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Summary: Endothelia dysfunction isrecognized astheini-
tial stepintheatherosclerotic process. To date, most interven-
tions attempting to improve endothelial dysfunction have
targeted one or more of the numerous risk factors that can
cause endothelial damage: hypertension (angiotensin-con-
verting enzyme inhibitors and cal cium antagonists), hyper-
cholesterolemia (lipid-lowering agents), cigarette smoking
(cessation), sedentary lifestyle (increased physical activity),
menopause (estrogen replacement therapy), and diabetes
mellitus (control of associated metabolic abnormalities).
I nterventionstargeted specifically to the endothelium remain
speculative, as the precise mechanisms of endothdia dys-
function are still being elucidated. Several pharmacologic
agents have been suggested to achieve vascular protection
through mechanismsthat go beyond their primary therapeu-
tic (e.g., hypotensive or hypochol esterolemic) actions, exam-
plesof theseareangiotensin-converting enzymeinhibitorsor
HMG-CoA reductase inhibitors. Beneficial changes to the
endothelium might result from promotion of vasorel axation,
inhibition of vasoconstriction, reduction in the production of
freeradicals, or other mechanismsthat protect the endotheli-
umfrominjury.
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Introduction

That apaper can addressitsalf to interventionstargeted to
the endothelium tellshow far we have come since 1980, when
Furchgott and Zawadzki reported that acetylcholine-induced
vasodilation occursonly inthe presence of anintact endothe-
lium.X We now recognize that the endothelium-mediated
vasodilation observed by Furchgott and Zawadzki islargely
dueto endothelium-derived nitric oxide (NO), asinglemole-
culewith profound effects on cardiovascular physiology. Im-
pairment of endothelial vasodilator functionisnow establish-
ed as a major contributor to cardiovascular disease, and
accumulating evidence indicatesthat strategiesfor restoring
endothelia function can haveimportant therapeutic effects.

Risk Factor sfor Endothelial Dysfunction

Occupying an anatomic position that is both strategic and
vulnerable, theendothdiumisatarget organ for thedamaging
effectsof hypertension, diabetes, and hyperlipidemia, aswell
asfor vascular injuriesand mechanica stresses:2

Hypercholesterolemiaand Atherosclerosis

The possible links between hypercholesterolemia, athero-
sclerosis, and vascular reactivity began to be examined inthe
1980s. Hyperchol esterolemiawasrecognized asadeterminant
inthe pathogenesisof atherosclerosis, and endothelium-medi-
ated relaxation was observed to be impaired in hypercholes-
terolemic vessdls3 4

Hypercholesterolemia enhances the response to vaso-
constrictor agonists and attenuates endothelium-dependent
relaxationinisolated vesselsand in vivo.> Reduced activity of
endothelium-derived NO in hypercholesterolemic vessels
may be an initiating factor in atherogenesis. Endothelium-
derived NO is now recognized to inhibit several pathologic
processesthat arecritical to the devel opment of atherosclero-
sis. These include monocyte adherence and chemotaxis,
platelet adherence and aggregation, and vascular smooth
muscle proliferation.t
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Zeiher et al.” described a progression of endothelia
dysfunction in coronary arteries that begins with hyper-
cholesterolemia(Tablel). They demonstrated ahierarchy of
impairment, with progressive endothelium-mediated ater-
ations in coronary vasomotor tone paralleling the develop-
ment of early atherosclerosis, culminatingin completelossof
endothelium-mediated vasodilation in atherosclerotic coro-
nary 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.” At least early in the process, endothelial dys-
functionisreversible by administration of the NO precursor,
L-arginine, to hypercholesterolemicindividuals.

Hypertension

Hypertension dtersendothelial morphology and function.
Platelets and monocytes interact with endothelid cellsto a
grester degree than in normotensive control vessals2 and
endothelium-dependent vascular rel axation isreduced.8

In a number of earlier studies, antihypertensive therapy
was unableto restore normal endothelium-dependent vascu-
lar relaxation in resistance vesselsin patients with essential
hypertension when blood pressure was normalized. The
vasodilator response to acetylcholine was blunted even in
patientswho had received appropriate medica therapy.® The
endothelia vasodilator dysfunction observedin subjectswith
essential hypertension appearsto bedueto adefectintheNO
synthase pathway that is not reversible by administration of
the NO precursor, L-arginine.®

Aging

The effect of aging on endothelium-dependent vasodila
tion of resistance coronary arteriesin humansischaracterized
by significantly decreased coronary blood flow response to
acetylcholine. In contrast, increasing age altersthe response
to papaverine, a direct smooth muscle dilator, only modest-
ly.10 Age-related decreasesin the production or responsive-

TaBLE |  Progression of endothelia dysfunction

ness of NO, increases in the production or responsiveness
to vasocongtricting factors, or increased degradation of NO
intheblood vessel wall may contributeto thiseffect. 1t

One study?? 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 dila-
tion correl ated with agein both men and women. Thedecline
began in men toward the end of the fourth decade, whereasin
women, flow-mediated dilation did not begin to decline until
after theearly fifties. By the age of 65 years, endothelia dys-
function wasapparent in amost al subjects.’2

CigaretteSmoking

Vasocondtriction,3 platelet aggregation,* and increased
monocyte adhesion!® are but afew of the effects of cigarette
smokingthat lead toincreased risk of atherosclerosisand other
cardiovascul ar diseases. After subjectshave smoked cigarettes,
there is a doubling in the number of circulating endothelial
cells in peripherd blood vessals (presumably reflecting
increased turnover and desquamation of the endothelium).16

Even young, hedlthy, light smokers are vulnerable to en-
dothelial damage. Endothelia dysfunction hasbeen reported
in the systemic arteries of light smokers beginning with ado-
lescence, and physiologic abnormdities increased with in-
creasing amount and duration of smoking. The threshold for
smoking doseand endothelial dysfunction appearedto be>20
pack-years.l” The endothelid vasodilator dysfunction ob-
served in smokersis partially reversible by administration of
L-arginine.®

Menopause

TheNurses Hedlth Study cohort!® provided valuable data
on some of the issues involving menopause and cardiovas-
cular risk. Women found at highest risk of coronary heart dis-
ease werethose who had undergone bilateral oophorectomy
without receiving estrogen replacement therapy; those given
estrogen replacement after oophorectomy demonstrated no

Findingson angiography;
Stageof atherosclerosis

Hierarchy of impairment

Normal coronary arteries, norisk factorsfor CAD (controls)

Normal coronary arteries, hypercholesterolemia; el evated
LDL cholesteral

Angiographicaly normal segment of coronary artery;
but disease elsewherein coronary system
Diseased segment of coronary artery

Increased epicardial artery luminal areain responseto ACh, sympathetic
stimulation, increased coronary flow

Sedlectiveendothdial dysfunction: vasocongtrictionin responseto
ACh; preserved vasodilation in responseto sympathetic stimulation
andincreased coronary flow

Logt ahility todilatein responseto ACh and sympathetic stimulation;
flow-dependent dilationintact

Lossof endothelium-mediated vasoactive functions; vasoconstriction to
sympathetic stimulation

Abbreviations: ACh = acetylcholine, CAD = coronary artery disease, LDL =low-density lipoprotein.

Adapted from datain Ref. No. 7.



J.P. Cooke: Therapeutic interventions in endothelial dysfunction 11-47

excess risk, nor did women who had undergone natural
menopause.

Menopause, whether natural or surgically induced, was
strongly associated with anincreased risk of atherosclerosis—
that is, detection of calcium depositsin the abdomina aorta—
in astudy comprising more than 600 women.X® The risk of
atherosclerosis showed an increased trend with the number of
postmenopausd years.

DiabetesMdlitus

Vascular disorders are highly prevalent in persons with
diabetesand may take several forms: accelerated atherosclero-
ds, occurring earlier in diabetic patientsthan in their healthy
counterpartsand tending to be more severe and more diffuse;2°
thrombosis; hypertension; and hyperlipidemia! The com-
mon cellular denominator inthisvaried pathology may been-
dothelia cdll dysfunction.

Exposure to elevated levels of glucose may contribute to
the aberrations of endothelium seen in persons with diabe-
tes.21 When exposed to increased concentrations of glucose
in vitro, rings of isolated normal rabbit aorta are unable to
relax normally in response to acetyl choline.2 Reduced pro-
duction of NO doesnot gppesar to bethe cause of theimpaired
vasorel axation. Rather, avasoconstrictor prostaglandin may
be elaborated in response to glucose and overcomesthe nor-
mal vasodilatory effect of NO released by the endothelium.
Cyclooxygenaseinhibitorsrestored impaired acetylcholine-
induced relaxation intheaortae of diabetic and normal rabbits
exposed to e evated glucosein vitro.2! In humans, the admin-
istration of vitamin C improves endothelium-dependent va
sodilation, presumably by virtue of itsantioxidant effects.®

Sedentary Lifestyle

A lack of exercise generally is considered arisk factor for
atherosclerosis independent of its negative effects on body
weight, blood pressure, and serum lipid values.!* Chronicim-
mobilization or lack of adequate physical activity, whether by
choiceor asaresult of disease, may beassociated with reduced
expression of NO synthase and thereby decreased synthesisof
NO.2 Soimportant hasphysical activity and exercisecometo
be regarded in maintaining cardiovascular integrity that the
American Heart Association hasissued a position statement
onitshenefits.2* The gatement affirmsthat physical inactivity
isarecognized 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-arginineto NO and citrulline. It
normally circulatesin plasmain humans and is usualy ex-
creted unchanged in urine. Elevated levels of ADMA inhibit
endothelium-dependent vasodilation, an effect that has been
reversed by administration of exogenous L-arginine.2> Ele-

vated circulating levels of ADMA have been observed in
hypercholesterolemic rabhits, 28 in young hypercholesterol-
emic humans,2” andin patientswith chronic renal failure.2

Homocysteine

Elevated levels of homocysteine are associated with pre-
mature atherosclerosis. Indeed, nearly one third of persons
with premature coronary, carotid, or peripheral arterid disease
have elevated plasma levels of homocysteine.22 Homocy-
steinemay accelerate atherosclerosisby inducing endothelial
dysfunction. Infusions of homocysteine have been shown to
induce endothelial denudation. In children with homocystin-
uria(whoareat risk for premature atherosclerosis), adysfunc-
tion in endothelial vasodilation can be observed prior to the
onset of symptoms of atherosclerosis.?® Administration of
folate (in doses > 800 pcg) isknown to reduce homocysteine
levels, whether thisimprovesendothelial vasodilator function
isunder study.

Potential I nterventionsin Endothelial Dysfunction

With knowledge of endothelial mechanismsand diagnos-
tic methods gtill evolving, interventions are governed by the
manifestations of endothelia dysfunction rather than by the
dysfunction per se. Although interventions targeted exclu-
sively at the endothelia monolayer may be developed in the
future, some currently available measures have shown prom-
iseinimproving endothelid dysfunction.

Nonphar macologic | nterventions

Low-cholesterol diet: Cynomolgusmonkeysfed ahigh-fat
diet devel op hypercholesterolemiaand, over time, atheroscle-
roticlesionssimilar to thosein humans. When placed back on
a normal chow diet for severa 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 relax-
ation. The mechanism by which endothelium-dependent vas-
cular relaxation was restored by cholesterol lowering is still
undefined.®

Functional changes and regression of atherosclerosis may
occur at different rates and to different degrees in different
partsof thevascular bed. Limb blood flow during regressionin
atheroscleratic arteries of monkeysimproved to agreeter de-
gree than did hyperresponsiveness of large arteries to sero-
tonin.3t

Fishail: It becameknownin the 1970sthat consumption of
large quantities of marinefish oils appeared to resultin alow
incidence of coronary artery disease. Fatty acids in marine
fish, particularly cold water fish, differ chemically fromthose
of land animals and those contained in vegetable oils—a
greater percentage of marine-derived fatty acids are polyun-
saturated, and they arelessvulnerable to oxidation. Eicosap-
entaenoic acid and docosahexaenoic acid in marinelipids can
substitutefor arachidonic acid. Likearachidonic acid, they can
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be converted into an activeform of prostacyclin (avasodilator
andinhibitor of platelet aggregation). Unlikearachidonic acid,
they are converted into an inactive form of thromboxane (the
vasocongrictor and platel et agonist). Therefore, theseomegar
3fatty acidsshift theba ancein thearachidonic acid cascadeto
the side of the vasodilator/platelet antagonist prostacyclins.
Some effects attributed to marine fish oils included lowered
levelsof triglycerides, total cholesterol, and very-low-density
lipoprotein cholesteral; reduced platel et aggregation; and pro-
longed bleeding time.32 M onkeysfed an atherogenic diet with
half the fat-derived caloriesfrom fish oil showed evidence of
reduced superoxide anion production in coronary artery
endothelium after 1 h of ischemiaand 2 h of reperfusion.®
Swine fed a high-fat diet develop an endothelia vasodilator
dysfunction that isreversible by treatment with fish oil .8

Exercise: Accordingto astudy of patientswhose physical
activity was limited by congestive heart failure, flow-depen-
dent dilation can be enhanced by physical training. After 4
weeks of hand-grip training, flow-dependent dilation wasre-
stored, most likely by increased endothelial release of NO.
Theeffect of physica training waslocal, however, being limit-
edtothetrained arm, and | asted for only 6 weeks. 2

Smoking cessation: Theimprovementsinvascular function
that follow cessation of cigarette smoking partially reverses
the adverse effects of cigarette smoking on the vasculature.
Endothelial dysfunction improves with smoking cessation.
How-mediated dilation was observed to be better in malefor-
mer smokersthan in current smokers, abeit impaired in both
groups.’

The lipid profile aso benefits from smoking cessation:
high-density lipoprotein (HDL) cholesterol and apolipo-
protein A-1increase, whereastriglycerides decrease. Anin-
creasein lipoprotein lipase correlated significantly with the
increasein HDL cholesterol.3* Moreover, the increased risk
of myocardia infarction conferred by smoking decreasesto
thelevel of men who never smoked within afew years after
tobacco cessation.3®

Antioxidant supplements: Because oxidation of low-dend-
ty lipoprotein (LDL) cholesterol contributes to endothelial
dysfunction, investigators have reasoned that adiet richin an-
tioxidants may be protective.2 Results of clinicad studieshave
not cons stently shown a benefit, however. In onetria of hy-
percholesterolemic patients, 1 month of trestment with rela
tively high doses of beta-caroteneand vitamin C and E supple-
ments delayed the onset of oxidation of LDL and decreased
the maximal rate of LDL oxidation, but endothdial function
was ill impaired.3 Nonvitamin antioxidants, antioxidant
enzymes, or concomitant reduction in LDL levels may be
required to improve endothelium-dependent vasodilation in
hyperchol esterolemic patients.

Other investigators reported that vitamin C reversed en-
dothelial dysfunction in the brachial circulation of patients
with coronary artery disease. In aplacebo-controlled, blinded
study,3” oral administration of 2 g of ascorbic acid restored
endothelium-dependent vasodilation.

L-Arginine supplementation: With the recognition of NO
asthe mgjor 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
promotevasodilation.®

Thefirst evidencethat L-arginine might have an antiather-
ogenic effect came from a study of hypercholesterolemic
rabbitswhose diet was supplemented with an average sixfold
increase in daily L-arginine intake3® Compared with
lesions of hypercholesterolemic controls, atheromatous le-
sionsin the thoracic aortae of the L -arginine-supplemented
animals had markedly decreased surface area and reduced
intimal thickness. Endothelium-dependent relaxation im-
proved, even though the supplemented diet did not affect the
animals serum cholesterol levels.38

The potential benefits of L-arginine following arteria
injury were studied 4 weeks after theiliac arteries of normo-
cholesterolemic rabhitswere denuded by aballoon catheter.3
Adminigtration of L-arginine during the 4-week period re-
duced neointima thickening and improved acetylcholine-in-
duced vasorelaxation. Thesimilarity of thismodel torestenosis
after percutaneoustrand umina coronary angioplasty marksit
for particular interest.

Coronary artery dimens onsand blood flow in hypercholes-
terolemic patients and normochol esterolemic controls were
compared before and after L-arginine infusion. L -arginine
augmented endothelium-dependent dilatation in the coronary
microcirculation of hypercholesterolemic patients who had
shownimpaired endothelium-dependent dil atation. No effect
was observed in the normochol esterolemic control 540

Essentid hypertension may beasettinginwhich L-arginine
supplementati on cannot mitigate pathol ogic changes. Patients
with essential hypertension and diminished acetylcholine-in-
duced vasodilation did not respond with augmented endothe-
lium-dependent vasodilation to increased availability of NO
substrate.

Phar macologiclnterventions

Severa categoriesof drug used to treat cardiovascular dis-
ease have proven to ameliorate impaired endothelial vaso-
dilation (Tablell).

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 endothelia function may
be moreimportant to improved clinical outcome than reduc-
ing thedegree of stenosis*

Reversal of coronary endothelial dysfunction in patients
with symptomatic coronary atherosclerosis predates changes
invascular structure. Treatment with lovastatin does not im-
prove coronary artery endothelial responsesto acetylcholine
after 12 days, but does significantly improve epicardial coro-
nary artery responses to acetylcholine at 5 1/2 months#2 A
recent report indicatesthat endothelia vasodilator functionis
improved immediately after plasmapheresisin patients with
familia hypercholesterolemia®®
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TasLE || Current agentsthat can reverseendotheliad dysfunction

Pharmacol ogic strategy

Examples

Lipid-lowering agents

Inhibitorsof renin-angiotensin system
Cacium-channel blockers

Antioxidants

Enhancement of NO synthase pathway
Cytoprotective agents

Subgtitutesfor protectiveendothelial substances

HMG-CoA reductaseinhibitors, cholestyramine
ACE inhibitors, angiotensin || receptor antagonists
Vergpamil, nifedipine

VitaminC, vitamin E

Folate, arginine, estrogen

Superoxide dismutase, probucol

Nitrovasodilators, and ogsof prostacyclin

Abbreviations: ACE = angiotensin-converting enzyme, HM G-CoA = 3-hydroxy-3-methylglutaryl coenzyme A, NO = nitric oxide.

Adapted from datain Ref. No. 13.

Reduction of LDL cholesterol aone failed to reverse
endothelid dysfunctionin coronary arteriesin another study,*
but theimpairment was significantly improved when antioxi-
dant therapy was added to the regimen. Improvement in vaso-
motor response to acetylcholine was significantly greater in
the combined therapy (lovastatin and probucol) group than
withdiet or LDL cholesterol lowering aone.

Angiotens n-converting enzyme (ACE) inhibitors: Therole
of the renin-angiotensin system in endothelia dysfunction
relates primarily to angiotensin Il as a potent endothelium-
derived contracting factor. Angiotensin 11, 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 endothelia cells
throughout thevasculature.13

Thevasocongtrictive effect of tissue ACE in generating an-
giotensin Il is normally balanced by the effects of NO and
prostacyclin. When the endothelium is damaged or dysfunc-
tional, however, the countervailing effects of theseendothelia
vasodilatorsarelessened.*

One of thefirgt studiesto demonstrate an improvement in
endothelial dysfunction with an antihypertensive agent was
the Trial on Reversing ENdothelial Dysfunction (TREND).%
TREND was conducted in 129 normotensive (or controlled
hypertensive) patients with coronary artery disease to deter-
minewhether trestment with an ACE inhibitor (quinapril 409
daily) could improve endothelia dysfunction. Angiograms
performed at basdine and at 6-month follow-up showed
significant improvements in endothelial vasomotor function
(assessed by responseto acetyl choline) in the quinapril -treat-
ed patients.

Thebeneficia mechanismsof quinapril inthis6-monthtri-
al probably relateto the effects of ACE inhibition on both an-
giotensin 1l and bradykinin, which is a potent vasodilator.
Angiotensin-converting enzyme inhibition of angiotensin I
countersits contractile effect on smooth muscle and reduces
the generation of superoxideanions. Indiminishing the break-
down of bradykinin, ACE inhibition enhancesthe bradykinin-
induced release of NO by endothelid cells. In the TREND
study, quinapril improved endothelia dysfunctionwithout al-
tering lipidsor reducing blood pressure.#

Calcium-channel blockers: Cholesterol-fed rabbits were
given a cacium antagonist a a dose too low for an antihy-

pertensiveeffect. Treated rabbitshad lessimpairment inendo-
thelium-dependent cholinergic relaxation than untreated but
hypercholesterolemic controls. Thus, trestment with adihy-
dropyridine calcium-channel blocker inhibited atherogenesis
to apartial degree in these animals without reducing arterial
blood pressure.® In humans, several trids of calcium-channel
blockers have been concordant in showing an effect of these
drugsininhibiting the devel opment of new lesions; however,
there is no evidence that calcium-channel blockers modify
exigting lesonsor reduce coronary events.

Estrogen replacement: Although the benefits of estrogen
replacement therapy after menopause include an improved
lipid profile, multiple regression analyses haveindicated that
only 25to 50% of the reduction in cardiovascular events can
beattributed to lipid-lowering effects*6 Thefinding that estro-
genreceptorsarelocdized on endothelia and smooth muscle
cellsof severd mammalian specieshas suggested that the hor-
mone may directly influence vascular function.4”- 48 More
recently, estrogen receptor expression was demonstrated in
human endothelia cells, suggesting that estrogen may act
directly on human vascular tissue.4?

These findings prompted several studies. For example, a
trial®0 of estrogen administration in postmenopauisal women
with atherosclerotic coronary arteriesand mild hypercholes-
terolemiafound that estrogen improved endothelium-depen-
dent vasodilation without any effect onlipids. After 9 weeks
of estradiol therapy (1 or 2 mg/day), flow-mediated vasodila-
tioninthebrachid artery wasimproved. Theeffects of estro-
gento enhanceendothelia vasodilator function may bedueto
an antioxidant effect, or to an estrogen-induced enhancement
of NO synthase expression.

FutureTherapeutic Possibilities

Strategies specifically targeted to restoration of endothelial
function may be expected to reverse or reducethe progression
of vascular disease and to normalize vascular reactivity. A
mechanistic understanding of the pathophysiology of endo-
thelial dysfunctionisrequired for such specifictherapiesto be
devel oped. With respect to derangements of the NO synthase
pathway, anumber of possible mechanismsmerit exploration.
Reductioninthe availability of the precursor, or dterationsin
theenzymeNO synthase, may explainthebeneficid effectson
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NO e aboration of supplementa L-arginineor folate (whichis
a precursor of tetrahydrobiopterin, a cofactor for NO syn-
thase). Alternatively, elevated activity of a-methylasel or re-
duced activity of dimethylarginine dimethylaminohydrolase
may explain the increased circulating levels of ADMA ob-
served in patientswith vascular disease. Observations by our
group and othersindicatethat ADMA isan endogenous mod-
ulator of NO synthase. Findly, the expression (aswell asthe
activity) of NO synthase can be modulated. For example, es-
trogenisknown toincreasethetranscription of NO synthase,
indicating proof of concept for another therapeutic strategy
worth exploring.

Conclusions

Improved endothelial function appearsto bepossibleviaa
variety of currently available methods, with novel approaches
till to come. It seems reasonabl e to expect that future thera
peutic strategies and agents will be directly targeted to this
monolayer of cellsthat regulates vascular tone and structure.
Early detection of endothelia dysfunction may be a useful
measure to guide therapy prior to the development of symp-
tomatic atherosclerosis.
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