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INTRODUCTION

The worldwide prevalence of diabetes has
continued to increase.  In the year 2000, there were
151 million people with diabetes.  This number is
expected to reach 239 million in 2010, and to 300
million in 2025 (1,2).  Presently, India leads the world
with the largest number of adults with diabetes,
estimated to be 32.7 million (2).

Ischemic heart disease is the leading cause of
morbidity and mortality in patients with type 2
diabetes. Several studies have demonstrated that
patients with type 2 diabetes have an increased risk
for cardiovascular disorders (3-5). The increased risk
is even more significant for women with diabetes
because they seem to lose the protection against
cardiovascular disease afforded to their gender
without diabetes (6,7). Recent data suggests that
patients with diabetes without previous myocardial
infarction have as high a risk of myocardial infarction
as non-diabetic patients with previous myocardial
infarction (8).

Type 2 diabetes is a heterogeneous disorder
characterized by insulin resistance and β cell
dysfunction (9, 10). Insulin resistance in turn is
associated with several risk factors including
hypertension, hypertr iglyceridemia, low HDL
cholesterol, small LDL particles, visceral obesity,
increased fibrinogen, and plasminogen activator
inhibitor 1 (PAI-1).  This constellation of factors has
been variously called insulin resistance syndrome,
metabol ic syndrome, and more recent ly,
cardiovascular dysmetabolic syndrome (11).

Atherosclerosis,  the pathologic basis of
development of macrovascular disease, occurs

prematurely and is more severe in patients with
diabetes.  The emerging data suggests that
endothelial cell dysfunction plays a key role in the
initiation of atherosclerotic vascular disease (12).
This article reviews briefly, the basic pathophysiology
of endothelium and alteration of endothelial function
in patients with type 2 diabetes from a clinical
perspective.

PATHOPHYSIOLOGY OF ENDOTHELIUM

It is now generally accepted that vascular
endothelium is not a simple barrier between the
lumen and the vessel wall.  In addition to providing a
smooth nonthrombogenic surface and a permeability
barrier, it also synthesizes and releases a number
of vasoactive substances that modulate smooth
muscle function and structure (13).  Vasodilating and
vasoconstricting agents produced by vascular
endothelium not only control and alter vascular tone,
but can also affect platelet adhesion and aggregation,
influence thrombogenecity of blood, smooth muscle
cell proliferation and ultimately the development of
atherosclerosis (14,15). Some of the vasodilator
factors produced by the endothelium include nitric
oxide (NO), prostacyclin (PGI2), bradykinin, and the
endothel ial  derived hyperpolar iz ing factor.
Constricting agents include endothelin, superoxide
anion, local ly produced angiotensin I I ,  and
thromboxane (14).

Injury to the endothelial cell resulting primarily
from the increased oxidative stress within the
endothelium (16) leads to activation of cytokines, and
expression of adhesion molecules such as vascular
cell adhesion molecule (VCAM-1), intracellular
adhesion molecule (ICAM-1) and endothelial
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leukocyte adhesion molecule (ELAM), which attracts
monocytes to adhere to the surface of the
endothelium (17). This is followed by infiltration of
mononuclear cells into the vessel wall, formation of
l ip id laden foam cel ls and development of
atherosclerotic plaque (18). The endothelium thus
plays a cr i t ical  role in the development of
atherosclerotic plaques.

ASSESSMENT OF ENDOTHELIAL FUNCTION

Early experiments of Furchgott and Zawadzki (19)
established that the vasodilation of isolated rabbit
aortic rings induced by acetylcholine was mediated
by an endothelium derived relaxing factor (EDRF).
Denudation of endothel ial  cel ls abol ished
acetylcholine mediated vasodilation.  Subsequently
the EDRF was identified as nitric oxide (20).  Since
then, a variety of agents have been shown to
stimulate the synthesis and release of NO from the
endothel ium, including serotonin, thrombin,
bradykinin, vasopressin, and norepinephrine (21).
The action of these agents is mediated by activation
of the enzyme NO synthase.  In contrast, the enzyme
NO synthase can be inhibited by a variety of arginine
analogs such as NG-monomethyl L-arginine (L-
NMMA) (22).  Endothelium dependent relaxation can
be studied in human coronary circulation by injecting
acetylcholine or L-NMMA directly in to the coronary
arteries (23, 24).  In normal, healthy vessels, intra-
arterial administration of acetylcholine results in
vasodilatation and is indicative of the normally
functioning intact endothelium.  In patients with
vessels diseased by atherosclerosis, or in the
presence of risk factors for atherosclerosis infusion
of acetylchol ine may paradoxical ly cause
vasoconstriction (23, 25).  Endothelial function may
also be studied by direct intra-arterial infusion of
acetylcholine in a limb artery. At least a modest
correlation exists between the endothelial function
in the coronary and peripheral circulations (14, 26).
Endothelial independent vasodilation can be
evaluated by administration of direct vasodilators
such as nitroglycerin or sodium nitroprusside.

However, intra-arterial injection into a peripheral
or coronary vessel is at least moderately invasive.
In clinical studies, therefore, the ability of brachial
artery to dilate in response to reactive hyperemia
has been used as an index of the endothelial function
(27).  In this procedure, brachial artery blood flow is

determined by ultrasound at rest (baseline). The
brachial artery blood flow is then stopped for a brief
period (3 to 5 minutes) by inflating a blood pressure
cuff above the systolic pressure.  After the cuff is
deflated, brachial artery diameter and blood flow is
determined. The increase in brachial artery blood
flow and the increase in the brachial artery diameter
is an endothelial dependent function.  Impairment of
endothelial function results in decreased dilatation
of brachial artery, and a diminished (or no) increase
in blood flow.

MECHANISMS FOR ENDOTHELIAL DYSFUNCTION
IN DIABETES

A number of changes occur in the endothelial cell
function in patients with diabetes, which results in
alterations of vascular tone, facilitate plaque
formation and promote thrombosis. These changes
include decreased nitric oxide activity and decreased
prostacyclin release, whereas there is increased
level of endothelin-1, increased adhesion molecule
expression, increased platelets and monocyte
adhesion, increased procoagulant activity, advanced
glycosylated end products, impaired fibrinolytic
activity, and impaired degradation of glycosylated
fibrin (28).  Increased endothelin-1 levels leading to
vasoconstriction have been demonstrated in patients
with diabetes mellitus. Endothelin-1 levels are also
directly related to plasma glucose levels.  NO release
and function are also impaired, which seems to be
dependent on hyperglycemia and genetic factors. In
addition, enhanced vascular permeability is seen in
diabetes.  The latter appears to be related to impaired
endothelial cell relaxation, reactive oxygen species,
as well as advanced glycation products (29). Role
of the renin angiotensin system in the regulation of
endothelial function deserves a special mention
because the beneficial role of angiotensin converting
enzyme (ACE) inhibitors in the treatment of diabetic
nephropathy is well established (30). Presence of
microalbuminuria has a close association with
endothelial dysfunction (31). This had lead Deckert
to propose that albuminuria reflects a widespread
vasculopathy of the micro and macrocirculation that
is a consequence of generalized endothelial
dysfunction (31). Initial microalbuminuria is now
regarded as an independent predictor of subsequent
progression of nephropathy and r isk for
cardiovascular morbidity and mortality (32, 33).
There are two renin angiotensin systems (RAs) that
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regulate the endothelial function, the circulating RAs
and the tissue RAs.  Approximately 90% of ACE is
found in tissues, where as 10% of ACE circulates in
plasma (34, 35).  Angiotensin I I  is a potent
vasoconstrictor and has been directly implicated in
the generation of superoxide anion in the smooth
muscle cells (36). Angiotensin II regulates a
membrane bound flavin containing NADH/NADPH
oxidase that produces oxygen radicals (37).  It has been
postulated that ACE inhibitors, besides their well known
hemodynamic effects, could participate in the reduction
of oxidative stress in the vessel wall (36).

ENDOTHELIAL FUNCTION IN INSULIN
RESISTANCE AND DIABETES

It is now generally accepted that several years may
elapse during which abnormalities of insulin secretion
and action can be detected before a clinical diagnosis
of diabetes is made. During this “prediabetic” phase,
hyperinsulinemia (38, 39) and increased risk factors
for coronary artery disease are present (40, 41). In
agreement with this concept of “ticking clock”, as
suggested by Haffner et. al. (41) abnormalities of
endothelial dysfunction can be detected before the
carbohydrate intolerance becomes evident (42, 43).
Anastasious et. al. (42) demonstrated that a group of
women with previous gestational diabetes, but with
normal glucose tolerance at the time of testing, had
impaired endothelial function as demonstrated by flow
mediated dilatation.  Defects in the vasodilatory reserve
have been observed in normoglycemic women for an
average of eight years after gestational diabetes (43).  It
has been hypothesized that impaired endothelial function
may be part of the insulin resistance syndrome, which
may persist in women with previous gestational diabetes,
despite the presence of euglycemia. This is consistent
with the observations that women with a history of
gestational diabetes continue to exhibit defects in insulin
secretion and action (44).

As previously mentioned, insulin resistance is an
integral metabolic abnormality in patients with type 2
diabetes (9,10).  Insulin resistance can be demonstrated
in obese individuals (45) and in individuals who are
destined to become diabetic (41).  Steinberg et. al. have
demonstrated impaired endothelial function in patients
with obesity (46). More recently, Caballero et. al. (47)
demonstrated reduced vasodilatory response to
acetylcholine in healthy normoglycemic subjects with a
history of diabetes in one or both parents (relatives) and

subjects with impaired glucose tolerance.  Results of
studies by Steinberg and Caballero suggest that
abnormalities in vascular reactivity are present early in
individuals at risk of developing type 2 diabetes.

Williams et. al. (48) demonstrated that
hyperglycemia induced by infusion of 50% glucose in
normal individuals resulted in impaired endothelial
function as determined by methacholine induced
vasodilation.  However, since glucose infusion was also
accompanied by an increase in insulin levels, the insulin
could have been a confounding factor.  Even when
insulin levels were held constant by an octreotide
infusion, hyperglycemia was still accompanied by
impaired vasodilation.  The same group (49) and others
(50) have also demonstrated impaired NO mediated
vasodilatation in patients with type 2 diabetes.  Hogikyan
et. al. also demonstrated specific endothelial cell
dysfunction in patients with type 2 diabetes independent
of obesity (51).

Some studies evaluating endothelial function have
also demonstrated impaired endothelial function in
patients with type 1 diabetes (52, 53, 54).  Johnstone
et. al. (52) observed impaired vasodilation in response
to methacholine, while Calver et. al. (53) and Elliott et.
al. (54) observed reduced vasoconstrictor response to
NO synthase antagonist L-NMMA.  On the other hand,
some studies failed to demonstrate endothelial
dysfunction in patients with type 1 diabetes (55, 56).  In
the studies which failed to demonstrate endothelial
dysfunction, patients with detectable microalbuminuria
were excluded.  Since the presence of microalbuminuria
correlates with severity of endothelial dysfunction,
exclusion of these patients may explain the discrepancy
noted among these studies.

Studies of patients with type 2 diabetes mellitus
being treated with various therapeutic agents have
suggested an improvement in endothelial function. In a
study by Murakami et. al. (57) ten patients with
spontaneous or provoked coronary vasospasm, who
were receiving conventional medications for
vasospastic angina pectoris, were also treated with 400
mg of troglitazone daily (an insulin sensitizer) for four
months.  Anginal episodes and anginal duration were
significantly reduced.  Flow mediated endothelium
dependent vasodilatation was improved after use of
troglitazone.  This study, therefore, suggests that
reduction of insulin resistance is accompanied by
improvement in endothelial function, which in turn may
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lead to improvement in vasospastic angina.  Avena et.
al. (58) demonstrated in patients with peripheral vascular
disease and impaired glucose tolerance an abnormal
response to hyperemia, which was normalized after
treatment with troglitazone.  Comancini et. al. (59) also
reported a beneficial effect of troglitazone, which was
accompanied by resistance of LDL to be oxidized
compared with placebo.  These investigators concluded
that in type 2 diabetes, troglitazone may slow down the
development of atherosclerosis by modifying LDL-
related atherogenic events.  The beneficial effect of
troglitazone, however, has not been confirmed in all the
studies.  Tack et. al. (60) evaluated the effects of
troglitazone in fifteen, obese subjects in a double-blind
cross over trial.  The obese subjects were insulin
resistant, but had normal endothelial function.  Although
treatment of troglitazone resulted in improved insulin
sensitivity, it had no effect on endothelium dependent
or independent vascular responses.  Therefore, it
appears that the insulin sensitizers may have a
beneficial effect on the endothelial function although this
finding is not universal.  The role of insulin sensitizers
in the development of atherosclerosis, therefore,
deserves further study.  Moreover, troglitazone has now
been removed from the U.S. and other markets and
studies with other thiazolidinediones (Pioglitazone and
Rosiglitazone) are also needed to determine if this effect
is mediated through improvement in insulin resistance
or is it specific for troglitazone.

The effect of metformin on the endothelial function
has also been studied.  Although metformin lowers blood
glucose predominantly by decreasing hepatic glucose
output, it also improves insulin sensitivity (61, 62).
Mather et. al. (63) studied the effect of treatment with
metformin in patients with type 2 diabetes mellitus and
observed that metformin treatment improved both insulin
resistance and endothelial function.

Treatment with insulin is essential in patients with
type 1 diabetes and is frequently also needed in type 2
patients.  Insulin mediated glucose uptake is dependent
on the arteriovenous glucose difference and blood flow
into the muscle.  Insulin is known to have a specific
action to vasodilate skeletal muscle vasculature (64,
65).  The vasodilatory action of insulin is mediated by
endothelium dependent nitric oxide (66, 67).  The
decreased insulin sensitivity in patients with insulin
resistance such as obesity is not only due to lower
glucose extraction in insulin sensitive tissues, but also

to lower blood flow in these tissues.  Administration of
insulin partially restores endothelium dependent
relaxation (68).

Many of the components of the “cardiac dysmetabolic
syndrome” also exert their atherosclerotic effects through
their actions on the endothelium.  Endothelial dysfunction
has been demonstrated in hypertension (69, 70), and
hyperlipidemia (71, 72).  It has been speculated that
loss of endothelial dependent vasodilatation and
increased vasoconstriction may be etiological factors in
hypertension (73).  In regards to lipids, a single high fat
meal demonstrated an adverse affect on endothelial
function (72) and improvement in forearm blood flow was
observed in hypercholesterolemic subjects after LDL
apheresis (71).  Therapies that reduce lipid levels have
also been shown to improve endothelial function (74).
Andersen et. al. (74) randomized hypercholesterolemic
subjects to three different treatment groups; diet alone,
a group receiving lovastatin and probucol, and the third
group receiving lovastatin plus cholestyramine. The two
groups receiving pharmacologic therapy showed a
significant reduction in LDL-C levels and a significant
improvement in vasomotor response to administration
of acetylcholine. A review of literature reveals substantial
evidence that a group of lipid lowering agents (statins)
can improve endothelial function (75, 76, 77).  However,
each specific agent may have variable effects.  At least
one trial with simvastatin in patients with type 2 diabetes,
however, failed to show any effect on flow mediated
vasodilatation (78). The Armed Forces Regression
Study (79) also failed to show an improvement in flow
mediated vasodilatation when hyperlipidemic subjects
were treated with gemfibrozil and if necessary with
niacin and/or cholestyramine. On the other hand,
treatment with ciprofibrate for three months was
accompanied by improvement in fasting and
postprandially measured endothelial function with an
improvement in serum triglyceride and HDL cholesterol
concentration (80).

CLINICAL STUDIES WITH ACE INHIBITORS

Several clinical studies have demonstrated that
treatment with ACE inhibitors leads to improvement of
endothelial function.  The TREND (Trial on Reversing
Endothelial Dysfunction) in a six-month, double-blind
placebo controlled study in 129 normotensive adults
with coronary artery disease demonstrated that subjects
randomized to quinapril showed a net increase in the
mean diameter of target segment of coronary arteries in
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response to acetylcholine, where as placebo group
showed no response (81).  In a sub-group of TREND
patients, coronary blood flow was measured using a
doppler flow wire.  At baseline, placebo and quinapril
groups had similar endothelium dependent flow
responses.  After treatment with quinapril, endothelium
dependent flow increased in the treatment group, but
remained unchanged in the placebo group (82).

The BANFF trial was an open-label, short-term
trial comparing the effects of quinapril, enalapril,
losartan, and amlodipine on endothelial function
assessed by reactive hyperemia to determine flow
mediated dilation of brachial artery.  The quinapril
group had significantly improved flow mediated
vasodilatation.  None of the other groups showed
significant improvement although some improvement
was seen with losartan and amlodipine (83).

More recently, HOPE study (84), conducted at
267 research centers in 19 countries, assessed the
role of an ACE inhibitor, ramipril, in patients at high
risk for cardiovascular events but who did not have
left ventricular dysfunction (ejection fraction >40%).
A total of 9297 patients, age = 55 years, who had
evidence of vascular disease or had diabetes plus
one other risk factor, were randomized to ramipril
10 mg daily, vitamin E 400 IU daily or placebo.  There
was a 4.5-year follow up.  In this study, ACE inhibition
(with ramipril) was associated with a significant risk
reduction for cardiovascular death (25%), stroke
(31%), revascularization (16%) and new onset of
diabetes (32%).  A significant decrease in the new
onset of diabetes was an unexpected finding and will
be further investigated in subsequent studies.  It was
postulated that beneficial effects may have been
mediated by improved insulin sensitivity, a decrease
in hepatic clearance of insulin, an anti-inflammatory
effect, improved blood flow to the pancreas, or an
effect on the abdominal fat.

However, the effects of ACE inhibit ion on
endothelial function in type 2 diabetes and/or insulin
resistance are not clear.  In a short-term study,
O’Driscoll et. al. (85) evaluated the effects of enalapril
in 10 subjects with type 2 diabetes.  Enalapril
increased the endothelium dependent vasodilatory
response to acetylcholine and L-NMMA and sodium
nitroprusside.  In this study, ACE inhibition improved
basal and stimulated NO dependent, endothelial
function.  On the other hand, Bijlstra et. al. (86) were

unable  to document a benefic ial  ef fect on
endothelium dependent blood flow in a 6-month study
in patients with type 2 diabetes and hypertension.
Further studies are needed to clarify the effects of
ACE inhibitors on the endothelial function in patients
with diabetes mellitus.

SUMMARY AND CONCLUSION

Macrovascular disease is the major cause of morbidity
and mortality in patients with type 2 diabetes.
Endothelium not only serves as a barrier between the
lumen and vessel wall, but also secretes several
vasoactive substances.  Injury to endothelium plays
a critical role in the development of atherosclerosis,
a process which occurs prematurely and at an
accelerated rate in patients with diabetes.  Endothelial
dysfunction has been demonstrated in patients with
insulin resistance, “prediabetic individuals (i.e.
subjects who subsequently became diabetic and in
women with a previous history of gestational
diabetes), patients with overt type 2 diabetes
independent of obesity, as well as in patients with
hyperlipidemia and hypertension.  Several drugs
associated with lowering cardiovascular risk, such as
statins and ACE inhibitors have been shown to
improve endothelial function and may exert their
beneficial effects through their effects on the
endothelium.
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