorylation of AGE receptors, thought to be contrib-
ute to the early stages of AGE signal transduction [52, 55].

AGE-R3 (galectin-3, 32kD) is expressed in both the cy-
toplasm and the nucleus in addition to the cell surface of
macrophages, eosinophils, mast cells, epithelium of gastroin-
testinal and respiratory tract, sensory neurons and renal cells
[57, 58] Fig. (1). AGE-R3 has been shown to bind to carbo-
hydrates, laminin and IgE molecules. Furthermore, it is has a
number of cellular functions including apoptosis, activation,
inflammation and tumour growth [53, 58-62]. The inflamma-
tory role of galactin-3 has been extensively investigated. In
particular, it has been shown to a be potent inducer of matrix
metalloproteinase-3 and extracellular matrix protease,
ADAMTS-5 which are known to break down cartilage and
extracellular matrix [63]. Moreover, it exhibits immunoregu-
latory potential to attract eosinophils when expressed in T-
lymphocytes [64]. In pancreatic, endothelial and melanoma

cancer cells, increased expression of galactin-3 drives their
proliferation and survival, demonstrating its anti-apoptotic
nature. [65-67].

SCAVENGER RECEPTORS (CD36, FEEL-1 AND
FEEL-2)

CD36 is a highly glycosylated 88kDa protein which
binds various molecules including fatty acids, collagen and
oxidised LDL (OxLDL) [68, 69] Fig. (1). It is expressed on
the cell surface of both adipocytes and macrophages [70,
71]. The major pathophysiological functions of CD36 in-
clude scavenging oxLDL in macrophages and fatty acid
transport in a number of cell type including adipocytes [71].
CD36 binds AGEs with a high affinity leading to subsequent
receptor mediated endocytosis [72-74].

Fascilclin, EGF-like, laminin-type EGF-like and link
domain-containing scavenger receptors-1 and 2 (FEEL-1 and
FEEL-2) bind AGE modified proteins. Moreover, as with
other AGE receptors, FEEL-1 and FEEL-2 are multiligand
receptors which are known to endocytose bacteria, modified
LDL, as well as AGEs [75]. These receptors differ in their
structure to other scavenger receptors. FEEL-1 protein is
2570 amino acids in length. There is approximately 40%
amino acid homology shared between FEEL-1 and FEEL-2.
At the mRNA level, both receptors have been detected in
spleen and lymph nodes, however, cell surface expression
has only been identified for FEEL-1 on CD14-positive
mononuclear cells [71, 76].

ERM FAMILY OF AGE BINDING PROTEINS

The ezrin, radixin and moesin (ERM) proteins are known
to link the cytoskeleton of cell to the plasma membrane and
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are thought to play a role in cellular shape, change, motility
and adhesion [77] Fig. (1). This group of proteins have been
recently identified as novel binding proteins for AGEs in
kidney of diabetic rats [78]. The interaction between ERM
and AGEs may also contribute to the development of dia-
betic nephropathy [78].

AGES AND DIABETIC NEPHROPATHY

AGEs contribute to the pathogenesis of diabetic neph-
ropathy via receptor mediated mechanisms and indirectly via
the generation of reactive oxygen species and by altering
extracellular matrix (ECM) integrity. Circulating levels of
AGEs in diabetic patients are elevated with decreased renal
function [79]. Furthermore, AGE accumulation in tissues
correlate with the severity of organ injury, particularly
within glomerular lesions [80, 81]. Early in the development
of diabetic nephropathy, excesses of AGEs such as pento-
sidine and CML, have been identified in the expanded me-
sangial area and thickened glomerular capillary wall [82,
83]. Indeed the accumulation of skin collagen associated
AGEs is predictive of the onset of diabetic renal disease in
type 1 diabetic patients [84]. In vitro, AGEs have been
shown to increase transforming growth factor-p1 (TGF-B1)
and ECM expression in glomerular endothelial and mesan-
gial cells which is enhanced in hyperglycaemic conditions
[85-88].

Dietary AGEs, are also thought to contribute to the de-
velopment of diabetic nephropathy. Diets low in AGE con-
tent, when fed to non-obese diabetic mice (type 1) and db/db
mice (type 2) reduced glomerular lesions, creatinine/albumin
ratios and renal TGFB1 expression when compared to their
high AGE counterparts [89]. Moreover, diets high in AGE
content are known to impair insulin sensitivity further con-
founding downstream complications [90]. Various agents,
including LR-90 [91], aminoguanidine [92], and ALT-711
[93] are potent in reducing AGE accumulation in renal tis-
sues in experimental diabetic nephropathy, subsequently
improving renal function. Many other agents have elicited
similar benefits and have been extensively reviewed previ-
ously [94-96]. These benefits are also seen in the clinical
context, with agents such as metformin, which decrease toxic
dicarbonyls and AGEs in addition to its anti-hyperglycaemic
effects [97]. In addition, pyridoxamine, an intermediate of
vitamin Bg, attenuates the progression of human diabetic
nephropathy [98]. Furthermore, benfotiamine (liposoluble
vitamin B1 derivative), decreases AGE accumulation, in-
flammation and improves vascular function in type 2 dia-
betic patients consuming diets high in AGE content [99].

ALTERED AGE-RECEPTOR
DIABETIC NEPHROPATHY

Diabetes alters the expression of a number of AGE-
receptors thought to drive the development and progression
of diabetic nephropathy, in particular, the expression of
RAGE on cells such as podocytes and tubular epithelial cells
[100-103]. Double transgenic mice which over-expressed
inducible nitric oxide synthase (iNOS) and human RAGE in
their vasculature, exhibited significant increases in kidney
weight, albuminuria, glomerulosclerosis, and increases in
serum creatinine relative to their control counterparts [104].

EXPRESSION IN
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Interestingly, these deleterious changes observed in the dou-
ble transgenic mice were ameliorated when treated with the
thialzolium derivative, OPB-9195, which is thought to re-
duce AGE accumulation by trapping reactive carbonyls
[104]. This suggests that it is RAGE-ligand interactions,
which are responsible for the renal disease observed within
this model. Yamamoto and colleagues subsequently devel-
oped a triple transgenic model, which overexpressed
megasin in addition to iNOS and RAGE [105]. These mice
had an earlier onset of diabetic nephropathy [105]. To further
elucidate the importance of RAGE as a modulator of diabetic
nephropathy, a number of RAGE-deficient models have been
established [106]. Indeed, RAGE deletion confers renopro-
tection in rodent models of diabetic nephropathy [39, 101,
106]. Since physiologically, RAGE is directly involved in
pathogen defence and innate immunity, RAGE KO mice are
also resistant to septicaemia, which is ameliorated following
reinstatement of vascular RAGE expression [107].

Another AGE receptor postulated to be involved in the
development of diabetic nephropathy is AGE-R1, although
converse to RAGE this is likely via a decrease in expression.
In an experimental model of type 1 diabetes, renal AGE-R1
expression is reduced in association with a concurrent in-
crease in AGE deposition and progression to diabetic neph-
ropathy [53, 108]. C57BL/6 mice when fed diets abundantly
rich in AGEs exhibit a down regulation of AGE-R1 receptor
[109] and have a concurrent increase in plasma iso-
prostanes, and renal RAGE expression. These effects are
ameliorated when a diet low in AGE content is administered
[110].

In-vitro, the over-expression of AGE-R1 in murine me-
sangial cells drives increases in AGE binding and in parallel,
decreases RAGE and RAGE mediated signalling via NF-xB
[111]. Moreover, knock down of AGE-R1 with siRNA, re-
instated MAPK activity, a key molecule in the inflammatory
processes associated with diabetic nephropathy [111]. The
protective effects of AGE-R1 in murine mesangial cells, has
been hypothesized to be driven via modulation of endothelial
growth factor receptor (EGFR). EGFR, belongs to a large
family of tyrosine kinase receptors, involved in numerous
cellular activities, including, growth, differentiation and sur-
vival [112].

Clinically, AGE-R1 expression in lymphoblasts from
type 1 diabetes patients with severe diabetic nephropathy has
also been shown to be reduced relative to age-matched con-
trols [53].

The contribution of AGER3 to the development and pro-
gression of diabetic nephropathy has not been extensively
researched. However, AGE-induced increases in the expres-
sion of AGE-R3 has been demonstrated in cultured endothe-
lial cells and within renal tissues in the diabetic milieu [57,
113]. Paradoxically, AGE-R3 deficient mice develop more
severe renal disease and have marked increases in renal AGE
deposition [57]. Furthermore, this was associated with albu-
minuria, mesangial expansion and fibrosis within the kidney
cortex. Importantly, the deletion of AGE-R3 was also asso-
ciated with a decrease in AGE-R1 and increased expression
of RAGE demonstrating the existence of AGE-receptor cross
talk. This study highlights that the role of AGE-R3 in the
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clearance of AGEs [114] is likely more important in diabetic
nephropathy than its ability to modulate immune function.

RECEPTOR-MEDIATED EXPRESSION AND ACTI-
VATION OF CYTOKINES

The ligation of AGEs to RAGE and its downstream ef-
fects are the best characterised of the AGE/AGE-receptor
interactions. Binding of AGE to RAGE, stimulates the in-
creased transcription and expression of a number of cytoki-
nes and growth factors including monocyte chemoattractant
protein (MCP-1), tumour necrosis factor -o. (TNF-av), inter-
leukin-1 (IL-1), platelet derived growth factor (PDGF), insu-
lin-like growth factor-1 (IGF-1), interferon-y (IFN-y), and
adhesion molecules (intracellular adhesion molecule (ICAM)
[41]. Increased renal RAGE expression associated with dia-
betes, drives a concurrent increase the expression of MCP-1
[111]. Moreover, urinary MCP-1 expression correlates with
albuminuria and is thought to contribute to the initiation and
progression of diabetic nephropathy in diabetic patients by
recruitment of inflammatory cells [115]. Telmisartan, an
angiotensin Il receptor blocker, induces a decrease in RAGE
expression, superoxide production and MCP-1 expression in
mesangial cells via the modulation of peroxisome prolifera-
tors-activated receptor-y (PPAR-y). Engagement of AGEs to
RAGE, in podocytes, transduces the activation of extracellu-
lar signal-regulated kinase (ERK) and NF-kB dependent
pathways [116]. Subsequently this drives the production of
inflammatory markers, such as MCP-1 and the generation of
reactive oxygen species (ROS) [103]. Moreover, inhibition
of the ERK pathway (PD98059) and NFxB pathway
(mithramycin and parthenolide) can ameliorate these effects
[103]. In proximal tubule cells, binding of AGEs and subse-
quent NF-kB activation increases the pro-inflammatory cy-
tokine, IL-6 [38]. It is well documented that treatment of
diabetic rats with ACE-inhibitors, decreases IL-6, IL-1 and
TNF-a along with a concurrent reduction in kidney weight
and urinary albumin excretion demonstrating that inflamma-
tion is an important component of diabetic nephropathy
[117]. HMG-CoA inhibitors, collectively called statins, are
considered to possess anti-inflammatory and endothelial pro-
tective actions in addition to their cholesterol lowering and
recently documented renoprotective effects [118].

In addition to the increased expression of numerous cy-
tokines, the engagement of AGEs to RAGE increases intra-
cellular ROS generation [41, 119, 120]. Excess generation of
ROS is also an important contributor to the pathogenesis of
diabetic nephropathy [121]. In contrast, AGE-R1 is thought
to act as a counterbalance to the RAGE induced production
of ROS. Indeed, suppression of AGE-R1 further exacerbates
the production of intracellular ROS by phosphorylating Ser-
36 of p66°™ leading to suppression of manganese superoxide
dismutase (Mn-SOD) activity [122].

RECEPTOR MEDIATED ACTIVATION OF SIGNAL-
LING PATHWAYS

In addition to the increased expression of a number of
cytokines, AGE-receptor interactions also stimulate cellular
signalling [123, 124]. The signalling pathways which are
transduced as the result of binding of AGEs to RAGE in-
clude: ERK1/2(p44/p42) MAP kinases, JINK MAP kinases,
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P13 kinase and JAK/STAT pathways [27, 41]. Activation of
signalling transduction pathways such as MAPK and
JAK/STAT is thought to be fundamental in the development
and progression of diabetic nephropathy. Engagement of
AGE to RAGE transduces the activation of ERK1/2 MAPK
pathways which drives the tubular epithelial-myofibroblast
transdifferentiation in diabetic nephropathy [125], postulated
to exacerbate fibrosis. Type 2 diabetic patients with diabetic
nephropathy have been previously shown to have increased
activity of extracellular signal-regulated (ERK) and MAP-
kinases compared to healthy controls [126].

The JAK/STAT pathway is known to signal for a number
of cytokines and growth factors in many cellular processes
including apoptosis, proliferation and differentiation [118].
Treatment of diabetic rats, with statin therapy (Fluvastatin),
ameliorated the increased activity of JAK/STAT pathway in
the context of renoprotection [118].

AGE-R1 is also a potent inducer of a number of signal-
ling pathways. In vitro, AGE-R1 has been shown to activate
MAPK, EGF-R and Ras in mesangial cells [111, 112]. These
signalling pathways are all involved in cell survival, which is
essential for protection against the development and progres-
sion of diabetic nephropathy.

The common down-stream effector molecule for these
signalling pathways transduced by the binding of AGEs to
either RAGE or AGE-R1, is NFxB [16, 41]. NFxB is a pro-
inflammatory molecule, which resides in the cytoplasm of
resting cells. Upon activation, it translocates into the nu-
cleus. Nuclear translocation of NFxB leads to the transcrip-
tion of numerous target genes including cytokines, adhesion
molecules and anti-apoptotic genes [41, 127]. The constitu-
tive activation of the NFkB and its downstream targets are
considered to be central to the inflammatory stress response
characteristic of progressive diabetic nephropathy [128].

MODULATION OF AGE-RECEPTORS FOR THE
TREATMENT OF DIABETIC NEPHROPATHY

The interaction between AGEs and their numerous recep-
tors leads to both positive and negative outcomes. There is
no doubt that the balance between the expression of these
receptors and their down-stream signalling pathways, deter-
mines the ultimate outcome. Binding of AGEs with the
“clearance” receptors promotes their degradation and re-
moval via the kidney thus decreasing their deleterious ef-
fects. In contrast engagement of AGEs with their pro-
inflammatory receptors such as RAGE, drives the activation
of a number of proinflammatory signalling pathways, which
are thought to promote the development and progression of
diabetic nephropathy.

The modulation of RAGE, both cell surface and soluble
has been extensively investigated. Although RAGE is an
appealing and relevant contributor to the pathogenesis of
diabetic nephropathy, it may not be a valid therapeutic target,
since its role in innate immunity may be fundamental to our
normal physiological function. However, SRAGE, thought to
be the decoy receptor for RAGE ligands such as AGEs, thus
inhibiting their ligation with cell surface bound RAGE, has
proven beneficial in experimental models of diabetic neph-
ropathy [129]. In type 1 diabetes, circulating levels of both
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SRAGE and esRAGE correlate with circulating CML levels
[130, 131]. Furthermore, decreases in circulating SRAGE
levels predict the degree of renal dysfunction in type 1 dia-
betic patients [41, 131]. Our own group has previously
shown that treatment with perindopril, an angiotensin con-
verting enzyme (ACE)-inhibitor not only improves renal
function in type 1 diabetic patients with nephropathy, but
also increases circulating SRAGE levels [131]. It is evident
that strategies to increase circulating levels of SRAGE may
be worth investigating in type 1 diabetic patients with renal
disease. Indeed clear renoprotection is also afforded in ex-
perimental models of diabetic nephropathy with administra-
tion of SRAGE [101]. However, the applicability of SRAGE
as a therapy for diabetic nephropathy in type 2 diabetes re-
mains to be determined, since in this group of patients, circu-
lating levels of SRAGE are elevated with worsening renal
function [49, 132]. In addition, since SRAGE is a protein, the
immunogenicity of this molecule if exogenously adminis-
tered is unknown.

Recently, a number of other novel treatments which in-
hibit RAGE have been identified including low-molecular
weight heparin and neutralising anti-RAGE antibodies [97,
106, 133-135]. The administration of low molecular weight
heparin to block RAGE signalling, warrants further investi-
gation, although patient profiles would have to be carefully
researched for possible contraindications. Treatment with
anti-RAGE antibodies, normalises creatinine clearance and
urinary albumin excretion in experimental diabetic neph-
ropathy [136]. In addition, neutralising RAGE antibodies,
prevent RAGE induced elevations in TGFB1 which reduces
fibrosis in the kidney, characteristic of diabetic nephropathy
[135, 137]. Therefore a humanised anti-RAGE antibody may
provide some therapeutic protection for patients with ad-
vanced DN.

Our group has previously reported that treatment with
cross-link breaker ALT-711, reduces RAGE expression in
renal tissue and is renoprotective [93]. We have also identi-
fied that ALT-711 has effects on RAGE signal transduction
and anti-inflammatory effects [138] in macrovascular disease
but this has not yet been confirmed in diabetic kidney dis-
ease. This agent is undergoing stage Ilb clinical trials in type
1 diabetic patients with renal impairment (www.alteon.com).

In vitro, the anti-hyperglycaemic agent, metformin, can
down-regulate RAGE expression and signalling in endothe-
lial cells induced by ROS [97]. In type 2 diabetic patients,
other anti-glycaemic agents, the thiazolidinediones and the
anti-lipidaemic compound, simvastatin can also modulate
RAGE expression in macrovascular diabetic complications
[137, 139, 140]. These agents have already shown promise in
preventing progression in clinical diabetic nephropathy[141,
142].

Dietary interventions, to reduce AGE intake and improve
receptor profiles, have also been found beneficial in patients
with DN [143-145] in particular with regards to reinstating
AGE-R1 expression to control levels. The reduced renal and
white blood cell expression of AGE-R1 as seen in diabetes,
suggest that AGE-R1 could be a viable target for therapy.
Indeed, mice which have a transgenic over expression of
AGE-R1 do not develop DN [146]. Since increasing the lev-
els of AGE-R1 in renal cells produces a concomitant down
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regulation of RAGE, targeting of AGE-R1 would likely pro-
vide dual benefits. This may also be the case for AGE-R3,
which has roles in apoptosis, activation, inflammation and
tumour growth. With its increased expression in diabetic
nephropathy, and it is highly likely, that as AGE-R1 is
down-regulated, AGE-R3 expression increases to clear the
increased AGE load. Whilst we would not want to delete
AGE-R3 completely, as this enhances the progression of
diabetic nephropathy, it is likely, that if we promote the in-
creased expression of AGE-R1 there will be a concurrent
decrease in AGE-R3 as a counter-balance. Furthermore, ge-
netic deletion of AGE-R3 in mouse models worsens diabetic
nephropathy and interestingly decreases the expression of
AGE-R1 while increasing the expression of RAGE [57]. The
value of AGE-R3 as a direct target for intervention remains
to be determined.

CONCLUSION

In pathological conditions, such as diabetes, characteris-
tic metabolic and hemodynamic factors provide an environ-
ment which pathologically alters the levels of AGE-receptors
i.e. increased levels of RAGE and AGE-R3 in the context of
a down-regulation of AGE-R1 and sRAGE. Indeed, it is
likely, that a fine balance exists between the levels of these
pro and anti-inflammatory receptors, which determines
whether diabetic complications, such as nephropathy de-
velop and subsequently progress.

In conclusion, modulation of AGE-receptors, specifically
AGE-R1 and sRAGE hold potential as valid targets for the
treatment of diabetic nephropathy and warrant further inves-
tigation.

ACKNOWLEDGMENTS

This work was completed with the support of the Juve-
nile Diabetes Research Foundation (JDRF). A.Prof. JM
Forbes, is a JDRF career development fellow.

REFERENCES

[1] Sowers, J.R. and Stump, C.S. (2004) Am. J. Hypertens., 17(11 Pt
2), 2S-6S; quiz A2-4.

[2] O'Connor, A.S. and Schelling, J.R. (2005) Am. J. Kidney Dis.,
46(4), 766-73.

[3] Cooper, M.E. (1998) Lancet, 352(9123), 213-9.

[4] Giacchetti, G.; Sechi, L.A.; Rilli, S. and Carey, R.M. (2005) Trends
Endocrinol. Metab., 16(3), 120-6.

[5] Diabetes Control and Complications Trial Research Group (1993)
N. Engl. J. Med., 329, 977-86.

[6] UK Prospective Diabetes Study (UKPDS) Group (1998) Lancet,
352(9131), 837-53.

[7] Ritz, E.; Keller, C.; Bergis, K. and Strojek, K. (1997) Am. J. Hyper-
tens., 10(9 Pt 2), 202S-207S.

[8] Yokoyama, H.; Okudaira, M.; Otani, T.; Sato, A.; Miura, J.; Ta-
kaike, H.; Yamada, H.; Muto, K.; Uchigata, Y.; Ohashi, Y. and
Iwamoto, Y. (2000) Kidney Int., 58(1), 302-11.

[9] Schrijvers, B.F.; De Vriese, A.S. and Flyvbjerg, A. (2004) Endocr.
Rev., 25(6), 971-1010.

[10] Hovind, P.; Tarnow, L.; Rossing, K.; Rossing, P.; Eising, S.; Lar-
sen, N.; Binder, C. and Parving, H.H. (2003) Diabetes Care, 26(4),
1258-64.

[11] Hovind, P.; Rossing, P.; Tarnow, L.; and Parving, H.H. (2003)
Diabetes Care, 26(3), 911-6.

[12] Marshall, S.M. (2004) Postgrad. Med. J., 80(949), 624-33.

[13] Mene, P.; Festuccia, F.; Polci, R.; Pugliese, F. and Cinotti, G.A.
(2001) Contrib. Nephrol., 131, 22-32.

[14]  Wolf, G. (2004) Eur. J. Clin. Invest., 34(12), 785-96.



48 Current Drug Targets, 2009, Vol. 10, No. 1

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]
[27]

[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

Cooper, M.E. (2001) Diabetologia, 44(11), 1957-72.

Bohlender, J.M.; Franke, S.; Stein, G. and Wolf, G. (2005) Am. J.
Physiol. Renal. Physiol., 289(4), F645-59.

UKPDS (1998) BMJ, 317(7160), 703-13.

DCCT (2002) JAMA, 287(19), 2563-9.

DCCT (2003) JAMA, 290(16), 2159-67.

Kalousova, M.; Zima, T.; Tesar, V.; Stipek, S. and Sulkova, S.
(2004) Kidney Blood Press Res., 27(1), 18-28.

Brownlee, M. (1992) Diabetes Care, 15(12), 1835-43.

Brownlee, M. (1995) Clin. Invest. Med., 18(4), 275-81.

Maillard, L. (1912) C.R. Acad. Sci., 154, 66-68.

Ziyadeh, F.N.; Mogyorosi, A. and Kalluri, R. (1997) Exp. Nephrol.,
5(1), 2-9.

Njoroge, F.G. and Monnier, V.M. (1989) Prog. Clin. Biol. Res.,
304, 85-107.

Jakus, V. and Rietbrock, N. (2004) Physiol. Res., 53(2), 131-42.
Bierhaus, A.; Hofmann, M.A.; Ziegler, R. and Nawroth, P.P.
(1998) Cardiovasc. Res., 37(3), 586-600.

Koschinsky, T.; He, CJ.; Mitsuhashi, T.; Bucala, R.; Liu, C.;
Buenting, C.; Heitmann, K. and Vlassara, H. (1997) Proc. Natl.
Acad. Sci. U. S. A., 94(12), 6474-9.

Cerami, C.; Founds, H.; Nicholl, I.; Mitsuhashi, T.; Giordano, D.;
Vanpatten, S.; Lee, A.; Al-Abed, Y.; Vlassara, H.; Bucala, R. and
Cerami, A. (1997) Proc. Natl. Acad. Sci. U. S. A., 94(25), 13915-
20

Miyata, T.; Hori, O.; Zhang, J.; Yan, S.D.; Ferran, L.; lida, Y. and
Schmidt, A.M. (1996) J. Clin. Invest., 98(5), 1088-94.

Miyata, T.; Ishikawa, N. and van Ypersele de Strihou, C. (2003)
Clin. Chem. Lab. Med., 41(9), 1150-8.

Alikhani, Z.; Alikhani, M.; Boyd, C.M.; Nagao, K.; Trackman,
P.C. and Graves, D.T. (2005) J. Biol. Chem., 280(13), 12087-95.
Singh, R., Barden, A., Mori, T. and Beilin, L. (2001) Diabetologia,
44(2), 129-46.

Vlassara, H. and Bucala, R. (1996) Diabetes, 45(Suppl 3), S65-6.
Vlassara, H. (1997) Diabetes, 46(Suppl 2), S19-25.

Forbes, J.M.; Thallas-Bonke, V.; Cooper, M.E. and Thomas, M.C.
(2004) Curr. Pharm. Des., 10(27), 3361-72.

Goldin, A.; Beckman, J.A.; Schmidt, A.M. and Creager, M.A.
(2006) Circulation, 114(6), 597-605.

Morcos, M.; Sayed, A.A.; Bierhaus, A.; Yard, B.; Waldherr, R.;
Merz, W.; Kloeting, I.; Schleicher, E.; Mentz, S.; Abd el Baki,
R.F.; Tritschler, H.; Kasper, M.; Schwenger, V.; Hamann, A,
Dugi, K.A.; Schmidt, A.M.; Stern, D.; Ziegler, R.; Haering, H.U.;
Andrassy, M.; van der Woude, F. and Nawroth, P.P. (2002) Diabe-
tes, 51(12), 3532-44.

Wendt, T.; Tanji, N.; Guo, J.; Hudson, B.l; Bierhaus, A.;
Ramasamy, R.; Arnold, B.; Nawroth, P.P.; Yan, S.F.; D'Agati, V.
and Schmidt, A.M. (2003) J. Am. Soc. Nephrol., 14(5), 1383-95.
Wautier, J.L. and Guillausseau, P.J. (2001) Diabetes Metab., 27(5
Pt 1), 535-42.

Bierhaus, A.; Humpert, P.M.; Morcos, M.; Wendt, T.; Chavakis,
T.; Amnold, B.; Stern, D.M. and Nawroth, P.P. (2005) J. Mol. Med.,
83(11), 876-86.

Schmidt, A.M.; Hori, O.; Brett, J.; Yan, S.D.; Wautier, J.L. and
Stern, D. (1994) Arterioscler. Thromb., 14(10), 1521-8.

Yan, S.D.; Stern, D. and Schmidt, A.M. (1997) Eur. J. Clin. Invest.,
27(3), 179-81.

Yan, S.F.; Yan, S.D.; Herold, K.; Ramsamy, R. and Schmidt, A.M.
(2006) Endocrinol. Metab. Clin. North Am., 35(3), 511-24, viii.
Neeper, M.; Schmidt, A.M.; Brett, J.; Yan, S.D.; Wang, F.; Pan,
Y.C.; Elliston, K.; Stern, D. and Shaw, A. (1992) J. Biol. Chem.,
267(21), 14998-5004.

Schmidt, A.M.; Vianna, M.; Gerlach, M.; Brett, J.; Ryan, J.; Kao,
J.; Esposito, C.; Hegarty, H.; Hurley, W.; Clauss, M. and et al.
(1992) J. Biol. Chem., 267(21), 14987-97.

Jonas, J.B.; Schmidt, A.M.; Muller-Bergh, J.A.; Schlotzer-
Schrehardt, U.M.; and Naumann, G.O. (1992) Invest. Ophthalmol.
Vis. Sci., 33(6), 2012-8.

Schmidt, A.M.; Mora, R.; Cao, R.; Yan, S.D.; Brett, J.; Ramakrish-
nan, R.; Tsang, T.C.; Simionescu, M. and Stern, D. (1994) J. Biol.
Chem., 269(13), 9882-8.

Humpert, P.M.; Djuric, Z.; Kopf, S.; Rudofsky, G.; Morcos, M.;
Nawroth, P.P. and Bierhaus, A. (2007) Cardiovasc. Diabetol., 6(9.
Schlueter, C.; Hauke, S.; Flohr, A.M.; Rogalla, P. and Bullerdiek,
J. (2003) Biochim. Biophys. Acta, 1630(1), 1-6.

[51]

[52]
[53]
[54]
[55]
[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]
[70]
[71]

[72]

[73]

[74]
[75]

[76]

[77]
[78]
[79]

[80]

Sourris and Forbes

Yonekura, H.; Yamamoto, Y.; Sakurai, S.; Petrova, R.G.; Abedin,
M.J.; Li, H.; Yasui, K.; Takeuchi, M.; Makita, Z.; Takasawa, S.;
Okamoto, H.; Watanabe, T. and Yamamoto, H. (2003) Biochem. J.,
370(Pt 3), 1097-109.

Yang, Z.; Makita, Z.; Horii, Y.; Brunelle, S.; Cerami, A.; Sehajpal,
P.; Suthanthiran, M. and Vlassara, H. (1991) J. Exp. Med., 174(3),
515-24.

Vlassara, H. (2001) Diabetes Metab. Res. Rev., 17(6), 436-43.

Stitt, A.W.; Jenkins, AJ. and Cooper, M.E. (2002) Expert Opin.
Investig. Drugs, 11(9), 1205-23.

Stitt, A.W.; He, C. and Vlassara, H. (1999) Biochem. Biophys. Res.
Commun., 256(3), 549-56.

Yang, C.W.; Vlassara, H.; Peten, E.P.; He, C.J.; Striker, G.E. and
Striker, L.J. (1994) Proc. Natl. Acad. Sci. U. S. A., 91(20), 9436-40.
lacobini, C.; Oddi, G.; Menini, S.; Amadio, L.; Ricci, C.; Di Pippo,
C.; Sorcini, M.; Pricci, F.; Pugliese, F. and Pugliese, G. (2005) Am.
J. Physiol. Renal. Physiol., 289(3), F611-21.

Wada, R. and Yagihashi, S. (2005) Ann. N. Y. Acad. Sci., 1043,
598-604.

Vlassara, H.; Li, Y.M.; Imani, F.; Wojciechowicz, D.; Yang, Z.;
Liu, F.T. and Cerami, A. (1995) Mol. Med., 1(6), 634-46.

Kikuchi, Y.; Imakiire, T.; Hyodo, T.; Kushiyama, T.; Higashi, K.;
Hyodo, N.; Suzuki, S. and Miura, S. (2005) Nephrol. Dial Trans-
plant., 20(12), 2690-6.

Kikuchi, Y.; Kobayashi, S.; Hemmi, N.; Ikee, R.; Hyodo, N.; Sai-
gusa, T.; Namikoshi, T.; Yamada, M.; Suzuki, S. and Miura, S.
(2004) Nephrol. Dial. Transplant., 19(3), 602-7.

Nangia-Makker, P.; Nakahara, S.; Hogan, V. and Raz, A. (2007) J.
Bioenerg. Biomembr., 39(1), 79-84.

Janelle-Montcalm, A.; Boileau, C.; Poirier, F.; Pelletier, J.P.;
Guevremont, M.; Duval, N.; Martel-Pelletier, J. and Reboul, P.
(2007) Arthritis Res. Ther., 9(1), R20.

Matsumoto, R.; Matsumoto, H.; Seki, M.; Hata, M.; Asano, Y.;
Kanegasaki, S.; Stevens, R.L. and Hirashima, M. (1998) J. Biol.
Chem., 273(27), 16976-84.

Jiang, H.B.; Xu, M. and Wang, X.P. (2008) World J. Gastroen-
terol., 14(13), 2023-8.

Johnson, K.D.; Glinskii, O.V.; Mossine, V.V.; Turk, J.R.; Mawhin-
ney, T.P.; Anthony, D.C.; Henry, CJ.; Huxley, V.H.; Glinsky,
G.V,; Pienta, K.J.; Raz, A. and Glinsky, V.V. (2007) Neoplasia,
9(8), 662-70.

Prieto, V.G.; Mourad-Zeidan, A.A.; Melnikova, V.; Johnson,
M.M.; Lopez, A.; Diwan, A.H.; Lazar, AJ.; Shen, S.S.; Zhang,
P.S.; Reed, J.A.; Gershenwald, J.E.; Raz, A. and Bar-Eli, M. (2006)
Clin. Cancer Res., 12(22), 6709-15.

Febbraio, M.; Hajjar, D.P. and Silverstein, R.L. (2001) J. Clin.
Invest., 108(6), 785-91.

Nicholson, A.C.; Han, J.; Febbraio, M.; Silversterin, R.L. and Ha-
jiar, D.P. (2001) Ann. N. Y. Acad. Sci., 947, 224-8.

Kuniyasu, A.; Ohgami, N.; Hayashi, S.; Miyazaki, A.; Horiuchi, S.
and Nakayama, H. (2003) FEBS Lett., 537(1-3), 85-90.

Horiuchi, S.; Sakamoto, Y. and Sakai, M. (2003) Amino Acids,
25(3-4), 283-92.

Ohgami, N.; Nagai, R.; Ikemoto, M.; Arai, H.; Kuniyasu, A.; Hori-
uchi, S. and Nakayama, H. (2001) Ann. N. Y. Acad. Sci., 947, 350-
5.

Ohgami, N.; Nagai, R.; Miyazaki, A.; Ikemoto, M.; Arai, H.; Hori-
uchi, S. and Nakayama, H. (2001) J. Biol. Chem., 276(16), 13348-
55.

Ohgami, N.; Miyazaki, A.; Sakai, M.; Kuniyasu, A.; Nakayama, H.
and Horiuchi, S. (2003) J. Atheroscler. Thromb., 10(1), 1-6.

Prevo, R.; Banerji, S.; Ni, J. and Jackson, D.G. (2004) J. Biol.
Chem., 279(50), 52580-92.

Tamura, Y.; Adachi, H.; Osuga, J.; Ohashi, K.; Yahagi, N.; Sekiya,
M.; Okazaki, H.; Tomita, S.; lizuka, Y.; Shimano, H.; Nagai, R;
Kimura, S.; Tsujimoto, M. and Ishibashi, S. (2003) J. Biol. Chem.,
278(15), 12613-7.

Tsukita, S. and Yonemura, S. (1999) J. Biol. Chem., 274(49),
34507-10.

McRobert, E.A.; Gallicchio, M.; Jerums, G.; Cooper, M.E. and
Bach, L.A. (2003) J. Biol. Chem., 278(28), 25783-9.

Kubba, S.; Agarwal, S.K.; Prakash, A.; Puri, V.; Babbar, R. and
Anuradha, S. (2003) Neurol. India, 51(3), 355-8.

Kanauchi, M.; Nishioka, H. and Dohi, K. (2001) Nephron, 89(2),
228-30.



Modulation of AGE Receptors in Diabetic Nephropathy

[81]

[82]

[83]

[84]

[85]
[86]
[87]
[88]
[89]

[90]

[91]
[92]

[93]
[94]
[95]
[96]
[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Shimoike, T.; Inoguchi, T.; Umeda, F.; Nawata, H.; Kawano, K.
and Ochi, H. (2000) Metabolism, 49(8), 1030-5.

Horie, K.; Miyata, T.; Maeda, K.; Miyata, S.; Sugiyama, S.; Sakai,
H.; van Ypersole de Strihou, C.; Monnier, V.M.; Witztum, J.L. and
Kurokawa, K. (1997) J. Clin. Invest., 100(12), 2995-3004.

Horie, K.; Miyata, T.; Yasuda, T.; Takeda, A.; Yasuda, Y.; Maeda,
K.; Sobue, G., and Kurokawa, K. (1997) Biochem. Biophys. Res.
Commun., 236(2), 327-32.

Monnier, V.M.; Bautista, O.; Kenny, D.; Sell, D.R.; Fogarty, J.;
Dahms, W.; Cleary, P.A.; Lachin, J. and Genuth, S. (1999) Diabe-
tes, 48(4), 870-80.

Chen, S.; Cohen, M.P.; Lautenslager, G.T.; Shearman, C.W. and
Ziyadeh, F.N. (2001) Kidney Int., 59(2), 673-81.

Doi, T.; Vlassara, H.; Kirstein, M.; Yamada, Y.; Striker, G.E. and
Striker, L.J. (1992) Proc. Natl. Acad. Sci. U. S. A., 89(7), 2873-7.
Skolnik, E.Y.; Yang, Z.; Makita, Z.; Radoff, S.; Kirstein, M. and
Vlassara, H. (1991) J. Exp. Med., 174(4), 931-9.

Scivittaro, V.; Ganz, M.B. and Weiss, M.F. (2000) Am. J. Physiol.
Renal Physiol., 278(4), F676-83.

Zheng, F.; He, C.; Cai, W.; Hattori, M.; Steffes, M. and Vlassara,
H. (2002) Diabetes Metab. Res. Rev., 18(3), 224-37.

Hofmann, S.M.; Dong, H.J.; Li, Z.; Cai, W.; Altomonte, J.; Thung,
S.N.; Zeng, F.; Fisher, E.A. and Vlassara, H. (2002) Diabetes,
51(7), 2082-9.

Figarola, J.L.; Scott, S.; Loera, S.; Tessler, C.; Chu, P.; Weiss, L.;
Hardy, J.; and Rahbar, S. (2003) Diabetologia, 46(8), 1140-52.
Youssef, S.; Nguyen, D.T.; Soulis, T.; Panagiotopoulos, S.; Jerums,
G. and Cooper, M.E. (1999) Kidney Int., 55(3), 907-16.

Forbes, J.M.; Thallas, V.; Thomas, M.C.; Founds, H.W.; Burns,
W.C.; Jerums, G. and Cooper, M.E. (2003) FASEB J., 17(12),
1762-4.

Alderson, N.L.; Chachich, M.E.; Frizzell, N.; Canning, P.; Metz,
T.O.; Januszewski, A.S.; Youssef, N.N.; Stitt, A.W.; Baynes, J.W.
and Thorpe, S.R. (2004) Diabetologia, 47(8), 1385-95.

Williams, M.E. (2006) Drugs, 66(18), 2287-98.

Williams, M.E. and Tuttle, K.R. (2005) Adv. Chronic Kidney Dis.,
12(2), 212-22.

Ouslimani, N.; Mahrouf, M.; Peynet, J.; Bonnefont-Rousselot, D.;
Cosson, C.; Legrand, A. and Beaudeux, J.L. (2007) Metabolism,
56(3), 308-13.

Williams, M.E.; Bolton, W.K.; Khalifah, R.G.; Degenhardt, T.P.;
Schotzinger, R.J. and McGill, J.B. (2007) Am. J. Nephrol., 27(6),
605-14.

Stirban, A.; Negrean, M.; Stratmann, B.; Gawlowski, T.;
Horstmann, T.; Gotting, C.; Kleesiek, K.; Mueller-Roesel, M.; Ko-
schinsky, T.; Uribarri, J.; Vlassara, H. and Tschoepe, D. (2006)
Diabetes Care, 29(9), 2064-71.

Soulis, T.; Thallas, V.; Youssef, S.; Gilbert, R.E.; McWilliam,
B.G.; Murray-Mclntosh, R.P. and Cooper, M.E. (1997) Diabetolo-
gia, 40(6), 619-28.

Wendt, T.M.; Tanji, N.; Guo, J.; Kislinger, T.R.; Qu, W.; Lu, Y.;
Bucciarelli, L.G.; Rong, L.L.; Moser, B.; Markowitz, G.S.; Stein,
G.; Bierhaus, A.; Liliensiek, B.; Arnold, B.; Nawroth, P.P.; Stern,
D.M.; D'Agati, V.D. and Schmidt, A.M. (2003) Am. J. Pathol.,
162(4), 1123-37.

Li, H.; Nakamura, S.; Miyazaki, S.; Morita, T.; Suzuki, M.;
Pischetsrieder, M.; and Niwa, T. (2006) Kidney Int., 69(2), 388-92.
Gu, L.; Hagiwara, S.; Fan, Q.; Tanimoto, M.; Kobata, M.; Yama-
shita, M.; Nishitani, T.; Gohda, T.; Ni, Z.; Qian, J.; Horikoshi, S.;
and Tomino, Y. (2006) Nephrol. Dial Transplant., 21(2), 299-313.
Yamamoto, Y.; Kato, I.; Doi, T.; Yonekura, H.; Ohashi, S.; Take-
uchi, M.; Watanabe, T.; Yamagishi, S.; Sakurai, S.; Takasawa, S.;
Okamoto, H. and Yamamoto, H. (2001) J. Clin. Invest., 108(2),
261-8.

Inagi, R.; Yamamoto, Y.; Nangaku, M.; Usuda, N.; Okamato, H.;
Kurokawa, K.; van Ypersele de Strihou, C.; Yamamoto, H. and
Miyata, T. (2006) Diabetes, 55(2), 356-66.

Myint, K.M.; Yamamoto, Y.; Doi, T.; Kato, I.; Harashima, A.;
Yonekura, H.; Watanabe, T.; Shinohara, H.; Takeuchi, M.; Tsune-
yama, K.; Hashimoto, N.; Asano, M.; Takasawa, S.; Okamoto, H.
and Yamamoto, H. (2006) Diabetes, 55(9), 2510-22.

Liliensiek, B.; Weigand, M.A.; Bierhaus, A.; Nicklas, W.; Kasper,
M.; Hofer, S.; Plachky, J.; Grone, H.J.; Kurschus, F.C.; Schmidt,
A.M.; Yan, S.D.; Martin, E.; Schleicher, E.; Stern, D.M.; Hammer-
ling, G.G.; Nawroth, P.P. and Arnold, B. (2004) J. Clin. Invest.,
113(11), 1641-50.

[108]
[109]
[110]
[111]
[112]
[113]

[114]

[115]
[116]
[117]
[118]
[119]

[120]

[121]
[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]
[135]
[136]

[137]

Current Drug Targets, 2009, Vol. 10, No.1 49

He, C.J.; Zheng, F.; Stitt, A.; Striker, L.; Hattori, M. and Vlassara,
H. (2000) Kidney Int., 58(5), 1931-40.

Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Wallenstein, S.; Striker, G.E.
and Vlassara, H. (2007) Am. J. Pathol., 170(6), 1893-902.

He, C.J.; Koschinsky, T.; Buenting, C. and Vlassara, H. (2001)
Mol. Med., 7(3), 159-68.

Lu, C.; He, J.C.; Cai, W.; Liu, H.; Zhu, L. and Vlassara, H. (2004)
Proc. Natl. Acad. Sci. U. S. A, 101(32), 11767-72.

Cai, W.; He, J.C.; Zhu, L.; Lu, C. and Vlassara, H. (2006) Proc.
Natl. Acad. Sci. U. S. A., 103(37), 13801-6.

Kumar, B.; Narang, T.; Gupta, S. and Gulati, M. (2006) Sex Health,
3(2), 113-8.

Pugliese, G.; Pricci, F.; Leto, G.; Amadio, L.; lacobini, C.; Romeo,
G.; Lenti, L.; Sale, P.; Gradini, R., Liu, F.T., and Di Mario, U.
(2000) Diabetes. 49(7), 1249-57.

Banba, N.; Nakamura, T.; Matsumura, M.; Kuroda, H.; Hattori, Y.
and Kasai, K. (2000) Kidney Int., 58(2), 684-90.

Matsui, T.; Yamagishi, S.; Ueda, S.; Nakamura, K.; Imaizumi, T.;
Takeuchi, M. and Inoue, H. (2007) J. Int. Med. Res., 35(4), 482-9.
Navarro, J.F.; Milena, F.J.; Mora, C.; Leon, C. and Garcia, J.
(2006) Am. J. Nephrol., 26(6), 562-70.

Shi, Y.H.; Zhao, S.; Wang, C.; Li, Y. and Duan, H.J. (2007) Acta
Pharmacol. Sin., 28(12), 1938-46.

Ding, Y.; Kantarci, A.; Hasturk, H.; Trackman, P.C.; Malabanan,
A. and Van Dyke, T.E. (2007) J. Leukoc. Biol., 81(2), 520-7.
Wautier, J.-L.; Wautier, M.-P.; Schmidt, A.-M.; Anderson, G. M.;
Horif, O.; Zoukourian, C.; Capron, L.; Chappey, O.; Yan, S.-D.;
Breyf, J.; Guillausseauii, P.-J. and Sterni, D. (1994) Proc. Natl.
Acad. Sci. U. S. A, 91(16), 7742-6.

Forbes, J.M.; Coughlan, M.T. and Cooper, M.E. (2008) Diabetes,
57(6), 1446-54.

Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Striker, G.E. and Vlassara, H.
(2008) Am. J. Physiol. Cell Physiol., 294(1), C145-52.

Makita, Z.; Vlassara, H.; Rayfield, E.; Cartwright, K.; Friedman,
E.; Rodby, R.; Cerami, A. and Bucala, R. (1992) Science,
258(5082), 651-3.

Bierhaus, A.; Ritz, E. and Nawroth, P.P. (1996) Nephrol. Dial.
Transplant., 11(Suppl 5), 87-90.

Li, J.H.; Wang, W.; Huang, X.R.; Oldfield, M.; Schmidt, A.M.;
Cooper, M.E.; and Lan, H.Y. (2004) Am. J. Pathol., 164(4), 1389-
97.

Wong, C.K.; Ho, AW.; Tong, P.C.; Yeung, C.Y.; Kong, A.P.; Lun,
S.W.; Chan, J.C. and Lam, C.W. (2007) Clin. Exp. Immunol.,
149(1), 123-31.

Li, J. and Schmidt, A.M. (1997) J. Biol. Chem., 272(26), 16498-
506.

Schmid, H.; Boucherot, A.; Yasuda, Y.; Henger, A.; Brunner, B;
Eichinger, F.; Nitsche, A.; Kiss, E.; Bleich, M.; Grone, H.J.; Nel-
son, P.J.; Schlondorff, D.; Cohen, C.D. and Kretzler, M. (2006)
Diabetes 55(11), 2993-3003.

Yonekura, H.; Yamamoto, Y.; Sakurai, S.; Watanabe, T. and Ya-
mamoto, H. (2005) J. Pharmacol. Sci., 97(3), 305-11.

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. and
Nishizawa, Y. (2005) Arterioscler. Thromb. Vasc. Biol., 25(12),
2587-93.

Forbes, J.M.; Thorpe, S.R.; Thallas-Bonke, V.; Pete, J.; Thomas,
M.C.; Deemer, E.R.; Bassal, S.; El-Osta, A.; Long, D.M.;
Panagiotopoulos, S.; Jerums, G.; Osicka, T.M. and Cooper, M.E.
(2005) J. Am. Soc. Nephrol., 16(8), 2363-72.

Tan, K.C.; Shiu, S\W.; Chow, W.S.; Leng, L.; Bucala, R. and Bet-
teridge, D.J. (2006) Diabetologia, 49(11), 2756-62.

Shoji, T.; Koyama, H.; Morioka, T.; Tanaka, S.; Kizu, A.; Moto-
yama, K.; Mori, K.; Fukumoto, S.; Shioi, A.; Shimogaito, N.;
Takeuchi, M.; Yamamoto, Y.; Yonekura, H.; Yamamoto, H. and
Nishizawa, Y. (2006) Diabetes, 55(8), 2245-55.

Figarola, J.L.; Shanmugam, N.; Natarajan, R. and Rahbar, S.
(2007) Diabetes, 56(3), 647-55.

De Vriese, A.S.; Flyvbjerg, A.; Mortier, S.; Tilton, R.G. and
Lameire, N.H. (2003) J. Am. Soc. Nephrol., 14(8), 2109-18.
Jensen, L.J.; Denner, L.; Schrijvers, B.F.; Tilton, R.G.; Rasch, R.
and Flyvbjerg, A. (2006) J. Endocrinol., 188(3), 493-501.
Flyvbjerg, A.; Denner, L.; Schrijvers, B.F.; Tilton, R.G.; Mogen-
sen, T.H.; Paludan, S.R. and Rasch, R. (2004) Diabetes, 53(1), 166-
72.



50 Current Drug Targets, 2009, Vol. 10, No. 1

[138]

[139]

[140]

[141]

Tikellis, C.; Thomas, MC.; Harcourt, B.E.; Coughlan, M.T.; Pete,
J.; Bialkowski, K.; Tan, A.; Bierhaus, A.; Cooper, M.E.; Forbes,
J.M. (2008) Am. J. Physiol. Endocrinol. Metab., 295(2), E323-30.
Cuccurullo, C.; lezzi, A.; Fazia, M.L.; De Cesare, D.; Di Fran-
cesco, A.; Muraro, R.; Bei, R.; Ucchino, S.; Spigonardo, F.;
Chiarelli, F.; Schmidt, A.M.; Cuccurullo, F.; Mezzetti, A. and
Cipollone, F. (2006) Arterioscler. Thromb. Vasc. Biol., 26(12),
2716-23.

Marx, N.; Walcher, D.; Ivanova, N.; Rautzenberg, K.; Jung, A,
Friedl, R.; Hombach, V.; de Caterina, R.; Basta, G.; Wautier, M.P.
and Wautiers, J.L. (2004) Diabetes, 53(10), 2662-8.

Zheng, F. and Guan, Y. (2007) Kidney Int., 72(11), 1301-3.

[142]
[143]
[144]

[145]

[146]

Sourris and Forbes

Miyazaki, Y.; Cersosimo, E.; Triplitt, C. and DeFronzo, R.A.
(2007) Kidney Int., 72(11), 1367-73.

Uribarri, J. and Tuttle, K.R. (2006) Clin. J. Am. Soc. Nephrol., 1(6),
1293-9.

Uribarri, J.; Peppa, M.; Cai, W.; Goldberg, T.; Lu, M.; He, C. and
Vlassara, H. (2003) J. Am. Soc. Nephrol., 14(3), 728-31.

Uribarri, J.; Peppa, M.; Cai, W.; Goldberg, T.; Lu, M.; Baliga, S.;
Vassalotti, J.A. and Vlassara, H. (2003) Am. J. Kidney Dis., 42(3),
532-8.

Liu, H.; Zhu, L.; Zheng, F. and Vlassara, H. (2005) Diabetes,
54(Suppl), A21-B.

Received: June 30, 2008

Revised: October 22, 2008

Accepted: October 23, 2008



