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Summary: Endothelial dysfunction is recognized as the initial step in the atherosclerotic 

process. To date, most interventions attempting to improve endothelial dysfunction have targeted 

one or more of the numerous risk factors that can cause endothelial damage: hypertension 

(angiotensin-converting enzyme inhibitors and calcium antagonists), hypercholesterolemia 

(lipid-lowering agents), cigarette smoking (cessation), sedentary lifestyle (increased physical 

activity), menopause (estrogen replacement therapy), and diabetes mellitus (control of associated 

metabolic abnormalities). Interventions targeted specifically to the endothelium remain 

speculative, as the precise mechanisms of endothelial dysfunction are still being elucidated. 

Several pharmacologic agents have been suggested to achieve vascular protection through 

mechanisms that go beyond their primary therapeutic (e.g., hypotensive or hypocholesterolemic) 

actions; examples of these are angiotensin-converting enzyme inhibitors or HMG-CoA reductase 

inhibitors. Beneficial changes to the endothelium might result from promotion of vasorelaxation, 

inhibition of vasoconstriction, reduction in the production of free radicals, or other mechanisms 

that protect the endothelium from injury.  
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Introduction That a paper can address itself to interventions targeted to the endothelium tells 

how far we have come since 1980, when Furchgott and Zawadzki reported that acetylcholine-

induced vasodilation occurs only in the presence of an intact endothelium. 1 We now recognize 

that the endothelium-mediated vasodilation observed by Furchgott and Zawadzki is largely due 

to endothelium-derived nitric oxide (NO), a single molecule with profound effects on 

cardiovascular physiology. Impairment of endothelial vasodilator function is now established as 

a major contributor to cardiovascular disease, and accumulating evidence indicates that strategies 

for restoring endothelial function can have important therapeutic effects.  

Risk Factors for Endothelial Dysfunction Occupying an anatomic position that is both 

strategic and vulnerable, the endothelium is a target organ for the damaging effects of 

hypertension, diabetes, and hyperlipidemia, as well as for vascular injuries and mechanical 

stresses.2  

Hypercholesterolemia and Atherosclerosis  

The possible links between hypercholesterolemia, atherosclerosis, and vascular reactivity began 

to be examined in the 1980s. Hypercholesterolemia was recognized as a determinant in the 

pathogenesis of atherosclerosis, and endothelium-mediated relaxation was observed to be 

impaired in hypercholesterolemic vessels.3, 4 Hypercholesterolemia enhances the response to 

vasoconstrictor agonists and attenuates endothelium-dependent relaxation in isolated vessels and 



in vivo.5 Reduced activity of endothelium-derived NO in hypercholesterolemic vessels may be 

an initiating factor in atherogenesis. Endotheliumderived NO is now recognized to inhibit several 

pathologic processes that are critical to the development of atherosclerosis. These include 

monocyte adherence and chemotaxis, platelet adherence and aggregation, and vascular smooth 

muscle proliferation.  
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Zeiher et al.7 described a progression of endothelial dysfunction in coronary arteries that begins 

with hypercholesterolemia (Table I). They demonstrated a hierarchy of impairment, with 

progressive endothelium-mediated alterations in coronary vasomotor tone paralleling the 

development of early atherosclerosis, culminating in complete loss of endothelium-mediated 

vasodilation in atherosclerotic coronary arteries. The vasodilatory response to increased blood 

flow was the last function to be lost, not occurring until myointimal thickening of the arterial 

wall could be seen on angiography.7 At least early in the process, endothelial dysfunction is 

reversible by administration of the NO precursor, L-arginine, to hypercholesterolemic 

individuals.6  

Hypertension  

Hypertension alters endothelial morphology and function. Platelets and monocytes interact with 

endothelial cells to a greater degree than in normotensive control vessels,2 and endothelium-

dependent vascular relaxation is reduced.8 In a number of earlier studies, antihypertensive 

therapy was unable to restore normal endothelium-dependent vascular relaxation in resistance 

vessels in patients with essential hypertension when blood pressure was normalized. The 

vasodilator response to acetylcholine was blunted even in patients who had received appropriate 

medical therapy.9 The endothelial vasodilator dysfunction observed in subjects with essential 

hypertension appears to be due to a defect in the NO synthase pathway that is not reversible by 

administration of the NO precursor, L-arginine.6  

Aging  

The effect of aging on endothelium-dependent vasodilation of resistance coronary arteries in 

humans is characterized by significantly decreased coronary blood flow response to 

acetylcholine. In contrast, increasing age alters the response to papaverine, a direct smooth 

muscle dilator, only modestly. 10 Age-related decreases in the production or responsiveness of 

NO, increases in the production or responsiveness to vasoconstricting factors, or increased 

degradation of NO in the blood vessel wall may contribute to this effect.11 One study12 of 

healthy men and women without vascular risk factors indicated that patterns of age-related 

vascular injury differ according to gender. Loss of flow-mediated dilation correlated with age in 



both men and women. The decline began in men toward the end of the fourth decade, whereas in 

women, flow-mediated dilation did not begin to decline until after the early fifties. By the age of 

65 years, endothelial dysfunction was apparent in almost all subjects.12  

Cigarette Smoking  

Vasoconstriction,13 platelet aggregation,14 and increased monocyte adhesion15 are but a few of 

the effects of cigarette smoking that lead to increased risk of atherosclerosis and other 

cardiovascular diseases. After subjects have smoked cigarettes, there is a doubling in the number 

of circulating endothelial cells in peripheral blood vessels (presumably reflecting increased 

turnover and desquamation of the endothelium).16 Even young, healthy, light smokers are 

vulnerable to endothelial damage. Endothelial dysfunction has been reported in the systemic 

arteries of light smokers beginning with adolescence, and physiologic abnormalities increased 

with increasing amount and duration of smoking. The threshold for smoking dose and 

endothelial dysfunction appeared to be ³20 pack-years.17 The endothelial vasodilator 

dysfunction observed in smokers is partially reversible by administration of L-arginine.6  

Menopause  

The Nurses’ Health Study cohort18 provided valuable data on some of the issues involving 

menopause and cardiovascular risk. Women found at highest risk of coronary heart disease were 

those who had undergone bilateral oophorectomy without receiving estrogen replacement 

therapy; those given estrogen replacement after oophorectomy demonstrated no excess risk, nor 

did women who had undergone natural menopause. Menopause, whether natural or surgically 

induced, was strongly associated with an increased risk of atherosclerosis— that is, detection of 

calcium deposits in the abdominal aorta— in a study comprising more than 600 women.19 The 

risk of atherosclerosis showed an increased trend with the number of postmenopausal years.  

TABLE I Progression of endothelial dysfunction Findings on angiography; Stage of 

atherosclerosis Hierarchy of impairment Normal coronary arteries; no risk factors for CAD 

(controls) Increased epicardial artery luminal area in response to ACh, sympathetic stimulation, 

increased coronary flow Normal coronary arteries; hypercholesterolemia; elevated Selective 

endothelial dysfunction: vasoconstriction in response to LDL cholesterol ACh; preserved 

vasodilation in response to sympathetic stimulation and increased coronary flow 

Angiographically normal segment of coronary artery; Lost ability to dilate in response to ACh 

and sympathetic stimulation; but disease elsewhere in coronary system flow-dependent dilation 

intact Diseased segment of coronary artery Loss of endothelium-mediated vasoactive functions; 

vasoconstriction to sympathetic stimulation Abbreviations:ACh = acetylcholine, CAD = 

coronary artery disease, LDL = low-density lipoprotein. Adapted from data in Ref. No. 7.  
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Diabetes Mellitus  

Vascular disorders are highly prevalent in persons with diabetes and may take several forms: 

accelerated atherosclerosis, occurring earlier in diabetic patients than in their healthy 



counterparts and tending to be more severe and more diffuse;20 thrombosis; hypertension; and 

hyperlipidemia.21 The common cellular denominator in this varied pathology may be endothelial 

cell dysfunction. Exposure to elevated levels of glucose may contribute to the aberrations of 

endothelium seen in persons with diabetes. 21 When exposed to increased concentrations of 

glucose in vitro, rings of isolated normal rabbit aorta are unable to relax normally in response to 

acetylcholine.22 Reduced production of NO does not appear to be the cause of the impaired 

vasorelaxation. Rather, a vasoconstrictor prostaglandin may be elaborated in response to glucose 

and overcomes the normal vasodilatory effect of NO released by the endothelium. 

Cyclooxygenase inhibitors restored impaired acetylcholineinduced relaxation in the aortae of 

diabetic and normal rabbits exposed to elevated glucose in vitro.21 In humans, the administration 

of vitamin C improves endothelium-dependent vasodilation, presumably by virtue of its 

antioxidant effects.6  

Sedentary Lifestyle  

A lack of exercise generally is considered a risk factor for atherosclerosis independent of its 

negative effects on body weight, blood pressure, and serum lipid values.11 Chronic 

immobilization or lack of adequate physical activity, whether by choice or as a result of disease, 

may be associated with reduced expression of NO synthase and thereby decreased synthesis of 

NO.23 So important has physical activity and exercise come to be regarded in maintaining 

cardiovascular integrity that the American Heart Association has issued a position statement on 

its benefits.24 The statement affirms that physical inactivity is a recognized risk factor for 

coronary artery disease and has been related to increased cardiovascular mortality.  

Asymmetric Dimethylarginine  

Asymmetric dimethylarginine (ADMA), an endogenous competitive inhibitor (i.e., antagonist) of 

NO synthase, reduces the conversion of L-arginine to NO and citrulline. It normally circulates in 

plasma in humans and is usually excreted unchanged in urine. Elevated levels of ADMA inhibit 

endothelium-dependent vasodilation, an effect that has been reversed by administration of 

exogenous L-arginine.25 Elevated circulating levels of ADMA have been observed in 

hypercholesterolemic rabbits,26 in young hypercholesterolemic humans,27 and in patients with 

chronic renal failure.25  

Homocysteine  

Elevated levels of homocysteine are associated with premature atherosclerosis. Indeed, nearly 

one third of persons with premature coronary, carotid, or peripheral arterial disease have elevated 

plasma levels of homocysteine.28 Homocysteine may accelerate atherosclerosis by inducing 

endothelial dysfunction. Infusions of homocysteine have been shown to induce endothelial 

denudation. In children with homocystinuria (who are at risk for premature atherosclerosis), a 

dysfunction in endothelial vasodilation can be observed prior to the onset of symptoms of 

atherosclerosis.29 Administration of folate (in doses >800 μcg) is known to reduce homocysteine 

levels; whether this improves endothelial vasodilator function is under study.  

Potential Interventions in Endothelial Dysfunction  



With knowledge of endothelial mechanisms and diagnostic methods still evolving, interventions 

are governed by the manifestations of endothelial dysfunction rather than by the dysfunction per 

se. Although interventions targeted exclusively at the endothelial monolayer may be developed 

in the future, some currently available measures have shown promise in improving endothelial 

dysfunction.  

Nonpharmacologic Interventions  

Low-cholesterol diet: Cynomolgus monkeys fed a high-fat diet develop hypercholesterolemia 

and, over time, atherosclerotic lesions similar to those in humans. When placed back on a normal 

chow diet for several months, vascular lesions regress, with marked reduction in the amount of 

lipid-laden macrophages in the lesion. Moreover, dietary treatment restored impaired 

endothelium-dependent vascular relaxation. The mechanism by which endothelium-dependent 

vascular relaxation was restored by cholesterol lowering is still undefined.30 Functional changes 

and regression of atherosclerosis may occur at different rates and to different degrees in different 

parts of the vascular bed. Limb blood flow during regression in atherosclerotic arteries of 

monkeys improved to a greater degree than did hyperresponsiveness of large arteries to 

serotonin. 31 Fish oil: It became known in the 1970s that consumption of large quantities of 

marine fish oils appeared to result in a low incidence of coronary artery disease. Fatty acids in 

marine fish, particularly cold water fish, differ chemically from those of land animals and those 

contained in vegetable oils—a greater percentage of marine-derived fatty acids are 

polyunsaturated, and they are less vulnerable to oxidation. Eicosapentaenoic acid and 

docosahexaenoic acid in marine lipids can substitute for arachidonic acid. Like arachidonic acid, 

they can be converted into an active form of prostacyclin (a vasodilator and inhibitor of platelet 

aggregation). Unlike arachidonic acid, they are converted into an inactive form of thromboxane 

(the vasoconstrictor and platelet agonist). Therefore, these omega- 3 fatty acids shift the balance 

in the arachidonic acid cascade to the side of the vasodilator/platelet antagonist prostacyclins. 

Some effects attributed to marine fish oils included lowered levels of triglycerides, total 

cholesterol, and very-low-density lipoprotein cholesterol; reduced platelet aggregation; and 

prolonged bleeding time.32 Monkeys fed an atherogenic diet with half the fat-derived calories 

from fish oil showed evidence of reduced superoxide anion production in coronary artery 

endothelium after 1 h of ischemia and 2 h of reperfusion.33 Swine fed a high-fat diet develop an 

endothelial vasodilator dysfunction that is reversible by treatment with fish oil.6 Exercise: 

According to a study of patients whose physical activity was limited by congestive heart failure, 

flow-dependent dilation can be enhanced by physical training. After 4 weeks of hand-grip 

training, flow-dependent dilation was restored, most likely by increased endothelial release of 

NO. The effect of physical training was local, however, being limited to the trained arm, and 

lasted for only 6 weeks.23 Smoking cessation: The improvements in vascular function that 

follow cessation of cigarette smoking partially reverses the adverse effects of cigarette smoking 

on the vasculature. Endothelial dysfunction improves with smoking cessation. Flow-mediated 

dilation was observed to be better in male former smokers than in current smokers, albeit 

impaired in both groups.17 The lipid profile also benefits from smoking cessation: high-density 

lipoprotein (HDL) cholesterol and apolipoprotein A-1 increase, whereas triglycerides decrease. 

An increase in lipoprotein lipase correlated significantly with the increase in HDL cholesterol.34 

Moreover, the increased risk of myocardial infarction conferred by smoking decreases to the 

level of men who never smoked within a few years after tobacco cessation.35 Antioxidant 



supplements: Because oxidation of low-density lipoprotein (LDL) cholesterol contributes to 

endothelial dysfunction, investigators have reasoned that a diet rich in antioxidants may be 

protective.2 Results of clinical studies have not consistently shown a benefit, however. In one 

trial of hypercholesterolemic patients, 1 month of treatment with relatively high doses of beta-

carotene and vitamin C and E supplements delayed the onset of oxidation of LDL and decreased 

the maximal rate of LDL oxidation, but endothelial function was still impaired.36 Nonvitamin 

antioxidants, antioxidant enzymes, or concomitant reduction in LDL levels may be required to 

improve endothelium-dependent vasodilation in hypercholesterolemic patients. Other 

investigators reported that vitamin C reversed endothelial dysfunction in the brachial circulation 

of patients with coronary artery disease. In a placebo-controlled, blinded study,37 oral 

administration of 2 g of ascorbic acid restored endothelium-dependent vasodilation. L-Arginine 

supplementation:With the recognition of NO as the major mediator of endothelium-dependent 

relaxation, interest began to center on L-arginine, the precursor of NO. Investigators 

hypothesized that increasing the availability of L-arginine might enhance synthesis of NO and 

thereby promote vasodilation.5 The first evidence that L-arginine might have an antiatherogenic 

effect came from a study of hypercholesterolemic rabbits whose diet was supplemented with an 

average sixfold increase in daily L-arginine intake.38 Compared with lesions of 

hypercholesterolemic controls, atheromatous lesions in the thoracic aortae of the L-arginine-

supplemented animals had markedly decreased surface area and reduced intimal thickness. 

Endothelium-dependent relaxation improved, even though the supplemented diet did not affect 

the animals’ serum cholesterol levels.38 The potential benefits of L-arginine following arterial 

injury were studied 4 weeks after the iliac arteries of normocholesterolemic rabbits were 

denuded by a balloon catheter.39 Administration of L-arginine during the 4-week period reduced 

neointimal thickening and improved acetylcholine-induced vasorelaxation. The similarity of this 

model to restenosis after percutaneous transluminal coronary angioplasty marks it for particular 

interest. Coronary artery dimensions and blood flow in hypercholesterolemic patients and 

normocholesterolemic controls were compared before and after L-arginine infusion. L -arginine 

augmented endothelium-dependent dilatation in the coronary microcirculation of 

hypercholesterolemic patients who had shown impaired endothelium-dependent dilatation. No 

effect was observed in the normocholesterolemic controls.40 Essential hypertension may be a 

setting in which L-arginine supplementation cannot mitigate pathologic changes. Patients with 

essential hypertension and diminished acetylcholine-induced vasodilation did not respond with 

augmented endothelium- dependent vasodilation to increased availability of NO 

substrate.41interest began to center on L-arginine, the precursor of NO. Investigators 

hypothesized that increasing the availability of L-arginine might enhance synthesis of NO and 

thereby promote vasodilation.5 The first evidence that L-arginine might have an antiatherogenic 

effect came from a study of hypercholesterolemic rabbits whose diet was supplemented with an 

average sixfold increase in daily L-arginine intake.38 Compared with lesions of 

hypercholesterolemic controls, atheromatous lesions in the thoracic aortae of the L-arginine-

supplemented animals had markedly decreased surface area and reduced intimal thickness. 

Endothelium-dependent relaxation improved, even though the supplemented diet did not affect 

the animals’ serum cholesterol levels.38 The potential benefits of L-arginine following arterial 

injury were studied 4 weeks after the iliac arteries of normocholesterolemic rabbits were 

denuded by a balloon catheter.39 Administration of L-arginine during the 4-week period reduced 

neointimal thickening and improved acetylcholine-induced vasorelaxation. The similarity of this 

model to restenosis after percutaneous transluminal coronary angioplasty marks it for particular 



interest. Coronary artery dimensions and blood flow in hypercholesterolemic patients and 

normocholesterolemic controls were compared before and after L-arginine infusion. L -arginine 

augmented endothelium-dependent dilatation in the coronary microcirculation of 

hypercholesterolemic patients who had shown impaired endothelium-dependent dilatation. No 

effect was observed in the normocholesterolemic controls.40 Essential hypertension may be a 

setting in which L-arginine supplementation cannot mitigate pathologic changes. Patients with 

essential hypertension and diminished acetylcholine-induced vasodilation did not respond with 

augmented endothelium- dependent vasodilation to increased availability of NO substrate.41  
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Pharmacologic Interventions  

Several categories of drug used to treat cardiovascular disease have proven to ameliorate 

impaired endothelial vasodilation (Table II). Lipid-lowering agents: Cholesterol-lowering 

therapy has been associated with a decreased risk of ischemic coronary events even in the 

absence of angiographic regression of atherosclerosis. Restoring coronary endothelial function 

may be more important to improved clinical outcome than reducing the degree of stenosis.42 

Reversal of coronary endothelial dysfunction in patients with symptomatic coronary 

atherosclerosis predates changes in vascular structure. Treatment with lovastatin does not 

improve coronary artery endothelial responses to acetylcholine after 12 days, but does 

significantly improve epicardial coronary artery responses to acetylcholine at 5 1/2 months.42 A 

recent report indicates that endothelial vasodilator function is improved immediately after 

plasmapheresis in patients with familial hypercholesterolemia.43 Reduction of LDL cholesterol 

alone failed to reverse endothelial dysfunction in coronary arteries in another study,44 but the 

impairment was significantly improved when antioxidant therapy was added to the regimen. 

Improvement in vasomotor response to acetylcholine was significantly greater in the combined 

therapy (lovastatin and probucol) group than with diet or LDL cholesterol lowering alone. 

Angiotensin-converting enzyme (ACE) inhibitors: The role of the renin-angiotensin system in 

endothelial dysfunction relates primarily to angiotensin II as a potent endotheliumderived 

contracting factor. Angiotensin II, the vasoactive product of angiotensin I, is produced by the 

action of ACE. Although this reaction takes place primarily in the lung, a tissue ACE system has 

also been found in endothelial cells throughout the vasculature.13 The vasoconstrictive effect of 

tissue ACE in generating angiotensin II is normally balanced by the effects of NO and 

prostacyclin. When the endothelium is damaged or dysfunctional, however, the countervailing 

effects of these endothelial vasodilators are lessened.45 One of the first studies to demonstrate an 

improvement in endothelial dysfunction with an antihypertensive agent was the Trial on 

Reversing ENdothelial Dysfunction (TREND).45 TREND was conducted in 129 normotensive 

(or controlled hypertensive) patients with coronary artery disease to determine whether treatment 

with an ACE inhibitor (quinapril 40 g daily) could improve endothelial dysfunction. Angiograms 

performed at baseline and at 6-month follow-up showed significant improvements in endothelial 

vasomotor function (assessed by response to acetylcholine) in the quinapril-treated patients. The 

beneficial mechanisms of quinapril in this 6-month trial probably relate to the effects of ACE 

inhibition on both angiotensin II and bradykinin, which is a potent vasodilator. Angiotensin-

converting enzyme inhibition of angiotensin II counters its contractile effect on smooth muscle 

and reduces the generation of superoxide anions. In diminishing the breakdown of bradykinin, 

ACE inhibition enhances the bradykinininduced release of NO by endothelial cells. In the 



TREND study, quinapril improved endothelial dysfunction without altering lipids or reducing 

blood pressure.45 Calcium-channel blockers: Cholesterol-fed rabbits were given a calcium 

antagonist at a dose too low for an antihypertensive effect. Treated rabbits had less impairment in 

endothelium- dependent cholinergic relaxation than untreated but hypercholesterolemic controls. 

Thus, treatment with a dihydropyridine calcium-channel blocker inhibited atherogenesis to a 

partial degree in these animals without reducing arterial blood pressure.3 In humans, several 

trials of calcium-channel blockers have been concordant in showing an effect of these drugs in 

inhibiting the development of new lesions; however, there is no evidence that calcium-channel 

blockers modify existing lesions or reduce coronary events. Estrogen replacement: Although the 

benefits of estrogen replacement therapy after menopause include an improved lipid profile, 

multiple regression analyses have indicated that only 25 to 50% of the reduction in 

cardiovascular events can be attributed to lipid-lowering effects.46 The finding that estrogen 

receptors are localized on endothelial and smooth muscle cells of several mammalian species has 

suggested that the hormone may directly influence vascular function.47, 48 More recently, 

estrogen receptor expression was demonstrated in human endothelial cells, suggesting that 

estrogen may act directly on human vascular tissue.49 These findings prompted several studies. 

For example, a trial50 of estrogen administration in postmenopausal women with atherosclerotic 

coronary arteries and mild hypercholesterolemia found that estrogen improved endothelium-

dependent vasodilation without any effect on lipids. After 9 weeks of estradiol therapy (1 or 2 

mg/day), flow-mediated vasodilation in the brachial artery was improved. The effects of estrogen 

to enhance endothelial vasodilator function may be due to an antioxidant effect, or to an 

estrogen-induced enhancement of NO synthase expression.  

TABLE II Current agents that can reverse endothelial dysfunction Pharmacologic strategy 

Examples Lipid-lowering agents HMG-CoA reductase inhibitors, cholestyramine Inhibitors of 

renin-angiotensin system ACE inhibitors, angiotensin II receptor antagonists Calcium-channel 

blockers Verapamil, nifedipine Antioxidants Vitamin C, vitamin E Enhancement of NO synthase 

pathway Folate, arginine, estrogen Cytoprotective agents Superoxide dismutase, probucol 

Substitutes for protective endothelial substances Nitrovasodilators; analogs of prostacyclin 

Abbreviations:ACE = angiotensin-converting enzyme, HMG-CoA = 3-hydroxy-3-methylglutaryl 

coenzyme A, NO = nitric oxide. Adapted from data in Ref. No. 13.  

Future Therapeutic Possibilities  

may be expected to reverse or reduce the progression of vascular disease and to normalize 

vascular reactivity. A mechanistic understanding of the pathophysiology of endothelial 

dysfunction is required for such specific therapies to be developed. With respect to derangements 

of the NO synthase pathway, a number of possible mechanisms merit exploration. Reduction in 

the availability of the precursor, or alterations in the enzyme NO synthase, may explain the 

beneficial effects on NO elaboration of supplemental L-arginine or folate (which is a precursor 

of tetrahydrobiopterin, a cofactor for NO synthase). Alternatively, elevated activity of a-

methylase I or reduced activity of dimethylarginine dimethylaminohydrolase may explain the 

increased circulating levels of ADMA observed in patients with vascular disease. Observations 

by our group and others indicate that ADMA is an endogenous modulator of NO synthase. 

Finally, the expression (as well as the activity) of NO synthase can be modulated. For example, 



estrogen is known to increase the transcription of NO synthase, indicating proof of concept for 

another therapeutic strategy worth exploring.  

Conclusions  

Improved endothelial function appears to be possible via a variety of currently available 

methods, with novel approaches still to come. It seems reasonable to expect that future 

therapeutic strategies and agents will be directly targeted to this monolayer of cells that regulates 

vascular tone and structure. Early detection of endothelial dysfunction may be a useful measure 

to guide therapy prior to the development of symptomatic atherosclerosis.  

References  

1. Furchgott RF, Zawadzki JV: The obligatory role of endothelial cells in the relaxation of 

arterial smooth muscle by acetylcholine. Nature 1980;288:373–376  

2. Lüscher TF, Tanner FC, Tschudi MR, Noll G: Endothelial dysfunction in coronary artery 

disease. Ann Rev Med 1993;44:395–418  

3. Habib JB, Bossaller C, Wells S, Williams C, Morrisett JD, Henry PD: Preservation of 

endothelium-dependent vascular relaxation in cholesterol-fed rabbit by treatment with the 

calcium blocker PN 200110. Circ Res 1986;58:305–309  

4. Cooke JP, Dzau VJ: Derangements of the nitric oxide synthase pathway, L-arginine, and 

cardiovascular diseases. Circulation 1997;96:379–382  

5. Rossitch E Jr, Alexander E III, Black PM, Cooke JP: L-arginine normalizes endothelial 

function in cerebral vessels from hypercholesterolemic rabbits. J Clin Invest 1991;87;1295–1299  

6. Cooke JP, Dzau VJ: Nitric oxide synthase: Role in the genesis of vascular disease. Ann Rev 

Med 1997;48:489–509  

7. Zeiher AM, Drexler H, Wollschläger H, Just H: Modulation of coronary vasomotor tone in 

humans: Progressive endothelial dysfunction with different early stages of coronary 

atherosclerosis. Circulation 1991;83:391–401  

8. Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE: Abnormal endothelium- dependent vascular 

relaxation in patients with essential hypertension. N Engl J Med 1990;323:22–27  

9. Panza JA, Quyyumi AA, Callahan TS, Epstein SE: Effect of antihypertensive treatment on 

endothelium-dependent vascular relaxation in patients with essential hypertension. J Am Coll 

Cardiol 1993;21:1145–1151  

10. Egashira K, Inou T, Hirooka Y, Kai H, Sugimachi M, Suzuki S, Kuga T, Urabe Y, Takeshita 

A: Effects of age on endothelium-dependent vasodilation of resistance coronary artery by 

acetylcholine in humans. Circulation 1993;88:77–81  



11. Glasser SP, Selwyn AP, Ganz P: Atherosclerosis: Risk factors and the vascular endothelium. 

Am Heart J 1996;131:379–384  

12. Celermajer DS, Sorensen KE, Spiegelhalter DJ, Georgakopoulos D, Robinson J, Deanfield 

JE: Aging is associated with endothelial dysfunction in healthy men years before the age-related 

decline in women. J Am Coll Cardiol 1994;24:471–476  

13. Rubanyi GM: The role of endothelium in cardiovascular homeostasis and diseases. J 

Cardiovasc Pharmacol 1993;22(suppl 4): S1–S14  

14. Ichiki K, Ikeda H, Haramaki N, Ueno T, Imaizumi T: Long-term smoking impairs platelet-

derived nitric oxide release. Circulation 1996;94:3109–3114  

15. Adams MR, Jessup W, Celermajer DS: Cigarette smoking is associated with increased 

human monocyte adhesion to endothelial cells: Reversibility with oral L-arginine but not vitamin 

C. J Am Coll Cardiol 1997;29:491–497  

16. Davis JW, Shelton L, Eigenberg DA, Hignite CE, Watanabe IS: Effects of tobacco and non-

tobacco cigarette smoking on endothelium and platelets. Clin Pharmacol Ther 1985;37:529–533  

17. Celermajer DS, Sorensen KE, Georgakopoulos D, Bull C, Thomas O, Robinson J, Deanfield 

JE: Cigarette smoking is associated with dose-related and potentially reversible impairment of 

endotheliumdependent dilation in healthy young adults. Circulation 1993;88: 2149–2155  

18. Colditz GA, Willett WC, Stampfer MJ, Rosner B, Speizer FE, Hennekens CH: Menopause 

and the risk of coronary heart disease in women. N Engl J Med 1987;316:1105–1110  

19. Witteman JCM, Grobbee DE, Kok FJ, Hofman A, Valkenburg HA: Increased risk of 

atherosclerosis in women after the menopause. Br Med J 1989;298:642–644  

20. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK, Creager MA: Impaired insulin-

dependent vasodilation in patients with insulin- dependent diabetes mellitus. Circulation 

1993;88: 2510–2516  

21. Cohen RA: Dysfunction of vascular endothelium in diabetes mellitus. Circulation 

1993;87(suppl V):V-67–V-76  

22. Tesfamariam B, Brown ML, Deykin D, Cohen RA: Elevated glucose promotes generation of 

endothelium-derived vasoconstrictor prostanoids in rabbit aorta. J Clin Invest 1990;85:929–932  

23. Hornig B, Maier V, Drexler H: Physical training improves endothelial function in patients 

with chronic heart failure. Circulation 1996;93:210–214  

24. Fletcher GF, Balady G, Blair SN, Blumenthal J, Caspersen C, Chaitman B, Epstein S, 

Sivarajan Froelicher ES, Froelicher VF, Pina IL, Pollock ML: Statement on exercise: Benefits 

and recommendations for physical activity programs for all Americans: A statement for health 



professionals by the Committee on Exercise and Cardiac Rehabilitation of the Council on 

Clinical Cardiology, American Heart Association. Circulation 1996;94:857–862  

25. Vallance P, Leone A, Calver A, Collier J, Moncada S: Accumulation of an endogenous 

inhibitor of nitric oxide synthesis in chronic renal failure. Lancet 1992;339:572–575  

26. Bode-Boger SM, Boger RH, Kienke S, Junker W, Frolich JC: Elevated L-

arginine/dimethylarginine ratio contributes to enhanced systemic NO production by dietary L-

arginine in hypercholesterolemic rabbits. Biochem Biophys Res Commun 1996;219: 598–603  

27. Cooke JP, Tsao PS: Arginine: A new therapy for atherosclerosis? Circulation 1997;95:311–

312  

28. Clarke R, Daly L, Robinson K, Naughten E, Cahalane S, Fowler B, Graham I: 

Hyperhomocysteinemia: An independent risk factor for vascular disease. N Engl J Med 

1991;324:1149–1155  

29. Celermajer DS, Sorensen K, Ryalls M, Robinson J, Thomas O, Leonard JV, Deanfield JE: 

Impaired endothelial function occurs in the systemic arteries of children with homozygous 

homocystinuria but not in their heterozygous parents. J Am Coll Cardiol 1993; 32:854–858  

30. Harrison DG, Armstrong ML, Freiman PC, Heistad DD: Restoration of endothelium-

dependent relaxation by dietary treatment of atherosclerosis. J Clin Invest 1987;80:1808–1811 

II-50 J.P. Cooke: Therapeutic interventions in endothelial dysfunction  

31. Benzuly KH, Padgett RC, Kaul S, Piegors DJ, Armstrong ML, Heistad DD: Functional 

improvement precedes structural regression of atherosclerosis. Circulation 1994;89:1810–1818  

32. Ballard-Barbash R, Callaway CW: Marine fish oils: Role in prevention of coronary artery 

disease. Mayo Clin Proc 1987;62: 113–118  

33. Supari F, Ungerer T, Harrison DG, Williams JK: Fish oil and superoxide anions (O2-) in 

coronary arteries and myocardium during ischemia reperfusion (abstr). Circulation 

1993;88(suppl I):466  

34. Muntwyler J, Schmid H, Drexel H, Vonderschmitt DJ, Patsch JR, Amann FW: Regression of 

postprandial lipemia after smoking cessation (abstr). J Am Coll Cardiol 1996;27:412A  

35. Rosenberg L, Kaufman DW, Helmrich SP, Shapiro S: The risk of myocardial infarction after 

quitting smoking in men under 55 years of age. N Engl J Med 1985;313:1511–1514  

36. Gilligan DM, Sack MN, Guetta V, Casino PR, Quyyumi AA, Rader DJ, Panza JA, Cannon 

RO III: Effect of antioxidant vitamins on low density lipoprotein oxidation and impaired 

endotheliumdependent vasodilation in patients with hypercholesterolemia. J Am Coll Cardiol 

1994;24:1611–1617  



37. Levine GN, Frei B, Koulouris SN, Gerhard MD, Keaney JF Jr, Vita JA: Ascorbic acid 

reverses endothelial vasomotor dysfunction in patients with coronary artery disease. Circulation 

1996;93: 1107–1113  

38. Cooke JP, Singer AH, Tsao P, Zera P, Rowan RA, Billingham ME: Antiatherogenic effects 

of L-arginine in the hypercholesterolemic rabbit. J Clin Invest 1992;90:1168–1172  

39. Hamon M, Vallet B, Bauters C, Wernert N, McFadden EP, Lablanche J-M, Dupuis B, 

Bertrand ME: Long-term oral administration of L-arginine reduces intimal thickening and 

enhances neoendothelium-dependent acetylcholine-induced relaxation after arterial injury. 

Circulation 1994;90:1357–1362  

40. Drexler H, Zeiher AM, Meinzer K, Just H: Correction of endothelial dysfunction in coronary 

microcirculation of hypercholesterolemic patients by L-arginine. Lancet 1991;338:1546–1550  

41. Panza JA, Casino PR, Badar DM, Quyyumi AA: Effect of increased availability of 

endothelium-derived nitric oxide precursor on endothelium-dependent vascular relaxation in 

normal subjects and in patients with essential hypertension. Circulation 1993; 87:1475–1481  

42. Treasure CB, Klein JL, Weintraub WS, Talley JD, Stillabower ME, Kosinski AS, Zhang J, 

Bocuzzi SJ, Cedarholm JC, Alexander RW: Beneficial effects of cholesterol-lowering therapy on 

the coronary endothelium in patients with coronary artery disease. N Engl J Med 1995;332:481–

487  

43. Tamai O, Matsuoka H, Itabe H, Wada Y, Kohno K, Imaizumi T: Single LDL apheresis 

improves endothelium-dependent vasodilatation in hypercholesterolemic humans. Circulation 

1997;95: 76–82  

44. Anderson TJ, Meredith IT, Yeung AC, Frei B, Selwyn AP, Ganz P: The effect of cholesterol-

lowering and antioxidant therapy on endothelium- dependent coronary vasomotion. N Engl J 

Med 1995; 332:488–493  

45. Mancini GBJ, Henry GC, Macaya C, O’Neill BJ, Pucillo AL, Carere RG, Wargovich TJ, 

Mudra H, Lüscher TF, Klibaner MI, Haber HE, Uprichard ACG, Pepine CJ, Pitt B: 

Angiotensinconverting enzyme inhibition with quinapril improves endothelial vasomotor 

dysfunction in patients with coronary artery disease: The TREND (Trial on Reversing 

ENdothelial Dysfunction) Study. Circulation 1996;94:258–265  

46. Bush TL, Barrett-Connor E, Cowan LD, Criqui MH, Wallace RB, Suchindran CM, Tyroler 

HA, Rifkind BM: Cardiovascular mortality and noncontraceptive use of estrogen in women: 

Results from the Lipid Research Clinics Program Follow-up Study. Circulation 1987;756:1102–

1109  

47. Colburn P, Buonassisi V: Estrogen binding sites in endothelial cell cultures. Science 

1978;210:817–819 48. McGill HC Jr, Sheridan PJ: Nuclear uptake of sex steroid hormones in the 

cardiovascular system of the baboon. Circ Res 1981;  



48: 238–244  

49. Kim-Schulze S, McGowan KA, Hubchak SC, Cid MC, Martin MB, Kleinman HK, Greene 

GL, Schnaper HW: Expression of an estrogen receptor by human coronary artery and umbilical 

vein endothelial cells. Circulation 1996;94:1402–1407  

50. Lieberman EH, Gerhard MD, Uehata A, Walsh BW, Selwyn AP, Ganz P, Yeung AC, 

Creager MA: Estrogen improves endotheliumdependent, flow-mediated vasodilation in 

postmenopausal women. Ann Intern Med 1994;121:936–941  

 


