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Introduction

Patients with diabetes mellitus (type 1
or type 2) have a high prevalence of cardiac
morbidity and mortality with up to 75% be-
ing from cardiovascular disease1,2. Macro-
angiopathy in diabetes is manifested by ac-
celerated atherosclerosis which affects vi-
tal organs (heart and brain) and peripheral
arteries. Atherosclerosis in patients with di-
abetes is multifactorial and includes a very
complex interaction. 

During the last two decades, it has be-
come evident that the vascular endothelium
is an active paracrine, endocrine and au-
tocrine organ that is indispensable for the
regulation of vascular tone and mainte-
nance of vascular homeostasis (Table I).
Moreover, recent insights into the basic
mechanisms involved in atherogenesis in-
dicate that deleterious alterations of en-
dothelial physiology, also referred to as en-
dothelial dysfunction, represent a key early
step in the development of atherosclerosis
and are also involved in plaque progression
and the occurrence of atherosclerotic com-
plications3,4.

Endothelial dysfunction is character-
ized by a reduction of the bioavailability of
vasodilators, in particular, nitric oxide
(NO), whereas endothelium-derived con-
tracting factors, particularly angiotensin II,

are increased5. This imbalance leads to an
impairment of endothelium-dependent va-
sodilation, which represents the functional
characteristic of endothelial dysfunction.
On the other hand, endothelial dysfunction,
aside from denoting impaired endothelium-
dependent vasodilation, also comprises a
specific state of “endothelial activation”,
which is characterized by a proinflammato-
ry, proliferative, and procoagulatory milieu
that favors all stages of atherogenesis6. All
these processes can be potentiated by dia-
betes thus leading to accelerated athero-
sclerosis. The current review will discuss
the role of endothelial dysfunction in the
pathogenesis of diabetes-induced athero-
sclerosis by addressing: 1) the major mole-
cular products elaborated by the endotheli-
um and their roles in normal endothelial
function, 2) the systemic nature of endothe-
lial dysfunction, 3) the relationship be-
tween endothelial dysfunction, convention-
al cardiovascular risk factors and athero-
sclerosis, and 4) the therapeutic options to
improve endothelial function.

Endothelial function

Endothelial cells, the major barrier be-
tween circulating blood and the vessel wall,
represent an important endocrine and
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paracrine organ secreting a multitude of factors, which
are involved in modulation of a number of vascular
functions locally and within the circulatory bed. Regu-
lation of vascular tone, blood fluidity and secretion of
cytokines and chemoattractants in response to injury
represent some of the multiple tasks of endothelial
cells. Any perturbation of these delicate functions con-
tributes to the development and progression of athero-
sclerosis.

Endothelium-derived relaxing factors. The major va-
sodilatory agents secreted by the endothelium include
prostacyclin, NO, and the endothelium-derived hyper-
polarizing factor (EDHF).

Prostacyclin. Prostacyclin (PGI2) has been shown to be
the predominant cyclooxygenase (COX) product in the
endothelium, inhibiting platelet aggregation, causing
vasodilation and preventing proliferation of vascular
smooth muscle cells7. The individual cardiovascular ef-
fects of PGI2 contrast those of thromboxane A2, which
causes platelet aggregation, vasoconstriction, vascular
proliferation, and increased expression of leukocyte ad-
hesion molecules7. Prostaglandin H2 generated by
COX from arachidonic acid8 is the common precursor
for prostaglandins, thromboxane A2 and PGI2. In dia-
betes, nitration and inactivation of COX have been de-
scribed9,10. This results in depressed formation of PGI2
and accumulation of prostaglandin H2 which activates
thromboxane/prostaglandin H2 receptors11. These bio-
chemical alterations precede structural alterations in
the vessel wall and are abrogated by the administration

of nonselective COX inhibitors, such as indometha-
cyn12,13. Thus, a single mechanism, depression of PGI2
formation might result in endothelial dysfunction, in-
creased blood pressure, accelerated atherogenesis and
predispose diabetic patients to an exaggerated throm-
botic response and to the rupture of an atherosclerotic
plaque.

Nitric oxide. The endothelium-derived relaxing factor
is known to be NO14, a diffusible substance, with a half-
life of some seconds15. NO is derived from L-arginine
in a reaction catalyzed by the enzyme NO synthase
(NOS)16. Three isoforms of NOS are known to exist:
endothelial NOS (eNOS), inducible or macrophage
NOS (iNOS), and neuronal NOS (nNOS). NO is con-
tinually released from healthy endothelial cells, and its
release is regulated by a number of physiologic stimuli
(i.e. physical activity and shear stress), hormones (es-
trogens), and pharmacologic agents. NO produces its
effects by activating soluble guanylate cyclase produc-
ing a rise in cyclic guanosine monophosphate
(cGMP)17. NO produced in the endothelium diffuses to
the underlying smooth muscle cells determining relax-
ation and vasodilation18. Other relevant biological ef-
fects of NO include inhibition of platelet activation19,
limitation of smooth muscle cell proliferation20, mono-
cyte adhesion, platelet aggregation, and endothelial cell
apoptosis. 

Endothelium-derived hyperpolarizing factor. In most
arterial beds a significant endothelium-dependent di-
lation to various stimuli persists even after inhibition
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Table I. Functional properties of the vascular endothelium.

Vascular tone Vasoconstrictors Vasodilators
Angiotensin II Nitric oxide
Endothelin-1 Hyperpolarizing factor
Thromboxane A2 Bradykinin
PGH2 PGI2
PGF2�

Growth Stimulation Inhibition
Growth factors (PDGF, bFGF, VEGF, EGF, IGF-1) Nitric oxide
Endothelin-1 PGI2
Angiotensin II TGF-�

Inflammation Pro-inflammatory Anti-inflammatory
Adhesion molecules (VCAM, ICAM) Nitric oxide
Chemoattractant molecules (MCP-1)

Coagulation Pro-thrombotic Anti-thrombotic
PAI-1 Prostacyclin

Nitric oxide
Heparin-like proteoglycans
TPA
Thrombomodulin

bFGF = basic fibroblast growth factor; EGF = epidermal growth factor; ICAM = intracellular adhesion molecule; IGF-1 = insulin-like
growth factor-1; MCP-1 = monocyte chemoattractant protein-1; PAI-1 = plasminogen activator inhibitor-1; PDGF = platelet-derived
growth factor; PG = prostaglandin; TGF-� = transforming growth factor-beta; TPA = tissue plasminogen activator; VCAM = vascular
cell adhesion molecule; VEGF = vascular endothelial growth factor.



of NOS and COX. This dilator response is preceded
by an endothelium-dependent hyperpolarization of
vascular smooth muscle cells which is inhibited by
potassium channel blockers, mimicked by potassium
channel agonists and is assumed to be mediated by an
unidentified EDHF21,22. The chemical identity of EDHF
is controversial. Several chemical mediators pro-
duced by the endothelium have EDHF activity in
some vascular beds, including cytochrome P-450
metabolites of arachidonic acid (epoxyeicosatrienoic
acids)23, possibly potassium24 and hydrogen perox-
ide25. In diabetes, EDHF-dependent vasorelaxation is
impaired26,27. The relative contribution of NO, PGI2
and EDHF in the regulation of vascular tone has not
been clearly defined. However, in vitro and in vivo
studies suggest that the contribution of NO to vascu-
lar tone is greatest in large diameter vessels, while the
contribution of EDHF is greatest in small diameter
vessels (i.e. mesenteric and coronary arteries) and mi-
crovessels. Also the interactions between NO, PGI2
and EDHF in the regulation of vasodilation are under
investigation.

Endothelium-derived contracting factors. Endothe-
lium-derived contracting factors include endothelin-1
(ET-1), vasoconstrictor prostanoids such as thrombox-
ane A2 and prostaglandin H2 as well as components of
the renin-angiotensin system (RAS).

Endothelins. Endothelin exists in three isoforms: en-
dothelin -1, -2, and -3. Endothelial cells produce only
ET-128. Translation of mRNA generates pre-pro-en-
dothelin, which is converted to big endothelin; its con-
version to the mature peptide ET-1 by endothelin-con-
verting enzymes is necessary for the development of
full vascular activity. Two isoforms of endothelin-con-
verting enzyme have been cloned29,30. The expression
of mRNA and the release of the peptide is stimulated by
thrombin, transforming growth factor-� (TGF-�), in-
terleukin-1, epinephrine, angiotensin II, arginine vaso-
pressin, calcium ionophore, and phorbol ester28,31. ET-
1 causes vasodilation at lower concentrations and
marked and sustained contractions at higher concentra-
tions32,33. Two types of endothelin receptors, which
bind all three endothelins, have been cloned in mam-
malian tissues, ETA and ETB

34,35. ETA receptors, which
bind ET-1 with greater affinity than ET-3, are located
on smooth muscle cells and cardiac myocytes35. Al-
though a blood vessel will remain constricted after ET-
1 is metabolized, NO helps to restore normal intracel-
lular calcium levels, and, thus, restore resting vascular
tone36. ETB receptors are found largely on endothelial
cells, but are also present on smooth muscle cells34 and
bind different subtypes of endothelins with similar
affinity. ETB receptors on endothelial cells are linked to
the formation of NO and PGI2

34,37. Both endothelin re-
ceptors, ETA and ETB, on vascular smooth muscle
cells33-35 mediate vasoconstriction and proliferation38.

Furthermore, ET-1 potentiates the effect of other vaso-
constrictors such as serotonin and norepinephrine even
at sub-threshold concentrations, which do not induce
any contractile response itself39.

The regulation of endothelin receptors is complex.
Upregulation of ETA receptors is induced by epidermal
and basic fibroblast growth factors, cyclic adenosine
monophosphate (cAMP), and estrogen, while down-
regulation results from endothelins, angiotensin II,
platelet-derived growth factor, and TGF-�. For ETB re-
ceptors, C-type natriuretic hormone, angiotensin II, and
basic fibroblast growth factor cause upregulation, and
cAMP and catecholamines result in downregulation40.
The actions of endothelins in various organ systems
and tissue beds are due to different expression of the
two receptors and their differing affinities for the en-
dothelin subtypes.

ET-1 secretion has been demonstrated to be en-
hanced by elevated glucose levels41 or hyperinsuline-
mia42. In particular, circulating ET-1 levels can be
shown to correlate positively with the number of vas-
cular complications in diabetic patients with clinical
angiopathy43,44.

Vasoconstrictor prostanoids. Agonists such as arachi-
donic acid, acetylcholine, histamine and serotonin can
evoke endothelium-dependent contractions that are
mediated by thromboxane A2 or prostaglandin H2,
products of the COX pathway. These factors activate
the thromboxane receptor in vascular smooth muscle
and platelets and hence counteract the effects of NO
and PGI2 in both cells. In addition, the COX pathway is
a source of superoxide anions, potent inactivators of
NO. In this light F2-isoprostanoids, a novel family of
isomers of prostaglandin F2�, formed from the non-en-
zymatic peroxidation of arachidonic acid in situ45, have
been shown to be elevated in type 2 diabetes mellitus.
The major F2-isoprostane formed in vivo, 8-iso-
prostaglandin F2�, in addition to providing a sensitive
marker of oxidant stress in diabetes46, has recently been
characterized to be a highly potent coronary vasocon-
strictor per se47 as well as a stimulatory factor for en-
dothelial ET-1 release48.

Angiotensin II. The endothelium is crucially involved
in the activation of the RAS since the angiotensin-con-
verting enzyme (ACE) is located on endothelial cell
membranes and transforms the biologically inactive an-
giotensin I into angiotensin II49. Depending on the vas-
cular tissue, non-ACE-peptidases may also contribute
to the conversion of angiotensin I50. In addition, ACE is
also responsible for the breakdown of bradykinin, a
major physiological stimulus for endothelial NO and
PGI2 release51,52.

Angiotensin II acts both as a circulating and local
tissue hormone as well as a neuromodulator in the
central nervous system53. While circulating an-
giotensin II generated by ACE located on the lung en-
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dothelium is implicated in acute cardiovascular home-
ostasis, local vascular angiotensin II appears to pro-
vide maintenance of vascular tone, tissue function and
structure in the long term53. Angiotensin II evokes
proliferation and migration of vascular smooth mus-
cle cells predominantly via the angiotensin type 1
(AT1) receptor54,55. Furthermore, RAS activation is in-
volved in superoxide production. In experimental
models of cardiovascular disease increased vascular
superoxide generation impairs endothelium-depen-
dent vascular relaxation via inactivation of NO as
mentioned previously. In contrast to that observed in
norepinephrine-treated rats, vascular superoxide an-
ion production is doubled and associated with blunted
endothelium-dependent relaxation to acetylcholine in
rats that were made hypertensive with angiotensin
II56. Interestingly, the activity of NADH/NADPH oxi-
dases, that are an important source of superoxide an-
ions, is increased by angiotensin II both in vitro and in
vivo57. Even sub-threshold concentrations of an-
giotensin II that do not cause blood pressure elevation
are shown to double NADH activity and superoxide
production56.

Endothelium and coagulation factors. Type 2 dia-
betes is a procoagulant condition. Both the coagulation
and fibrinolysis cascades are dysfunctional in diabetes.
Diabetic patients exhibit a pattern of coagulation fac-
tors that promote thrombosis by increasing thrombin
formation or retard thrombolysis by reduced fibrinolyt-
ic potential58. The prothrombotic state is characterized
by increased levels of fibrinogen59-61, which contribute
to fibrin clot formation and platelet aggregation. Fibri-
nolytic activity has been reported to be low in type 2 di-
abetes62. This is thought to be due to high levels of plas-
minogen activator inhibitor-1 (PAI-1)63, which inhibits
the formation of fibrinolytic plasmin from plasminogen
favoring both thrombosis and defective dissolution of
clots once formed. These factors are important in
plaque formation.

However, central to fatal events in atherosclerosis is
plaque rupture and adherence of platelets. In healthy
vessels, PGI2 and NO combine to prevent platelet ad-
herence to the endothelium and platelet aggregation.
These antiaggregants are released continually by
healthy endothelium, but their synthesis is enhanced in
the vicinity of aggregating platelets by thrombin,
bradykinin and by platelet-released serotonin, platelet-
derived growth factor, interleukin-1, and adenosine
diphosphate. Different abnormalities in platelet func-
tion have been described in diabetic patients. Platelets
in type 2 diabetic patients adhere to the vascular en-
dothelium and aggregate more readily than those in
healthy people64. The molecular basis of this defect has
been identified in a defective response to PGI2 and NO
generated by the vascular endothelium65,66. Since most
coronary events occur with less than one third narrow-
ing of the vessel lumen4, the problem of platelet hyper-

aggregability is crucial in the signal event of athero-
sclerosis in diabetes.

Endothelium and vascular structure. The endothe-
lium has an important role in the regulation of vascu-
lar architecture and chronic alterations of hemody-
namic stress can mediate vascular remodeling. In fact,
removal of the endothelium, for instance mechanical-
ly by a balloon catheter, invariably leads to immediate
deposition of platelets and white blood cells and to in-
timal hyperplasia at the site of injury67. This suggests
that the endothelium also regulates vascular structure
and that its presence assures quiescence of vascular
smooth muscle cells. Endothelial cells can have indi-
rect and direct effects on vascular structure. NO and
PGI2 inhibit the adhesion of platelets to the vessel
wall19. If at sites of endothelial dysfunction or de-
nudation platelets do adhere to the blood vessel wall,
they cause contraction and stimulate proliferation and
migration of vascular smooth muscle cells68. In addi-
tion, NO inhibits the adhesion of monocytes which are
an important component of the atherosclerotic plaque
and also source of growth factors and cytokines.
Chronic inhibition of NO in rats increases wall to lu-
men ratio and stimulates perivascular fibrosis69. The
importance of NO in maintaining the vascular archi-
tecture is also confirmed by studies on eNOS knock-
out mice. In these animals the natural remodeling
process occurring after a reduction in arterial blood
flow is absent69. Another main endothelial product
which has striking effects in this setting is ET-1 which
is mitogenic and activates protooncogene expression
in vascular smooth muscle cells70. An important regu-
lator of the vascular structure is also angiotensin II. In
endothelial cells and vascular smooth muscle cells,
angiotensin II stimulates the expression of adhesion
molecules, such as intracellular adhesion molecule-1
and the vascular cell adhesion molecule, which en-
hance the adhesion of circulating monocytes to en-
dothelial surface71. In addition, angiotensin II stimu-
lates expression of monocyte chemoattractant protein-
1 (MCP-1), which promotes movement of monocytes
into the vessel wall72 and stimulates movement of
monocytes73. Moreover, angiotensin II stimulates
platelet aggregation and thrombosis as well, the latter
by transactional activation of PAI-1 gene expression74.
Angiotensin II also promotes migration and growth of
the vascular smooth muscle cells, along with in-
creased expression of TGF-�, and is a major regulator
of vascular remodeling75. Under physiological condi-
tions potent inhibitors of vascular smooth muscle mi-
gration and proliferation, such as NO, glycosamino-
glycans and TGF-�, prevail20,76,77. This may explain
why the blood vessel wall normally is in a quiescent
state and does not exhibit proliferative responses. At
variance, in certain pathological conditions, endothe-
lial cells produce various growth factors78 which may
contribute to proliferative responses. 
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Endothelial dysfunction in diabetes

Definition and pathogenesis. Endothelial dysfunction
is characterized by defective endothelium-dependent
vasorelaxation, which precedes structural changes of
the vessel wall. Endothelial dysfunction is strongly as-
sociated with atherosclerosis, as demonstrated by the
fact that many clinical studies have reported that en-
dothelial dysfunction, both in the coronary and in the
peripheral districts, represents an independent predic-
tor of future cardiovascular events79-83.

Endothelial dysfunction has been demonstrated in a
number of animal models of diabetes, and, most impor-
tant, in diabetic patients in different vascular beds84-89.
Hyperglycemia is the necessary condition for the de-
velopment of endothelial dysfunction. Healthy volun-
teers undergoing hyperglycemic clamp demonstrate
evidence of endothelial dysfunction suggesting that
short-term hyperglycemia per se has adverse effects on
vascular function12,90,91. The underlying mechanisms
have been widely addressed. Crucial to the pathogene-
sis of endothelial dysfunction in the early stages, in the
absence of structural changes of the vessel wall, is re-
duced NO bioavailability. Strategies aiming at increas-
ing NO bioavailability, i.e. by overexpressing eNOS,
result in restoration of endothelial function in animal
models of diabetes92,93. A number of factors potential-
ly involved in quenching NO have been identified in
diabetes, including overproduction of oxygen-derived
free radicals, increased circulating levels of asymmet-
ric dimethylarginine, an irreversible inhibitor of NOS,
activation of protein kinase C (PKC), and production
of advanced-glycation end-products (AGEs). Oxygen-
derived free radicals are especially felt to play an im-
portant role in diabetic vascular disease13. There is
considerable evidence that generation of oxygen-de-
rived free radicals, especially superoxide anion, is in-
creased in diabetes94,95. Endothelial cells exposed to
high glucose have increased superoxide generation and
disturbed cell proliferation96,97, which is restored by
overexpression of endogenous antioxidant enzymes98,
suggesting a role of free radicals in this process. In ad-
dition, overexpression of the antioxidant enzyme su-
peroxide dismutase normalizes endothelial dysfunc-
tion in the aorta of diabetic animals99. Oxygen-derived
free radicals may result in impaired endothelium-de-
pendent vasorelaxation due to increased degradation of
NO. NO is rapidly destroyed by superoxide-generating
systems such as NAD(P)H oxidase and is protected by
superoxide dismutase100. Furthermore, NO may com-
bine with excessive quantities of superoxide to form
peroxynitrite, a potent oxidant substance101. Thus, in-
creased oxidative stress may decrease the amount of
available NO. The diabetic patient may be especially
prone to oxygen free radical-induced damage as a de-
ficiency of antioxidant defense mechanisms including
superoxide dismutase has been reported102. In diabetes,
glucose-induced accumulation of asymmetric di-

methylarginine (ADMA), an endogenous inhibitor of
NOS, has been described103,104. ADMA could con-
tribute to reduce NO production and thus to endothelial
dysfunction and late atherosclerosis in diabetes105. An-
other important mediator of diabetic vascular disease is
activation of PKC106. In the presence of hyper-
glycemia, increased diacylglycerol levels activate
PKC, which in turn stimulates dysfunctional eNOS ac-
tivity and NAD(P)H oxidase enzyme, contributing to
increased superoxide production and oxidative
stress107. PKC activity is increased in the aorta of dia-
betic animals108 as well as in cultured vascular cells or
tissues exposed to high glucose108,109. Selective inhibi-
tion of PKC prevents high-glucose-induced endothe-
lial dysfunction both in vivo and in vitro110,111. While
acute hyperglycemia impairs endothelial function
mainly by elevating superoxide production, chronic
hyperglycemia has additional detrimental effects on
the vessel wall. This condition results in accumulation
of AGEs. The role of AGEs in diabetic vascular dys-
function has been extensively examined112. AGEs are
known to quench NO both in vitro and in vivo, and this
is associated with defective endothelium-dependent
vasodilation113. Thus, decreased NO delivery to under-
lying smooth muscle cells due to accumulation of
AGEs may contribute to endothelial dysfunction in di-
abetes. In addition, AGEs by binding with their cellu-
lar receptors, RAGE and AGE-R3, may activate a num-
ber of growth factors and inflammatory signaling path-
ways in endothelial and smooth muscle cells with im-
portant consequences on atherosclerosis initiation and
progression. Blockade of RAGE suppresses accelerat-
ed plaque formation in animal models of dia-
betes114,115. Our group has also shown that treatment
with the AGE cross-link breaker ALT-711, or the in-
hibitor of AGE formation aminoguanidine demonstrat-
ed the ability to reduce vascular AGE accumulation in
addition to attenuating atherosclerosis in diabetic
apolipoprotein E-deficient mice115.

Recently, a unifying hypothesis explaining activa-
tion of the major pathways involved in diabetic
macrovascular disease has been developed116. The cen-
tral event in hyperglycemia-mediated endothelial dys-
function has been identified in enhanced superoxide
production in endothelial cells deriving from increased
pyruvate flux to the Krebs cycle and the mitochondri-
al respiratory chain. Superoxide anion, in turn, is re-
sponsible for activation of the main pathways involved
in the development of diabetic vascular disease and
progression from endothelial dysfunction to overt ath-
erosclerosis (activation of PKC and increased AGE
formation). Thus, the pathogenesis of diabetes-in-
duced vasomotor dysfunction is likely to be complex;
in the early stages increased generation of oxygen free
radicals and decreased availability of NO are crucial to
the development of endothelial dysfunction; in con-
trast, in the late stages accumulation of AGEs with lo-
cal inflammation and remodeling of the vessel wall
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play a central role in the initiation and progression of
atherosclerotic lesions.

Risk factors of endothelial dysfunction and athero-
sclerosis. Hyperglycemia is the necessary condition for
the development of endothelial dysfunction and ather-
osclerosis, as demonstrated by the observation that type
1 diabetic patients who underwent intensive glucose-
lowering therapy have decreased progression of intima-
media thickness in the carotid arteries117,118. Strict glu-
cose control alone however does not result in improved
cardiovascular outcome in diabetic patients. In 1993,
the Diabetes Control and Complications Trial (DCCT)
Research Group did not report that intensive treatment
of hyperglycemia was sufficient to significantly reduce
excess risk for macrovascular disease in type 1 diabet-
ic patients117. Similarly, in the UK Prospective Diabetes
Study (UKPDS) intensive glycemic control with in-
sulin or a sulphonylurea in type 2 diabetes resulted in a
non-significant reduction in the risk of myocardial in-
farction and no reduction in the risk of stroke, as com-
pared with conventional therapy119. The fact that type 2
diabetes is a multifactorial disease implicates that a
number of factors, other than glucose, contribute to ac-
celerated atherosclerosis and cardiovascular disease.

The Multiple Risk Factor Intervention Trial (MRFIT)
has clearly shown that systolic hypertension, elevated
cholesterol and cigarette smoking were independent
predictors of mortality and that the presence of more
than one of these risk factors had a greater impact on in-
creasing cardiovascular mortality in diabetic than in
non-diabetic subjects120. In addition, other risk factors
have been described in diabetic patients, including obe-
sity and diabetic dyslipidemia, characterized by in-
creased low-density lipoprotein (LDL) cholesterol, low
high-density lipoprotein (HDL) cholesterol, and high
triglycerides.

As a result, it has been clearly established that a
multifactorial intervention aiming at controlling the
risk factors associated with diabetes results in reduced
cardiovascular morbidity and mortality in these pa-
tients. The American Diabetes Association recom-
mends not only good glycemic control but also identi-
fication and aggressive treatment of associated cardio-
vascular risk factors, with more stringent target levels
for lipids and blood pressure than those recommended
for the general population121. The most effective treat-
ments to prevent major cardiovascular events among
diabetic patients include lifestyle and pharmacologic
interventions intended to treat all cardiovascular risk
factors associated with type 2 diabetes in the insulin re-
sistance syndrome, i.e. maintain glycosylated hemo-
globin < 7%, blood pressure < 130/80 mmHg, LDL
cholesterol levels < 100 mg/dl, HDL cholesterol > 40
mg/dl, and triglycerides < 150 mg/dl. Such long-term,
multifactorial intervention has been shown to reduce
the risk not only of cardiovascular, but also of mi-
crovascular events by about 50%122.

Endothelial dysfunction and atherosclerosis

Diabetes is an independent risk factor for the devel-
opment of vascular disease which in diabetic subjects is
a diffuse accelerated atherosclerotic process, with an
early onset123. In addition to enhancing the initiation of
atherogenesis, diabetes promotes plaque instability and
clinical sequele123. Furthermore coronary heart disease
(CHD) in diabetic patients has an increased incidence
as well as an earlier onset with clinical presentation in
younger age groups and amongst female patients124,125.
Atherosclerotic lesions are almost invariably present in
patients who have had diabetes for 5 to 10 years or
longer, and increase with age and duration of the dia-
betes. Moreover atherosclerotic lesions tend to develop
10 to 12 years earlier in diabetic than in non-diabetic
patients124,126 and the risk of CHD is also substantially
increased in patients with asymptomatic hyper-
glycemia127. Furthermore, myocardial ischemia due to
CHD commonly occurs without symptoms in patients
with diabetes128. As a result, multivessel atherosclerosis
often is present before ischemic symptoms occur and
before treatment is instituted. Delayed recognition of
various forms of CHD undoubtedly worsens the prog-
nosis in survival for many diabetic patients129. Hence
the need for primary prevention of CHD events in dia-
betic subjects is paramount to their survival.

Not much is known about plaque differences in sub-
jects with and without diabetes. Indeed, and it is yet to
be clarified if the atherosclerotic lesion in diabetic pa-
tients has the same pathologic features as in non-dia-
betic subjects. The structural changes begin with the
fatty streak and progress to the denuded ulcerated
plaque, which might then rupture to occlude and cause
catastrophic infarction130. This process begins in the
first decade of life and precedes the development of hy-
perglycemia by 40 years. Initial growth of the athero-
matous plaque is by lipid accumulation in the subinti-
mal space, followed by smooth muscle cell prolifera-
tion and denudation of the endothelium. Healing occurs
by formation of the fibrous plaque. If this plaque be-
comes unstable, it is susceptible to the forces of shear
stress, tears, or ruptures, and the eroded plaque is the
nidus for clot formation, which is the basis of the acute
vascular event130. In atherectomy specimens, the cell-
rich and necrotic areas are increased in de novo lesions
in persons with diabetes131. In restenotic areas, an in-
creased content of collagen has been found in vessels
from subjects with diabetes132. In a series of coronary
arteries examined after sudden death, the extent of the
necrotic core of plaques, calcification, and healed rup-
tures were increased in patients with type 2 diabetes133.
However, in type 1 diabetes, an increased content of fi-
brous tissue and reduced number of foam cells in
plaques may provide relative stability to atherosclerot-
ic lesions134. Recently, evidence has been obtained to
support an increased content of macrophages in the ath-
erosclerotic lesions of diabetic subjects135. This is like-
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ly a consequence of an increase in recruitment of
macrophages into the vessel wall due to the higher lev-
els of cytokines present in diabetes. Our group has re-
cently demonstrated in an experimental model of type
1 diabetes that in long-term diabetes there is not only an
acceleration in the development of atherosclerosis but
also an increase in the complexity of the atherosclerot-
ic plaques characterized by increased macrophage in-
filtration, cellular proliferation, smooth muscle cell mi-
gration, and collagen content136. Currently it is still
controversial as to whether there is a difference in
plaque pathology between type 1 and 2 diabetic sub-
jects, with type 1 diabetic patients having more fibrous
and calcified atherosclerotic lesions and type 2 diabet-
ic patients having more cellular and lipid-containing le-
sions.

The pathogenesis of the accelerated atherosclerosis
as observed in the diabetic context is still incompletely
understood. As mentioned previously, there is an in-
creased prevalence of other cardiac risk factors such as
hypertension, dyslipidemia and obesity among diabetic
patients137. Nevertheless, epidemiologic studies sug-
gest that these risk factors although more prevalent in
diabetes, do not fully account for the increased risk of
cardiovascular disease137,138. Furthermore, although hy-
perglycemia, the primary clinical manifestation of dia-
betes, is considered to contribute to accelerated devel-
opment of atherosclerosis, the DCCT research studies
and more recently the UKPDS did not detect statisti-
cally significant effects of intensified glycemic control
on macrovascular disease117,119, as previously men-
tioned. Therefore, the increased atherosclerotic disease
burden in diabetic patients raises the likelihood that
factors specific to diabetes other than hyperglycemia
are contributing to the increased cardiovascular disease
mortality and morbidity. Several clinical and experi-

mental observations suggest that the pathogenesis of
atherosclerosis in diabetes is complex and multifactor-
ial135. Five general areas of pathogenetic mechanisms
have recently been identified by the American Heart
Association139 (Fig. 1) including metabolic derange-
ments such as hyperglycemia, increased levels of free
fatty acids, and lipoprotein abnormalities135, excessive
oxidation/glucoxidation leading to AGE accumula-
tion140, a prothrombotic state and endothelial dysfunc-
tion. 

Endothelial dysfunction is currently thought to be
not only a marker of vascular disease, but also to play
an important role in its initiation, progression, and clin-
ical emergence. Endothelial injury is now regarded as
an important initial event in atherogenesis141. Disrup-
tion of the functional integrity of the vascular endothe-
lium plays an integral role in all stages of atherogenesis
ranging from lesion initiation to plaque rupture. In the
milieu of cardiovascular risk factors that disturb vascu-
lar homeostasis, the endothelium becomes dysfunc-
tional resulting in enhanced production of cytokines
and expression of cellular adhesion molecules by the
endothelium. Adhesion molecules play a crucial role in
the interaction of the endothelial surface with circulat-
ing leukocytes and mediate the recruitment of leuko-
cytes and their accumulation in the intima of the vessel
wall142,143.

Inflammation plays an important role in atheroscle-
rosis4. By promoting inflammation within the vessel
wall, dysfunctional endothelium sets the stage for both
initiation and progression of atherosclerotic lesions.
Localized inflammation also contributes decisively to
plaque instability and rupture predisposing to acute
clinical syndromes144. The vulnerable plaque typically
contains a prominent accumulation of inflammatory
cells including macrophages145-147 and T lympho-
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Figure 1. In diabetes, hyperglycemia induces endothelial dysfunction which is characterized by vasoconstriction, inflammation, cellular growth, and
thrombosis. By losing its protective properties, dysfunctional endothelium is a major promoter of atherogenesis and, consequently, cardiovascular
events. PAI-1 = plasminogen activator inhibitor-1; TPA = tissue plasminogen activator; VSMC = vascular smooth muscle cell.



cytes147. Macrophages can weaken the connective tis-
sue framework of the fibrous cap of atheromatous
plaques by secreting extracellular matrix degrading en-
zymes and thereby facilitate plaque rupture. In > 60%
of cases, plaque disruption occurs at the plaque’s shoul-
der regions where the fibrous cap is thinnest and the
mechanical stresses are greatest145. These shoulder re-
gions are sites of predilection for active inflammation
characterized by both activation of endothelial
cells148,149 and macrophage infiltration145. Recently we
have demonstrated an important role for the local RAS
in activating the inflammatory process in diabetic ves-
sels136. In fact, we have shown activation of the local
RAS within the aorta in diabetic apolipoprotein E
knockout mice, predominantly within the plaques and
the medial layer136 associated with a significant in-
crease in the development and progression of diabetes-
induced atherosclerosis. Blockade of the RAS with an
ACE-inhibitor or an AT1 receptor antagonist prevented
atherosclerosis by mechanisms involving inhibition of
proinflammatory molecules such as vascular cell adhe-
sion molecule and MCP-1 and prosclerotic and propro-
liferative cytokines such as connective tissue growth
factor and platelet-derived growth factor. 

Proinflammatory actions of dysfunctional endothe-
lium potentially play an important role in converting
stable atheromatous plaques in unstable plaques prone
to rupture. The functional state of the endothelium may
also affect the consequences of plaque rupture. If
plaque rupture occurs, prevention of superimposed
thrombus formation, a critical step underlying acute
coronary syndromes, depends on successful inhibition
of platelet aggregation and coagulation and on activa-
tion of fibrinolysis. As previously underlined NO is an
important mediator in these defense mechanisms. Re-
duced NO bioavailability due to endothelial dysfunc-
tion may therefore facilitate thrombus formation. Dys-
functional endothelium also leads to increased produc-
tion of PAI-1, an inhibitor of fibrinolysis, and reduced
production of the fibrinolytic component tissue plas-
minogen activator contributing to a thrombogenic state.

By losing its protective properties and allowing the
unopposed action of atherogenic factors on the vessel
wall, dysfunctional endothelium is a major promoter of
both atherogenesis and thrombosis and, consequently,
cardiovascular events.

Therapeutic options

Restoration of normal endothelial function may fa-
vorably affect the prognosis of diabetic patients. En-
dothelial dysfunction is a reversible disorder, and
strategies aimed at reducing cardiovascular risk factors,
such as cholesterol lowering150, antihypertensive thera-
py151, smoking cessation152, estrogen replacement ther-
apy in postmenopausal women153, antioxidants154, and
physical exercise155, also translate into an improvement

in endothelial health. Moreover, the observation that
several pharmacologic interventions that improve en-
dothelial function are associated with a decrease in car-
diovascular events independent of risk factor modifica-
tions supports the concept that cardiovascular risk fac-
tors share a common pathway that leads to endothelial
dysfunction, such as oxidative stress.

In addition there are other promising approaches
such as the insulin sensitizers156 that may improve en-
dothelial function and reduce progression to athero-
sclerosis in insulin resistance and diabetes.

Angiotensin-converting enzyme inhibitors and an-
giotensin II receptor antagonists. The RAS is likely
to contribute to endothelial dysfunction, suggesting
that drugs which block this pathway may be of benefit.
Treatment with an ACE-inhibitor or angiotensin II re-
ceptor blocker for 4 weeks increases NO bioavailabili-
ty and improves endothelial function by increasing the
activity of superoxide dismutase activity157. Some stud-
ies suggest that ACE-inhibitors upregulate eNOS pro-
tein expression. Although the mechanisms are not com-
pletely understood, recent data suggest that increased
formation of cAMP through PGI2 may be involved in
the upregulation of eNOS with ACE-inhibition158. Re-
sults from several experimental models indicate that
ACE-inhibitors improve endothelial function. In rats,
long-term ramipril administration attenuates aortic ni-
trate tolerance159 and toxic effects on the aorta from ox-
idized LDL160. In addition as previously mentioned we
demonstrated that treatment with the ACE-inhibitor
perindopril or the AT1 receptor antagonist irbesartan
prevents the development of atherosclerosis in diabetic
apolipoprotein E-deficient mice136,161.

ACE-inhibitors improve endothelial function in pa-
tients with coronary artery disease162 and type 2 dia-
betes163. The Trial on Reversing Endothelial Dysfunc-
tion (TREND)162 showed convincing evidence for an
effect of ACE-inhibition on the endothelium-dependent
vasodilation in subjects with CHD. Moreover, O’Dris-
coll et al.163 have observed that ACE-inhibition with
enalapril improved both basal and stimulated NO-de-
pendent endothelial function in normotensive patients
with type 2 diabetes. Furthermore, the recent BANFF
study164 compared the effect on endothelium dysfunc-
tion in 80 patients treated with quinapril, enalapril,
losartan and amlodipine. In this crossover study,
quinapril was associated with a significant improve-
ment in flow-mediated dilation. Large-scale clinical tri-
als, such as the Heart Outcomes Prevention Evaluation
(HOPE) study and the UKPDS165,166, showed that ACE-
inhibitors prevent or retard the development of diabetic
macrovascular complications, thus significantly reduc-
ing cardiovascular mortality and morbidity in diabetic
patients.

Few data are available for the role of angiotensin re-
ceptor antagonists in improving endothelial function.
Improvement in endothelial dysfunction has been
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demonstrated in patients with type 2 diabetes treated
with the AT1 receptor antagonist, losartan167. In addi-
tion AT1 receptor blockers have been shown to exert an
anti-inflammatory effect. Valsartan suppresses reactive
oxygen species generation, nuclear factor-�B (NF-�B)
binding, increases inhibitor kappa B expression and re-
duces C-reactive protein levels168. Candesartan induces
a reduction in plasma concentrations of proinflamma-
tory cytokines169. Moreover, Cipollone et al.170 have re-
cently demonstrated that treatment with the AT1 recep-
tor blocker irbesartan decreases inflammation and in-
hibits prostaglandin E2-dependent synthase expression
in plaque macrophages contributing to plaque stabiliza-
tion by inhibition of metalloproteinase-induced plaque
rupture. Clinical trials have shown that AT1 receptor
blockers reduce cardiovascular mortality and morbidi-
ty, particularly in patients with diabetes171,172.

Antiplatelet drugs. Platelet aggregation and thrombus
formation play a critical role in the initiation and devel-
opment of key complications of acute coronary syn-
dromes. Antiplatelet and antithrombotic therapies have
been demonstrated to favorably modify clinical out-
comes. 

Aspirin is known to irreversibly inhibit COX activ-
ity suppressing platelet thromboxane A2 production
and thus aggregability173. Prevention of atherothrom-
botic complications constitutes the best evidence that
the antithrombotic effect of aspirin is largely due to the
suppression of platelet thromboxane A2 production.
Beyond the effects on platelets, aspirin has potent anti-
inflammatory properties, which are prominent on the
vascular endothelium as demonstrated by its efficacy in
blunting vascular inflammation174 and by the observa-
tion that its protective effect in reducing cardiovascular
events is prominent in individuals with elevated C-re-
active protein levels175. In addition, aspirin has been
shown to attenuate progression of intima-media thick-
ness in patients with type 2 diabetes and early-stage
carotid atherosclerosis176. Although its effects on en-
dothelial dysfunction in diabetes are not clear177,178, the
benefits of aspirin in both primary and secondary pre-
vention of cardiovascular disease have been convinc-
ingly documented. Aspirin therapy is associated with a
15% reduction in major cardiovascular events in dia-
betic patients179. It has been estimated that 38 ± 12 ma-
jor cardiovascular events per 1000 diabetic patients
would be prevented if they received low-dose (75-162
mg) aspirin as a secondary prevention strategy180. Al-
though it seems that low-dose aspirin has much small-
er effects on primary prevention of cardiovascular
events in diabetic patients as opposed to the general
population181,182, the American Diabetes Association
recommends use of low-dose (75-162 mg) aspirin both
as primary and secondary prevention strategy in pa-
tients > 40 years of age or who have additional cardio-
vascular risk factors. In selected high-risk diabetic pa-
tients with manifested atherosclerotic vascular disease,

use of clopidogrel 75 mg may result in a better outcome
rather than the use of aspirin183. 

Statins and fibrates. 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase or statins are the
most effective class of drugs to reduce serum choles-
terol levels. Aggressive treatment of dyslipidemia is a
goal of multifactorial therapy of type 2 diabetes to re-
duce cardiovascular risk. Diabetic patients are consid-
ered a high-risk group and LDL cholesterol target in
this population is < 100 mg/dl, with HDL cholesterol
> 40 mg/dl in males and > 50 mg/dl in females and
triglycerides < 150 mg/dl. In addition to the lipid-low-
ering effects, a number of non-lipid-related effects, the
so-called “pleiotropic” effects, have recently been de-
scribed for these drugs, accounting for a 30% relative
risk reduction of major coronary effects184. They in-
clude upregulation of eNOS expression and NO pro-
duction, downregulation of oxidative stress, anti-in-
flammatory actions185, favorable effects on thrombo-
sis185 and plaque stability and reduced smooth muscle
cell activation, proliferation and migration186.

Clinical trials have shown that these agents reduce
cardiovascular and cerebrovascular disease in diabetic
patients up to the order of 25%187,188. Effects on en-
dothelial function are controversial. While some studies
have reported ameliorated endothelial function in pa-
tients with diabetes following statin therapy, other stud-
ies have not (Table II)189-196. One possible explanation
for these divergent findings is that the positive effects of
statins on endothelial function are offset by the presence
of hyperglycemia. Thus again, a combined therapy aim-
ing at the correction of all of the cardiovascular risk fac-
tors associated with diabetes may result in reduced car-
diovascular morbidity and mortality in this disease.

In addition to statins also the fibric acid derivatives
have been used in the lipid management in diabetic pa-
tients. Fibrates, which increase HDL cholesterol values
and lower triglyceride levels, activate peroxisome pro-
liferator-activated receptor-� (PPAR�) in the vessel
wall197. PPAR� activation decreases vascular inflam-
mation, growth, and oxidation, and it appears to be vas-
cular protective198. In two studies using the fibric acid
derivative gemfibrozil, a reduction in cardiovascular
endpoints has also been achieved199,200.

Thiazolidinediones. The thiazolidinediones are a nov-
el class of insulin sensitizing drugs, which act through
the nuclear transcription factor receptor PPAR�. Thia-
zolidinediones, ligands to the PPAR�, improve insulin-
mediated glucose uptake and reverse nearly all of the
components of the metabolic syndrome201. These lig-
ands enhance expression of genes involved in the in-
sulin-signaling cascade (primarily in the phosphatidyl-
inositol 3-kinase pathway, which likely involves direct
effects in skeletal muscle) and modulate the complicat-
ed relation between adipose tissue and skeletal mus-
cle202. In contrast, these agents inhibit several nuclear
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events activated by the mitogen-activated protein ki-
nase pathway and, thus, decrease cell growth and
movement in the vasculature and decrease circulating
PAI-1 levels. Ligands to PPAR� appear to restore the
balance between the two major cell-signaling pathways
that are activated by insulin. It is interesting in this light
that insulin sensitizers of the thiazolidinedione class
have also been shown to be anti-inflammatory and po-
tentially antiatherogenic203,204. Thus, thiazolidine-
diones exert a suppressive effect on reactive oxygen
species generation, NADPH oxidase expression, in-
tranuclear NF-�B binding, a stimulatory effect on in-
hibitor kappa B expression along with a reduction in
plasma concentrations of intracellular adhesion mole-
cule-1, MCP-1 chemokine, and PAI-1. Thiazolidine-
diones also suppress the plasma concentrations of tu-
mor necrosis factor and C-reactive protein.

The first thiazolidinedione, troglitazone, was ap-
proved as a glucose-lowering therapy for patients in the
United States with type 2 diabetes. Troglitazone was
subsequently withdrawn from the market because of
hepatotoxicity. The two currently available PPAR� ag-
onists are rosiglitazone and pioglitazone. They are cur-
rently approved in most countries including Italy for
the treatment of hyperglycemia in patients with type 2
diabetes, either as monotherapy or in combination with
sulfonylureas or metformin. In the United States, both
drugs have also been approved for use in combination
with insulin, provided certain precautions are followed.

Troglitazone and rosiglitazone have been shown to
improve endothelial function when measured in pe-
ripheral arteries204,205. Rosiglitazone has recently been
shown to improve coronary artery endothelial cell func-
tion in insulin-resistant subjects when measured by
positron emission tomography206. Treatment with
rosiglitazone has been shown to affect endothelial func-
tion by improving vascular reactivity and markers of
endothelial function204,207-210. In addition, several clini-
cal studies have demonstrated that treatment with
rosiglitazone has other beneficial effects on cardiovas-
cular risk factors and markers associated with type 2 di-
abetes, such as reducing C-reactive protein and im-
proving markers of plaque stability204,211-213.

Two double-blind, placebo-controlled studies have
examined the effects of troglitazone on endothelium-
dependent and -independent vasodilation in humans.
One study showed that 8 weeks of troglitazone therapy
had no effect on vascular function in patients with obe-
sity214, whereas the other showed improvements in
flow-mediated vasodilation in a subgroup of patients
with type 2 diabetes newly diagnosed215. A placebo-
controlled study showed reduced progression of the in-
tima-media thickness of the common carotid artery in
patients with type 2 diabetes who were treated with
rosiglitazone216. There are no data on the effects of thi-
azolidinediones on cardiovascular events in patients
with insulin-resistant conditions. In conclusion, thiazo-
lidinediones represent a promising approach that im-
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proves endothelial function in insulin resistance and di-
abetes, but they need to be tested in clinical trials with
cardiovascular endpoints. Two studies, the Prospective
Pioglitazone Clinical Trial in Macrovascular Events
and the Rosiglitazone Evaluated for Cardiac Outcomes
and Regulation of Glycemia in Diabetes Trial, are cur-
rently investigating the effects of pioglitazone and
rosiglitazone on cardiovascular events in patients with
type 2 diabetes217.

Potential new therapies

Given that L-arginine is a substrate for NOS, it is
easy to assume that L-arginine supplementation would
activate NOS and produce more NO with greater va-
sodilation. This hypothesis has been tested in many di-
verse systems including reversal of endothelial dys-
function associated with diabetes218. The improvement
in coronary endothelial function by L-arginine supple-
mentation has been associated with a reduction in angi-
nal symptoms, suggesting a reduction in myocardial is-
chemia in patients with coronary endothelial dysfunc-
tion219. However, not all studies have demonstrated that
L-arginine supplementation has an effect on NO pro-
duction and vasodilation220. 

Given that increased oxidative stress plays a pivotal
role in the pathogenesis of endothelial dysfunction221,
administration of antioxidants would be expected to be
a reasonable strategy to treat this disorder. Several ob-
servations suggest that chronic administration of an-
tioxidants and/or vitamins may be beneficial in im-
proving cardiovascular risk. Preliminary evidence for
vitamin E or C and/or other antioxidant therapy to im-
prove vascular function in patients with diabetes has re-
cently emerged. In one study222 the effects of short-
term dietary supplementation with tomato juice (source
of lycopene), vitamin E, and vitamin C on susceptibili-
ty of LDL to oxidation and circulating levels of C-re-
active protein and cell adhesion molecules were mea-
sured in patients with type 2 diabetes. Lycopene ad-
ministration (tomato juice) and vitamin E were both as-
sociated with resistance of LDL to oxidation, but only
the latter group showed a decrease in C-reactive pro-
tein. Levels of cell adhesion molecules and plasma glu-
cose did not change significantly during the study. In
another study, Reaven et al.223 have demonstrated that
vitamin E decreased the susceptibility of LDL to oxi-
dation. This protection occurred in a setting in which
glycemic indexes did not change and protein glycation
was not affected. In addition Pinkney et al.224 showed
that vitamin E supplementation mildly enhances en-
dothelial function estimated by flow-mediated dilation
in the forearm in patients with type 1 diabetes.

The hypothesis that also the antioxidant vitamin C
could improve endothelium-dependent vasodilation in
forearm resistance vessels of patients with non-insulin-
dependent diabetes has recently been tested by Ting et

al.88. These investigators demonstrated that in diabetic
subjects endothelium-dependent vasodilation was aug-
mented by simultaneous infusion of vitamin C; con-
versely, in non-diabetic subjects, vitamin C administra-
tion did not alter endothelium-dependent vasodilation.
The data from this study indeed support the hypothesis
that acute administration of vitamin C improves en-
dothelial function associated with the diabetic state,
however no insight into chronic effects can be deduct-
ed from this study. Nevertheless, no long-term trials of
vitamin C supplementation in patients with diabetes
have been conducted. Therefore, no conclusion can be
drawn at the present time regarding the possible use of
this vitamin to prevent endothelial dysfunction and ath-
erosclerosis in patients with diabetes. In addition, al-
though various interventions including antioxidant sup-
plementation were shown to be associated with im-
provement in endothelial function and epidemiologic
data suggest a strong correlation between consumption
of dietary antioxidants and cardiovascular disease225,
randomized trials of antioxidants have yielded disap-
pointing results. Early small studies showed a reduction
in cardiovascular events226, a finding not reproduced in
recent large-scale trials227,228. The reason for the lack of
benefits of long-term antioxidant supplementation in
the setting of primary and secondary prevention, how-
ever, is not clear. Given the strong relation between ox-
idative stress and endothelial function221 and the obser-
vation that the level of oxidative stress may be an im-
portant determinant of clinical events229, it may be
speculated that the potential of antioxidant supplemen-
tation to decrease cardiovascular events may be limited
to a subgroup of individuals with elevated levels of en-
dogenous oxidative stress and the very early stages of
atherosclerotic disease. Furthermore, recent evidence
suggests that certain antioxidants, including vitamin E,
may be inappropriate to reduce oxidative stress in vivo
or may even be pro-oxidant under certain conditions230.
Thus, it is conceivable that combining different antiox-
idant compounds is essential for an adequate reduction
of oxidative stress and its sequelae.

As previously reported an important mediator of di-
abetic vascular disease is activation of PKC in endothe-
lial cells231. In addition, glucose increases superoxide
production, which activates PKC-�97. These effects of
hyperglycemia can be reversed by a PKC-� inhibitor,
LY33353190. In humans, LY333531 improves endothe-
lial dysfunction induced by hyperglycemia in subjects
with normal plasma glucose levels and in patients with
diabetes90 suggesting that selective inhibition of PKC
may be a promising approach to improve endothelial
function in the diabetic context.

Conclusions

Diabetes mellitus markedly increases the risk of
myocardial infarction, stroke, amputation, and death.
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The metabolic abnormalities caused by diabetes induce
endothelial dysfunction that predisposes this patient
population to accelerated atherosclerosis. Blood pres-
sure control, lipid-lowering therapy, ACE-inhibition
and antiplatelet drugs improve endothelial function and
significantly reduce the risk of cardiovascular events.
Although diabetic patients undergo revascularization
procedures because of acute coronary syndromes or
critical limb ischemia, the outcomes are less favorable
than non-diabetic cohorts. Thus, since most of these pa-
tients die from complications of atherosclerosis, they
should receive intensive preventive interventions in or-
der to reduce their cardiovascular risk.

References

1. Garcia MJ, McNamara PM, Gordon T, Kannel WB. Mor-
bidity and mortality in diabetics in the Framingham popula-
tion. Sixteen-year follow-up study. Diabetes 1974; 23: 105-
11.

2. Haffner S. Mortality from coronary heart disease in subjects
with type 2 diabetes and in nondiabetic subjects with and
without prior myocardial infarction. N Engl J Med 1998;
339: 229-34.

3. Kinlay S, Ganz P. Role of endothelial dysfunction in coro-
nary artery disease and implications for therapy. Am J Car-
diol 1997; 80: 11I-16I.

4. Ross R. Atherosclerosis - an inflammatory disease. N Engl
J Med 1999; 340: 115-26.

5. Lerman A, Burnett JC Jr. Intact and altered endothelium in
regulation of vasomotion. Circulation 1992; 86 (Suppl):
III12-III19.

6. Anderson TJ. Assessment and treatment of endothelial dys-
function in humans. J Am Coll Cardiol 1999; 34: 631-8.

7. Moncada S, Higgs EA. Prostaglandins in the pathogenesis
and prevention of vascular disease. Blood Rev 1987; 1: 141-5.

8. Moncada S, Vane JR. Pharmacology and endogenous roles
of prostaglandin endoperoxides, thromboxane A2, and
prostacyclin. Pharmacol Rev 1978; 30: 293-331.

9. Zou MH, Shi C, Cohen RA. High glucose via peroxynitrite
causes tyrosine nitration and inactivation of prostacyclin
synthase that is associated with thromboxane/prostaglandin
H2 receptor-mediated apoptosis and adhesion molecule ex-
pression in cultured human aortic endothelial cells. Dia-
betes 2002; 51: 198-203.

10. Cosentino F, Eto M, De Paolis P, et al. High glucose causes
upregulation of cyclooxygenase-2 and alters prostanoid
profile in human endothelial cells: role of protein kinase C
and reactive oxygen species. Circulation 2003; 107: 1017-
23.

11. Zou M, Jendral M, Ullrich V. Prostaglandin endoperoxide-
dependent vasospasm in bovine coronary arteries after ni-
tration of prostacyclin synthase. Br J Pharmacol 1999; 126:
1283-92.

12. Tesfamariam B, Brown ML, Deykin D, Cohen RA. Elevat-
ed glucose promotes generation of endothelium-derived
vasoconstrictor prostanoids in rabbit aorta. J Clin Invest
1990; 85: 929-32.

13. Tesfamariam B. Free radicals in diabetic endothelial cell
dysfunction. Free Radic Biol Med 1994; 16: 383-91.

14. Palmer RM, Ferrige AG, Moncada S. Nitric oxide release
accounts for the biological activity of endothelium-derived
relaxing factor. Nature 1987; 327: 524-6.

15. Angus JA, Cocks TM. The half-life of endothelium-derived

relaxing factor released from bovine aortic endothelial cells
in culture. J Physiol 1987; 388: 71-81.

16. Moncada S, Higgs A. The L-arginine-nitric oxide pathway.
N Engl J Med 1993; 329: 2002-12.

17. Martin W, White DG, Henderson AH. Endothelium-derived
relaxing factor and atriopeptin II elevate cyclic GMP levels
in pig aortic endothelial cells. Br J Pharmacol 1988; 93:
229-39.

18. Vallance P, Collier J, Moncada S. Effects of endothelium-
derived nitric oxide on peripheral arteriolar tone in man.
Lancet 1989; 2: 997-1000.

19. Radomski MW, Palmer RM, Moncada S. The anti-aggre-
gating properties of vascular endothelium: interactions be-
tween prostacyclin and nitric oxide. Br J Pharmacol 1987;
92: 639-46.

20. Garg UC, Hassid A. Nitric oxide-generating vasodilators
and 8-bromo-cyclic guanosine monophosphate inhibit mi-
togenesis and proliferation of cultured rat vascular smooth
muscle cells. J Clin Invest 1989; 83: 1774-7.

21. Rubanyi GM, Vanhoutte PM. Nature of endothelium-de-
rived relaxing factor: are there two relaxing mediators? Circ
Res 1987; 61 (Part 2): II61-II67.

22. Chen G, Suzuki H, Weston AH. Acetylcholine releases en-
dothelium-derived hyperpolarizing factor and EDRF from
rat blood vessels. Br J Pharmacol 1988; 95: 1165-74.

23. Fleming I. Cytochrome P450 epoxygenases as EDHF syn-
thase(s). Pharmacol Res 2004; 49: 525-33.

24. Matoba T, Shimokawa H, Nakashima M, et al. Hydrogen
peroxide is an endothelium-derived hyperpolarizing factor
in mice. J Clin Invest 2000; 106: 1521-30.

25. Shimokawa H, Matoba T. Hydrogen peroxide as an en-
dothelium-derived hyperpolarizing factor. Pharmacol Res
2004; 49: 543-9.

26. Matsumoto T, Kobayashi T, Kamata K. Alterations in EDHF-
type relaxation and phosphodiesterase activity in mesen-
teric arteries from diabetic rats. Am J Physiol Heart Circ
Physiol 2003; 285: H283-H291.

27. Wigg SJ, Tare M, Tonta MA, O’Brien RC, Meredith IT,
Parkington HC. Comparison of effects of diabetes mellitus
on an EDHF-dependent and an EDHF-independent artery.
Am J Physiol Heart Circ Physiol 2001; 281: H232-H240.

28. Yanagisawa M, Kurihara H, Kimura S, et al. A novel potent
vasoconstrictor peptide produced by vascular endothelial
cells. Nature 1988; 332: 411-5.

29. Ohnaka K, Takayanagi R, Nishikawa M, Haji M, Nawata H.
Purification and characterization of a phosphoramidon-sen-
sitive endothelin-converting enzyme in porcine aortic en-
dothelium. OFF. J Biol Chem 1993; 268: 26759-66.

30. Xu D, Emoto N, Giaid A, et al. ECE-1: a membrane-bound
metalloprotease that catalyzes the proteolytic activation of
big endothelin-1. Cell 1994; 78: 473-85.

31. Boulanger C, Luscher TF. Release of endothelin from the
porcine aorta. Inhibition by endothelium-derived nitric ox-
ide. J Clin Invest 1990; 85: 587-90.

32. Kiowski W, Luscher TF, Linder L, Buhler FR. Endothelin-
1-induced vasoconstriction in humans. Reversal by calcium
channel blockade but not by nitrovasodilators or endotheli-
um-derived relaxing factor. Circulation 1991; 83: 469-75.

33. Seo B, Oemar BS, Siebenmann R, von Segesser L, Luscher
TF. Both ETA and ETB receptors mediate contraction to en-
dothelin-1 in human blood vessels. Circulation 1994; 89:
1203-8.

34. Sakurai T, Yanagisawa M, Takuwa Y, et al. Cloning of a cDNA
encoding a non-isopeptide-selective subtype of the en-
dothelin receptor. Nature 1990; 348: 732-5.

35. Arai H, Hori S, Aramori I, Ohkubo H, Nakanishi S. Cloning
and expression of a cDNA encoding an endothelin receptor.
Nature 1990; 348: 730-2.

714

Ital Heart J Vol 6 September 2005



36. Goligorsky MS, Tsukahara H, Magazine H, Andersen TT,
Malik AB, Bahou WF. Termination of endothelin signaling:
role of nitric oxide. J Cell Physiol 1994; 158: 485-94.

37. Dohi Y, Luscher TF. Endothelin in hypertensive resistance
arteries. Intraluminal and extraluminal dysfunction. Hyper-
tension 1991; 18: 543-9.

38. Hirata Y, Takagi Y, Fukuda Y, Marumo F. Endothelin is a po-
tent mitogen for rat vascular smooth muscle cells. Athero-
sclerosis 1989; 78: 225-8.

39. Yang Z, Bauer E, von Segesser L, Stulz P, Turina M, Lusch-
er TF. Different mobilization of calcium in endothelin-1-in-
duced contractions in human arteries and veins: effects of
calcium antagonists. J Cardiovasc Pharmacol 1990; 16:
654-60.

40. Levin ER. Endothelins. N Engl J Med 1995; 333: 356-63.
41. Yamauchi T, Ohnaka K, Takayanagi R, Umeda F, Nawata

H. Enhanced secretion of endothelin-1 by elevated glucose
levels from cultured bovine aortic endothelial cells. FEBS
Lett 1990; 267: 16-8.

42. Hu RM, Levin ER, Pedram A, Frank HJ. Insulin stimulates
production and secretion of endothelin from bovine en-
dothelial cells. Diabetes 1993; 42: 351-8.

43. Perfetto F, Tarquini R, Tapparini L, Tarquini B. Influence of
non-insulin-dependent diabetes mellitus on plasma en-
dothelin-1 levels in patients with advanced atherosclerosis.
J Diabetes Complications 1998; 12: 187-92.

44. Bertello P, Veglio F, Pinna G, et al. Plasma endothelin in
NIDDM patients with and without complications. Diabetes
Care 1994; 17: 574-7.

45. Morrow JD, Hill KE, Burk RF, Nammour TM, Badr KF,
Roberts LJ 2nd. A series of prostaglandin F2-like com-
pounds are produced in vivo in humans by a non-cyclooxy-
genase, free radical-catalyzed mechanism. Proc Natl Acad
Sci USA 1990; 87: 9383-7.

46. Morrow JD, Roberts LJ 2nd. Quantification of noncyclo-
oxygenase derived prostanoids as a marker of oxidative
stress. Free Radic Biol Med 1991; 10: 195-200.

47. Kromer BM, Tippins JR. Coronary artery constriction by
the isoprostane 8-epi prostaglandin F2 alpha. Br J Pharma-
col 1996; 119: 1276-80.

48. Fukunaga M, Yura T, Badr KF. Stimulatory effect of 8-Epi-
PGF2 alpha, an F2-isoprostane, on endothelin-1 release. J
Cardiovasc Pharmacol 1995; 26 (Suppl 3): S51-S52.

49. Bernstein KE, Martin BM, Bernstein EA, Linton J, Striker
L, Striker G. The isolation of angiotensin-converting en-
zyme cDNA. J Biol Chem 1988; 263: 11021-4.

50. Okamura T, Okunishi H, Ayajiki K, Toda N. Conversion of
angiotensin I to angiotensin II in dog isolated renal artery:
role of two different angiotensin II-generating enzymes. J
Cardiovasc Pharmacol 1990; 15: 353-9.

51. Mombouli JV, Vanhoutte PM. Kinins and endothelial con-
trol of vascular smooth muscle. Annu Rev Pharmacol Toxi-
col 1995; 35: 679-705.

52. Ardaillou R. Angiotensin II receptors. J Am Soc Nephrol
1999; 10 (Suppl 11): S30-S39.

53. Dzau VJ. Short- and long-term determinants of cardiovas-
cular function and therapy: contributions of circulating and
tissue renin-angiotensin systems. J Cardiovasc Pharmacol
1989; 14 (Suppl 4): S1-S5.

54. Luscher TF, Tanner FC. Endothelial regulation of vascular
tone and growth. Am J Hypertens 1993; 6 (Part 2): 283S-
293S.

55. Casscells W. Migration of smooth muscle and endothelial
cells. Critical events in restenosis. Circulation 1992; 86:
723-9.

56. Rajagopalan S, Kurz S, Munzel T, et al. Angiotensin II-me-
diated hypertension in the rat increases vascular superoxide
production via membrane NADH/NADPH oxidase activa-

tion. Contribution to alterations of vasomotor tone. J Clin
Invest 1996; 97: 1916-23.

57. Griendling KK, Minieri CA, Ollerenshaw JD, Alexander
RW. Angiotensin II stimulates NADH and NADPH oxidase
activity in cultured vascular smooth muscle cells. Circ Res
1994; 74: 1141-8.

58. Almer LO, Nilsson IM. On fibrinolysis in diabetes mellitus.
Acta Med Scand 1975; 198: 101-6.

59. Imperatore G, Riccardi G, Iovine C, Rivellese AA, Vaccaro
O. Plasma fibrinogen: a new factor of the metabolic syn-
drome. A population-based study. Diabetes Care 1998; 21:
649-54.

60. Banga JD, Sixma JJ. Diabetes mellitus, vascular disease and
thrombosis. Clin Haematol 1986; 15: 465-92.

61. Barazzoni R, Kiwanuka E, Zanetti M, Cristini M, Vettore
M, Tessari P. Insulin acutely increases fibrinogen produc-
tion in individuals with type 2 diabetes but not in individu-
als without diabetes. Diabetes 2003; 52: 1851-6.

62. Juhan-Vague I, Roul C, Alessi MC, Ardissone JP, Heim M,
Vague P. Increased plasminogen activator inhibitor activity
in non insulin dependent diabetic patients-relationship with
plasma insulin. Thromb Haemost 1989; 61: 370-3.

63. Byberg L, Siegbahn A, Berglund L, McKeigue P, Reneland
R, Lithell H. Plasminogen activator inhibitor-1 activity is
independently related to both insulin sensitivity and serum
triglycerides in 70-year-old men. Arterioscler Thromb Vasc
Biol 1998; 18: 258-64.

64. Anfossi G, Mularoni EM, Burzacca S, et al. Platelet resis-
tance to nitrates in obesity and obese NIDDM, and normal
platelet sensitivity to both insulin and nitrates in lean NIDDM.
Diabetes Care 1998; 21: 121-6.

65. Akai T, Naka K, Okuda K, Takemura T, Fujii S. Decreased
sensitivity of platelets to prostacyclin in patients with dia-
betes mellitus. Horm Metab Res 1983; 15: 523-6.

66. Vinik AI, Erbas T, Park TS, Nolan R, Pittenger GL. Platelet
dysfunction in type 2 diabetes. Diabetes Care 2001; 24:
1476-85.

67. Jandeleit-Dahm K, Burrell LM, Johnston CI, Koch KM. El-
evated vascular angiotensin converting enzyme mediates in-
creased neointima formation after balloon injury in sponta-
neously hypertensive rats. J Hypertens 1997; 15: 643-50.

68. Yang ZH, Stulz P, von Segesser L, Bauer E, Turina M, Lusch-
er TF. Different interactions of platelets with arterial and ve-
nous coronary bypass vessels. Lancet 1991; 337: 939-43.

69. Rudic RD, Shesely EG, Maeda N, Smithies O, Segal SS,
Sessa WC. Direct evidence for the importance of endotheli-
um-derived nitric oxide in vascular remodeling. J Clin In-
vest 1998; 101: 731-6.

70. Bobik A, Grooms A, Millar JA, Mitchell A, Grinpukel S.
Growth factor activity of endothelin on vascular smooth
muscle. Am J Physiol 1990; 258 (Part 1): C408-C415.

71. Tummala PE, Chen XL, Sundell CL, et al. Angiotensin II
induces vascular cell adhesion molecule-1 expression in rat
vasculature: a potential link between the renin-angiotensin
system and atherosclerosis. Circulation 1999; 100: 1223-9.

72. Chen XL, Tummala PE, Olbrych MT, Alexander RW, Med-
ford RM. Angiotensin II induces monocyte chemoattractant
protein-1 gene expression in rat vascular smooth muscle
cells. Circ Res 1998; 83: 952-9.

73. Kintscher U, Wakino S, Kim S, Fleck E, Hsueh WA, Law
RE. Angiotensin II induces migration and Pyk2/paxillin
phosphorylation of human monocytes. Hypertension 2001;
37: 587-93.

74. Vaughan DE, Lazos SA, Tong K. Angiotensin II regulates
the expression of plasminogen activator inhibitor-1 in cul-
tured endothelial cells. A potential link between the renin-
angiotensin system and thrombosis. J Clin Invest 1995; 95:
995-1001.

R Candido, M Zanetti - Endothelial dysfunction in diabetic vascular disease

715



75. Williams B. Angiotensin II and the pathophysiology of car-
diovascular remodeling. Am J Cardiol 2001; 87: 10C-17C.

76. Battegay EJ, Raines EW, Seifert RA, Bowen-Pope DF, Ross
R. TGF-beta induces bimodal proliferation of connective
tissue cells via complex control of an autocrine PDGF loop.
Cell 1990; 63: 515-24.

77. Castellot JJ Jr, Beeler DL, Rosenberg RD, Karnovsky MJ.
Structural determinants of the capacity of heparin to inhibit
the proliferation of vascular smooth muscle cells. J Cell
Physiol 1984; 120: 315-20.

78. Hannan RL, Kourembanas S, Flanders KC, et al. Endothe-
lial cells synthesize basic fibroblast growth factor and trans-
forming growth factor beta. Growth Factors 1988; 1: 7-17.

79. Suwaidi JA, Hamasaki S, Higano ST, Nishimura RA,
Holmes DR Jr, Lerman A. Long-term follow-up of patients
with mild coronary artery disease and endothelial dysfunc-
tion. Circulation 2000; 101: 948-54.

80. Halcox JP, Schenke WH, Zalos G, et al. Prognostic value of
coronary vascular endothelial dysfunction. Circulation
2002; 106: 653-8.

81. Perticone F, Ceravolo R, Pujia A, et al. Prognostic signifi-
cance of endothelial dysfunction in hypertensive patients.
Circulation 2001; 104: 191-6.

82. Neunteufl T, Heher S, Katzenschlager R, et al. Late prog-
nostic value of flow-mediated dilation in the brachial artery
of patients with chest pain. Am J Cardiol 2000; 86: 207-10.

83. Gokce N, Keaney JF Jr, Hunter LM, Watkins MT, Menzoian
JO, Vita JA. Risk stratification for postoperative cardiovas-
cular events via noninvasive assessment of endothelial func-
tion: a prospective study. Circulation 2002; 105: 1567-72.

84. Saenz de Tejada I, Goldstein I, Azadzoi K, Krane RJ, Cohen
RA. Impaired neurogenic and endothelium-mediated relax-
ation of penile smooth muscle from diabetic men with im-
potence. N Engl J Med 1989; 320: 1025-30.

85. Nitenberg A, Valensi P, Sachs R, Dali M, Aptecar E, Attali
JR. Impairment of coronary vascular reserve and ACh-in-
duced coronary vasodilation in diabetic patients with angio-
graphically normal coronary arteries and normal left ven-
tricular systolic function. Diabetes 1993; 42: 1017-25.

86. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK,
Creager MA. Impaired endothelium-dependent vasodila-
tion in patients with insulin-dependent diabetes mellitus.
Circulation 1993; 88: 2510-6.

87. McVeigh GE, Brennan GM, Johnston GD, et al. Impaired
endothelium-dependent and independent vasodilation in
patients with type 2 (non-insulin-dependent) diabetes mel-
litus. Diabetologia 1992; 35: 771-6.

88. Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P, Crea-
ger MA. Vitamin C improves endothelium-dependent va-
sodilation in patients with non-insulin-dependent diabetes
mellitus. J Clin Invest 1996; 97: 22-8.

89. Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel
G, Baron AD. Obesity/insulin resistance is associated with
endothelial dysfunction. Implications for the syndrome of
insulin resistance. J Clin Invest 1996; 97: 2601-10.

90. Beckman JA, Goldfine AB, Gordon MB, Garrett LA, Crea-
ger MA. Inhibition of protein kinase Cbeta prevents im-
paired endothelium-dependent vasodilation caused by hy-
perglycemia in humans. Circ Res 2002; 90: 107-11.

91. Williams SB, Goldfine AB, Timimi FK, et al. Acute hyper-
glycemia attenuates endothelium-dependent vasodilation in
humans in vivo. Circulation 1998; 97: 1695-701.

92. Zanetti M, Sato J, Katusic ZS, O’Brien T. Gene transfer of
endothelial nitric oxide synthase alters endothelium-depen-
dent relaxations in aortas from diabetic rabbits. Diabetolo-
gia 2000; 43: 340-7.

93. Lund DD, Faraci FM, Miller FJ Jr, Heistad DD. Gene trans-
fer of endothelial nitric oxide synthase improves relaxation

of carotid arteries from diabetic rabbits. Circulation 2000;
101: 1027-33.

94. Wolff SP, Dean RT. Glucose autoxidation and protein mod-
ification. The potential role of “autoxidative glycosylation”
in diabetes. Biochem J 1987; 245: 243-50.

95. Quagliaro L, Piconi L, Assaloni R, Martinelli L, Motz E,
Ceriello A. Intermittent high glucose enhances apoptosis re-
lated to oxidative stress in human umbilical vein endothelial
cells: the role of protein kinase C and NAD(P)H-oxidase ac-
tivation. Diabetes 2003; 52: 2795-804.

96. Cosentino F, Hishikawa K, Katusic ZS, Luscher TF. High
glucose increases nitric oxide synthase expression and su-
peroxide anion generation in human aortic endothelial cells.
Circulation 1997; 96: 25-8.

97. Nishikawa T, Edelstein D, Du XL, et al. Normalizing mito-
chondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature 2000; 404: 787-90.

98. Zanetti M, Zwacka R, Engelhardt J, Katusic Z, O’Brien T.
Superoxide anions and endothelial cell proliferation in nor-
moglycemia and hyperglycemia. Arterioscler Thromb Vasc
Biol 2001; 21: 195-200.

99. Zanetti M, Sato J, Katusic ZS, O’Brien T. Gene transfer of
superoxide dismutase isoforms reverses endothelial dys-
function in diabetic rabbit aorta. Am J Physiol Heart Circ
Physiol 2001; 280: H2516-H2523.

100. Gryglewski RJ, Palmer RM, Moncada S. Superoxide anion
is involved in the breakdown of endothelium-derived vas-
cular relaxing factor. Nature 1986; 320: 454-6.

101. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman
BA. Apparent hydroxyl radical production by peroxynitrite:
implications for endothelial injury from nitric oxide and su-
peroxide. Proc Natl Acad Sci USA 1990; 87: 1620-4.

102. Crouch R, Kimsey G, Priest DG, Sarda A, Buse MG. Effect
of streptozotocin on erythrocyte and retinal superoxide dis-
mutase. Diabetologia 1978; 15: 53-7.

103. Lin KY, Ito A, Asagami T, et al. Impaired nitric oxide syn-
thase pathway in diabetes mellitus: role of asymmetric di-
methylarginine and dimethylarginine dimethylaminohydro-
lase. Circulation 2002; 106: 987-92.

104. Tarnow L, Hovind P, Teerlink T, Stehouwer CD, Parving HH.
Elevated plasma asymmetric dimethylarginine as a marker of
cardiovascular morbidity in early diabetic nephropathy in
type 1 diabetes. Diabetes Care 2004; 27: 765-9.

105. Chan NN, Chan JC. Asymmetric dimethylarginine (ADMA):
a potential link between endothelial dysfunction and car-
diovascular diseases in insulin resistance syndrome? Diabe-
tologia 2002; 45: 1609-16.

106. Ishii H, Koya D, King GL. Protein kinase C activation and
its role in the development of vascular complications in di-
abetes mellitus. J Mol Med 1998; 76: 21-31.

107. Hink U, Li H, Mollnau H, et al. Mechanisms underlying en-
dothelial dysfunction in diabetes mellitus. Circ Res 2001;
88: E14-E22.

108. Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W,
King GL. Preferential elevation of protein kinase C isoform
beta II and diacylglycerol levels in the aorta and heart of di-
abetic rats: differential reversibility to glycemic control by
islet cell transplantation. Proc Natl Acad Sci USA 1992; 89:
11059-63.

109. Williams B, Schrier RW. Characterization of glucose-in-
duced in situ protein kinase C activity in cultured vascular
smooth muscle cells. Diabetes 1992; 41: 1464-72.

110. Ishii H, Jirousek MR, Koya D, et al. Amelioration of vascu-
lar dysfunctions in diabetic rats by an oral PKC beta in-
hibitor. Science 1996; 272: 728-31.

111. Hirata K, Kuroda R, Sakoda T, et al. Inhibition of endothe-
lial nitric oxide synthase activity by protein kinase C. Hy-
pertension 1995; 25: 180-5.

716

Ital Heart J Vol 6 September 2005



112. Yan SF, Ramasamy R, Naka Y, Schmidt AM. Glycation, in-
flammation, and RAGE: a scaffold for the macrovascular
complications of diabetes and beyond. Circ Res 2003; 93:
1159-69.

113. Bucala R, Tracey KJ, Cerami A. Advanced glycosylation
products quench nitric oxide and mediate defective en-
dothelium-dependent vasodilatation in experimental dia-
betes. J Clin Invest 1991; 87: 432-8.

114. Park L, Raman KG, Lee KJ, et al. Suppression of accelerat-
ed diabetic atherosclerosis by the soluble receptor for ad-
vanced glycation endproducts. Nat Med 1998; 4: 1025-31.

115. Forbes JM, Yee LT, Thallas V, et al. Advanced glycation end
product interventions reduce diabetes-accelerated athero-
sclerosis. Diabetes 2004; 53: 1813-23.

116. Brownlee M. Biochemistry and molecular cell biology of
diabetic complications. Nature 2001; 414: 813-20.

117. The Diabetes Control and Complications Trial Research
Group. The effect of intensive treatment of diabetes on the
development and progression of long-term complications in
insulin-dependent diabetes mellitus. N Engl J Med 1993;
329: 977-86.

118. Nathan DM, Lachin J, Cleary P, et al. Intensive diabetes
therapy and carotid intima-media thickness in type 1 dia-
betes mellitus. N Engl J Med 2003; 348: 2294-303.

119. UK Prospective Diabetes Study (UKPDS) Group. Intensive
blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications
in patients with type 2 diabetes (UKPDS 33). Lancet 1998;
352: 837-53.

120. Stamler J, Vaccaro O, Neaton JD, Wentworth D. Diabetes,
other risk factors, and 12-year cardiovascular mortality for
men screened in the Multiple Risk Factor Intervention Tri-
al. Diabetes Care 1993; 16: 434-44.

121. American Diabetes Association. Standards of medical care
for patients with diabetes mellitus. Diabetes Care 2003; 26
(Suppl 1): S33-S50.

122. Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Ped-
ersen O. Multifactorial intervention and cardiovascular dis-
ease in patients with type 2 diabetes. N Engl J Med 2003;
348: 383-93.

123. Beckman JA, Creager MA, Libby P. Diabetes and athero-
sclerosis: epidemiology, pathophysiology, and manage-
ment. JAMA 2002; 287: 2570-81.

124. Dash H, Johnson RA, Dinsmore RE, Francis CK, Harthorne
JW. Cardiomyopathic syndrome due to coronary artery dis-
ease. II. Increased prevalence in patients with diabetes mel-
litus: a matched pair analysis. Br Heart J 1977; 39: 740-7.

125. Jarrett RJ. Risk factors for coronary heart disease in dia-
betes mellitus. Diabetes 1992; 41 (Suppl 2): 1-3.

126. Manson JE, Colditz GA, Stampfer MJ, et al. A prospective
study of maturity-onset diabetes mellitus and risk of coro-
nary heart disease and stroke in women. Arch Intern Med
1991; 151: 1141-7.

127. Stamler R, Stamler J, Dyer A, et al. Asymptomatic hyper-
glycemia and cardiovascular diseases in three Chicago epi-
demiologic studies. Diabetes Care 1979; 2: 142-3.

128. Wingard DL, Barrett-Connor EL, Scheidt-Nave C,
McPhillips JB. Prevalence of cardiovascular and renal com-
plications in older adults with normal or impaired glucose
tolerance or NIDDM. A population-based study. Diabetes
Care 1993; 16: 1022-5.

129. Grundy SM, Benjamin IJ, Burke GL, et al. Diabetes and
cardiovascular disease: a statement for healthcare profes-
sionals from the American Heart Association. Circulation
1999; 100: 1134-46.

130. Vinik A, Flemmer M. Diabetes and macrovascular disease.
J Diabetes Complications 2002; 16: 235-45.

131. Moreno PR, Murcia AM, Palacios IF, et al. Coronary com-

position and macrophage infiltration in atherectomy speci-
mens from patients with diabetes mellitus. Circulation
2000; 102: 2180-4.

132. Moreno PR, Fallon JT, Murcia AM, et al. Tissue character-
istics of restenosis after percutaneous transluminal coronary
angioplasty in diabetic patients. J Am Coll Cardiol 1999;
34: 1045-9.

133. Burke AP, Varghese PJ, Peterson E, Malcom G, Farb A, Vir-
mani R. Large lipid core and extensive plaque burden are
features of coronary atherosclerosis in patients with non-in-
sulin dependent diabetes mellitus. (abstr) J Am Coll Cardiol
2001; 37: 257A.

134. Mautner SL, Lin F, Roberts WC. Composition of athero-
sclerotic plaques in the epicardial coronary arteries in juve-
nile (type I) diabetes mellitus. Am J Cardiol 1992; 70: 1264-
8.

135. Eckel RH, Wassef M, Chait A, et al. Prevention Conference
VI: Diabetes and Cardiovascular Disease. Writing Group II:
Pathogenesis of atherosclerosis in diabetes. Circulation
2002; 105: e138-e143.

136. Candido R, Jandeleit-Dahm KA, Cao Z, et al. Prevention of
accelerated atherosclerosis by angiotensin-converting en-
zyme inhibition in diabetic apolipoprotein E-deficient mice.
Circulation 2002; 106: 246-53.

137. Uusitupa MI, Niskanen LK, Siitonen O, Voutilainen E, Py-
orala K. 5-year incidence of atherosclerotic vascular disease
in relation to general risk factors, insulin level, and abnor-
malities in lipoprotein composition in non-insulin-depen-
dent diabetic and non-diabetic subjects. Circulation 1990;
82: 27-36.

138. Laakso M. Hyperglycemia and cardiovascular disease in
type 2 diabetes. Diabetes 1999; 48: 937-42.

139. Grundy SM, Howard B, Smith S Jr, Eckel R, Redberg R,
Bonow RO. Prevention Conference VI: Diabetes and Car-
diovascular Disease: executive summary. Conference pro-
ceedings for healthcare professionals from a special writing
group of the American Heart Association. Circulation 2002;
105: 2231-9.

140. Vlassara H, Bucala R, Striker L. Pathogenic effects of ad-
vanced glycosylation: biochemical, biologic, and clinical
implications for diabetes and aging. Lab Invest 1994; 70:
138-51.

141. Ross R. The pathogenesis of atherosclerosis: a perspective
for the 1990s. Nature 1993; 362: 801-9.

142. Springer TA. Traffic signals for lymphocyte recirculation
and leukocyte emigration: the multistep paradigm. Cell
1994; 76: 301-14.

143. Ley K, Tedder TF. Leukocyte interactions with vascular en-
dothelium. New insights into selectin-mediated attachment
and rolling. J Immunol 1995; 155: 525-8.

144. Libby P. Current concepts of the pathogenesis of the acute
coronary syndromes. Circulation 2001; 104: 365-72.

145. Richardson PD, Davies MJ, Born GV. Influence of plaque
configuration and stress distribution on fissuring of coro-
nary atherosclerotic plaques. Lancet 1989; 2: 941-4.

146. Lendon CL, Davies MJ, Born GV, Richardson PD. Athero-
sclerotic plaque caps are locally weakened when
macrophages density is increased. Atherosclerosis 1991;
87: 87-90.

147. van der Wal AC, Becker AE, van der Loos CM, Das PK. Site
of intimal rupture or erosion of thrombosed coronary ather-
osclerotic plaques is characterized by an inflammatory
process irrespective of the dominant plaque morphology.
Circulation 1994; 89: 36-44.

148. Poston RN, Haskard DO, Coucher JR, Gall NP, Johnson-
Tidey RR. Expression of intercellular adhesion molecule-1
in atherosclerotic plaques. Am J Pathol 1992; 140: 665-73.

149. Johnson-Tidey RR, McGregor JL, Taylor PR, Poston RN.

R Candido, M Zanetti - Endothelial dysfunction in diabetic vascular disease

717



Increase in the adhesion molecule P-selectin in endothelium
overlying atherosclerotic plaques. Coexpression with inter-
cellular adhesion molecule-1. Am J Pathol 1994; 144: 952-
61.

150. Vogel RA. Cholesterol lowering and endothelial function.
Am J Med 1999; 107: 479-87.

151. Taddei S, Virdis A, Ghiadoni L, Sudano I, Salvetti A. Effects
of antihypertensive drugs on endothelial dysfunction: clini-
cal implications. Drugs 2002; 62: 265-84.

152. Celermajer DS, Sorensen KE, Georgakopoulos D, et al.
Cigarette smoking is associated with dose-related and po-
tentially reversible impairment of endothelium-dependent
dilation in healthy young adults. Circulation 1993; 88:
2149-55.

153. Vita JA, Keaney JF, Jr. Hormone replacement therapy and
endothelial function: the exception that proves the rule? Ar-
terioscler Thromb Vasc Biol 2001; 21: 1867-9.

154. Doshi SN, McDowell IF, Moat SJ, et al. Folate improves en-
dothelial function in coronary artery disease: an effect me-
diated by reduction of intracellular superoxide? Arterioscler
Thromb Vasc Biol 2001; 21: 1196-202.

155. Hambrecht R, Wolf A, Gielen S, et al. Effect of exercise on
coronary endothelial function in patients with coronary
artery disease. N Engl J Med 2000; 342: 454-60.

156. Yki-Jarvinen H. Thiazolidinediones. N Engl J Med 2004;
351: 1106-18.

157. Hornig B, Landmesser U, Kohler C, et al. Comparative ef-
fect of ACE inhibition and angiotensin II type 1 receptor an-
tagonism on bioavailability of nitric oxide in patients with
coronary artery disease: role of superoxide dismutase. Cir-
culation 2001; 103: 799-805.

158. Linz W, Wiemer G, Scholkens BA. ACE-inhibition induces
NO-formation in cultured bovine endothelial cells and pro-
tects isolated ischemic rat hearts. J Mol Cell Cardiol 1992;
24: 909-19.

159. Berkenboom G, Fontaine D, Unger P, Baldassarre S,
Preumont N, Fontaine J. Absence of nitrate tolerance after
long-term treatment with ramipril: an endothelium-depen-
dent mechanism. J Cardiovasc Pharmacol 1999; 34: 547-53.

160. Berkenboom G, Langer I, Carpentier Y, Grosfils K,
Fontaine J. Ramipril prevents endothelial dysfunction in-
duced by oxidized low-density lipoproteins: a bradykinin-
dependent mechanism. Hypertension 1997; 30: 371-6.

161. Candido R, Allen TJ, Lassila M, et al. Irbesartan but not am-
lodipine suppresses diabetes-associated atherosclerosis.
Circulation 2004; 109: 1536-42.

162. Mancini GB, Henry GC, Macaya C, et al. Angiotensin-con-
verting enzyme inhibition with quinapril improves endothe-
lial vasomotor dysfunction in patients with coronary artery
disease. The TREND (Trial on Reversing Endothelial Dys-
function) Study. Circulation 1996; 94: 258-65.

163. O’Driscoll G, Green D, Maiorana A, Stanton K, Colreavy F,
Taylor R. Improvement in endothelial function by an-
giotensin-converting enzyme inhibition in non-insulin-de-
pendent diabetes mellitus. J Am Coll Cardiol 1999; 33:
1506-11.

164. Anderson TJ, Elstein E, Haber H, Charbonneau F. Compar-
ative study of ACE-inhibition, angiotensin II antagonism,
and calcium channel blockade on flow-mediated vasodila-
tion in patients with coronary disease (BANFF study). J Am
Coll Cardiol 2000; 35: 60-6.

165. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G.
Effects of an angiotensin-converting-enzyme inhibitor,
ramipril, on cardiovascular events in high-risk patients. The
Heart Outcomes Prevention Evaluation Study Investigators.
N Engl J Med 2000; 342: 145-53.

166. UK Prospective Diabetes Study Group. Efficacy of atenolol
and captopril in reducing risk of macrovascular and mi-

crovascular complications in type 2 diabetes: UKPDS 39.
BMJ 1998; 317: 713-20.

167. Cheetham C, Collis J, O’Driscoll G, Stanton K, Taylor R,
Green D. Losartan, an angiotensin type 1 receptor antago-
nist, improves endothelial function in non-insulin-depen-
dent diabetes. J Am Coll Cardiol 2000; 36: 1461-6.

168. Dandona P, Kumar V, Aljada A, et al. Angiotensin II recep-
tor blocker valsartan suppresses reactive oxygen species
generation in leukocytes, nuclear factor-kappa B, in
mononuclear cells of normal subjects: evidence of an anti-
inflammatory action. J Clin Endocrinol Metab 2003; 88:
4496-501.

169. Tsutamoto T, Wada A, Maeda K, et al. Angiotensin II type
1 receptor antagonist decreases plasma levels of tumor
necrosis factor alpha, interleukin-6 and soluble adhesion
molecules in patients with chronic heart failure. J Am Coll
Cardiol 2000; 35: 714-21.

170. Cipollone F, Fazia M, Iezzi A, et al. Blockade of the an-
giotensin II type 1 receptor stabilizes atherosclerotic
plaques in humans by inhibiting prostaglandin E2-depen-
dent matrix metalloproteinase activity. Circulation 2004;
109: 1482-8.

171. Dickstein K, Kjekshus J. Effects of losartan and captopril
on mortality and morbidity in high-risk patients after acute
myocardial infarction: the OPTIMAAL randomised trial.
Optimal Trial in Myocardial Infarction with Angiotensin II
Antagonist Losartan. Lancet 2002; 360: 752-60.

172. Dahlof B, Devereux RB, Kjeldsen SE, et al. Cardiovascular
morbidity and mortality in the Losartan Intervention For
Endpoint reduction in hypertension study (LIFE): a ran-
domised trial against atenolol. Lancet 2002; 359: 995-1003.

173. Smith WL, Meade EA, DeWitt DL. Pharmacology of
prostaglandin endoperoxide synthase isozymes-1 and -2.
Ann NY Acad Sci 1994; 714: 136-42.

174. Kharbanda RK, Walton B, Allen M, et al. Prevention of in-
flammation-induced endothelial dysfunction: a novel vas-
culo-protective action of aspirin. Circulation 2002; 105:
2600-4.

175. Hingorani AD, Cross J, Kharbanda RK, et al. Acute sys-
temic inflammation impairs endothelium-dependent dilata-
tion in humans. Circulation 2000; 102: 994-9.

176. Kodama M, Yamasaki Y, Sakamoto K, et al. Antiplatelet
drugs attenuate progression of carotid intima-media thick-
ness in subjects with type 2 diabetes. Thromb Res 2000; 97:
239-45.

177. Skyrme-Jones RA, Meredith IT. Aspirin does not improve
endothelial vasodilator function in type 1 diabetes mellitus.
Diabet Med 2000; 17: 556-7.

178. Davi G, Ciabattoni G, Consoli A, et al. In vivo formation of
8-iso-prostaglandin f2alpha and platelet activation in dia-
betes mellitus: effects of improved metabolic control and
vitamin E supplementation. Circulation 1999; 99: 224-9.

179. Hansson L, Zanchetti A, Carruthers SG, et al. Effects of in-
tensive blood-pressure lowering and low-dose aspirin in pa-
tients with hypertension: principal results of the Hyperten-
sion Optimal Treatment (HOT) randomised trial. HOT
Study Group. Lancet 1998; 351: 1755-62.

180. Collaborative overview of randomised trials of antiplatelet
therapy - I: Prevention of death, myocardial infarction, and
stroke by prolonged antiplatelet therapy in various cate-
gories of patients. Antiplatelet Trialists’Collaboration. BMJ
1994; 308: 81-106.

181. Sacco M, Pellegrini F, Roncaglioni MC, Avanzini F,
Tognoni G, Nicolucci A. Primary prevention of cardiovas-
cular events with low-dose aspirin and vitamin E in type 2
diabetic patients: results of the Primary Prevention Project
(PPP) trial. Diabetes Care 2003; 26: 3264-72.

182. Collaborative meta-analysis of randomised trials of an-

718

Ital Heart J Vol 6 September 2005



tiplatelet therapy for prevention of death, myocardial in-
farction, and stroke in high risk patients. BMJ 2002; 324:
71-86.

183. A randomised, blinded, trial of clopidogrel versus aspirin in
patients at risk of ischaemic events (CAPRIE). CAPRIE
Steering Committee. Lancet 1996; 348: 1329-39.

184. Maron DJ, Fazio S, Linton MF. Current perspectives on
statins. Circulation 2000; 101: 207-13.

185. Sommeijer DW, MacGillavry MR, Meijers JC, Van Zanten
AP, Reitsma PH, Ten Cate H. Anti-inflammatory and anti-
coagulant effects of pravastatin in patients with type 2 dia-
betes. Diabetes Care 2004; 27: 468-73.

186. Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibitors. Arte-
rioscler Thromb Vasc Biol 2001; 21: 1712-9.

187. Sacks FM, Pfeffer MA, Moye LA, et al. The effect of
pravastatin on coronary events after myocardial infarction
in patients with average cholesterol levels. Cholesterol and
Recurrent Events Trial investigators. N Engl J Med 1996;
335: 1001-9.

188. Collins R, Armitage J, Parish S, Sleight P, Peto R. Effects of
cholesterol-lowering with simvastatin on stroke and other
major vascular events in 20536 people with cerebrovascular
disease or other high-risk conditions. Lancet 2004; 363:
757-67.

189. Tan KC, Chow WS, Tam SC, Ai VH, Lam CH, Lam KS.
Atorvastatin lowers C-reactive protein and improves en-
dothelium-dependent vasodilation in type 2 diabetes melli-
tus. J Clin Endocrinol Metab 2002; 87: 563-8.

190. Economides PA, Caselli A, Tiani E, Khaodhiar L, Horton
ES, Veves A. The effects of atorvastatin on endothelial func-
tion in diabetic patients and subjects at risk for type 2 dia-
betes. J Clin Endocrinol Metab 2004; 89: 740-7.

191. Sheu WH, Chen YT, Lee WJ. Improvement in endothelial
dysfunction with LDL cholesterol level < 80 mg/dl in type
2 diabetic patients. Diabetes Care 2001; 24: 1499-501.

192. Sheu WH, Juang BL, Chen YT, Lee WJ. Endothelial dys-
function is not reversed by simvastatin treatment in type 2
diabetic patients with hypercholesterolemia. Diabetes Care
1999; 22: 1224-5.

193. van Venrooij FV, van de Ree MA, Bots ML, Stolk RP, Huis-
man MV, Banga JD. Aggressive lipid lowering does not im-
prove endothelial function in type 2 diabetes: the Diabetes
Atorvastatin Lipid Intervention (DALI) Study: a random-
ized, double-blind, placebo-controlled trial. Diabetes Care
2002; 25: 1211-6.

194. van Etten RW, de Koning EJ, Honing ML, Stroes ES, Gail-
lard CA, Rabelink TJ. Intensive lipid lowering by statin
therapy does not improve vasoreactivity in patients with
type 2 diabetes. Arterioscler Thromb Vasc Biol 2002; 22:
799-804.

195. Tsunekawa T, Hayashi T, Kano H, et al. Cerivastatin, a hy-
droxymethylglutaryl coenzyme a reductase inhibitor, im-
proves endothelial function in elderly diabetic patients
within 3 days. Circulation 2001; 104: 376-9.

196. Mullen MJ, Wright D, Donald AE, Thorne S, Thomson H,
Deanfield JE. Atorvastatin but not L-arginine improves en-
dothelial function in type I diabetes mellitus: a double-blind
study. J Am Coll Cardiol 2000; 36: 410-6.

197. Kersten S, Desvergne B, Wahli W. Roles of PPARs in health
and disease. Nature 2000; 405: 421-4.

198. Marx N, Libby P, Plutzky J. Peroxisome proliferator-acti-
vated receptors (PPARs) and their role in the vessel wall:
possible mediators of cardiovascular risk? J Cardiovasc
Risk 2001; 8: 203-10.

199. Frick MH, Elo O, Haapa K, et al. Helsinki Heart Study: pri-
mary-prevention trial with gemfibrozil in middle-aged men
with dyslipidemia. Safety of treatment, changes in risk fac-

tors, and incidence of coronary heart disease. N Engl J Med
1987; 317: 1237-45.

200. Rubins HB, Robins SJ, Collins D, et al. Gemfibrozil for the
secondary prevention of coronary heart disease in men with
low levels of high-density lipoprotein cholesterol. Veterans
Affairs High-Density Lipoprotein Cholesterol Intervention
Trial Study Group. N Engl J Med 1999; 341: 410-8.

201. Olefsky JM, Saltiel AR. PPAR gamma and the treatment of
insulin resistance. Trends Endocrinol Metab 2000; 11: 362-
8.

202. Aljada A, Garg R, Ghanim H, et al. Nuclear factor-kappaB
suppressive and inhibitor-kappaB stimulatory effects of
troglitazone in obese patients with type 2 diabetes: evidence
of an antiinflammatory action? J Clin Endocrinol Metab
2001; 86: 3250-6.

203. Ghanim H, Garg R, Aljada A, et al. Suppression of nuclear
factor-kappaB and stimulation of inhibitor kappaB by
troglitazone: evidence for an anti-inflammatory effect and a
potential antiatherosclerotic effect in the obese. J Clin En-
docrinol Metab 2001; 86: 1306-12.

204. Mohanty P, Aljada A, Ghanim H, et al. Evidence for a po-
tent antiinflammatory effect of rosiglitazone. J Clin En-
docrinol Metab 2004; 89: 2728-35.

205. Watanabe Y, Sunayama S, Shimada K, et al. Troglitazone
improves endothelial dysfunction in patients with insulin
resistance. J Atheroscler Thromb 2000; 7: 159-63.

206. Quinones MJ, Pampaloni MH, Chon Y, et al. Improvement
of coronary artery endothelial dysfunction in insulin resis-
tant patients after treatment with insulin-sensitizing thiazo-
lidinediones. (abstr) Diabetes 2002; 51 (Suppl 2): A172.

207. Dandona P, Aljada A. Endothelial dysfunction in patients
with type 2 diabetes and the effects of thiazolidinedione an-
tidiabetic agents. J Diabetes Complications 2004; 18: 91-
102.

208. Wang TD, Chen WJ, Lin JW, Chen MF, Lee YT. Effects of
rosiglitazone on endothelial function, C-reactive protein,
and components of the metabolic syndrome in nondiabetic
patients with the metabolic syndrome. Am J Cardiol 2004;
93: 362-5.

209. Pistrosch F, Passauer J, Fischer S, Fuecker K, Hanefeld M,
Gross P. In type 2 diabetes, rosiglitazone therapy for insulin
resistance ameliorates endothelial dysfunction independent
of glucose control. Diabetes Care 2004; 27: 484-90.

210. Stuhlinger MC, Abbasi F, Chu JW, et al. Relationship be-
tween insulin resistance and an endogenous nitric oxide
synthase inhibitor. JAMA 2002; 287: 1420-6.

211. Yang WS, Jeng CY, Wu TJ, et al. Synthetic peroxisome pro-
liferator-activated receptor-gamma agonist, rosiglitazone,
increases plasma levels of adiponectin in type 2 diabetic pa-
tients. Diabetes Care 2002; 25: 376-80.

212. Marx N, Froehlich J, Siam L, et al. Antidiabetic PPAR gam-
ma-activator rosiglitazone reduces MMP-9 serum levels in
type 2 diabetic patients with coronary artery disease. Arte-
rioscler Thromb Vasc Biol 2003; 23: 283-8.

213. Haffner SM, Greenberg AS, Weston WM, Chen H,
Williams K, Freed MI. Effect of rosiglitazone treatment on
nontraditional markers of cardiovascular disease in patients
with type 2 diabetes mellitus. Circulation 2002; 106: 679-
84.

214. Tack CJ, Ong MK, Lutterman JA, Smits P. Insulin-induced
vasodilatation and endothelial function in obesity/insulin
resistance. Effects of troglitazone. Diabetologia 1998; 41:
569-76.

215. Caballero AE, Saouaf R, Lim SC, et al. The effects of trogli-
tazone, an insulin-sensitizing agent, on the endothelial
function in early and late type 2 diabetes: a placebo-con-
trolled randomized clinical trial. Metabolism 2003; 52: 173-
80.

R Candido, M Zanetti - Endothelial dysfunction in diabetic vascular disease

719



216. Sidhu JS, Kaposzta Z, Markus HS, Kaski JC. Effect of
rosiglitazone on common carotid intima-media thickness
progression in coronary artery disease patients without dia-
betes mellitus. Arterioscler Thromb Vasc Biol 2004; 24:
930-4.

217. Charbonnel B, Dormandy J, Erdmann E, Massi-Benedetti
M, Skene A. The prospective pioglitazone clinical trial in
macrovascular events (PROactive): can pioglitazone reduce
cardiovascular events in diabetes? Study design and base-
line characteristics of 5238 patients. Diabetes Care 2004;
27: 1647-53.

218. Pieper GM, Dondlinger LA. Plasma and vascular tissue
arginine are decreased in diabetes: acute arginine supple-
mentation restores endothelium-dependent relaxation by
augmenting cGMP production. J Pharmacol Exp Ther
1997; 283: 684-91.

219. Lerman A, Burnett JC Jr, Higano ST, McKinley LJ, Holmes
DR Jr. Long-term L-arginine supplementation improves
small-vessel coronary endothelial function in humans. Cir-
culation 1998; 97: 2123-8.

220. Khan F, Belch JJ. Skin blood flow in patients with systemic
sclerosis and Raynaud’s phenomenon: effects of oral L-
arginine supplementation. J Rheumatol 1999; 26: 2389-94.

221. Cai H, Harrison DG. Endothelial dysfunction in cardiovas-
cular diseases: the role of oxidant stress. Circ Res 2000; 87:
840-4.

222. Upritchard JE, Sutherland WH, Mann JI. Effect of supple-
mentation with tomato juice, vitamin E, and vitamin C on
LDL oxidation and products of inflammatory activity in
type 2 diabetes. Diabetes Care 2000; 23: 733-8.

223. Reaven PD, Herold DA, Barnett J, Edelman S. Effects of vi-
tamin E on susceptibility of low-density lipoprotein and low-

density lipoprotein subfractions to oxidation and on protein
glycation in NIDDM. Diabetes Care 1995; 18: 807-16.

224. Pinkney JH, Downs L, Hopton M, Mackness MI, Bolton
CH. Endothelial dysfunction in type 1 diabetes mellitus: re-
lationship with LDL oxidation and the effects of vitamin E.
Diabet Med 1999; 16: 993-9.

225. Rimm EB, Stampfer MJ, Ascherio A, Giovannucci E,
Colditz GA, Willett WC. Vitamin E consumption and the
risk of coronary heart disease in men. N Engl J Med 1993;
328: 1450-6.

226. Stephens NG, Parsons A, Schofield PM, Kelly F, Cheese-
man K, Mitchinson MJ. Randomised controlled trial of vit-
amin E in patients with coronary disease: Cambridge Heart
Antioxidant Study (CHAOS). Lancet 1996; 347: 781-6.

227. Yusuf S, Dagenais G, Pogue J, Bosch J, Sleight P. Vitamin
E supplementation and cardiovascular events in high-risk
patients. The Heart Outcomes Prevention Evaluation Study
Investigators. N Engl J Med 2000; 342: 154-60.

228. MRC/BHF Heart Protection Study of antioxidant vitamin
supplementation in 20 536 high-risk individuals: a ran-
domised placebo-controlled trial. Lancet 2002; 360: 23-33.

229. Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T. En-
dothelial dysfunction, oxidative stress, and risk of cardio-
vascular events in patients with coronary artery disease. Cir-
culation 2001; 104: 2673-8.

230. Landmesser U, Harrison DG. Oxidant stress as a marker for
cardiovascular events: ox marks the spot. Circulation 2001;
104: 2638-40.

231. Inoguchi T, Xia P, Kunisaki M, Higashi S, Feener EP, King
GL. Insulin’s effect on protein kinase C and diacylglycerol
induced by diabetes and glucose in vascular tissues. Am J
Physiol 1994; 267 (Part 1): E369-E379.

720

Ital Heart J Vol 6 September 2005


