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Abstract—The cardiovascular complications of diabetes represent the leading cause of morbidity and mortality in affected
subjects. The impact of hyperglycemiamay be both direct and indirect: indirect consequences of elevated blood glucose
lead to generation of advanced glycation endproducts, the products of nonenzymatic glycation/oxidation of proteing/
lipids that accumulate in the vessel wall, and are signal transduction ligands for Receptor for AGE (RAGE). Although
enhanced in diabetes, AGE accumulation also occursin euglycemiaand aging, albeit to lower degrees, driven by oxidant
stress and inflammation. In hyperglycemia, production of 3-deoxyglucosone, at least in part via the polyol pathway,
provides an amplification loop to sustain AGE generation, oxidant stress, and vascular activation. Furthermore,
recruitment of inflammatory cells bearing S100/calgranulins, also ligands for RAGE, augments vascular dysfunction.
We hypothesize that activation of RAGE is a final common pathway that transduces signals from these diverse
biochemical and molecular species, leading to cardiovascular perturbation. Ultimately, these pathways synergize to
construct a scaffold on which the complications of diabetes in the vasculature and heart may be built. We propose that
antagonism of RAGE will provide a unique means to dismantle this scaffold and, thereby, suppress initiation/
progression of vascular disease and cardiac dysfunction that accompany diabetes and aging. (Circ Res. 2003;93: 1159-
1169.)
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The Problem of Diabetic Vascular atherosclerosisin subjects with diabetes, especially hypergly-

Complications: The Blood Vessel cemia mediated by insulin resistance, are underway well
Never Forgets before the formal diagnosis of diabetes.” In 1993, the Diabe-

Diabetes is associated with aggressive vascular dysfunction tdﬁcr:]g?t:d ;ﬁé‘? Tﬂncgt\l/gﬁeggeﬁ?gﬂ ) zﬁeﬂ;g@ﬁ
in human subjects; atherosclerosis represents the leading €p ypergly

cause of morbidity and mortality in disbetic subjects: sufficient to significantly reduce excess risk for macrovascu-

. . lar disease. A recently published pivotal study, however,
Chronic perturbation of the vasculature, such as that caused definitively showed decreased progression of intima-media
by diabetes, leads to increased incidence, size, and complex-

thickness 6 years after the end of the trial among patients who

ity of atherosclerotic plagues. Furthermore, molecular mech- received intensive therapy during the DCCT.29 These con-
anisms associated with lesion instability are enhanced in siderations support the concept that elevated levels of glucose
diabetes, and mediate increased incidence and severity of impart long-term “memory” in the vessel wall that augments
clinical events, such as heart attacks and strokes2-6 It is vascular perturbation. Is it possible that DCCT subjects

increasingly postulated that events portending accelerated managed with strict glucose control displayed diminished
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vascular production and accumulation of AGEs, and that this
phenomenon contributed, at least in part, to diminished
atherosclerosis years later? These considerations have led us
to hypothesize that accumulation of advanced glycation
endproducts (AGEs) and S100/calgranulins, and their inter-
action with receptor for AGE (RAGE), provides a plausible
mechanism for induction of vessel wall memory and sus-
tained perturbation, processes that if left unchecked, lead to
progression of atherosclerosis, plaque instability, and the
emergence of clinical events. In this review, we will focus on
the role of the ligand-RAGE axis in vascular dysfunction.

RAGE: A Multiligand Receptor
RAGE is a multiligand member of the immunoglobulin
superfamily of cell surface molecules.201t The extracellular
domain of the receptor, consisting of one V-type immuno-
globulin domain followed by two C-type immunoglobulin
domains, is the site of ligand engagement, specifically within
the V-type domain.-13 RAGE interacts with a diverse class
of ligands, including advanced glycation endproducts
(AGEs), S100/calgranulins, amphoterin, and amyloid-3 pep-
tide (and the class of B-sheet fibrils). In cardiovascular
disease and atherosclerosis, data suggest roles for AGEs and
proinflammatory ligands in lesion initiation and progression.

Advanced Glycation Endproducts (AGES)
RAGE was first identified as a signal transduction receptor
for AGEs. AGEs, the products of nonenzymatic glycation and
oxidation of proteins and lipids, accumulate in the vessel wall
especialy in diabetes, and in euglycemia as well; in the latter
case, driven by oxidant stress.2415 These structures accumu-
late in the vasculature, thus highlighting the likelihood that
AGEs may participate in the vascular memory of diabetes. In
addition to hyperglycemia and oxidant stress, AGEs, an
heterogeneous class of species, may form in multiple milieux,
such asinflammation and renal failure; in settings beyond the
vasculature, AGEs have been reported to accumulate in
neurodegenerative disorders, such as Alzheimer’s disease and
amyotrophic lateral sclerosis (ALS).16-21 Although there are a
wide range of AGE-related chemical structures likely to be
present in the vasculature and other tissues, specific AGES
commonly found in diabetic tissues include carboxymethyl-
lysine (CML)—protein adducts (the predominant AGEs pres-
ent in vivo2224), carboxyethyl-lysine (CEL)-protein adducts,
pentosidine-adducts (amajor AGE crosslink found in diabetic
tissues linked to destabilization of collagen and basement
membranes?>-28), pyrallines, imidazolones, methylglyoxal (a
precursor to formation of a range of other AGEs), and
crosslines,29-34

The effects of AGEs on vascular memory are likely to be
diverse. AGEs may exert their biologic effects by receptor-
independent or receptor-dependent pathways. By receptor-
independent means, AGEs may directly impact on the struc-
tura integrity of the vessel wall and underlying basement
membrane. In particular, excessive cross-linking of matrix
molecules such as collagen may disrupt matrix-matrix and
matrix-cell interactions.353¢ [nside the cell, nonenzymatic
glycation of intracellular molecules such as basic fibroblast
growth factor may impair its function.3” In addition, other
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studies have shown that AGEs quench nitric oxide, thereby
potentially impacting on vascular relaxation and function.38
The impaired ability of diabetic vasculature to respond
appropriately to stimuli such as acetylcholine both in human
subjects and experimental models suggests that such endo-
thelial dysfunction may provide a window into the extent of
vascular disease and atherosclerosis.38—42

AGEs may also exert their pathogenic effects by engage-
ment of cellular binding sites/receptors. To date, a number of
cell surface interaction sites for AGEs have been identified,
such as macrophage scavenger receptor (MSR) type II,
OST-48, 80K-H, galectin-3, CD36, and RAGE.*3-46 These
receptors have been ascribed a range of functions in the
diabetic tissues, including removal and detoxification of
AGEs, as well as modulation of cellular properties by
receptor-triggered signal transduction on AGE engagement.
RAGE does not appear to contribute to removal/detoxifica
tion of AGEs. Rather, RAGE isasignal transduction receptor
for AGEs. RAGE mediates the effects of CML-adducts, the
most prevalent AGE identified thus far in vivo, via signal
transduction.’2 Both in vitro and in vivo, physiologically
relevant concentrations of CML-adducts activate endothelial
cells (ECs), vascular smooth muscle cells (SMCs), and
mononuclear phagocytes (MPs); these events cause expres-
sion of arange of proinflammatory molecules and activation
of nuclear factor (NF)—«B.22 Introduction of a RAGE trans-
gene in which the cytosolic domain was deleted into wild-
type RAGE-bearing cellsimparted a dominant-negative (DN)
effect. However, athough transfected RAGE was firmly
embedded in the cell membrane and was capable of binding
ligand, CML-adduct engagement failed to stimulate signaling
pathways or trigger increased expression of proinflammatory
molecules.’? 1t is highly likely that AGEs beyond CML-
modified species interact with RAGE; such studies are the
focus of investigation.

An emerging view in diabetes complications is that
mitochondrial-derived reactive oxygen species, generated by
excess concentrations of glucose, make an important contri-
bution to the pathogenesis of diabetic complications.4”48 We
propose that one such consequence of hyperglycemia, AGE
interaction with RAGE, is a key component initiating and/or
accelerating macrovascular complications. Because AGES
may form by oxidant stress and inflammatory pathways, their
impact is likely to extend to euglycemic vascular disease.

S100/Calgranulins

In addition to AGEs, RAGE is a signal transduction receptor
for S100/calgranulins, a family of multiple members, which
have important intracellular properties, where their roles are
linked to homeostatic properties, such as calcium bind-
ing.#°-51 These molecules, such as S1I00A12 and S100B, have
been shown to activate ECs, MPs, SMCs, and peripheral
blood mononuclear cells (PBMCs), including T cells via
RAGE, thus triggering activation of signaling cascades and
generation of cytokines and proinflammatory adhesion mol-
ecules.135253 Consistent with a role for RAGE in amplifica-
tion of inflammation pathways, at least in part viainteraction
with S100/calgranulins, blockade of RAGE in euglycemic
mice suppressed the challenge phase of delayed type hyper-
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Figure 1. Ligand/RAGE interaction: a
scaffold for the development of diabetic
complications and beyond. Glycation,
oxidant stress, and inflammatory mecha-
nisms synergize in the vessel wall, par-
ticularly in diabetes, to generate a scaf-
fold to amplify the impact of
superimposed stresses, such as modi-
fied lipoprotein accumulation, physical
injury, hypoxia, or ischemia/reperfusion.
Once set in motion, these RAGE-
dependent processes lead to sustained
vascular perturbation and failure of
reparative mechanisms.

VASCULAR STRESS
AND DYSEUNCTION

sensitivity in response to methylated BSA, diminished co-
lonic inflammation in mice deficient in interleukin (IL)-10,
decreased phenotypic and molecular indices of arthritis in
DBA/1 mice subjected to sensitization/challenge with bovine
typell collagen, and suppressed inflammatory cell infiltration
and spinal cord damage in a murine model of experimental
autoimmune encephal omyelitis.135253

Much remains to be learned about the precise biochemical
and molecular signals that regulate transcription/translation
of S100s. An emerging body of evidence, however, suggests
that these molecules may be released by activated cells, such
as monocytes.>*55 Based on these considerations, it is, thus,
our hypothesis that the biological impact of these molecules
may be highly relevant in atherosclerosis. Indeed, in our
studies, we have used pathophysiologically relevant concen-
trations of S100/calgranulins,®s thus supporting the premise
that interaction of these species with RAGE is a plausible
mechanism amplifying vascular inflammation and tissue
injury in the vascular wall.

Amphoterin

Amphoterin is aso a signal transduction ligand of RAGE.
Amphoterin isamember of the HMG (high mobility group)-1
family of DNA binding proteins that, in addition to functions
within the cell, also may exist extracellularly and on the
surface of cells, especially migrating cells in neuronal devel-
opment and tumors.56.57 Engagement of RAGE on the surface
of embryonic neurons is one axis linked to their ability to
migrate within the developing nervous system, because, at
least in vitro, blockade of RAGE, using either soluble(s)
RAGE, the extracellular ligand binding domain of the recep-
tor, or blocking F(ab"), fragments of anti-RAGE 1gG, sup-
pressed neurite outgrowth selectively on amphoterin, but not
poly-L-lysine—coated matrices.58 In addition, amphoterin is
also expressed on the surface of transformed cells, thereby
implying its potentia role in tumor cell migration.>® Engage-
ment of tumor cell RAGE by amphoterin enhances cellular
migration, invasion, proliferation, and generation of matrix

metalloproteinases; processes linked, at least in part, to local
tumor growth and distant invasion.>®

Recent observations have expanded the potential biological
roles of amphoterin. Like S100/calgranulins, amphoterin may
be released from activated MPs, thereby leading to propaga-
tion of inflammatory responses.s°.61 |n vivo, administration of
blocking antibodies to amphoterin led to enhanced survival in
rodents subjected to conditions mimicking that of over-
whelming septic shock.6° Recent observations have suggested
important roles for amphoterin in animal models of arthritis.s2

A resounding theme in our studies is that the ligands of
RAGE are involved in the inflammatory response. In the
vasculature, especialy that affected by atherosclerosis,
AGEs, generated by the consegquences of hyperglycemia and
oxidant stress, recruit a second round of invading species
such as S100/calgranulins and amphoterin, transported into
sites of vascular injury by inflammatory cells such as MP and
T cells.

These considerations form the basis of our work on RAGE
in the vasculature. We hypothesize that in diabetic tissues,
smoldering interaction of accumulating AGEs, S100/cal-
granulins and amphoterin interacting with multiple RAGE-
bearing cell types linked to atherosclerosis, such as ECs,
SMCs, and MPs, alters the vascular landscape and provides a
scaffold for augmentation of superimposed vascular stresses.
Specifically, on addition of stresses such as accumulation of
modified lipoproteins within the vessel wall, arterial injury,
hypoxia, and ischemia/reperfusion, we propose that ligand-
RAGE interaction sustains the host-response eventuating in
chronic injury (Figure 1). Efforts to test the concept that
blockade of these pathways may interrupt vascular perturba-
tion and restore homeostasis within the vessel wall in diabetes
and euglycemia are being tested.

Additional ligands for RAGE, specifically amyloid-3 pep-
tide and B-sheet fibrils interact with the receptor and have
implications for the pathogenesis of chronic degenerative
diseases such as Alzheimer’s disease and amyloidoses.3.64
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Recruitment of RAGE and Activation of
Diverse Signaling Pathways

AGEs, S100/calgranulins, and amphoterin may activate a
range of cellswith important links to atherosclerosisinitiation
and progression, such as ECs, MPs, and SMCs; a key
conseguence of ligand engagement of RAGE is activation of
multiple signaling pathways, including p2lras, erk1/2 (p44/
p42) MAP kinases, p38 and SAPK/INK MAP kinases, rho
GTPases, phosphoinositol-3 kinase and the JAK/STAT path-
way, and downstream consequences such as activation of
NF-kB and CREB.121365-71 | jgand-engagement of RAGE
triggers generation of reactive oxygen species (ROS) linked
to triggering of cell signaling via RAGE, at least in part via
activation of NADPH oxidase. Monocytes retrieved from
NADPH oxidase (0) mice, when compared with wild-type
monocytes, failed to display increased generation of tissue
factor on incubation with AGESs.”2

RAGE-dependent signaling depends on the specific cell
type and the state of activation/stress. It is for these reasons
that blockade of specific downstream signaling pathways in
atherosclerosis and vascular stress may not be a fruitful
approach. Given the diversity of RAGE-dependent signal
transduction pathways recruited on response to ligand, amore
effective approach islikely to involve blockade at the level of
the receptor itself. In the sections to follow, we will present
evidence suggesting the role of RAGE in vascular stresses
and insights into the impact of blockade of RAGE signaling
in vascular disease.

RAGE and Atherosclerosis
Therole of the ligand-RAGE axis in atherosclerosis was first
tested in a murine model of accelerated atherosclerosis in
mice. Mice are inherently resistant to the development of
complications as their lipid profile, high in functional high-
density lipoprotein (HDL), largely protects them from athero-
genesis. Thus, to test the role of RAGE in atherosclerosis, we
examined the impact of RAGE in mice susceptible to the
development of atherosclerosis due to genetic modification of
lipid profile. First, we used apoE null mice as these mice
develop spontaneous hyperchol esterolemia on anormal chow
diet.”274 ApoE null mice were rendered diabetic with strep-
tozotocin and maintained on a normal rodent chow. Induction
of diabetes was associated with a significant increase in mean
atherosclerotic lesion area at the aortic sinus after 6 weeks of
diabetes compared with euglycemic apoE null mice of the
same age.”> Diabetes-associated atherosclerotic lesions dis-
played increased accumulation of AGEs and S100/calgranu-
lins and enhanced expression of RAGE.” In addition to
lesion area, lesion complexity was accelerated. Complex
lesions, defined as cholesterol clefts, necrosis, or fibrous caps
were much more commonly observed in diabetic mice at age
14 weeks versus controls.”® To test the impact of RAGE,
diabetic apoE null mice were treated once daily with murine
soluble RAGE immediately on documentation of diabetes.”
Administration of SRAGE suppressed accelerated lesion area
and complexity in a dose-dependent manner.”s In parallel,
levels of tissue factor, VCAM-1, AGES/S100/calgranulins,
and nuclear translocation of NF-«B were decreased in the
aortae of SRAGE-treated mice compared with vehicle-treated
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Figure 2. RAGE blockade halts the progression of established
atherosclerosis in apoE null mice: impact in diabetes. ApoE null
mice were rendered hyperglycemic using streptozotocin or were
treated with citrate buffer vehicle at age 6 weeks. At age 14
weeks, mice were treated with sSRAGE, 100 ug per day, or
murine serum albumin (MSA). Mice were euthanized at age 20
weeks and the aortae dissected and photographed (a through
e). In other studies, sections at the aortic root were prepared
and stained with Oil Red O (f through j). Scale bar, a through
e=0.3 cm; f through j=125 um.

diabetic animals.”>76 Blockade of RAGE did not affect lipid
or glycemic profile. Thus, these findings defined ligand-
RAGE interaction as a pathway important in the development
of accelerated atherosclerosis in diabetes.

These findings were not limited to apoE null mice rendered
diabetic with streptozotocin, as similar results were observed
in other murine models of hyperlipidemia. For example,
induction of diabetes in LDL receptor null mice resulted in
accelerated atherosclerosis; a process prevented by adminis-
tration of SRAGE.”” Furthermore, these concepts are appli-
cable in murine models of insulin-resistant (type 2) diabetes.
In recent experiments, we bred apoE null mice into the db/db
background. ApoE null/db/db mice displayed markedly ac-
celerated atherosclerosis at the aortic root, aong with in-
creased vascular inflammation and expression of prothrom-
botic molecules, including VCAM-1, tissue factor, and matrix
metalloproteinase (MMP)-9 antigen/activity. These effects
were prevented by administration of SRAGE.”®

In these settings, SRAGE was begun immediately at the
time of diagnosis of hyperglycemia, thus addressing the
impact of RAGE on early atherogenesis. To further study the
role of this receptor in vascular stress, it was necessary to test
the effects of blockade of RAGE on established atheroscle-
rotic plaques. ApoE null mice were rendered diabetic at age
6 weeks. Diabetes was associated with accelerated athero-
sclerosis at both 14 and 20 weeks of age compared with
nondiabetic counterparts. Mice were untreated until age 14
weeks; at that time, treatment was begun for an additional 6
weeks with either SRAGE or vehicle, murine serum albumin
(MSA). Administration of SRAGE suppressed progression of
atherosclerotic lesion area and complexity (Figure 2).7° In
paralel, migration/proliferation of SMCs and MPs were
suppressed in SRAGE-treated mice, along with decreased
vascular expression of cox-2 and nitrotyrosine epitopes,
VCAM-1, JE-MCP-1, MMP-9 activity, tissue factor, and
phosphorylation of p38 MAP kinase.”

How do these concepts extend to human atherosclerosis?
To address this key question, Cipollone and colleagues®®
demonstrated upregulation of RAGE in human diabetic ath-
erosclerotic plaques. Importantly, expression of RAGE, cox-
2/type Ltype 2 microsoma Prostaglandin E, and matrix
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Figure 3. RAGE blockade halts the progression of established
atherosclerosis in apoE null mice: impact in euglycemia. From
age 14 to 20 weeks, nondiabetic apoE null mice were treated
with sRAGE, 100 ng/d, or vehicle, murine serum albumin (MSA).
At age 20 weeks, animals were euthanized and sections pre-
pared from the aortic root were stained with Oil Red O. Quantifi-
cation of mean atherosclerotic lesion area (A) and mean number
of complex lesions per section (B) were determined.

metall oproteinases was enhanced and colocalized particularly
in macrophages at the vulnerable regions of the atheroscle-
rotic plaques. Further, expression of RAGE in the plagues
linearly correlated with the level of glycosylated hemoglo-
bin.8° These findings provide further support for the likely
relevance of the RAGE axis in human diabetic vascular
disease.

As AGEs and inflammatory mechanisms are also impor-
tant in euglycemic atherosclerosis, it was important to test the
potentia role of RAGE in nondiabetic atherosclerosisin apoE
null mice. Administration of SRAGE stabilized atheroscle-
rotic lesion area and complexity in nondiabetic apoE null
mice subjected to this therapy between 14 and 20 weeks of
age (Figure 3).7 These findings highlighted for the first time
the potential impact of RAGE blockade on atherosclerosis
independent of diabetes.

Despite the fact that in both diabetes and nondiabetes we
did not observe frank lesion regression, the striking decrease
in vascular inflammation triggered by RAGE blockade
strongly suggests that the atherosclerotic plagues were less
vulnerable to progression and, perhaps, the development of
lesion instability. Such facets are now being studied in the
innominate arteries of these animals both in the presence/
absence of diabetes.s182

RAGE and Neointimal Expansion Trigger ed
by Acute Arterial Injury

In addition to the dramatic acceleration of chronic atheroscle-
rosis, diabetic subjects demonstrate exaggerated responses to
arterial injury, such as that induced by therapeutic angio-
plasty. Particularly in diabetes, arterial injury triggers pro-
cesses leading to rapid neointimal expansion, typified by
enhanced vascular SMC proliferation and migration, and
production of extracellular matrix. Indeed, in human diabetic
subjects, stenting of the treated vessel may not offer full
protection from restenosis and coronary events.8384 These
considerations underscore the concept that SMC properties
are altered in hyperglycemia. SMC proliferation, migration,
and generation of extracellular matrix are triggered in acute
injury and are augmented in chronic atherosclerosis.8s-2°

We tested these concepts in diabetic animals. In hypergly-
cemic fatty Zucker rats subjected to acute balloon injury of
the carotid artery, administration of sSRAGE caused decreased
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neointimal expansion, in paralel with decreased incorpora-
tion of 5’-bromo-2’-deoxyuridine (BrdU) in the expanding
neointima®t To test these concepts and the role of SMC
RAGE in neointimal expansion in euglycemia and to use
genetically modified RAGE animals to test our concepts, we
induced femora artery endothelial denudation injury in
C57BL/6 mice. First, we examined the expression of RAGE
and its ligands in these settings. By RT-PCR, RAGE tran-
scripts were increased by day 3 after arterial endothelial
denudation, compared with control vessels, and remained
elevated through day 28.92 Immunostaining of the injured
arterial segment demonstrated enhanced RAGE antigen in
neointimal and media cells by day 4 in a distribution
overlapping with the SMC marker «-actin. These studies
suggested that upregulation of RAGE accompanied vascular
injury. RT-PCR demonstrated induction of S100 transcripts
by day 3 after injury, which persisted through day 28.92
Polyclonal antibody reactive with S100b demonstrated S100
antigen throughout the intima and media of the damaged
vessel .22 Generation of AGEs also occurred at the site of
arterial injury as demonstrated by the presence of immuno-
reactive AGEs; the antibody largely reacts with CML-
modified adducts.®2 AGEs were observed in the neointima
within 4 days of arteria injury and persisted until day 21.92
Thus, in the context of acute arteria injury in euglycemia,
these findings placed RAGE and two of its ligands, S100
proteins and AGE adducts, at the site of arteria injury,
especially within SMC. The enhanced activity of myeloper-
oxidase in the injured vessel wall suggested at least one
potential means, generation of oxidant stress, by which AGE
upregulation would occur in the euglycemic vessel wall on
acute denudation of the endothelium.16.92

The co-localization of RAGE and its ligands led us to
consider that upregulation of this axis provided a scaffold in
the vessel wall to augment the response to vascular injury.
We thus tested the premise that interception of RAGE
interaction with its ligands might impact on neointimal
expansion. RAGE blockers were given daily from the day
before injury (day 0) to day 7 after injury, and animals were
evaluated up to day 28. Mice treated with vehicle, MSA,
displayed progressively increasing intimal/media (I/M) ra-
tios over 1 to 3 weeks, whereas animals receiving sRAGE,
100 wg per day, showed significantly decreased I/M ratios;
the impact of SRAGE was dose-dependent.®2

Because SRAGE exerts its effects indirectly, by binding
ligands and preventing their interaction with cell surface
RAGE, we directly blocked the receptor as well. Adminis-
tration of anti-RAGE F(ab’), from days 0 to 7 (injury on day
1) suppressed neointimal expansion, in contrast to the lack of
beneficial effect with nonimmune F(ab'),.%2 In addition to
pharmacologica blockade of RAGE, we tested the impact of
acute arteria injury in homozygous RAGE null mice. Com-
pared with wild-type littermates, RAGE null mice displayed
a striking decrease in neointimal expansion on acute femoral
artery injury (Figure 4).92 Further, transgenic mice expressing
DN RAGE selectively in SMCs (driven by the SM-22«a
promoter) displayed significantly decreased neointimal ex-
pansion compared with wild-type littermates, indicating the
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critical requirement for RAGE signaling in mediating the
impact of smooth muscle perturbation in acute injury.®2

These findings suggested that RAGE/RAGE signaling
were importantly involved in neointimal expansion on acute
arterial injury. To test this further, we prepared extracts from
the injured vessel segments to examine the signaling path-
ways linked to cellular proliferation after arteria injury
impacted on by blockade of RAGE. First, we studied phos-
phorylation of Erk1/2 and protein kinase B (PKB), a down-
stream target of PI3K, as these pathways have been impli-
cated in SMC proliferation/migration after injury.e3.94
Immunoblotting of homogenates of the damaged artery har-
vested 30 minutes after injury demonstrated increased levels
of phosphoErk 1/2 and phosphoPKB compared with controls;
however, vessels harvested from animals treated with SRAGE
showed no suppression of the phosphorylation of Erk1/2 or
PKB.92 Other studies have demonstrated activation of Janus
kinase (Jak)2 and signal transducer and activator of transcrip-
tion Stat3 after arterial injury.%s Because other work has
shown RAGE-mediated activation of the Jak/stat pathway in
a line of cultured cells*® we analyzed phosphorylation of
Jak2 and Stat3 in injured femoral artery segments from
C57BL/6 mice. On day 7, we observed increased phospho-
Jak2 and phosphoStat3, compared with untreated controls.92
Arterial segments retrieved on day 7 from animals treated
with sSRAGE displayed prominent suppression of Jak2 and
Stat3 phosphorylation.®2 In isolated SMC, S100b stimulation
enhanced phosphorylation of Jak2/Stat3, but not in RAGE
null or transgenic SM22a DN RAGE SMCs.?2 These findings
suggest that RAGE activation, in part, by phosphorylation of
Jak2 and Stat3, contributes to enhanced SMC proliferation
within the injured vessel wall.

Taken together, these findings, together with those in
chronic atherosclerosis, importantly link ligand-RAGE inter-
action to the pathogenesis of exaggerated neointimal expan-
sion and suggest the plausibility of RAGE blockade as a
therapeutic target in vascular injury, both in euglycemia and
diabetes.

Aldose Reductase and RAGE: The Heart of
the Matter
Cardiac dysfunction emanating from long-standing diabetes
emerges from macrovascular disease and innate disturbances
of the myocardium resulting from long-standing disease.
Additional factors predisposing to cardiac complications in

Figure 4. Homozygous RAGE null mice display
decreased neointimal expansion on acute fem-
oral artery endothelial denudation. Homozygous
RAGE null mice and wild-type littermates were
subjected to femoral artery guide wire injury.
Intima/media ratio was determined on day 28
after injury (A). Van Gieson'’s elastic stain was
performed on a representative femoral artery
section from a wild-type mouse (B) and a
RAGE null mouse (C). Scale bar=50 pm.

diabetes include disturbed autonomic balance and impaired
fibrinolytic activity.97-103

What are the pathways linked to perturbation in the
diabetic heart? One possible contributor is activation of the
polyol pathway (Figure 5). In this pathway, glucose is
reduced to sorbitol by aldose reductase (AR); fructose gen-
erated by this pathway is converted into fructose-3-phosphate
by the action of 3-phosphokinase (3-PK). This leads to the
generation of 3-deoxyglucosone, a central precursor in the
generation of an array of AGEs, in particular, CML-adducts
and others.1041095 Plasma levels of 3-DG have been shown to
increase, along with increased AR levels in erythrocytes in
the presence of renal failure.2%5 Other studies have found that
administration of epalrestat (an inhibitor of AR) reduced the
levels of CML adducts and their precursorsin erythrocytes, as
well asresulting in lowered plasma levels of thiobarbituric
acid reactive substances (TBARS), a measure of oxidant
stress, in diabetic patients.2°¢ Thus, athough these AGEs
were measured intracellularly, the effect of 3-DG on
general AGE formation resulted in increased levels of
plasma TBARS. The ability of AR-dependent mechanisms
to generate and sustain production of AGEs provides an
amplification loop to fuel AGE-RAGE interaction in the
myocardium.

In this context, the role of AR in myocardia injury has
been tested in experimental systems. Inhibition of AR pro-
tects hearts from ischemic injury.07-110 Maintenance of
high-energy phosphates by substrate metabolism is critical to
managing norma sodium and calcium homeostasis. It has

AR SDH
Glucose — Sorbitol — Fructose

l 3-PK

Fructose-3-Phesphate

l

3DG

Figure 5. Polyol pathway and generation of 3-deoxyglucosone:
precursor to AGE formation. In the polyol pathway, glucose is
metabolized to sorbitol via the action of aldose reductase (AR);
subsequently, sorbitol is metabolized to fructose via sorbitol
dehydrogenase (SDH). The action of 3-phosphokinase (3-PK)
leads to the generation of fructose-3-phosphate, a precursor in
the generation of 3-deoxyglucosone (3-DG), a reactive interme-
diate that leads to the formation of a range of AGEs, including
CML-modified adducts, signal transduction ligands of RAGE.
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been shown that regulation of intracellular sodium and
calcium changes are important downstream determinants of
the severity of ischemic injury. Moreover, studies have
demonstrated the complex interplay between glucose metab-
olism, altered intracellular sodium and calcium, and ischemic
injury in diabetes. Most notably, interventions that inhibit any
of the above steps, and especially those preventing the risein
intracellular sodium, reduce injury to the myocardium during
i g:herm a.111-117

Therole of AR-dependent pathwaysin generation of AGES
led us to test the concept that RAGE transduces at least in
part, the biological impact of AR activation in the injured
heart. Recent pilot studies from our laboratory have shown
that CML-AGEs and S100/calgranulins are increased in the
diabetic mouse and rat heart after 3 months diabetes; in
parallel, RAGE expression was enhanced particularly in EC
and infiltrating MP.118 When diabetic rats or mice were
treated with daily sRAGE, expression of inducible nitric
oxide synthase (iNOS) was reduced in the diabetic heart. In
addition, decreased levels of NO and cGMP were observed in
SRAGE-treated diabetic hearts.18

One disadvantage of studying cardiac function and the
response to ischemiain murine systemsis the markedly lower
levels of AR in mouse hearts compared with human or rat
hearts.11 The recent development of transgenic mice express-
ing human AR to physiologically relevant degrees (to human)
in a broad manner driven by the maor histocompatibility
complex class | promoter provides an ideal means to best test
the role of RAGE in mediating the downstream biochemical
and molecular impact of AR, especiadly in the diabetic
heart.220 We propose that ischemia augments generation of
AGEs by AR-dependent and independent mechanisms. More-
over, these processes are exaggerated in diabetes, leading to
further generation of AGEs (by 3-DG, in part) and S100/
calgranulin ligands for RAGE, causing generation of cyto-
kines, chemokines, and adhesion molecules; a mechanism to
augment inflammation and perturbation. Increased levels of
NOS generate reactive oxygen species (ROS). AGEs impair
substrate metabolism, leading to decreased ATP; together
with ROS, these processes synergize to augment cardiac
injury (Figure 6). The recent development of RAGE null mice
and transgenic mice expressing physiologically relevant (to
human) levels of AR providesanideal set of tools with which
to test the role of RAGE as a downstream effector pathway
for the impact of AR on biochemical and metabolic distur-
bances in diabetes and euglycemia initiated by ischemic
injury.

Conclusions and Per spectives: Dismantling
the Scaffold of Vascular Disease and
Diabetic Complications
The generation of AGEs and augmentation of proinflamma-
tory mechanisms in the vessel, at least in part via accumula-
tion of S100/calgranulins and amphoterin released from
activated inflammatory cells, provides a potent feedback |oop
for sustained oxidant stress, ongoing generation of AGEs, and
vascular perturbation. The vessel wall and heart, especialy in
diabetes and to alesser but quantifiable degree in euglycemia,
becomes largely irreversibly altered. On superimposed of

RAGE and the Vascular Complications of Diabetes 1165

AR —¥ 3DG ——)*AGES <«—— AR Independent

T AGEs/8$100/Calgranulins-RAGE

TCytokine Adhesi tecul NoS
TNF-sipha esion molecule .
fVCAM Chemokine
MCP-1
NO
Impaired Substrate metabolism /'/7/
ATP
A TCardiac Injury

Figure 6. Activation of aldose reductase (AR) and RAGE: build-
ing a scaffold for the impact of ischemic injury in the cardiovas-
cular complications of diabetes and beyond. We propose that
ischemia/reperfusion augments generation of AGEs by
AR-dependent and independent-mechanisms. Moreover, these
processes are exaggerated in diabetes, leading to further gener-
ation of AGEs (by 3-deoxyglucosone, in part) and S100/cal-
granulin ligands for RAGE, causing generation of cytokines, che-
mokines, and adhesion molecules, a mechanism to augment
inflammation and perturbation. Increased levels of NOS gener-
ate reactive oxygen species (ROS). AGEs impair substrate me-
tabolism, leading to decreased ATP; together with ROS, these
processes synergize to augment cardiac injury triggered by
ischemia.

new stresses, such as elevated levels of lipids, physical injury,
or ischemialreperfusion, dysfunction is magnified, leading to
accelerated injury and failure of repair mechanisms.

Indeed, these concepts are relevant beyond the cardiovas-
cular system. Blockade of RAGE in db/db mice, a murine
model of insulin-resistant hyperglycemia, has been shown to
restore effective wound healing on physical injury and to
prevent the structural and functional derangements in the
kidney that accompany long-standing diabetes.’21122 |n both
settings, AGESs/S100/calgranulins were found in excessin the
diabetic target tissue, in parallel with increased numbers and,
likely, function of inflammatory cells such as MP. Breaking
the cycle of ligand/RAGE interaction in those settings bene-
ficially modulated the course of impaired wound healing and
renal dysfunction. Importantly, in those cases, blockade of
RAGE in euglycemic mice had no adverse impact on wound
healing or rena function.121.122

The vulnerability of the vasculature and the cardiovas-
cular system to the deleterious impact of these pathwaysis
accentuated by the lack of a fully directed effective
therapies for reducing complications, particularly in dia-
betes. Our findings suggest that blockade of RAGE may
represent a targeted means to dismantle this perturbed
scaffold in the blood vessel wall and heart and suppress
vascular dysfunction and irreversible injury. The finding
that homozygous RAGE null mice are viable and lacking
an obvious phenotype in the absence of stress strongly
suggests that antagonism of this axisislikely to be feasible
and tolerated in the clinic.

We propose that antagonism of RAGE, especidly in
concert with complementary therapies, such as strict glyce-
mic and lipid control, will remodel the landscape of the
perturbed vasculature leading to prevention/stabilization of
vascular and cardiac dysfunction in diabetes and beyond.
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Rigorously controlled clinic trials are required to test these
concepts in human subjects and are on the horizon.

Acknowledgments

These studies were supported by the Surgical Research Fund of the
Department of Surgery and grants from the US Public Health
Service, the American Heart Association, the LeDucq Foundation,
and the Juvenile Diabetes Research Foundation International. Y.N. is
the Herbert Irving Assistant Professor of Surgery. R.R. is arecipient
of the Established Investigator Award from the American Heart
Association. A.M.S. is a recipient of a Burroughs Wellcome Fund
Clinical Scientist Award in Translational Research.

10.

11.

12.

13.

14.

15.

References

. King H, Aubert R, Herman W. Global burden of diabetes, 1995-2005:

prevalence, numerical estimates and projections. Diabetes Care. 1998;
21:1414-1431.

. Uusitupa MI, Niskanen LK, Siitonen O, Voutilainen E, Pyoraa K.

Five-year incidence of atherosclerotic vascular disease in relation to
general risk factors, insulin level, and abnormalities in lipoprotein com-
position in non-insulin-dependent diabetic and non-diabetic subjects.
Circulation. 1990;82:27-36.

. Manson JE, Colditz GA, Stampfer MJ, Willett WC, Krolewski AS,

Rosner B, Arky RA, Speizer FE, Hennekens CH. A prospective study of
maturity-onset diabetes mellitus and risk of coronary heart disease and
stroke in women. Arch Intern Med. 1991;151:1141-1147.

. Kannel WB, McGee DL. Diabetes and cardiovascular disease: the Fra-

mingham Study. JAMA. 1979;241:2035-2038.

. UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-

glucose control with sulphonylureas or insulin compared with conven-
tional treatment and risk of complications in patients with type 2
diabetes. Lancet. 1998;352:837-853.

. Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laskso M. Mortality

from coronary heart disease in subjects with type two diabetes and in
nondiabetic subjects with and without prior myocardial infarction.
N Engl J Med. 1998;339:229-234.

. Haffner SM, Mykkéanen L, Festa A, Burke JP, Stern MP. Insulin resis-

tant prediabetic subjects have more atherogenic risk factors than insulin
sensitive prediabetic subjects: implications for preventing coronary heart
disease during the prediabetic state. Circulation. 2000;101:975-980.

. The Diabetes Control and Complications Trial Research Group. The

effect of intensive treatment of diabetes on the development and pro-
gression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993;329:977-986.

. Nathan DM, Lachin J, Cleary P, Orchard T, Brillon DJ, Backlund JY,

O'Leary DH, Genuth S, Diabetes Control and Complications Trid;
Epidemiology of Diabetes Interventions and Complications Research
Group. Intensive diabetes therapy and carotid intima-media thicknessin
type 1 diabetes. N Engl J Med. 2003;348:2294-2303.

Schmidt AM, Vianna M, Gerlach M, Brett J, Ryan J, Kao J, Esposito C,
Hegarty H, Hurley W, Clauss M, Wang F, Pan YC, Tsang TC, Stern D.
Isolation and characterization of binding proteins for advanced glyco-
sylation endproducts from lung tissue which are present on the endo-
thelial cell surface. J Biol Chem. 1992;267:14987-14997.

Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC, Elliston K,
Stern D, Shaw A. Cloning and expression of RAGE: a cell surface
receptor for advanced glycosylation end products of proteins. J Biol
Chem. 1992;267:14998—15004.

Kislinger T, Fu C, Huber B, Qu W, Taguchi A, Yan SD, Hofmann M,
Yan SF, Pischetsrider M, Stern D, Schmidt AM. Ne (carboxymethyl-
)lysine modifications of proteins are ligands for RAGE that activate cell
signaling pathways and modulate gene expression. J Biol Chem. 1999;
274:31740-31749.

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;97:889-901.

Brownlee M. Advanced glycosylation in diabetes and aging. Annu Rev
Med. 1995;46:223-234.

Baynes J. Role of oxidative stress in development of complications in
diabetes. Diabetes. 1991;40:405-412.

December 12/26, 2003

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

Anderson MM, Reguena JR, Crowley JR, Thorpe SR, Heinecke J. The
myeloperoxidase system of human phagocytes generates
Ne-(carboxymethyl)lysine on proteins: a mechanism for producing
advanced glycation endproducts at sites of inflammation. J Clin Invest.
1999;104:103-113.

Makita Z, Yanagisawa K, Kuwgjima S, Yoshioka N, Atsumi T,
Hasunuma Y, Koike T. Advanced glycation endproducts and diabetic
nephropathy. J Diabetes Complications. 1995;9:265-268.

Horie K, Miyata T, Maeda K, Miyata S, Sugiyama S, Sakai H, van
Y persole de Strihou C, Monnier VM, Witztum JL, Kurokawa K. Immu-
nohistochemical colocalization of glycoxidation products and lipid per-
oxidation products in diabetic rena glomerular lesions. J Clin Invest.
1997;100:2995-3004.

SousaMM, Du Yan S, Fernandes R, Guimaraes A, Stern D, SaraivaMJ.
Familial amyloid polyneuropathy: receptor for advanced glycation end
products-dependent triggering of neurona inflammatory and apoptotic
pathways. J Neurosci. 2001;21:7576—-7586.

Smith MA, Taneda S, Richey P, Miyata S, Yan SD, Stern D, Sayre LM,
Monnier VM, Perry G. Advanced Maillard reaction end products are
associated with Alzheimer disease pathology. Proc Natl Acad Sci U SA.
1994;91:5710-5714.

Shibata N, Hirano A, Kato S, Nagai R, Horiuchi S, Komori T, Umahara
T, Asayama K, Kobayashi M. Advanced glycation endproducts are
deposited in neurona hyaline inclusions: a study of familial amyotro-
phic lateral sclerosis with superoxide dismutase-1 mutation. Acta Neu-
ropathol. 1999;97:240-246.

Schleicher E, Wagner E, Nerlich A. Increased accumulation of glycoxi-
dation product carboxymethyllysine in human tissues in diabetes and
aging. J Clin Invest. 1997;99:457-468.

lkeda K, Higashi T, Sano H, Jinnouchi Y, YoshidaM, Araki T, Ueda S,
Horiuchi S. Carboxymethyllysine protein adduct is a major immuno-
logical epitope in proteins modified with AGEs of the Maillard reaction.
Biochemistry. 1996;35:8075-8083.

Reddy S, Bichler J, Wells-Knecht K, Thorpe SR, Baynes JW. Car-
boxymethyllysine is a dominant AGE antigen in tissue proteins. Bio-
chemistry. 1995;34:10872—-10878.

Ahmed MU, Brinkmann FE, Degenhardt TP, Thorpe SR, Baynes JW.
N-e-(carboxyethyl)lysine, a product of the chemica modification of
proteins by methylglyoxal. Biochem J. 1997;324:565-570.

Dyer D, Blackledge S, Thorpe S, Baynes JW. Formation of pentosidine
during nonenzymatic browning of protein by glucose: identification of
glucose and other carbohydrates as possible precursors of pentosidine in
vivo. J Biol Chem. 1991;266:11654-11660.

Grandhee S, Monnier VM. Mechanisms of formation of the Maillard
protein crosslink pentosidine: ribose, glucose, fructose and ascorbate as
pentosidine precursors. J Biol Chem. 1991;266:11649-11653.
Beisswenger P, Moore L, Brinck-Johnsen T, Curphey TJ. Increased
collagen-linked pentosidine levels and AGEs in early diabetic nephrop-
athy. J Clin Invest. 1993;92:212-217.

Miyata S, Monnier VM. Immunohistochemical detection of AGEs in
diabetic tissues using monoclonal antibody to pyrraline. J Clin Invest.
1992;89:1102-1112.

Tauer A, Knerr T, Niwa T, Schaub TP, Lage C, Passlick-Desetjen J,
Pischetsrieder M. In vitro formation of Ne-(carboxymethyl)lysine and
imidazolones under conditions similar to continuous ambulatory peri-
toneal diaysis. Biochem Biophys Res Commun. 2001;280:1408-1414.
Niwa T, Katsuzaki T, Miyazaki S, Miyazaki T, Ishazaki Y, Hayase F,
Tatemichi N, Takei Y. Immunohistochemical detection of imidazolone,
a novel advanced glycation end product, in kidneys and aortas of
diabetic patients. J Clin Invest. 1997;99:1272-1280.

Webster L, Abordo EA, Thornalley PJ, Limb GA. Induction of TNF-«
and IL-18 mRNA in monocytes by methylglyoxal- and advanced gly-
cation endproduct-modified human serum albumin. Biochem Soc Trans.
1997;25:250S.

Westwood ME, Argirov OK, Abordo EA, Thornalley PJ.
Methylglyoxal-modified arginine residues: a signal for receptor-
mediated endocytosis and degradation of proteins by monocytic THP-1
cells. Biochim Biophys Acta. 1997;1356:84-94.

. lenaga K, Nakamura K, Hochi T, Nakazawa Y, Funugaga Y, Kakita H,

Nakano K. Crosslines, fluorophores in the AGE-related cross-linked
proteins. Contrib Nephrol. 1995;112:42-51.

Tanaka S, Avigad G, Brodsky B, Eikenberry EF. Glycation induces
expansion of the molecular packing of collagen. J Mol Biol. 1988;203:
495-505.



36.

37.

38.

39.

41.

42.

47.

49.

50.

51.

52.

53.

55.

Yan €t al

Haitoglou CS, Tsilbary EC, Brownlee M, Charonis AS. Altered
cellular interactions between endothelial cells and nonenzymatically
glycosylated laminin/type IV collagen. J Biol Chem. 1992;267:
12404-12407.

Giardino I, Edelstein D, Brownlee M. Nonenzymatic glycosylation in
vitro and in bovine endothelial cells alters basic fibroblast growth factor
activity: amodel for intracellular glycosylation in diabetes. J Clin Invest.
1994;94:110-117.

Bucala R, Tracey K, Cerami A. AGEs quench nitric oxide and mediate
defective endothelium-dependent vasodilation in experimental diabetes.
J Clin Invest. 1991;87:432—438.

Williams SB, Cucso JA, Roddy MA, Johnstone MT, Creager MA.
Impaired nitric oxide-mediated vasodilation in patients with non-insulin-
dependent diabetes mellitus. J Am Coll Cardiol. 1996;27:567-574.

. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK, Creager

MA. Impaired endothelium-dependent vasodilation in patients with
insulin-dependent diabetes mellitus. Circulation. 1993;88:2510-2516.
De Vriese AS, Verbeuren TJ, Van de Voorde J, Lamiere NH, Vanhoutte
PM. Endothelial dysfunction in diabetes. Br J Pharmacol. 2000;130:
963-974.

Caballero AE, Arora S, Saouaf R, Lim SC, Smakowski P, Park JY, King
GL, LoGerfo FW, Horton ES, Veves A. Microvascular and macro-
vascular reactivity is reduced in subjects at risk for type 2 diabetes.
Diabetes. 1999;48:1856—-1862.

. El Khoury J, Thomas CA, Loike JD, Hickmann S, Cao L, Silverstein S.

Macrophages adhere to glucose-modified basement membrane via their
scavenger receptors. J Biol Chem. 1994;269:10197-10200.

. VlassaraH, Li YM, Imani F, Wojciechowicz D, Yang Z, Liu FT, Cerami

A. Galectin-3 as ahigh affinity binding protein for AGE: a new member
of the AGE-receptor complex. Mol Med. 1995;1:634—646.

. Li YM, Mitsuhashi T, Wojciechowicz D, Shimizu N, Li J, Stitt A, He C,

Banerjee D, Vlassara H. Molecular identity and cellular distribution of
advanced glycation endproduct receptors: relationship of p60 to OST-48
and p90 and 80K-H membrane proteins. Proc Natl Acad Sci U SA.
1996;93:11047-11052.

. Ohgami N, Nagai R, Ikemoto M, Arai H, Miyazaki A, Hakamaata H,

Horiuchi S, Nakayama H. CD36 serves as a receptor for AGEs. J
Diabetes Complications. 2002;16:56-59.

Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda
Y, Yorek MA, Beebe D, Oates PJ, Hammes HP, Giardino |, Brownlee
M. Normalizing mitochondrial superoxide production blocks three
pathways of hyperglycemic damage. Nature. 2000;404:787—790.

. Hammes HP, Du X, Edelstein D, Taguchi T, Matsumura T, Ju Q, Lin J,

Bierhaus A, Nawroth P, Hannak D, Neumaier M, Bergfeld R, Giardino
I, Brownlee M. Benfotiamine blocks three major pathways of hyper-
glycemic damage and prevents experimental diabetic retinopathy. Nat
Med. 2003;9:294—-299.

Schafer BW, Heinzmann CW. The S100 family of EF-hand calcium-
binding proteins: functions and pathology. Trends Biochem Sci. 1996;
21:134-140.

Zimmer DB, Cornwall EH, Landar A, Song W. The S100 protein
family: history, function, and expression. Brain Res Bull. 1995;37:
417-429.

Donato R. S100: a multigenic family of calcium-modulated proteins of
the EF-hand type with intracellular and extracellular functional roles. Int
J Biochem Cell Biol. 2001;33:637—668.

Hofmann MA, Drury S, Hudson BI, Gleason MR, QuW, Lu Y, LalaE,
Chitnis S, Monteiro J, Stickland MH, Bucciarelli LG, Moser B, Moxley
G, Itescu S, Grant PJ, Gregersen PK, Stern DM, Schmidt AM. RAGE
and arthritis: The G82S polymorphism amplifies the inflammatory
response. Genes |mmun. 2002;3:123-135.

Yan SSD, Wu ZY, Zhang HP, Furtado G, Chen X, Yan SF, Schmidt
AM, Brown C, Stern A, LaFaille J, Chess L, Stern DM, Jiang H.
Suppression of experimental autoimmune encephalomyelitis by
selective blockade of encephalitogenic T-cell infiltration of the central
nervous system. Nat Med. 2003;9:287-293.

. Rammes A, Roth J, Goebeler M, Klempt M, Hartmann M, Sorg C.

Myeloid-related protein (MRP) 8 and MRP14, calcium-binding proteins
of the S100 family, are secreted by activated monocytes via a novel,
tubulin-dependent pathway. J Biol Chem. 1997;272:9496—9502.

Frosch M, Strey A, Vogl T, Wulffraat NM, Kuis W, Sunderkotter C,
Harms E, Sorg C, Roth J. Myeloid-related proteins 8 and 14 are specif-
ically secreted during interaction of phagocytes and activated endothe-
lium and are useful markers for monitoring disease activity in

RAGE and the Vascular Complications of Diabetes

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

1167

pauciarticular-onset juvenile rheumatoid arthritis. Arthritis Rheum.
2000;43:628—637.

Rauvala H, Merenmies J, Pihlaskari R, Korkolainen M, Huhtala ML,
Panula P. The adhesive and neurite-promoting molecule p30: analysis of
the amino termina sequence and production of antipeptide antibodies
that detect p30 at the surface of neuroblastoma cells and of brain
neurons. J Cell Biol. 1988;107:2293-2305.

Rauvala H, Pihlaskari R. Isolation and some characteristics of an
adhesive factor of brain that enhances neurite outgrowth in central
neurons. J Biol Chem. 1987;262:16625-16635.

Hori O, Brett J, Slattery T, Cao R, Zhang J, Chen J, Nagashima M,
Nitecki D, Morser J, Stern D, Schmidt AM. 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;270:25752-25761.

Taguchi A, Blood DC, del Toro G, Canet A, Lee DC, Qu W, Tanji N,
Lu Y, Lala E, Fu C, Hofmann MA, Kidlinger T, Ingram M, Lu A,
Tanaka H, Hori O, Ogawa S, Stern DM, Schmidt AM. Blockade of
amphoterin/RAGE signaling suppresses tumor growth and metastases.
Nature. 2000;405:354—-360.

Wang H, Bloom O, Zhang M, Vishnuhakat JM, Ombrellino M, Che J,
Frazier A, Yang H, Ivanova S, Borovikova L, Manogue KR, Faist E,
Abraham E, Andersson J, Andersson U, Molina PE, Abumrad NN, Sama
A, Tracey KJ. HMG-1 as a late mediator of endotoxin lethality in mice.
Science. 1999;285:248-251.

Andersson U, Wang H, Pamblad K, Aveberger AC, Bloom O,
Erlandsson-Harris H, Janson A, Kokkola R, Zhang M, Yang M,
Tracey KJ. High mobility group 1 protein (HMG-1) stimulates proin-
flammatory cytokine synthesis in human monocytes. J Exp Med.
2000;192:565-570.

Pullerits R, Jonsson IM, Verdrengh M, Bokarewa M, Andersson U,
Erlandsson-Harris N, Tarkowski A. High mobility group box chro-
mosomal protein 1, a DNA binding cytokine, induces arthritis. Arthritis
Rheum. 2003;48:1693-1700.

Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, Slattery T, Nagashima
M, Morser J, Migheli A, Nawroth P, Godman G, Stern D, Schmidt AM.
RAGE and amyloid-B peptide neurotoxicity in Alzheimer's disease.
Nature. 1996;382:685—-691.

. Yan SD, Zhu H, Zhu A, Golabek A, Du H, Roher A, Yu J, Soto C,

Schmidt AM, Stern D, Kindy M. Receptor-dependent cell stress and
amyloid accumulation in systemic amyloidosis. Nat Med. 2000;6:
643-651.

Huang JS, Guh JY, Chen HC, Hung WC, Lai HY, Chuang LY. Role of
receptor for advanced glycation end-product (RAGE) and the JAK/
STAT-signaling pathway in AGE-induced collagen production in
NRK-49F cells. J Cell Biochem. 2001;81:102-113.

Yeh CH, Sturgis L, Haidacher J, Zhang XN, Sherwood SJ, Bjercke RJ,
Juhasz O, Crow MT, Tilton RG. Requirement for p38 and p44/42
mitogen-activated protein kinases in RAGE-mediated nuclear factor-«B
transcriptional activation and cytokine secretion. Diabetes. 2001;50:
1495-1504.

Deora AA, Win T, Vanhaesebroeck B, Lander HM. A redox-triggered
ras-effector interaction: recruitment of phosphatidylinositol 3'-kinase to
ras by redox stress. J Biol Chem. 1998;273:29923-29928.

Huttunen HJ, Fages C, Rauvala H. Receptor for advanced glycation
endproducts (RAGE)-mediated neurite outgrowth and activation of
NF-kB require the cytoplasmic domain of the receptor but different
downstream signaling pathways. J Biol Chem. 1999;274:
19919-19924.

Yan SD, Schmidt AM, Anderson G, Zhang J, Brett J, Zou Y'S, Pinsky D,
Stern D. Enhanced cellular oxidant stress by the interaction of advanced
glycation endproducts with their receptors/binding proteins. J Biol
Chem. 1994;269:9889-9897.

Lander HL, Tauras M, Ogiste JS, Moss RA, Schmidt AM. Activation
of the receptor for advanced glycation endproducts triggers a MAP
kinase pathway regulated by oxidant stress. J Biol Chem. 1997;272:
17810-17814.

Huttunen HJ, Kuja-Panula J, Rauvala H. RAGE signaling induces
CREB-dependent chromogranin expression during neuronal differen-
tiation. J Biol Chem. 2002;277:38635-38646.

Wautier MP, Chappey O, Corda S, Stern DM, Schmidt AM, Wautier JL.
Activation of NADPH oxidase by AGE links oxidant stress to atered
gene expression via RAGE. Am J Physiol Endocrinol Metab. 2001;280:
E685-E694.



1168

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91

Circulation Research

Zhang S, Reddick RL, Piedrahita JA, Maeda N. Spontaneous hypercho-
lesterolemia and arterial lesions in mice lacking apolipoprotein E.
Science. 1992;258:468—471.

Plump AS, Smith JD, Hayek T, Aato-Setala K, Walsh A, Verstuyft JG,
Rubin EM, Breslow JL. Severe hypercholesterolemia and atherosclero-
sis in apolipoprotein E-deficient mice created by homologous recombi-
nation in ES cells. Cell. 1992;71:343-353.

Park L, Raman KG, Lee KJ, Yan L, Ferran LJ, Chow WS, Stern D,
Schmidt AM. Suppression of accelerated diabetic atherosclerosis by
soluble receptor for AGE (SRAGE). Nat Med. 1998;4:1025-1031.
Kidlinger 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. RAGE mediates
inflammation and enhanced expression of tissue factor in the vasculature
of diabetic apolipoprotein E null mice. Arterioscler Thromb Vasc Biol.
2001;21:905-910.

Lee KJ, Lu Y, Ginsberg MD, Ferran LJ, Stern DM, Schmidt AM. A
murine model of accelerated atherosclerosis in diabetic LDL receptor
deficient mice. Circulation. 1997;96:1-175. Abstract.

Wendt TM., Bucciarelli L. G., LuY.,QuW., FanL, Tsai M., Ferran LJ,
Stern DM, Schmidt AM. Accelerated atherosclerosis and vascular
inflammation develop in apoE null mice with type 2 diabetes. Circu-
lation. 2000;102:11-231. Abstract.

Bucciarelli LG, Wendt T, Qu W, Lu Y, LalaE, Rong LL, Goova MT,
Moser B, Kislinger TK, Lee DC, Kashyap Y, Stern DM, Schmidt AM.
RAGE blockade stabilizes established atherosclerosis in diabetic apoli-
poprotein E null mice. Circulation. 2002;106:2827-2835.

Cipollone F, lezzi A, Fazia M, Zucchelli M, Pini B, Cuccurullo C, De
Cesare D, De Blasis G, Muraro R, Bei R, Chiarelli F, Schmidt AM,
Cuccurullo F, Mezzetti A. The receptor RAGE as a progression factor
amplifying arachidonate-dependent inflammatory and proteolytic
response in human atherosclerotic plagues. role of glycemic control.
Circulation. 2003;108:1070-1077; published online before print August
11, 2003; 10.1161/01.CIR.0000086014.80477.0D.

Williams H, Johnson JL, Carson KGS, Jackson CL. Characteristics of
intact and ruptured atherosclerotic plagues in brachiocephalic arteries of
apolipoprotein E knockout mice. Arterioscler Thromb Vasc Biol. 2002;
22:788-792.

Rosenfeld ME, Polinsky P, Virmani R, Kauser K, Rubanyi G, Schwartz
SM. Advanced atherosclerotic lesions in the innominate artery of the
apoE knockout mouse. Arterioscler Thromb Vasc Biol. 2000;20:
257-2592.

Rosenman Y, Sapoznikov D, Mosseri M, Gilon D, Lotan C, Nassar H,
WeissAT, Hasin Y, Gotsman M S. Long-term angiographic follow-up of
coronary balloon angioplasty in patients with diabetes mellitus: a clue to
the explanation of the results of the BARI study (Balloon Angioplasty
Revascularization Investigation). J Am Coll Cardiol. 1997;30:
1420-1425.

. Abizaid A, Kornowski R, Mintz GS, Hong MK, Abizaid AS, Mehran R,

Pichard AD, Kent KM, Statler LF, Wu H, Popma JJ, Leon MB. The
influence of diabetes mellitus on acute and late clinical outcome fol-
lowing coronary stent implantation. J Am Coll Cardiol. 1998;32:
584-589.

Schwartz S, Reidy M, O'Brien E. Assessment of factors important in
atherosclerotic occlusion and restenosis. J Thromb Haemost. 1995;74:
541-551.

Ross R. Atherosclerosis an inflammatory disease. N Engl J Med. 1999;
340:115-126.

Yamamoto K, Morishita R, Tomita N, Shimozato T, Nakagami H,
Kikuchi A, Aoki M, Higaki J, Kaneda Y, Ogihara T. Ribozyme oligo-
nucleotides against transforming growth factor-3 inhibit necintimal for-
mation after vascular injury in a rat model. Circulation. 2000;102:
308-1314.

Popma J, Califf R, Topol E. Clinical trials of restenosis after coronary
angioplasty. Circulation. 1991;84:1426-1436.

LiuM, Roubin G, King S. Trapidil in preventing restenosis after balloon
angioplasty in the atherosclerotic rabbit. Circulation. 1999;79:
1374-1388.

Majesky MW, Lindner V, Twardzik DR, Schwartz SM, Reidy MA.
Production of transforming growth factor 81 during repair of arterial
injury. J Clin Invest. 1991;88:904-910.

Zhou Z, Wang K, Penn MS, Marso SP, Lauer MA, Forudi F, Zhou X,
QuW, LuY, Stern DM, Schmidt AM, Lincoff AM, Topol EJ. Receptor
for AGE (RAGE) mediates neointimal formation in response to arterial
injury. Circulation. 2003;107:2238-2243.

December 12/26, 2003

92.

93.

95.

96.

97.

98.

99.

100.

101

102.

103.

104.

105.

106.

107.

108.

100.

110.

111

112.

113.

114.

Sakaguchi T, Yan SF, Yan SD, Rong LL, Sousa M, Belov D, Andrassy
M, Marso SP, Duda S, Arnold B, Liliensiek B, Nawroth PP, Stern DM,
Schmidt AM, Naka Y. Arterial restenosis. central role of RAGE-
dependent neointimal expansion. J Clin Invest. 2003;111:959-972.
KoyamaH, Olson N, Dastvan F, Reidy M. Cell replication in the arterial
wall. Circ Res. 1998;82:713-721.

. Shigematsu K, Koyama H, Olson N, Cho A, Reidy M. Phosphatidyl-

inositol 3-kinase signaling is important for smooth muscle cell repli-
cation after arterial injury. Arterioscler Thromb Vasc Biol. 2000;20:
2373-2378.

Seki Y, Ka H, Shibata R, Nagata T, Yasukawa H, Yoshimura A,
Imaizumi T. Role of the JAK/STAT pathway in rat carotid artery
remodeling after vascular injury. Circ Res. 2000;87:12—18.

Huang JS, Guh JY, Chen HC, Hung WC, Lai YH, Chuang LY. Role of
receptor for advanced glycation end-product (RAGE) and the JAK/
STAT-signaling pathway in AGE-induced collagen production in
NRK-49F cells. J Cell Biochem. 2001;81:102-113.

Stone GW, Grines CL, Browne KF, Marco J, Rothbaum D, O’'Keefe J,
Hartzler GO, Overlie P, Donohue B, Chelliah N. Predictors of
in-hospital and six month outcome after acute myocardial infarction in
the reperfusion era: the primary angioplasty in myocardia infarction
(PAMI) trial. 3 Am Coll Cardiol. 1995;25:370-377.

Garcia MJ, McNamara PM, Grodon T, Kanna WB. Morbidity and
mortality in the Framingham population: sixteen year follow up study.
Diabetes. 1974;23:105-111.

Jaffe AS, Spadaro JJ, Schetman R, Roberts R, Geltman EM, Sobel BE.
Increased congestive heart failure after myocardia infarction of
moderate extent in patients with diabetes mellitus. Am Heart J. 1984;
108:31-37.

Lehto S, PyoralaK, Miettinen H, Ronnemaa T, Palomaki P, Tuomilehto
J, Lagkso M. Myocardia infarct size and mortality in patients with
non-insulin dependent diabetes mellitus. J Intern Med. 1994;236:
291-297.

Shedaheh A, Regan TJ. Cardiac consequences in diabetes mellitus. Clin
Cardiol. 1995;18:301-305.

Matsumoto Y, Keneko M, Kobayashi A, Fujise Y, Yamazaki N.
Creatine kinase kinetics in diabetic cardiomyopathy. Am J Physiol.
1995;268:E1070—E1076.

Tahilani AG, McNeill JH. Diabetes induced abnormalities in the myo-
cardium. Life Sci. 1986;236:959-974.

Niwa T. 3-Deoxyglucosone metabolism, analysis, biological activity,
and clinical implication. J Chromatogr B Biomed Sci Appl. 1999;731:
23-36.

Hasuike Y, Nakanishi T, Otaki Y, Nanami M, Tanimoto T, Taniguchi N,
Takamitsu Y. Plasma 3-deoxyglucosone elevation in chronic rena
failure is associated with increased aldose reductase in erythrocytes.
Am J Kidney Dis. 2002;40:464—471.

Hamada Y, Nakamura J, Naurse K, Komori T, Kato K, Kasuya Y, Nagai
R, Hotta N. Epalrestat, an aldose reductase inhibitor, reduces the levels
of CML protein adducts and their precursors in erythrocytes from
diabetic patients. Diabetes Care. 2000;23:1539-1544.

Ramasamy R, Trueblood NA, Schaefer S. Metabolic effects of aldose
reductase inhibition during low-flow ischemia and reperfusion. Am J
Physiol. 1998;275:H195-H203.

Trueblood NA, Ramasamy R. Aldose reductase inhibition improves
altered glucose metabolism of isolated diabetic rat hearts. Am J Physiol.
1998;275:H75-H83.

Hwang YC, Sato S, Tsai JY, Bakr S, Yan SD, Oates PJ, Ramasamy R.
Aldose reductase activation is a key component of myocardial response
to ischemia. FASEB J. 2002;16:243-245.

Ramasamy R, Oates PJ, Schaefer S. Aldose reductase inhibition protects
diabetic and nondiabetic rat hearts from ischemic injury. Diabetes.
1997;46:292-300.

Kupriyanov VV, Stewart LC, Xiang B, Kwak J, Deslauriers R. Pathways
of Rb* influx and their relation to intracellular Na* in the perfused rat
heart. Circ Res. 1995;76:839—-851.

Butwell NB, Ramasamy R, Lazar |, Sherry AD, Malloy CR. Effect of
lidocaine on contracture, intracellular sodium, and pH in ischemic rat
hearts. Am J Physiol. 1993;264:H1884—-H1889.

Ramasamy R, Liu H, Anderson S, Lundmark J, Schaefer S. Ischemic
preconditioning stimulates sodium and proton transport in the isolated
rat heart. J Clin Invest. 1995;96:1464-1472.

Anderson SE, Murphy E, Steenbergen C, London RE, Cala PM. Na-H
exchange in myocardium: effects of hypoxiaand acidification on Naand
Ca. Am J Physiol. 1990;259:C940—-C948.



115.

116.

117.

118.

Yan €t al

Malloy CR, Buster DG, Castro MMCA, Geraldes CFGC, Jeffrey FMH,
Sherry AD. Influence of global ischemia on intracellular sodium in the
perfused rat heart. Magn Reson Med. 1990;15:33-44.

Marban E, Kitakaze M, Koretsune Y, Yue DT, Chacko VP, Pike MM.
Quantification of [Ca?"] in perfused hearts: critical evaluation of the
5F-BAPTA and nuclear magnetic resonance method as applied to the
study of ischemia and reperfusion. Circ Res. 1990;66:1255-1267.
Ramasamy R, Schaefer S. Inhibition of Na'-H* exchanger protects
diabetic and non-diabetic hearts from ischemic injury: insight into
atered susceptibility of diabetic hearts to ischemic injury. J Mol Cell
Cardiol. 1999;31:785-797.

Bucciarelli LG, Qu W, Wendt TM, Goova MT, Bakr S, Hwang YC,
Stern DM, Schmidt AM, Ramasamy R. Blockade of receptor for
AGE (RAGE) suppresses levels of cardiac endothelial and inducible
nitric oxide synthase in diabetic mice. Circulation. 2000;102:11-117.
Abstract.

RAGE and the Vascular Complications of Diabetes

119.
120.

121.

122.

1169

Tanimoto T, Maekawa K, Okada S, Y abe-Nishimura C. Clinical anal-
ysis of aldose reductase for differential diagnosis of the pathogenesis of
diabetic complications. Anal Chim Acta. 1998;365:285-292.
Yamaoka TC, Nishimura K, Yamashita M, Itakura T, Yamada J, Fujimoto J,
Kokai Y. Acute onset of digbetic pathologica changesin transgenic mice with
human adose reductase cDNA. Diabetologia. 1995;38:255-261.

Goova MT, Li J, Kislinger T, Qu W, Lu Y, Bucciarelli LG, Nowygrod
S, Wolf BM, Cdliste X, Yan SF, Stern DM, Schmidt A. M. Blockade of
receptor for AGE (RAGE) restores effective wound healing in diabetic
mice. Am J Pathol. 2001;159:513-525.

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;162:1123-1137.



