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Clinical Implications of Endothelial Dysfunction 

CARL J. PEPINE, M.D. 
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Summary: Endothelial dysfunction is increasingly recog- 
nized as an early event in the pathogenesis of cardiovascular 
disease.This observation is consistent with the growing appre- 
ciation of the role of endothelium in maintaining cardiovascu- 
lar health. Endothelial dysfunction and coronary artery disease 
are both linked to hypertension, hypercholesterolemia, diabe- 
tes mellitus, and cigarette smoking. Modification of these con- 
ditions improves both endothelial function and coronary ar- 
tery disease outcomes. Dietary and lifestyle modifications and 
antioxidant vitamin supplementation have a beneficial effect 
on endothelial function, as do angiotensin-converting enzyme 
inhibitors and lipid-lowering agents. Future studies will deter- 
mine whether interventions that specifically target endothelial 
dysfunction can reduce rates of clinical disease. 
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Introduction 

An important area of research focuses on identification of 
mechanisms responsible for physiologic alterations that lead 
to disease. To this end, endothelial dysfunction is increasingly 
recognized as an early component of a variety of cardiovas- 
cular diseases, and many conditions associated with altered 
function of endothelium are also well-established risk factors 
for coronary artery disease (CAD). There is abundant evi- 
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dence that some pharmacologic agents used to treat cardiovas- 
cular diseases, such as hypertension and atherosclerosis, can 
exert direct beneficial effects on endothelium, suggesting that 
at least part of their therapeutic action is associated with im- 
provement in endothelial function. A number of new findings 
about endothelial dysfunction may have potential clinical rel- 
evance. The purpose of this review is to place these findings in 
perspective for the clinician. 

Risk Factors for Endothelid Dysfunction 

Common disorders frequently associated with endothelial 
dysfunction include hypertension, hypercholesterolemia, dia- 
betes mellitus, cigarette smoking, and many others. 

Hypertension 

Persons with essential hypertension have been shown to 
have abnormal endothelium-dependent vascular function. 
This has been documented in studies exhibiting reduced va- 
sodilator response to administration of acetylcholine. I .  This 
effect has been attributed to decreased active endothelium- 
dependent vasodilator nitric oxide In addition to its po- 
tent vasodilator effects, NO inhibits vascular smooth muscle 
cell growth and platelet aggregation. Nitric oxide is synthe- 
sized from L-arginine, and its release from endothelium is in- 
duced by a number of substances, including acetylcholine and 
bradykinin, and in response to processes such as shear stress 
and oxidative stress. 

Although studies of forearm resistance vessels in hyper- 
tensive subjects have failed to demonstrate improvement in 
flow-mediated vasodilation following normalization of blood 
pressure,4* studies in large conduit arteries did show that 
control of hypertension restores the vasodilator response to 
acetylcholine. 

Hypercholesterolemia 

Studies in cholesterol-fed animals have shown dysfunction 
of endothelium-dependent vasodilation both prior to and after 
the development of atherosclerotic lesions6 as well as impair- 
ed response to acetylcholine in rabbit aorta after brief incu- 
bation with low-density lipoprotein (LDL) chole~terol.~ In 
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humans, endotheliuni-dependent vascular relaxation is im- 
paired in hypercholesterolemic patients regardless of the 
presence of other coronary artery risk factors.8, A high-fat 
meal was shown to impair vasoreactivity in normocholester- 
olemic men for up to 6 h.“) Use of an NO synthase inhibitor 
acting on the L-arginine-NO pathway resulted in an increase 
in neointimal thickness and impairment of endothelial func- 
tion in hypercholesterolemic rabbits; the findings suggest that 
the changes in the neointima resulted from factors responsible 
for the initiation and progression of atherosclerosis, including 
monocyte recruitment and adherence, oxidation of LDL, and 
formation of macrophage foam cells.Il It thus appears that en- 
dothelial dysfunction resulting in reduced availability or ac- 
tivity of NO precedes the onset of atherosclerosis.8. Studies 
by Hanison ei L I I .  have shown that endothelial dysfhction in- 
duced by increased levels of LDL is reversible with reduction 
of LDL.” 

Cigarette Smoking 

Studies in healthy young adults have shown that flow- 
mediated brachial artery dilation is impaired in response to 
cigarette smoking in a dose-dependent manner, with those 
smoking 2 20 pack-years having reduced or absent dilation.13 
Other investigations have shown impairment of endotheli- 
uni-dependent dilation of forearm resistance vessels after 
long-term smoking and with hypercholesterolemia; a syner- 
gistic effect of the two conditions occurs in association with 
increases in oxidized LDL.14 The latter finding supports the 
hypothesis that the effects of smoking and increased oxidized 
LDL are associated with alteration of the redox state of the 
vascular wall, particularly in the endothelium. An increase in 
reactive oxygen species is known to inhibit NO-mediated 
vasodilation.Is We have recently shown that coronary endo- 
thelial dysfunction progresses rapidly in smokers compared 
with nonsmokers. 

Diabetes 

Investigations in experimental models of diabetes have 
shown that impairment of endothelium-dependent dilation is 
associated with abnormalities of the NO pathway and in- 
creased endothelial release of constrictor prostanoids that in- 
hibit the effects of NO.17 Patients with noninsulin-dependent 
diabetes have impairment of both endothelium-dependent and 
endothelium-independent dilation, indicating an abnormality 
in the NO pathway.lX. Iy Similarly, patients with insulin-depen- 
dent diabetes mellitus exhibit impaired endothelium-depen- 
dent dilation in forearm resistance vessels that is attributable to 
decreased release or activity 0 f N 0 . ~ ~ .  I y  

Effects of Nonpharmacologic Interventions on 
Endothelial Dysfunction 

The findings by Harrison et NI. IZ strongly suggest that en- 
dothelial dysfunction may be reversible. Given the increasing 

evidence of early derangement of endothelial function in a va- 
riety ofconditions associated with atherosclerosis and CAD. it 
is reasonable to consider endothelium as a likely target for 
therapeutic intervention. 

A number of dietary and lifestyle changes have been 
shown to result in beneficial changes in endothelial function. 
Administration of L-arginine improved endotheliurn-depen- 
dent vasorelaxation and decreased atherosclerosis in hyper- 
cholesterolemic rabbits.20 In other animal studies, L-arginine 
also improved neoendotheliuni-dependent vasodilation and 
reduced neointimal thickening after balloon injury,”, l2 and 
preserved endotheliuni-dependent vasodilation in resistance 
vessels.23 In humans, L-arginine administration has been 
found to improve endothelial function in the coronary circu- 
lati0n,2~ and oral L-arginine supplementation improved en- 
dothelium-mediated flow-dependent dilation in the forearm 
of young subjects with hypercholesterolemia.’s 

Although preliminary findings’O suggest an association of 
high-fat meals with derangement of endothelial function. 
there have been no published studies in humans of the effects 
of low-fat diets in improving damaged endothelium. 

Patients who stop smoking after a myocardial infarction 
(MI) have a lower risk of a recurrent infarction than do those 
who continue smoking. We have shown that among patients 
with CAD with endothelial dysfunction in their coronary ar- 
teries, current smokers have more severe changes than do 
nonsmokers and remote past smokers. and these changes 
progress more rapidly.I6 Other studies have shown that flow- 
mediated dilation in the brachial artery is greater in former 
smokers than in current smokers, suggesting that the smok- 
ing-related impairment in endothelial function is at least part- 
ly reversible.13 

Physical training has been associated with a beneficial ef- 
fect on endothelial function in patients with chronic heart f i i l -  
ure, possibly due to increased endothelial release of NO.”’ 

Use of antioxidants has been associated with improved en- 
dothelial function. A possible mechanism is that antioxidant 
substances counteract oxidative stress; it is known that in- 
creased production ofreactive oxygen species results in inac- 
tivation of NO and impairment of endothelium-dependent di- 
l a t i ~ n . ~ ~  Ascorbic acid, which also prevents oxidation of LDL. 
has been found to reverse endothelial-mediated dilator dys- 
function in the brachial artery of patients with CAD.” I n  
smokers, ascorbic acid reduced oxidant stresslx and monocyte 
adhesion.Z9 The recent Cambridge Heart Antioxidant Study w 
showed that high doses of vitamin E were associated with ;I 

decreased 1 -year incidence of nonfatal MI but not with reduc- 
tion in cardiovascular deaths among a group of patients with 
heart failure largely due to CAD. 

Effects of Pharmacologic Interventions on Endothelial 
Dysfunction 

Lipid-lowering drugs have been shown to improve endo- 
thelial function. Hypercholesterolemic patients had restored 
response to acetylcholine in epicardial coronary arteries after 
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6 months of a cholesterol-reducing diet and cholestyraniine 
The degree of residual vasomotor impairment 

was related to post-treatment cholesterol levels. 
Lipid-lowering therapy with 3-hydroxy-3-methylglutatyl 

coenLyme A (HMG-CoA) reductase inhibitors (statins) is as- 
sociated with areduced risk ofall cardiovascularevents in hy- 
percholesterolemic patients. This clinical benefit may result, at 
least in part, from improvements in endothelial function. The 
use of statins alone or in combination with cholestyramine or 
antioxidant treatment improved vasomotor activity in large 
coronary artery and resistance vessels.32-3s with the benefits 
observed as soon as 4 weeks after initiation of therapy in one 
study.32 The amount of improvement of endothelium-depen- 
dent flow in resistance vessels correlated with the degree of 
lipid lowering. Statins have also been shown to reduce exer- 
cise-induced ischemia, as well as ischemia during daily life. 
after only 6 nionths oftreatment.j6 It is unlikely that the mod- 
est changes noted in CAD progression even after many years 
of statin therapy would account for such early anti-ischemic 
effects. Rather, these observations suggest a more direct early 
effect. such as improved endothelial function. Indeed. this has 
recently been shown to occur in I month.37 

Angiotensin-converting enzyme (ACE) inhibitors have 
been associated with reduced rates of ischemic events in pa- 
tients with left ventriculardysfunction or acute MI and are be- 
ing intensely investigated in patients with CAD without left 
ventricular dysfunction. Angiotensin-converting enzyme con- 
vem angiotensin I to the potent vasoconstrictor, angiotensin 
11: inhibition ofthis process may account for the anti-ischemic 
effects of ACE inhibitors observed in large clinical 
Anpiotensin-converting enzyme also degrades bradykinin, 
a substance that stimulates the L-arginine-NO pathway to in- 
crease production of NO. Thus, ACE inhibition might be ex- 
pected to improve NO-mediated endothelial function. 

The ACE inhibitor enalaprilat was shown to improve 
acet ylcholine-mediated and bradykinin-mediated epicardial 
and microvascular dilation in subjects with CAD or its risk 
factors. but did not affect the activity of the endothelium- 
independent vasodilator nitroprusside.& Subjects with the 
greatest impairment of acetylcholine-mediated dilation ex- 
hibited the greatest improvements with enalaprilat admini- 
stration. In another study, enalaprilat also improved endothe- 
lium-dependent vasodilation with no effect on nitroprusside- 
mediated dilation in femoral arteries of patients with CAD 
or risk factors; again, the degree of potentiation of acetylcho- 
line-mediated dilation was inversely proportional to baseline 
response.15 Administration of the NO-synthase inhibitor 
L-NG monomethyl arginine (L-NMMA) inhibited the dilata- 
tive effects of bradykinin and acetylcholine but not those of 
nitroprusside. In the presence of L-NMMA, enalaprilat did 
not improve bradykinin- or acetylcholine-mediated response, 
indicating that the effect of the ACE inhibitor in improving 
endothelial function resulted from increased NO activity.15 

The Trial on Reversing ENdothelial Dysfunction 
(TREND)l6 showed a significant effect after only 6 months of 
quinapril (40 mg/day) in improving endothelial function 
(compared with placebo) in patients with CAD but with pre- 

served left ventricular function. Overall, the net change in cor- 
onary segment response was significantly greater (p = 0.002) 
among patients who received the ACE inhibitor. Logistic re- 
gression analysis showed that the only independent predictor 
of improved coronary endothelial function was assignment to 
quinapril (p = 0.022).46 The level of improvement in response 
and the short time period (6 months) over which benefit was 
demonstrated were similar to those observed with statins. 
Several subsequent subgroup analyses ofthe response seen in 
the TREND population have been conducted. One repod7 
categorized patients according to whether they had LDL lev- 
els above or below 130 mg/dl. Patientq with higher LDL levels 
who were treated with the ACE inhibitor exhibited the greatest 
improvement in endothelial function, whereas patients with 
LDL levels > 130 mg/dl assigned to placebo exhibited a wors- 
ening of endothelial function over the same time period. An- 
other analysis examining the effect of smoking status found 
that endothelial dysfunction progressed in smokers assigned 
to placebo treatment but not in those assigned to quinapriL4* 

The ability of quinapril to improve endothelid function in 
this patient population suggests that ACE inhibition has the 
potential of exerting beneficial effects to prevent or reduce 
myocardial ischemia, a syndrome also associated with endo- 
thelial dysfunction. Anti-ischemic effects of ACE inhibitors in 
both daily life and exercise-induced ischemic syndromes have 
been reported in small pilot studies.J",sOThe ongoing placebo- 
controlled. randomized, double-blind Quinapril Anti-Ische- 
mia and Symptoms of Angina Reduction (QUASAR) trial 
will assess the effects ofquinapril on ischemia. 

A recent preliminary report indicates that the ACE in- 
hibitor lisinopril also improves endothelial function with 6 
months' administration.51 In this study. hyperlipidemic pa- 
tients received lisinopril20 rng/day or placebo, and forearm 
arterial response to endothelial-dependent (acetylcholine) and 
endothelial-independent (nitroprusside) dilators was assessed 
via plethysmography at baseline and at 6 months. Compari- 
son of the response in the arms that receive infusions with 
those that did not showed that lisinopril treatment was associ- 
ated with a significant increase in vasodilator response to 
acetylcholine, whereas placebo-treated subjects showed dete- 
riorated response to acetylcholine over this brief time period. 

Conclusion 

Endothelial dysfunction and CAD share common risk fac- 
tors, and endothelial dysfunction is present in a variety of cx- 
diovascular pathologic conditions. Growing recognition of the 
importance of endothelium in cardiovascular health and dis- 
ease has made it an increasingly attractive target for therapeu- 
tic intervention. Both nonpharmacologic and pharmacologic 
interventions show promise in improving endothelial dys- 
function, most notably, in the latter category, statins and ACE 
inhibitors. Further study is required to determine whether in- 
tervention targeted at endothelial dysfunction can prevent clin- 
ical expression of disease. 
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