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Summary: The endothelium releases factors that control vas-
cular relaxation and contraction, thrombogenesis and fibrinol-
ysis, and platelet activation and inhibition. Maintaining the
functional integrity of the endothelium, therefore, is critical for
the preservation of blood flow and the prevention of thrombo-
sis. This article reviews the primary endothelium-dependent
substances that promote either relaxation (e.g., nitric oxide,
prostacyclin) or contraction (e.g., endothelin) of blood vessels,
including their physiology, mechanism of effect, and role in
endothelial dysfunction. Risk factors for cardiovascular dis-
ease, such as hypertension, hypercholesterolemia, diabetes,
vascular aging, and estrogen deficiency, are discussed in terms
of their contributions to endothelial dysfunction, which may
be the initial step in atherogenesis.
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Introduction

Since the pioneering work of Furchgott and Zawadzki,1 the
endothelium has been recognized as a major regulator of vas-
cular hemostasis. Endothelial cells, as the inner lining of
blood vessels, are strategically located between circulating
blood and blood cells and the vascular smooth muscle. In a
person with a body weight of 70 kg, the endothelium covers
an area of approximately 700 m2 and weighs about 1 to 1.5
kg.2 Functional integrity of the endothelium is crucial for the

maintenance of blood flow and antithrombotic capacity, be-
cause the endothelium releases humoral factors that control
relaxation and contraction, thrombogenesis and fibrinolysis,
and platelet activation and inhibition. Thus, the endothelium
contributes to blood pressure control, blood flow, and vessel
patency. It is now clear that impaired endothelial function con-
tributes substantially to cardiovascular disorders such as
atherosclerosis, hypertension, and heart failure, which lead to
hypoperfusion, vascular occlusion, and end-organ damage.

Physiology of the Endothelium

Endothelium-Derived Relaxing Factors

Stimulation of intact endothelial cells by neurotransmit-
ters, hormones, and substances derived from platelets and the
coagulation system causes release of a substance that, in turn,
induces relaxation of the underlying vascular smooth muscle
(Fig. 1).1, 3 Furthermore, shear forces generated by circu-
lating blood induce endothelium-dependent vasodilation,
which is an important adaptive response of the vasculature
during exercise. This endothelium-derived relaxing factor, a
diffusible substance with a half-life of a few seconds,1 has
been identified as the free radical, nitric oxide (NO). Nitric
oxide is formed from L-arginine by oxidation of the guani-
dine-nitrogen terminal.4 The NO-synthesizing enzyme exists
in several isoforms in endothelial cells, platelets, macro-
phages, vascular smooth muscle cells, nerves, and the brain.5

In endothelial cells, gene expression of NO synthase, al-
though constitutively activated, can be upregulated by shear
stress and estrogens. The activity of NO synthase can be 
inhibited by the circulating amino acid, asymmetrical di-
methylarginine (ADMA), which accumulates in patients
with renal failure.6 This observation has been further extend-
ed to hypercholesterolemia; increased levels of ADMA were
seen in hypercholesterolemic rabbits despite normal renal
function,7 and elevated circulating ADMA was subsequently
observed in patients with occlusive peripheral atherosclerotic
disease.8 An inducible isoform of NO synthase exists in vas-
cular smooth muscle and macrophages. When activated by
cytokines such as endotoxin, interleukin-1b, and tumor
necrosis factor a, this calcium-independent enzyme produces
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large amounts of NO, and hence is activated in inflammatory
processes and endotoxic shock. 

Endothelium-dependent relaxations due to NO involve for-
mation of cyclic 3’,5’-guanosine monophosphate (cGMP) via
the soluble enzyme guanylyl cyclase9 (Fig. 1). Nitric oxide-in-
duced endothelium-dependent relaxation can be pharmaco-
logically inhibited by analogues of L-arginine such as L-NG-
monomethyl arginine (L-NMMA) or L-nitroarginine methyl-
ester (L-NAME), which compete with the natural precursor
L-arginine at the catalytic site of the enzyme.5 In isolated 
arteries, these inhibitors cause endothelium-dependent con-
tractions, whereas in perfused hearts, inhibition of NO forma-
tion markedly decreases coronary flow. Local infusion of 
L-NMMA into the human forearm circulation induces an in-
crease in peripheral vascular resistance. When infused intra-
venously, L-NMMA induces long-lasting increases in blood
pressure. This indicates that the vasculature is in a constant
state of vasodilation due to continuous basal release of NO by
the endothelium.

In addition to NO, endothelial cells release prostacyclin in
response to shear stress, hypoxia, and several substances (see
above) that also release NO (Fig. 1). Prostacyclin increases
cyclic 3’,5’-adenosine monophosphate (cAMP) in smooth
muscle and platelets. Its platelet-inhibitory effects play a
greater physiologic role than its contribution to endothelium-
dependent relaxation. Nitric oxide and prostacyclin synergis-
tically inhibit platelet aggregation, suggesting that the pres-
ence of both mediators is required for maximal inhibition of
platelet activation.

In the epicardial coronary circulation, inhibitors of the L-
arginine pathway do not prevent all endothelium-dependent
relaxations, particularly in intramyocardial vessels.10 Be-
cause vascular smooth muscle cells become hyperpolarized
during NO-independent relaxations, the existence of endo-
thelium-dependent hyperpolarizing factors has been pro-
posed.11, 12 However, C-type natriuretic peptide, previously
proposed as an endothelium-derived hyperpolarizing factor,
does not cause endothelium-dependent hyperpolarization.13

Endothelium-Derived Contracting Factors

Soon after endothelium-derived relaxing factor/NO 
was discovered, it became clear that endothelial cells also
can mediate contraction3 (Fig. 1). Endothelium-derived 
contracting factors include the 21-amino acid peptide en-
dothelin-1 (ET-1), vasoconstrictor prostanoids such as
thromboxane A2 and prostaglandin H2, and components of
the renin-angiotensin system such as angiotensin II. Three
isoforms of the endothelin peptide family exist: endothelin-
1, endothelin-2, and endothelin-3. Endothelial cells produce
ET-1 exclusively.14 Translation of messenger RNA generates
preproendothelin, which is converted to big endothelin (bET-
1) that is further converted by endothelin-converting enzyme
(ECE) to the mature peptide ET-1. Four isoforms of this en-
zyme—ECE-1a, ECE-1b, ECE-1c, and ECE-2—have been
cloned.15, 16 Expression of messenger RNA and release of
ET-1 are stimulated by thrombin, transforming growth factor
b, interleukin-1, epinephrine, angiotensin II, arginine vaso-
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FIG. 1 Vasoactive mediators released by the endothelium. The endothelium produces factors that promote both relaxation (right) and contrac-
tion (left). Ang = angiotensin, ACE = angiotensin-converting enzyme, Ach = acetylcholine, ADP = adenosine diphosphate, ATP = adenosine
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pressin, calcium ionophore, and phorbol ester14, 17 (Fig. 1).
Endothelin-1 causes vasodilation at lower concentrations

but marked and sustained contractions at higher concentra-
tions;14, 18 in the heart, the latter eventually leads to ischemia,
arrhythmias, and death. Intramyocardial vessels are more sen-
sitive to the vasoconstrictor effects of ET-1 than are epicardial
coronary arteries, suggesting that endothelin has particular
importance in the regulation of flow. Very low circulating lev-
els of ET-1 indicate that most of the peptide is formed locally
in the vascular wall. This may be due to the absence of stimuli
for endothelin production, the presence of potent inhibitory
mechanisms, or the preferential release of endothelin ablumi-
nally toward smooth muscle cells.19 Four inhibitory mecha-
nisms regulating ET-1 production have been delineated: (1)
cGMP-dependent inhibition,17 (2) cAMP-dependent inhibi-
tion,20 (3) an inhibitory factor produced by vascular smooth
muscle cells,21 and (4) inhibition by estrogens via an estro-
gen-receptor-dependent mechanism.22 Inhibition of the en-
dothelial L-arginine pathway augments thrombin-induced or
angiotensin-induced production of ET-1; conversely, nitrates
and atrial natriuretic peptide (which activate particulate
guanylyl cyclase) prevent thrombin-induced ET-1 release via
a cGMP-dependent mechanism. Endothelin-1 may also pro-
mote release of NO and prostacyclin from endothelial cells
through ETB receptors; as a negative feedback mechanism,
this process reduces ET-1 production in the endothelium17

and its vasoconstrictor action in smooth muscle. It is 
interesting that endothelin inhibits the expression and func-
tion of inducible NO synthase.23

Two distinct endothelin receptors have been identified: the
ETA- and ETB-receptors (Fig. 1).24 Both are G protein-cou-
pled receptors with seven transmembrane domains and are
linked to phospholipase C and protein kinase C. Endothelial
cells express ETB-receptors involved in the formation of NO
and prostacyclin, which explains the transient vasodilator 
effects of endothelin when infused into intact organs or or-
ganisms. ETA-receptors and, to some extent, ETB-receptors 
mediate contraction and proliferation in vascular smooth
muscle. Several endothelin-receptor antagonists have been
developed and are currently being clinically evaluated in 
normal subjects and patients.

The cyclooxygenase pathway also produces endothelium-
derived vasoconstrictors. Particularly in veins, but also in the
cerebral and ophthalmic circulation, agonists such as arachi-
donic acid, acetylcholine, histamine, and serotonin can evoke
endothelium-dependent contractions that are mediated by
thromboxane A2 or prostaglandin H2 (Fig. 1).3 Thromboxane
A2 and prostaglandin H2 activate the thromboxane receptors in
vascular smooth muscle and platelets, thereby counteracting
the effects of NO and prostacyclin in both types of cell. In ad-
dition, the cyclooxygenase pathway is a source of superoxide
anions, which rapidly inactivate NO to form the potent cyto-
toxic oxidant peroxynitrite. 

The endothelium also regulates the activity of the renin-an-
giotensin system. Angiotensin-converting enzyme (ACE),
which converts angiotensin I to angiotensin II, is expressed on
the endothelial cell membrane. Angiotensin-converting en-
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zyme is identical to kinase II, which inactivates bradykinin.
Angiotensin II can activate endothelial angiotensin receptors;
these receptors stimulate the production of ET-1 and other 
mediators such as plasminogen activator inhibitor.25 Further-
more, superoxide anion production due to the activation of
NADH/NADPH oxidase has recently been linked to angio-
tensin II-induced hypertension.26

Endothelium and Vascular Structure

Removal of endothelial cells by balloon injury invariably
leads immediately to deposition of platelets and white blood
cells at the site of injury; intimal hyperplasia occurs within
days to weeks. This observation suggests that the endothelium
regulates vascular structure and that it protects the vessel wall
from activation of vascular smooth muscle cells (Fig. 2).
Endothelial dysfunction is therefore an important factor in
atherosclerosis, restenosis, and hypertensive vascular disease.
Vascular structure is determined mainly by vascular smooth
muscle cell growth. Endothelial cells may affect vascular
structure directly and indirectly. Nitric oxide and prostacyclin
inhibit platelet adhesion.27 Endothelial dysfunction and/or 
denudation, however, allow platelets to adhere to the vessel
wall, where they may cause contraction through the release of
thromboxane A2 and serotonin and may stimulate prolifera-
tion and migration of vascular smooth muscle cells via release
of platelet-derived growth factor.28

Endothelial cells produce growth promoters and growth in-
hibitors. Under physiologic conditions, the effects of growth
inhibitors appear to outweigh those of growth promoters,
which may explain why the blood vessel wall is normally qui-
escent with no proliferation of smooth muscle cells. Heparan
sulfates, NO, and transforming growth factor b1 are potent 
inhibitors of vascular smooth muscle cell migration and pro-
liferation.29–31 In contrast, endothelial cells under certain con-
ditions may produce various growth factors, particularly
platelet-derived growth factor, epidermal growth factor, and
angiotensin II (Fig. 2). These factors may become important in
disease states in which the endothelium remains morphologi-
cally intact but dysfunctional and may thereby contribute to
smooth muscle cell proliferation.

Pathophysiology of the Endothelium

Endothelial Dysfunction: Marker or Mediator?

Endothelial dysfunction is characterized by an imbalance of
endothelium-derived relaxing and contracting factors. It may
be the cause or consequence of vascular disease and is a hall-
mark of known cardiovascular risk factors (see below). It is 
interesting that endothelial dysfunction precedes structural
vascular alterations, indicating a protective role of the func-
tionally intact endothelium. While some vessels are particular-
ly prone to developing endothelial dysfunction and atheroscle-
rosis (epicardial coronary arteries, large arteries such as the
aorta or iliac artery), others appear to be protected (internal
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mammary artery, brachial artery). This difference may relate
to selective alterations due to pulse pressure and/or alterations
in endothelial cell function in different areas of the vascular
tree. Endothelial cell denudation, however, occurs only in very
late stages of atherosclerosis and plaque rupture. These
changes in endothelial cell morphology are almost invariably
associated with functional alterations and intimal thickening,
with accumulation of white blood cells, vascular smooth mus-
cle cells, and fibroblasts and matrix deposition.

Cardiovascular Risk Factors and Endothelial Dysfunction

Hypercholesterolemia: Hypercholesterolemia per se, with-
out atherosclerotic vascular changes, inhibits endothelium-
dependent relaxations, which are further reduced in athero-
sclerosis.32 It appears that low-density lipoprotein (LDL) is a
major determinant of this phenomenon (Fig. 3). Indeed, incu-
bation of isolated coronary arteries with oxidized but not na-
tive LDL selectively inhibits endothelium-dependent relax-
ations to serotonin, aggregating platelets, and thrombin,
whereas the response to bradykinin is not affected.33 A simi-
lar diminution of the response can be achieved by pertussis
toxin or an inhibitor of NO formation, suggesting defective
activation of the L-arginine pathway by Gi protein-coupled
receptors.33, 34 Exogenous L-arginine improves or 
restores reduced endothelium-dependent relaxation in the
presence of oxidized LDL, which suggests that oxidized LDL
impairs the activity of NO synthase. The active component of
LDL appears to be lysolecithine, which mimics most of the
effects of LDL. In vitro experiments in the coronary arteries

of hypercholesterolemic pigs have demonstrated selective
dysfunction of endothelium-dependent relaxation in response
to serotonin and to aggregating platelets and thrombin.
Endothelial dysfunction is more extensive in more advanced
stages of atherosclerosis. Experiments in the aorta of hyper-
cholesterolemic rabbits suggest that the overall production of
NO is not reduced but rather augmented; however, increased
production of NO is inactivated by superoxide radicals pro-
duced within the endothelium35 (Fig. 3). Similar observations
have been made in rabbits with fully developed atherosclero-
sis. Under the conditions of both hypercholesterolemia and
atherosclerosis, biologically active NO is markedly reduced,
a fact also supported by bioassay experiments with coronary
arteries of hypercholesterolemic pigs.36

Endothelin is activated in atherosclerotic vascular disease.
In hyperlipidemia and atherosclerosis, endothelial cell pro-
duction of endothelin is increased37 (Fig. 3), while the expres-
sion of endothelin receptors is downregulated.38 A most likely
stimulus for the increased endothelin production is LDL,
which increases endothelin gene expression and endothelin re-
lease from porcine and human aortic endothelial cells39 (Fig.
3). Vascular smooth muscle cells, particularly those that mi-
grate into the intima during the atherosclerotic process, also
produce endothelin. In cultured vascular smooth muscle cells,
endothelin can be released by growth factors such as platelet-
derived growth factor and transforming growth factor b1 and
by vasoconstrictors such as arginine vasopressin.40 Hence,
several mediators involved in atherosclerosis stimulate vascu-
lar endothelin production, perhaps explaining why plasma 
endothelin levels are increased and correlate positively with
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the extent of atherosclerotic lesion formation.37 Furthermore,
unstable lesions removed from coronary arteries by ather-
ectomy exhibit marked staining for ET-1.41 Thus, local vascu-
lar endothelin may contribute to both abnormal coronary 
vasomotion in patients with unstable angina, which may be
stimulated by ischemia or thrombin, and to vasoconstriction
and the proliferation of vascular smooth muscle cells observed 
in atherosclerosis.

Hypertension: Endothelial dysfunction in hypertension
may contribute to an increase in peripheral vascular resis-
tance (in small arteries) or to vascular complications of the
disease (in large and medium-sized conduit arteries). In most
models of hypertension, high blood pressure is associated
with reduced endothelium-dependent relaxation.3 Endothe-
lial dysfunction is more prominent in some blood vessels than
in others and appears to occur as blood pressure rises; thus,
endothelial dysfunction is a consequence rather than a cause
of hypertension. In hypertensive subjects, acetylcholine caus-
es paradoxical vasoconstriction of epicardial coronary arter-
ies. The mechanism of endothelial dysfunction differs in var-
ious models of hypertension. In the spontaneously
hypertensive rat model of genetic hypertension, the activity
of the enzyme NO synthase is markedly increased but ineffi-
cacious, probably due to increased inactivation of NO by su-
peroxide anion42 (Fig. 4). In addition, the endothelium of
spontaneously hypertensive rats and ren-2 transgenic rats
produces increased amounts of prostaglandin H2, which off-
sets the effects of NO in vascular smooth muscle and
platelets. Whether or not this occurs in humans is uncertain;
however, in the forearm circulation of patients with essential
hypertension, infusion of a cyclooxygenase inhibitor such as
indomethacin enhances vasodilation to acetylcholine.43 In
contrast, salt-induced hypertension is associated with a
marked impairment of endothelial NO synthase activity44

(Fig. 4). Plasma levels of endothelin remain normal in most
patients with hypertension except in the presence of renal
failure or atherosclerosis. Increased local vascular production
of endothelin, however, is likely; because most of the peptide
is released abluminally,19 plasma levels of endothelin do not
necessarily reflect local tissue levels. Vascular endothelin pro-
duction is reduced in the spontaneously hypertensive rat but
increased in angiotensin II-induced hypertension in Wistar-
Kyoto rats. In the latter model, functional ECE activity is also
increased.45 However, endothelin by itself does not appear to
cause hypertension.46

Vascular aging: Aging is a physiologic process associated
with an increase in cardiovascular morbidity and mortality
even in the absence of known cardiovascular risk factors. This
may be related to cellular changes in response to increased 
oxidative stress47 or to other factors such as impaired release 
of vasoactive mediators. In most studies, endothelium-depen-
dent relaxations decrease with aging. In humans, the increase
in coronary flow induced by acetylcholine infusion lessens
with age.48 Recent studies have demonstrated that the decline
in endothelium-dependent relaxation may be related to a 
decrease in basal49 and stimulated50 release of NO and to 
reduced expression of the endothelial NO synthase gene.
Vascular function is preserved with aging, however, in some
arteries such as the femoral artery (Fig. 5).49 Although plasma
levels of endothelin increase with age, the response to 
endothelin decreases, presumably due to downregulation of
receptors in most vessels. Similarly, aging heterogeneously 
affects functional ECE activity, which may increase in some
but not all arteries.49

Diabetes: Elevated glucose levels in patients with diabetes
cause endothelial dysfunction. The underlying mechanism
may involve increased synthesis of endothelin51 and/or im-
pairment of the L-arginine-NO pathway. Recent studies have
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shown that elevated glucose concentrations increase expres-
sion of NO synthase and production of superoxide anion in
vitro.52 Vascular dysfunction due to high glucose levels 
appears to be mediated in vivo by vascular endothelial growth
factor via an NO synthase-linked pathway.53

Estrogen deficiency: Estrogen is an important modulator of
vascular function. Estrogen replacement therapy is associated
with a decreased risk of cardiovascular morbidity and mortal-
ity in postmenopausal women.54 Accordingly, male gender 
is considered an independent risk factor for coronary artery

disease. Estrogen modulates NO synthase activity and the for-
mation of NO in vitro and in vivo. Estrogen deficiency is asso-
ciated with endothelial dysfunction55 and increased circulat-
ing levels of endothelin.56 Endothelin can be inhibited by
estrogen in vitro22 and in vivo.56

Clinical Implications

Experimental and clinical evidence suggests that endothe-
lial dysfunction is a major determinant for the development
and progression of cardiovascular and renovascular diseases.
A major goal of therapy in patients with these diseases should
be to improve or preserve endothelial function. Furthermore,
since endothelial dysfunction occurs prior to structural vascu-
lar changes, therapy should be initiated early in patients at risk
(e.g., familial hypercholesterolemia, hypertension). Preven-
tion or correction of endothelial dysfunction in cardiovascular
disease with agents targeting the endothelium, such as ACE
inhibitors, HMG-CoA reductase inhibitors, and estrogen, is
likely to improve the clinical outcome in these patients.
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