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Although the features of diabetic cardiomyopathy, athero-
sclerosis, and nephropathy have been clinically character-
ized, the pathogenesis and the mechanisms underlying the
abnormalities in the diabetic heart and kidney are not fully
understood. During the past several years, in an attempt to
discover interventions for diabetes-related complications,
researchers have refocused their attention from the hemo-
dynamic aspects of the disease to the biochemical inter-
actions of glucose and proteins. Diabetes is a disorder of
chronic hyperglycemia, and glucose participates in dia-
betic complications such as atherosclerosis, cardiac dys-
function, and nephropathy. Chronic hyperglycemia
accelerates the reaction between glucose and proteins and
leads to the formation of advanced glycation end products
(AGE), which form irreversible cross-links with many
macromolecules such as collagen. In diabetes, these AGE
accumulate in tissues at an accelerated rate. The develop-

ment of the novel compound dimethyl-3-phenacylthiazo-
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lium chloride (alagebrium chloride), which chemically
breaks AGE cross-links, led to several preclinical animal
studies that showed an attenuation or reversal of disease
processes of the heart and kidney. In diabetes, AGE not
only structurally stiffen structural collagen backbones but
also act as agonists to AGE receptors (RAGE) on various
cell types, which stimulate the release of profibrotic
growth factors, promote collagen deposition, increase in-
flammation, and ultimately lead to tissue fibrosis. In the
heart, large vessels, and kidney, these reactions produce
diastolic dysfunction, atherosclerosis, and renal fibrosis.
Administration of the cross-link breaker alagebrium chlo-
ride in these diabetic animals attenuates these pathologic
phenomena, restoring functionality to the heart, vascula-
ture, and kidney. Am J Hypertens 2004;17:31S–38S
© 2004 American Journal of Hypertension, Ltd.
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I n an attempt to understand more fully the pathogen-
esis of diabetes and cardiovascular and renal disease
with the goal of developing appropriate intervention

strategies, scientists have recently focused their attention
on the hemodynamic mechanisms responsible for diabetic
vascular complications, particularly the renin–angiotensin
system. However, because diabetes is essentially a disor-
der of chronic hyperglycemia, it is important to not dis-
miss the significant link between elevated glucose levels
and the development of diabetic complications such as
atherosclerosis, cardiac dysfunction, and nephropathy. Un-
derstanding the metabolic pathways that are activated by
chronic hyperglycemia is vital before we can develop
targeted interventions for diabetic complications. During
the past 20 years, one emerging area of interest and study
has been advanced glycation end products (AGE)—the
end products of amino-sugar reactions that cross-link in
protein backbones such as collagen. As discussed in this
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review, through receptor-mediated pathways, AGE acti-
vate several critical molecular pathways that promote vas-
cular stiffening, angiogenesis, and extracellular matrix
accumulation. These effects eventually contribute to a
range of clinical manifestations including systolic hyper-
tension, diabetic nephropathy, and retinopathy.

Glycation was first recognized in the food industry as
the Maillard reaction–a process in which food proteins
cross-link and brown with age. In the 1980s, Brownlee et
al first described the harmful consequences of AGE for-
mation on the cardiovascular and renal systems in hu-
mans1,2 and demonstrated how aminoguanidine (AG)
prevents diabetes-induced arterial protein cross-linking in
rats.3 It has now been established that AGE form irrevers-
ible cross-links with protein backbones such as collagen
and elastin as they accumulate in tissues at an accelerated
rate in diabetes.4 In fact, AGE and protein cross-linking
are now considered to be linked to the development of
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many age- and diabetes-related disorders through non–
receptor-mediated as well as receptor-mediated pathways,
which activate growth factors, induce a number of pro-
cesses, and initiate inflammatory reactions. This putative
role of AGE in the pathogenesis of cardiovascular and
renal disease has prompted a widespread search for effec-
tive AGE inhibitors.5

In this review, we describe the basic mechanism of
AGE formation, look at some of the interventions that
have been recently developed to reduce AGE-related in-
jury, and present several preclinical studies that have been
carried out with these interventions. These studies have
confirmed the role of AGE in the development of myo-
cardial, vascular, and renal dysfunction in animal models
of diabetes and provide a rationale for testing these new
therapies in clinical trials.

Glycation and AGE

Glycation

The basic glycation pathways are shown in Figure 1. With a

FIG. 1. Flow chart depicting glycation and advanced glycation end
constant excess supply of glucose in diabetes, long-lived
proteins such as collagen become glycated (Fig. 1, upper
portion). Over months and years, these early glycated end
products, such as Schiff bases and Amadori products (eg,
glycosylated hemoglobin [HbA1c] and fructosamine) form
irreversible cross-links between protein moieties in the con-
nective tissues of skin, heart, kidney, eye, and other body
structures. These advanced glycation end products include
n-carboxymethyllysine (CML), known to be involved in di-
abetic nephropathy6; pentosidine, which is seen in patients
with diabetes and chronic inflammatory disorders7; and the
imidazolium salt cross-link, glyoxal-lysine dimer (GOLD),
present in the serum of diabetic patients.8 The formation of
AGE cross-links promotes fibrosis and decreases connective
tissue flexibility. Specifically, AGE cross-links are increas-
ingly considered partly responsible for atherosclerosis, ne-
phropathy, cataracts, neuropathy, retinopathy, and
myocardial dysfunction, as seen in diabetes.

Interventions to Reduce AGE-Related
Injury

Interventions to reduce AGE-mediated injury aim to

uct (AGE) formation.
chemically break existing AGE-formed cross-links as well
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as to prevent the formation of new cross-links. The com-
pound alagebrium chloride (dimethyl-3-phenacylthiazo-
lium chloride [alagebrium, Alteon Inc., Parsippany, NJ])
breaks AGE cross-links without disrupting the natural
glycosylation sites or peptide bonds that are maintained
within collagen. Another approach to inhibit AGE accu-
mulation is to attenuate AGE formation. A number of
AGE-formation inhibitors have been studied, the proto-
type being AG. Both AG and alagebrium chloride have
been studied in animal models of experimental diabetes.
These animal models developed accelerated cardiac and
renal dysfunction partly as a result of AGE accumulation,
which makes them useful tools for the study of AGE.
Here, we report several studies in animal models of dia-
betes that examined the effects of alagebrium chloride and
AG on reducing AGE and concomitant myocardial, renal,
and atherosclerotic changes.

Mechanisms of Diabetic
Cardiomyopathy

Diabetes-Induced Myocardial Structural
Changes in Diabetic Rats

Candido et al9 investigated the molecular mechanisms
underlying diabetic cardiomyopathy as part of a study that
assessed the effects of alagebrium chloride on diabetes-
associated myocardial disease in diabetic rats. In this
study, diabetes was induced by streptozotocin (STZ) (Boe-
hringer-Mannheim, Mannheim, Germany) in Sprague-
Dawley rats. After 16 weeks, diabetic and control rats (no
STZ) were randomized to receive the cross-link breaker,
alagebrium chloride at 10 mg/kg body weight daily by oral
gavage or no treatment for a subsequent 16 weeks. This
delayed intervention protocol was used because the clini-
cal use of a therapy such as alagebrium chloride would
often be initiated in diabetic subjects with established
disease. Thus, four groups of animals were studied: con-
trol (n � 11), control � alagebrium chloride (n � 10),
diabetic (STZ rats, n � 12), and diabetic � alagebrium
chloride (n � 10). At 32 weeks, 16 weeks after initiating
treatment, hearts from the rats that were killed were re-
moved for determination of collagen content and cross-
linking, AGE accumulation, gene and protein expression
of growth factors, collagens, and various AGE receptors.

A significant reduction in left ventricular (LV) hyper-
trophy was observed in diabetic rats treated with alage-
brium chloride. Specifically, compared with control rat
hearts, diabetic rat hearts showed significant hypertrophy,
and this correlated with the presence of cross-linked col-
lagen in the left ventricle. At week 32, compared with
control rats with and without alagebrium chloride, un-
treated diabetic rat hearts showed a significantly increased
LV mass and an upregulation of brain natriuretic peptide
(BNP) gene expression (approximately twice that of the
control group), a marker of cardiac dysfunction. In rats

treated with alagebrium chloride, these measures were
significantly decreased to nondiabetic control levels at 32
weeks.

Increased collagen expression and cross-linking also
appeared to be a prominent feature in the diabetic hearts of
these animals. Candido et al found that gene expression of
LV type III collagen, a fibrillar collagen, was significantly
increased in diabetic rat hearts. This was prevented in part
by the cross-link breaker alagebrium chloride (Fig. 2, top).
Immunohistochemical staining of the LV for collagen III
showed an increase in positive brown staining for collagen
III in diabetic LV sections (Fig. 2C) compared with con-
trol animals without and with alagebrium chloride (Figs.
2A, 2B). This increase in collagen III immunostaining was
significantly reduced in alagebrium chloride–treated ani-
mals (Fig. 2D). Furthermore, collagen removed from the
diabetic rat hearts was significantly less soluble in pepsin
and acid, indicating increased cross-linking, which was
reduced in diabetic rats treated with alagebrium chloride.
These results indicate that the reduction in LV size and
improvement in function with alagebrium chloride may be
related to the reduction in collagen III expression and
AGE cross-links. These findings are consistent with recent
research in diabetic dogs,10 which showed that alagebrium
chloride restored LV ejection fraction and reduced aortic
stiffness and LV mass, with no reduction in blood glucose
level—changes that were associated with a reversal of
collagen upregulation.

To assess further the characteristics of glycated colla-
gen, Candido et al examined the myocardial collagen AGE
accumulation by fluorescence and immunostaining. These
investigators found that AGE accumulation was signifi-
cantly increased in diabetic rat hearts compared with con-
trol rat hearts. Treatment of diabetic rats with alagebrium
chloride completely prevented the increases in LV AGE
fluorescence and immunostaining. Specifically, immuno-
histochemical staining with antibodies to CML—an AGE
that is increased in diabetes—showed a significant in-
crease in untreated diabetic hearts and a reduction in
diabetic hearts treated with alagebrium chloride.

Many cellular responses elicited by AGE have been
reported to have deleterious effects on organ structure and
function. In particular, AGE act as ligands to various AGE
receptors (RAGE, AGE-R1, AGE-R2, AGE-R3) that are
present on macrophages, epithelial cells, mesangial cells,
and endothelial cells. This interaction triggers a number of
effects, including an inflammatory response, angiogenesis,
increased expression of prosclerotic growth factors (trans-
forming growth factor–� [TGF-�] and connective tissue
growth factor [CTGF]), and induction of extracellular
matrix protein production.11 Preclinical evidence shows
that RAGE expression is increased in blood vessels and
kidneys of diabetic animals12,13 and that AGE-R3 expres-
sion is increased in diabetic rat kidneys.14 In the study by
Candido et al, expression of RAGE and AGE-R3 was
upregulated in diabetic rat hearts, and this was attenuated
by alagebrium chloride. Furthermore, CTGF gene expres-

sion was increased twofold in diabetic rat hearts compared
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with control rat hearts. This was confirmed by in situ
hybridization studies of the LV from untreated diabetic
rats, which revealed increased cardiac CTGF mRNA lev-
els in the LV from diabetic hearts (Figs. 3C and 3G).
These increases were not evident in diabetic rats treated
with alagebrium chloride (Figs. 3D and 3H). The CTGF
gene expression was not clearly evident in the hearts of
untreated or alagebrium chloride–treated control rats
(Figs. 3A, 3B, 3E, and 3F). Immunohistochemical staining
for CTGF in LV sections confirmed an increased expres-

FIG. 2. Left ventricular (LV) collagen III expression (top) by rever
treated (C�ALT-711), diabetic, and diabetic ALT-711–treated (D�AL
arbitrarily designated as 1. Immunohistochemical staining for collag
(B), diabetic (C), and diabetic ALT-711–treated (D) rats. Positive sta
Magnification �200. From ref. 9, reproduced with permission. *P �
sion of this prosclerotic growth factor, which was reduced
in diabetic rat hearts by the cross-link breaker alagebrium
chloride.

The evidence from this study suggests that AGE play a
central role in many of the alterations seen in the diabetic
heart, and that cleavage of preformed AGE cross-links
with alagebrium chloride attenuates collagen III expres-
sion, as well as growth factors and AGE receptors. These
changes occurred in association with a reduction in cardiac
hypertrophy. The results from this study and other studies
have provided a better understanding of AGE-related dam-

anscription–polymerase chain reaction in control, control ALT-711–
1) rats. Gene expression is expressed relative to controls, which are
(bottom) in LV sections from control (A), control ALT-711–treated
is shown as brown. Sections are counterstained with hematoxyllin.
v control group; †P � .01 v diabetic group.
se tr
T-71
en III
age to the diabetic heart. Specifically, the AGE that accu-
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mulate in diabetes interact with cellular receptors to
activate growth factors that promote collagen accumula-
tion, which ultimately leads to cardiac dysfunction. In
addition, AGE cross-links increase cardiac stiffness. By
reducing AGE, the cross-link breaker alagebrium chloride
not only reduces cross-linked collagen levels but also
attenuates many of the molecular and cellular pathways,
possibly via RAGE-dependent pathways, ultimately re-
sulting in improved cardiac function.

Atherosclerosis in Diabetic apoE KO Mice

To delineate further the effects of AGE on cardiovascular
disease, researchers have studied atherosclerosis in dia-
betic mice. Atherosclerotic disease remains the major
cause of morbidity and mortality in diabetes, yet the pre-
cise mechanisms by which diabetes promotes macrovas-

FIG. 3. Representative light-field (left) and dark-field (right) pho-
tomicrographs of left ventricle from control (A and E), control ALT-
711–treated (B and F), diabetic (C and G), and diabetic ALT-711–
treated (D and H) rats labeled in situ with a radiolabeled connective
tissue growth factor (CTGF) riboprobe. Localization of CTGF gene
expression is identified as dark grains in light-field photomicro-
graphs (A through D) and as white grains in dark-field photomi-
crographs (E through H). Magnification �200. From ref. 9,
reproduced with permission.
cular disease have not been fully elucidated.
To examine the molecular mechanisms and structural
changes underlying diabetes-associated atherosclerosis,
Candido et al15 studied atherosclerosis-prone apoE knock-
out (KO) mice with STZ-induced diabetes, a well-estab-
lished model of diabetes-associated atherosclerosis. A
total of 60 apoE KO mice were rendered diabetic by six
daily intraperitoneal injections of STZ at a dose of 55
mg/kg in citrate buffer. Control mice (n � 30) received
citrate buffer alone. Compared with nondiabetic apoE KO
(control) mice, those treated with STZ showed a fourfold
increase in plaque area of the entire aorta within 20 weeks
of becoming diabetic (Figs. 4A and 4B). The atheroscle-
rotic plaques were seen primarily in the aortic arch, tho-
racic aorta, and abdominal aortic regions. In nondiabetic
control mice, histologic examination revealed that most
lesions were fatty streaks (Fig. 4D) and complex fibrous
plaques were seen only occasionally at the aortic arch.
However, in diabetic mice, the individual lesions were
predominantly complex fibrous plaques, which were
present in all segments of the aorta. Specifically, compared
with control mice, the prevalent pathologic characteristics
of the lesions in diabetic mice were an asymmetrically
thickened intima composed of a fibrous cap with smooth
muscle cells, foam-filled macrophages, and a lipid-rich
necrotic core with cholesterol clefts within the extracellu-
lar matrix, as shown in Figure 4E. Compared with control
mice, apoE KO diabetic mice showed an increase in mac-
rophage/monocyte infiltration, �–smooth-muscle actin (�-
SMA) levels, collagen content, and CTGF gene expression
in these atherosclerotic lesions.

Based on evidence exploring alagebrium chloride in
diabetic rats, and studies that used other approaches to

FIG. 4. Representative samples of en face dissection of aortic arch
and thoracic and abdominal aorta showing atherosclerotic lesions
(red, with arrow), in control (A) and diabetic (B) apo-E–deficient
mice. Histologic cross-sections of aorta of control (D) and diabetic
(E) apo-E–deficient mice. Magnification �100. (From Candido et
al15, with permission.)
inhibit AGE-dependent phenomena in diabetic mice,16,17
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it was postulated that treatment to prevent AGE cross-
links would be also effective in retarding atherosclerosis in
these apoE KO mice.

To study this, Forbes et al18 randomly treated STZ-
induced diabetic apoE KO mice with either AG (n � 20)
administered in the drinking water (1 g/L) or alagebrium
chloride (n � 20) administered by gavage (10 mg/kg/day)
and compared them with control and diabetic apoE KO
mice (no treatment) over 20 weeks. These two chemically
distinct compounds were commenced during the first week
of STZ-induced diabetes.

These two disparate approaches to prevent aortic AGE
accumulation–either with the inhibitor of AGE formation
(AG) or with the AGE cross-link breaker (alagebrium
chloride)–were associated with attenuation of plaque area
in diabetic apoE KO mice, a model of diabetes-associated
atherosclerosis. A sixfold increase in plaque area in dia-
betic mice was attenuated by 30% with alagebrium chlo-
ride and by 40% with AG, implying that AGE play a role
in the pathogenesis of atherosclerosis in this model. This
was confirmed by plasma measurements that showed a
50% to 100% increase in AGE peptides in diabetic apoE
KO mice, which was completely prevented by each of the
treatments. Within the atherosclerotic plaques of untreated
diabetic apoE KO mice, there was approximately a four-
fold increase in the immunostaining area for the AGE,
n-CML, which was decreased to control levels by alage-
brium chloride and significantly reduced by AG.

Furthermore, as had been observed in the hearts of
diabetic rats, AGE appeared to upregulate the expression
of the AGE receptor RAGE, and this expression was
significantly reduced by both alagebrium chloride and AG.
Diabetic mice showed large areas of RAGE immunostain-
ing within the atherosclerotic plaques as well as in adja-
cent areas. This increase in plaque RAGE staining was
significantly reduced by the administration of alagebrium
chloride.

Also, collagen levels were significantly increased in
atherosclerotic plaques. Although the percentage of total
collagen within the plaque was increased tenfold in the
atherosclerotic plaques, type III and IV collagens were
significantly increased. Treatment with alagebrium chlo-
ride attenuated the overall increase in plaque collagen
content by 50%, but displayed differential effects on the
three types of collagen studied. The reduction with alage-
brium chloride treatment was most profound for collagen
IV, which was normalized to nondiabetic levels, and with
collagen III, which was attenuated by 50%. However, as
was also seen in the diabetic rat LV,9 the increase in type
I collagen in atherosclerotic plaques was not altered by
either treatment in apoE KO diabetic mice.

As we had also seen in the diabetic rat model, diabetic
apoE KO mice showed upregulation of CTGF gene and
protein expression. Specifically, in situ hybridization and
immunohistochemical staining for CTGF showed large
increases in this growth factor in atherosclerotic plaques,

which was attenuated by alagebrium chloride (Fig. 5).
The CTGF protein (Figs. 5A to 5C) and mRNA (Figs. 5E
to 5G) were localized within aortic plaques in the diabetic
mice. Both treatments attenuated these increases in CTGF
gene and protein expression to levels seen in control apoE
KO mice. A similar pattern was observed for TGF-�1

expression, which was increased in diabetic apoE KO
mouse aortas compared with control mice and was de-
creased in the treated groups. The �-SMA protein expres-
sion, as assessed by immunohistochemistry, was increased
in aortas from untreated diabetic mice compared with
control mice. This parameter was reduced by each of the
treatments, although it was not normalized to control lev-
els.

From these studies, we can surmise that AGE play a
complex and important role in diabetes-associated athero-
sclerosis. Alagebrium chloride and AG significantly re-
duced both atherosclerotic plaque formation and
complexity and abrogated the expression of putative mo-
lecular mediators of this process, such as growth factors.
These findings extend our understanding of the molecular
and cellular mechanisms responsible for atherosclerotic
lesion formation in diabetic vessels. As discussed later,
many of the AGE-induced biochemical alterations seen in
the cardiovascular system also play a central role in the

FIG. 5. Representative dark-field (left) and light-field (right) pho-
tomicrographs of atherosclerotic plaques from control (A and E),
diabetic (B and F), and diabetic ALT-711–treated (C and G) apoE KO
mice labeled in situ with radiolabeled connective tissue growth fac-
tor (CTGF) riboprobe. Localization of CTGF gene expression is iden-
tified as white grains in dark-field photomicrographs (A, B, and E).
Magnification �200. From ref. 18, reproduced with permission.
development of diabetic nephropathy.
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Mechanisms of Diabetic
Nephropathy
Many studies have identified important changes in the
components of the AGE pathway, including AGE recep-
tors in the diabetic kidney. For example, short-term (6
weeks) diabetes induced in apoE KO mice increased renal
expression of AGE receptors (eg, RAGE), with an asso-
ciated inflammatory cell infiltration into the glomerulus.13

In addition, the role of AGE in diabetic kidney disease is
emphasized in studies of various interventions to reduce
renal AGE accumulation. The substance AG has been
shown to be an effective agent in preventing nephropathy
in the diabetic rat model.19,20

Recently, Forbes et al5 studied the role of AGE in renal
fibrosis and the effectiveness of alagebrium chloride at 10
mg/kg body weight daily by oral gavage as an early and
delayed intervention in the STZ-induced diabetic rat
model. In this study, STZ diabetic rats were randomized
into three treatment groups: 1) no treatment; 2) treatment
with the AGE cross-link breaker alagebrium chloride from
week 16 to week 32 (early); and 3) treatment with alage-
brium chloride, from week 24 to week 32 (late). Both the
glomerulosclerotic index and tubulointerstitial area, two
markers of renal structural injury, were significantly in-
creased in diabetic rats, with both measures significantly
reduced to control levels by early but not later alagebrium
chloride treatment. In addition, total renal collagen, nitro-
tyrosine, and protein expression of collagen IV showed
improvement only with early alagebrium chloride treat-
ment. Renal TGF-�1 gene and protein expression were
increased in diabetic rats. Although both early and late
intervention with alagebrium chloride reduced gene ex-
pression, protein expression was reduced only by the early
intervention strategy. The increased expression of this
important profibrotic growth factor was also associated
with an increased accumulation of collagen, specifically
the basement membrane collagen type IV, which is also
markedly attenuated by alagebrium chloride. This is illus-
trated in Fig. 6, which shows renal immunostaining for
TGF-�1 and collagen IV in control (Figs. 6A and 6E),
diabetic (Fig. 6B and 6F), alagebrium chloride early (Fig.
6C and 6G), and alagebrium chloride late (Fig. 6D and
6H) groups. These changes in TGF-�1 and type IV colla-
gen with treatment were also seen with respect to CTGF
gene expression in this study.

Similarly, in another model of accelerated kidney in-
jury, Lassila et al21 showed in diabetic apoE KO mice that
CTGF is also elevated in diabetic nephropathy (as had
been observed in the heart and aorta of diabetic rats and
mice). The expression of CTGF and TGF-�1was markedly
upregulated in the diabetic glomerulus, which was pre-
vented by both AG and alagebrium chloride. In situ hy-
bridization of CTGF in this animal model showed a
marked reduction in CTGF mRNA levels with both
agents, particularly alagebrium chloride. Similar to that

observed in the study by Forbes et al,5 diabetes-associated
glomerular and tubulointerstitial injury was associated
with increased expression of collagen type IV and TGF-
�;1, increased �-SMA immunostaining, and macrophage
infiltration, as well as increased serum and renal AGE.
Treatment with alagebrium chloride and AG attenuated
renal AGE accumulation, and was associated with less
albuminuria, renal structural injury, macrophage infiltra-
tion, and TGF-�1 and collagen expression.

Summary and Conclusion
Throughout a person’s life, reducing sugars such as glu-
cose react nonenzymatically and reversibly with free
amino groups in proteins to form small amounts of stable
Amadori products. As a person ages, the further sponta-
neous irreversible modification of proteins by glucose
results in the formation of a series of AGE, a heteroge-
neous family of biologically and chemically reactive com-

FIG. 6. Renal immunostaining (�160) for transforming growth fac-
tor–�1 (TGF-�1) (A) control, (B) diabetic, (C) early (weeks 16–32),
(D) DALT late (weeks 24–32) rats; and immunostaining for collagen
IV (�160) in (E) control, (F) diabetic, (G) DALT early, and (H) DALT
late rats.
pounds with cross-linking properties. In diabetes, this
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continuous process of protein modification is amplified as
a result of chronic hyperglycemia.

The AGE bind to specific receptors such as RAGE on
a range of cell types including macrophages, epithelial
cells, and endothelial cells, triggering specific cellular
responses in the vasculature. Such responses include in-
creased release of cytokines (eg, tumor necrosis factor–�
[TNF-�] and interleukin-1 [IL-1]), and increased produc-
tion of growth factors (eg, TGF-�, CTGF, and vascular
endothelial growth factor [VEGF]), which ultimately lead
to angiogenesis and increased extracellular matrix accu-
mulation. As we have reviewed here, in animal models of
diabetes, a number of pathologic manifestations of diabe-
tes complications have been observed, including inflam-
mation, collagen deposition, and increased expression of
growth factors, all of which manifest clinically as diastolic
dysfunction, atherosclerosis, and nephropathy.

Potential treatment strategies for these AGE-derived
complications include prevention of AGE formation and
breaking of pre-existing AGE cross-links. The therapeutic
potential of the AGE inhibitor AG has been extensively
investigated in animal models and in phase 3 clinical trials.
Furthermore, alagebrium chloride, a highly potent AGE
cross-link breaker, has the ability to reverse already-
formed AGE cross-links. By breaking existing cross-links,
alagebrium chloride significantly reduces sclerosis and
inflammation, partly by downregulating critical mediators,
such as the growth factors CTGF and TGF-�1. In a num-
ber of preclinical studies with alagebrium chloride, we
have seen a significant reduction in collagen deposition,
ultimately leading to less cardiac dysfunction, reduced
atherosclerosis, and attenuation of renal disease.

Thus, an intervention such as the AGE cross-link breaker
alagebrium chloride may ultimately be an excellent treatment
for diabetic complications because it addresses multiple man-
ifestations of vascular disease including atherosclerosis, ne-
phropathy, and cardiac disease.
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