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Introduction

The Vascular Biology Working Group was formed under the auspices of the University of Florida College of Medicine
to bring together researchers from various fields to explore the clinical implications of recent basic research related to the
endothelium. A central focus was work dealing with the pathogenesis of cardiovascular disease. The initial meetings of the
Working Group were held in March 1994 (North America) and March 1995 (Europe), and annual meetings have refined
our understanding of the complex processes that influence the development of atherosclerosis, hypertension, and other vas-
cular diseases. The primary goal of these meetings is to translate basic and clinical research into a message useful to the
practicing physician, with the hope that it could impact on adverse outcomes of patients with cardiovascular disease. 

This supplement to Clinical Cardiology is based on the proceedings of Working Group meetings held in the United
States and Europe in late 1996 and early 1997. The nine articles by prominent cardiologists review the current understanding
of the endothelium as a mediator of cardiovascular tone and structure. They also discuss interventions that are proposed
(e.g., estrogen in postmenopausal women, L-arginine supplementation) and proven [e.g., HMG-CoA reductase inhibitors,
angiotensin-converting enzyme (ACE) inhibitors, and others] to improve endothelial function in the coronary circulation
of patients with atherosclerosis or hypertension. 

To begin, Thomas F. Lüscher, M.D., from University Hospital Zürich and the University of Zürich, Switzerland, 
establishes the basis for the ensuing discussions with an overview of the biology of the endothelium. As he explains, the
endothelium produces substances that regulate both relaxation and contraction of blood vessels, and it also contributes to
the maintenance of vascular structure.

Next, David G. Harrison, M.D., of Emory University School of Medicine, Atlanta, examines oxidant stress and 
endothelial function. We now know that oxidation inactivates nitric oxide and likely contributes to many abnormalities of
endothelium that characterize atherosclerosis, hypertension, and other disease processes.

The article on the homeostatic balance between angiotensin II and nitric oxide by Gary H. Gibbons, M.D., from Brigham
and Women’s Hospital in Boston, provides an excellent overview of the balance between vasoconstrictors and vasodilators
as well as between growth promoters and growth inhibitors. In this regard, angiotensin II in particular mediates vascular
remodeling. Dr. Gibbons indicates that blocking angiotensin II by ACE inhibition may have profound effects on vascular
function and structure.

Although recent research has established that endothelial dysfunction of both large and small blood vessels contributes
to hypertension, the exact cause of the pathologic disturbance that causes endothelial dysfunction in patients with hyper-
tension has not been defined. Julio A. Panza, M.D, and colleagues at the National Institutes of Health, Bethesda, have con-
ducted a series of investigations designed to clarify the potential contributions of various endothelium-dependent and 
-independent factors to abnormal endothelial function. He provides an outstanding overview of the relation between hy-
pertension and endothelial dysfunction as well as an update on the results of experiments to identify potential mechanisms.

A primary focus of the Vascular Biology Working Group is the role of the renin-angiotensin system and ACE in 
endothelial function. Douglas E. Vaughan, M.D., of Vanderbilt University Medical Center, Nashville, explores this rela-
tionship as it pertains to local fibrinolysis, one of the primary endogenous mechanisms for preventing intravascular throm-
bosis. He provides results of the newest studies showing that ACE inhibition can interrupt the occurrence of acute ischemic
events in some populations.

As the inner lining of blood vessels, the endothelium is involved early in the development of atherosclerotic plaque.
Plaque disruption causes coronary thrombosis, which is, in turn, the primary mechanism responsible for acute coronary
syndromes such as unstable angina, acute myocardial infarction, and sudden cardiac death. The article by Prediman K.
Shah, M.D., of Cedars-Sinai Medical Center, Los Angeles, provides an update on the pathogenesis and prevention of plaque
disruption and coronary thrombosis, including the recent concept of plaque stabilization as a potential clinical intervention.

Endothelial Dysfunction, the Renin-Angiotensin System, and Nitric Oxide:
Impact on Coronary Artery Disease and Therapeutic Interventions 

CARL J. PEPINE, M.D., Guest Editor
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In his discussion of the endothelium as a target organ, John P. Cooke, M.D., Ph.D., from Stanford University School of Medicine,
Stanford, reviews risk factors known to lead to endothelial dysfunction. These range from well-recognized risk factors for atheroscle-
rosis such as hypertension and increased levels of low-density lipoprotein cholesterol to a recently identified factor, asymmetric
dimethylarginine (ADMA), an endogenous antagonist of nitric oxide synthase. A number of potential therapeutic 
interventions, both pharmacologic (ACE inhibitors, lipid-lowering agents) and nonpharmacologic (e.g., antioxidants), have been
shown to improve endothelial function. They accomplish this by modifying or reducing the effects of these factors or by decreas-
ing the vulnerability of the endothelium to damage.

Christophe Bauters, M.D., of the University and Cardiology Hospital of Lille, France, presents results of experimental studies
performed at his laboratory on the beneficial effects exerted by several vascular growth factors, including basic fibroblast growth fac-
tor and vascular endothelial growth factor, on endothelial function. These growth factors offer a new avenue for therapy of 
ischemia in either the limbs or the heart.

The final article by myself examines the potential role of ACE inhibition in clinical myocardial ischemia. A number of recently
completed or ongoing randomized, clinical trials are reviewed. Results of these trials will provide critical information on the 
potential benefits of ACE-inhibitor therapy in improving endothelial function. 

It is hoped that the publication of this supplement, made possible through an unrestricted grant from Parke-Davis, will further our
goal of making the latest research in vascular biology accessible to the practicing physician and provide insights into the basis for
clinical interventions to improve outcomes in coronary artery disease.
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Biology of the Endothelium

THOMAS F. LÜSCHER, M.D., AND MATTHIAS BARTON, M.D.

Department of Cardiology, University Hospital Zürich, and Cardiovascular Research, Institute of Physiology, University of Zürich,
Zürich, Switzerland

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.

Key words: atherosclerosis, endothelial dysfunction, endo-
thelin, hypercholesterolemia, hypertension, nitric oxide, risk
factors

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
triphosphate, Bk = bradykinin, cAMP/cGMP = cyclic adenosine/guanosine monophosphate, ECE = endothelin-converting enzyme, EDHF =
endothelium-derived hyperpolarizing factor, ET = endothelin-1, 5HT = 5-hydroxytryptamine (serotonin), L-Arg = L-arginine, NO = nitric ox-
ide, NOS = nitric oxide synthase, O2- = superoxide, PGH2 = prostaglandin H2, PGI2 = prostacyclin, TGFb1 = transforming growth factor b1, 
Thr = thrombin, TXA2 = thromboxane A2. Circles represent receptors (AT = angiotensinergic, B = bradykinergic, ET = endothelin receptor, M
= muscarinic, P = purinergic, S = serotonergic, T = thrombin receptor, TX = thromboxane receptor).
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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

II-7

5-HT

S1
Gi

NO

L-Arg

O2
-

TX
ETBETA

Contraction

Ca2+

NOS

cGMP

Relaxation

Smooth muscle
cells

5-HT

Endothelial
cells

Scavenger
receptor

Scavenger
receptor

TXA2oxLDLBkoxLDL native
LDL

LDL
receptor

Gs
PKC

ET

EDHF

S2

FIG. 3 Endothelial dysfunction in hyperlipidemia and atherosclerosis. The major contributor is oxidized low-density lipoprotein (oxLDL),
which, by activating scavenger receptors, impairs the activity of the L-arginine-NO pathway. The mechanism may involve inactivation of Gi pro-
teins (Gi), decreased intracellular availability of L-arginine (L-Arg), and increased breakdown of NO by superoxide (O2

-). oxLDL further acti-
vates endothelin (ET) gene expression and production via protein kinase C (PKC). Other abbreviations as in Figure 1.



Clin. Cardiol. Vol. 20 (Suppl II), November 1997

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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Summary: Both endothelial cells and vascular smooth mus-
cle cells are capable of producing reactive oxygen species
from a variety of enzymatic sources. In disease states such as
atherosclerosis and hypertension, vascular production of
these reactive oxygen metabolites can increase substantially.
Increases in the production of superoxide anion can lead to
decreases in ambient levels of nitric oxide via a facile radical/
radical reaction that occurs more rapidly than the reaction 
of superoxide anion with superoxide dismutase. This phe-
nomenon alters endothelial regulation of vasomotion in a va-
riety of disease conditions. Recent evidence suggests that the
major source of vascular superoxide ion and hydrogen per-
oxide is a membrane-bound, reduced nicotinamide-adenine
dinucleotide (NADH)-dependent oxidase. The activity of this
enzyme system is regulated by angiotensin II and is elevated
following prolonged exposure to nitroglycerin. Alterations of
vascular oxidant state caused by angiotensin II may con-
tribute substantially to vascular pathology and may also pro-
vide a link between hypertension and atherosclerosis. 

Key words: atherosclerosis, angiotensin II, endothelial func-
tion, hypertension, nitric oxide, superoxide anion, superoxide
dismutase

Introduction

During the past decade, it has become apparent that numer-
ous disease states are associated with abnormalities of endothe-
lium-dependent vascular relaxation in both large and arteriolar
vessels. While the mechanisms whereby these various disease

processes alter endothelium-dependent vascular relaxation are
likely multifactorial, several studies from our laboratory and
others have suggested that oxidative inactivation of nitric oxide
(NO) may be important in some circumstances. These studies
indicate that a tenuous balance exists in the vessel wall between
the steady-state levels of NO and superoxide anion (•O2

-). This
review will discuss factors that may modulate vascular levels of
•O2

- and NO and the evidence that imbalances between these
two can predispose to alterations of vascular regulation in sev-
eral important disease conditions. 

Interactions between Nitric Oxide and Superoxide: 
A Potential Mechanism for Modulating Vasomotor
Tone? 

Even before the endothelium-derived relaxing factor
(EDRF) was shown to be NO or a closely related compound, it
was known that its half-life could be shortened by exposure to
artificially generated superoxide and prolonged by superoxide
dismutase (SOD).1, 2 Shortly after the identification of EDRF
with NO, Eric Feigl, in a commentary to the journal Science,
suggested that an important role of the EDRF might be to
scavenge •O2

-.3 This suggestion was based on knowledge of
chemical reactions in which superoxide and NO reacted with
one another in a facile radical/radical reaction. Since NO could
be inactivated by superoxide, it was reasoned that superoxide
itself might be inactivated by NO. 

At first glance, a role for NO in scavenging superoxide
seemed unlikely. Both prokaryotic and eukaryotic cells con-
tain large amounts of various SOD enzymes with a high affin-
ity for superoxide. One might suspect that these SODs would
scavenge all of the superoxide made in the vessel wall, pre-
venting the radical from reacting with NO. Recent evidence
suggests, however, that in the vessel wall there exists a tenuous
balance between superoxide, NO, and cellular antioxidant 
defense mechanisms (particularly SODs) and that reactions
between superoxide and NO may be quite important. For ex-
ample, it has been shown that the reaction rate between super-
oxide and NO is extremely rapid (6.7 3 109 M-1/s-1).4 This rate
is approximately three times faster than the reaction rate of su-
peroxide with either the manganese or the copper-zinc form of
SOD. In a compartment containing both NO and SOD, there
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may be a propensity for superoxide to react preferentially with
NO rather than with SOD, depending on the relative concen-
trations of each. 

In addition, there may exist compartments in the cellular
and extracellular space in which the scavenging of superoxide
by SOD is limited. For example, both SOD and vascular cell
membranes carry a negative charge, leading to an electrostatic
repulsion between the two.5 Therefore, interactions between
NO and superoxide may occur preferentially over reactions
between superoxide and SODs in or near cellular membranes.
Such reactions might also occur in interstitial spaces. 

Regulation of Vascular Superoxide Production

Studies in Hypercholesterolemia: Possible Role of Xanthine
Oxidase

Some of the earliest evidence that vascular levels of super-
oxide could modulate NO bioactivity came from studies of
vessels from cholesterol-fed rabbits. Several conditions, in-
cluding hypercholesterolemia and atherosclerosis, are asso-
ciated with altered bioactivity of NO as reflected by abnormal
endothelium-dependent vascular relaxation. The responsible
mechanisms may vary depending on the stage of the disease,
the vascular bed examined, and the animal model studied.
Nevertheless, we found that aortas from cholesterol-fed rab-
bits produce even larger amounts of NO than aortas from 
control rabbits,6 but that the NO seemed to be oxidatively 
degraded. Treatment of the rabbits with polyethylene-glyco-
lated SOD dramatically increased endothelium-dependent
vascular relaxation, further suggesting a role for superoxide.7

Finally, direct measurements of superoxide production using
lucigenin chemiluminescence have shown that aortic seg-
ments from cholesterol-fed rabbits (4 weeks on diet) produce
approximately threefold more superoxide than the aortas of
control rabbits.8 The superoxide production seemed to come
from xanthine oxidase, as it was inhibited by oxypurinol. In
more recent studies, White et al. have shown that levels of xan-
thine oxidase are increased in the plasma of cholesterol-fed
rabbits and that this circulating xanthine oxidase binds to hep-
arin-binding sites on the vessel wall, where it acts to produce
excess superoxide.9 Inhibition of xanthine oxidase with oxy-
purinol improves endothelium-dependent vascular relaxation,
as does treatment of vessels from these animals with heparin,
which displaces the xanthine oxidase. 

The role of xanthine oxidase may be limited to the early
stages of hypercholesterolemia. As atherosclerosis develops
and more complicated plaques form, other oxidases become
predominant, and oxypurinol or similar agents become less 
effective in either decreasing superoxide or improving endo-
thelium-dependent vascular relaxation. Preliminary studies 
in apolipoprotein E-deficient mice indicate a substantial in-
crease in reduced nicotinamide-adenine dinucleotide phos-
phate (NADPH) oxidase in atherosclerotic vessels, perhaps
due to accumulation of macrophages containing the NADPH
dependent enzyme. 

Studies of Other Oxidase Systems: Role of NADH/
NADPH-Dependent Oxidases

Oxidases are present in virtually all mammalian cells and
are often named based on their substrate preference, as with
xanthine oxidase. One of the best-characterized oxidase sys-
tems is neutrophil oxidase,10, 11 which is composed of at least
five components: two cytosolic components (p47phox and
p67phox), a small-molecular-weight G protein similar to 
rac-2, and two membrane-bound components. The last two,
p22phox and gp91phox, comprise the cytochrome b558.
When activated, the cytosolic components translocate to the
membrane components and, upon assembly, create an active
oxidase. Neutrophil oxidase is activated by phorbol esters, 
f-met-leu-phe, and opsonized zymozan. When activated in
neutrophils, the enzyme transfers electrons from NADPH to
flavins, subsequently to a heme group, and eventually to
molecular oxygen. The neutrophil enzyme prefers NADPH
over NADH in a ratio of 3:1. Mutations occurring in the vari-
ous protein subunits of the neutrophil oxidases are associated
with chronic granulomatous disease.

What does the neutrophil oxidase have to do with vascular
biology? During the past 2 to 3 years, it has become apparent
that both the endothelium and vascular smooth muscle contain
membrane-bound oxidases that utilize NADH and NADPH as
substrates for electron transfer to molecular oxygen.12–15

These oxidases have similarities to neutrophil NADPH oxi-
dase in that they possess flavin-binding and heme-binding 
regions, which are likely important in the transfer of electrons.
A common component of neutrophil oxidase and vascular
smooth muscle oxidase is p22phox. Dr. Kathy Griendling has
recently cloned the p22phox of vascular smooth muscle and
has shown that it exhibits a high homology to the neutrophil
analog.16 Inhibition of p22phox expression in vascular smooth
muscle using antisense techniques results in a loss of NADH
oxidase activity. 

Despite these similarities, there are important differences
between the vascular and neutrophil oxidases. First, the out-
put of vascular oxidase is much lower than that of neutrophil
oxidase (nmol vs. µmol/min/mg protein). Second, vascular
oxidase does not exhibit “bursts” of activity as does neu-
trophil oxidase.17, 18 This property of low output does not
lessen the importance of the vascular oxidase system. The
neutrophil oxidase system serves a bactericidal role, while
vascular oxidase may have other functions, such as modula-
tion of NO activity. Third, unlike neutrophil oxidase, smooth
muscle oxidase uses NADH for electron transfer in prefer-
ence to NADPH. 

Regulation of Oxidase Activity by Angiotensin II: 
Studies in Cultured Cells and Intact Animals

A particularly important aspect of the vascular NADH/
NADPH oxidase systems is that their activity is regulated by
angiotensin II and certain cytokines. Studies by Dr. Griend-
ling12 have shown that a 4-h treatment of cultured vascular
smooth muscle cells with nanomolar levels of angiotensin II
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markedly increases NADH and NADPH oxidase activity
(Fig. 1).12 

Recently, we extended these findings to an in vivo model
of angiotensin II-induced hypertension.19 We used osmotic
minipumps to infuse angiotensin II subcutaneously (0.6 mg/
kg/day) in Sprague-Dawley rats. To study a model of hyper-
tension associated with low levels of angiotensin II, we also
treated rats with a subcutaneous infusion of norepinephrine
for a similar period of time. After 5 days the animals were
sacrificed and their aortas removed for studies (by lucigenin
chemiluminescence) of •O2

- production. Systolic blood pres-
sure and •O2

- production are shown in Figure 2. The dif-
ference illustrated in •O2

- production between angiotensin 
II-treated and sham-operated animals persisted in experi-
ments in which we intentionally removed the endothelium,
suggesting the vascular smooth muscle as a likely source for
the increase in •O2

-.

Characterization of the Source of •O2- in Angiotensin 
II-Treated Rats

In additional experiments, we sought to characterize the 
enzyme systems involved in this increase in •O2

- production.
Diphenylene iodonium, an inhibitor of flavin-containing en-
zymes, normalized •O2

- production in vessels removed from
angiotensin II-infused animals. In contrast, •O2

- production
was not altered by rotenone, oxypurinol, indomethacin, or 
L-nitroarginine, suggesting that the source of the •O2

- was not
mitochondrial electron transport, xanthine oxidase, cyclooxy-
genase, or NO synthase. We made homogenates of tissue and
examined the ability of various agents to serve as substrates for
•O2

- production. Arachidonic acid, xanthine, and succinate (in
the presence of antimycin) had only a minimal effect on •O2

-

production. In contrast, both NADH and, to a lesser extent,
NADPH served as substrates for •O2

- production. In both cas-
es, more than 98% of the activity occurred in the membrane
and was greater in the vessels from angiotensin II-treated ani-
mals (Fig. 3).19

Role of Increased •O2
- Production in Angiotensin II-Induced

Hypertension and Changes in Vascular Reactivity

The increase in vascular smooth muscle production of •O2
-

caused by angiotensin II treatment was associated with a
marked impairment in endothelium-dependent vascular relax-
ation. This impairment was not observed in vessels from rats
treated with norepinephrine (Fig. 4).19 

Because loss of NO can contribute to hypertension, we 
reasoned that an increase in •O2- in the resistance circulation
might contribute to the hypertension caused by infusion of 
angiotensin II. In a recent study,20 we lowered endogenous
steady-state levels of vascular •O2- by treating rats with daily
injections of pH-sensitive, liposome-entrapped SOD. This
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FIG. 1 Production of •O2
- measured by lucigenin chemilumines-

cence from homogenates of control and angiotensin II-treated vascu-
lar smooth muscle cells exposed to NADH or NADPH. Exposure to
angiotensin II for 4 h markedly increased •O2

- production in response
to both NADH and NADPH. NADH = reduced nicotinamide-
adenine dinucleotide; NADPH = reduced nicotinamide-adenine din-
ucleotide phosphate; • O2

- = superoxide anion. Adapted from Ref.
No. 12 with permission. 
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FIG. 2 (A) Effect of either angiotensin II (A II) or norepinephrine
(NE) infusion on systolic blood pressures in rats (measured by tail cuff
sphygmomanometry). Although blood pressure rose more rapidly in
norepinephrine-treated animals, pressures after 5 days in both groups
had plateaued at similar values. (B) Lucigenin counts, reflecting •O2
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production from intact aortic segments from norepinephrine-infused
and angiotensin II-treated animals. Sham-operated animals served as
controls. Also shown is the effect of concomitant treatment with the
angiotensin1-receptor antagonist, losartan. Losartan treatment com-
pletely prevented (and, in fact, reduced below normal levels) the effect
of angiotensin II on •O2

- production. *p<0.01 versus sham.
Reproduced from Ref. No. 19 by copyright permission of the
American Society for Clinical Investigation.
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treatment had no effect on blood pressure in either control or
norepinephrine-infused rats, but lowered blood pressure by 60
mmHg in rats with angiotensin II-induced hypertension (Fig.
5). These data suggest that a portion of the hypertension in
conditions of elevated angiotensin II is associated with an in-
crease in vascular superoxide production. 

These findings may provide some insight into why forms of
hypertension associated with elevated plasma renin activity
(and presumably elevated effects of angiotensin II) are associ-
ated with increased rates of cardiovascular events.21 It is of 
interest that hypertension induced by norepinephrine infusion
was not associated with an increase in vascular •O2

- produc-
tion and did not alter endothelial regulation of vasomotion. We
also found that infusion of lower doses of angiotensin II,

which had minimal effects on blood pressure, also increased
NADH oxidase activity by about twofold. This result suggest-
ed that hypertension per se is not a stimulus for increased •O2

-

production, but that conditions in which circulating or local
levels of angiotensin II are increased may have unique effects
on the vessel wall independent of elevating blood pressure.
Further, hypertension not associated with increases in angio-
tensin II and activation of vascular oxidases may be less prone
to produce vascular disease. 

The effect of hypertension on endothelium-dependent vas-
cular relaxation is somewhat controversial (for a review, see
Ref. No. 22). Furthermore, the cause of altered endothelial reg-
ulation of vasomotion may vary in different forms of hyperten-
sion. Based on our current findings, we may speculate that 
animal models or human subjects with hypertension associat-
ed with elevated levels of angiotensin II might exhibit greater
alterations of endothelium-dependent vascular relaxation than
do hypertensive conditions associated with low-renin, low-
angiotensin II states. Future studies of endothelium-dependent
vascular relaxation in humans should take into account the
renin-angiotensin II profiles of the subjects enrolled. Such
studies may provide insight into why treatment with angio-
tensin-converting enzyme inhibitors or angiotensin II-receptor
antagonists may have beneficial effects not seen with other
drugs.23–26

Role of NADH/NADPH Oxidase in Nitrate Tolerance

Angiotensin II-induced hypertension is not the only situa-
tion in which vascular oxidases are activated. In other studies,
we found that nitrate tolerance is in part due to an increase in
vascular superoxide production.27 Rabbits treated for 3 days
with nitroglycerin demonstrated decreased vascular relax-
ations to nitroglycerin and cross-tolerance to NO endogenous-
ly released by acetylcholine. Tolerance to nitroglycerin was
greatest when the endothelium was present. In these studies,
we found that superoxide production by aortic segments from
nitrate-tolerant animals was increased twofold. It is of interest
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FIG. 4 Endothelium-dependent vascular relaxations to acetylcholine (ACH) and the calcium ionophore A23187 in vessels from control rats and
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FIG. 5 Effect of liposome-entrapped superoxide dismutase (SOD)
on blood pressure in control, angiotensin II-treated, and norepine-
phrine-treated rats. Angiotensin II (0.7 mg•kg-1•d-1) and norepine-
phrine (2.8 mg•kg21•d21) were administered subcutaneously for 5
days using osmotic minipumps, and liposome-entrapped SOD was
administered daily by intravenous bolus. Blood pressure was mea-
sured by means of an indwelling arterial catheter while the rats were
awake. ■■ = Empty liposomes, ■ = liposome-SOD. * = p<0.05 ver-
sus empty liposomes.Reprinted from Ref. No. 20 with permission . 
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that, as with tolerance, this increase in superoxide production
was greatest in vessels with intact endothelium, suggesting
that a major source of the superoxide was the endothelium 
itself. Subsequent studies of homogenates of these vessels
showed an increase in NADH-dependent oxidase activity,
identical to that previously observed in angiotensin II-treated
rats.17 Because nitrate therapy is associated with an increase in
plasma renin activity, we hypothesized that the increase in 
oxidase activity might be secondary to angiotensin II. In pre-
liminary studies, we found that treatment with the angio-
tensin1-receptor antagonist, losartan, completely normalized
vasodilation to nitroglycerin and reduced vascular superoxide
production to normal.

A related finding in these studies was that treatment with
hydralazine markedly inhibited superoxide production and re-
duced vascular NADH oxidase activity tremendously.17 Since
hydralazine prevents nitrate tolerance, its inhibition of NADH
oxidase may play a role in this phenomenon.28

These various studies have provided some insight into how
vascular production of superoxide can play a role in regulat-
ing the bioactivity of NO, produced either endogenously or
administered exogenously. Given that the levels of production
of both NO and superoxide are subject to modest degrees of
control, the interplay between the two may be quite dynamic.
A final manner in which the levels of superoxide and NO may
be modulated relates to scavenging of superoxide in the ves-
sel wall. 

Regulation of Vascular Antioxidant Defense
Mechanisms

While a substantial amount has been learned about control
of vascular NO and superoxide levels, less is known about
what may control endogenous antioxidant defense mecha-
nisms. The most important of these mechanisms in terms of
superoxide are the SODs. There are three types of SOD—
mitochondrial manganese-containing SOD, cytosolic copper-
zinc SOD, and an extracellular SOD—and their regulation
varies substantially. Copper-zinc SOD plays an important role
in modulating the release of bioactive NO. Pharmacologic in-
hibition of copper-zinc SOD results in release of NO from the
endothelium in an oxidatively inactive form, likely as nitrite

and nitrate.29 Thus, copper-zinc SOD plays an important role
in protecting NO in the endothelium. 

Based on this observation, we recently hypothesized that
shear stress might modulate the expression of copper-zinc
SOD.30 This hypothesis was based on our earlier finding that
endothelial NO synthase is regulated in response to shear
stress. We reasoned that an increase in copper-zinc SOD might
assure that any additional NO made by vessels previously 
exposed to high shear might be released more efficiently. We
exposed human aortic endothelial cells to various levels of
shear and examined the expression of copper-zinc SOD at the
mRNA, protein, and activity level. The results are shown in
Figures 6 and 7.30

It has been observed that vessels exposed to elevated shear
stresses exhibit enhanced endothelium-dependent vascular re-
laxations.31 Shear stress also increases the expression of en-
dothelial cell NO synthase mRNA and protein (both approxi-
mately threefold for shears of 15 dynes/cm2 compared with
static conditions),32 and increases the capacity of endothelial
cells to release NO (approximately twofold at 15 dynes/cm2

for 24 h compared with static conditions).33 These findings of
shear regulation of copper-zinc SOD expression suggest that
augmented endothelium-dependent relaxations in vessels ex-
posed to high shear stress may be mediated by increases in the
expression of endothelial cell NO synthase and that increased
expression of copper-zinc SOD might synergistically potenti-
ate the vasorelaxant capacity of endothelium-derived NO.
Although the measured increase in SOD activity was modest
in these studies, even a small increase in SOD activity will
markedly decrease the half-life of •O2

-.34

The distribution of hemodynamic forces is thought to in-
fluence the development of atherosclerosis substantially. In
humans, regions of low shear stress are more prone to develop
atherosclerosis than regions exposed to high shear stress. In
experimental animals, plaque formation is greater in regions
with low shear stresses, while elevated shear stresses tend to
protect against plaque formation and intimal thickening.35, 36

Differences in expression of copper-zinc SOD may in part ex-

II-15

Cu/Zn SOD
0.9 kb

0.7 kb

18S rRNA
C S S SC C
6 h 12 h 24 h dynes/cm2

0 0.6 3.0 15

(A) (B)

FIG. 6 Messenger RNA levels of copper-zinc SOD (Cu/Zn SOD)
in human aortic endothelial cells exposed to either control conditions
(C) or shear stress (S) at various times (A, 15 dynes/cm2) or various
levels (B). Reprinted from Ref. No. 30 with permission.
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FIG. 7 Effect of shear stress on expression of copper-zinc superox-
ide dismutase (SOD) protein and enzyme activity (units/mg protein).
Following exposure of human aortic endothelial cells to shear stress
for 24 and 48 h, protein levels were examined by Western analysis.
Enzyme activity was determined by the ability of the homogenates of
these cells to inhibit cytochrome c reduction by superoxide generated
by xanthine and xanthine oxidase. *p = 0.02. Reprinted from Ref. No.
30 with permission.
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plain these observations. It is evident now that the reaction of
NO and superoxide leads to the formation of peroxynitrite an-
ion, which is protonated to form peroxynitrous acid.37, 38 The
latter can yield the hydroxyl radical and nitrogen dioxide.
Peroxynitrite has been shown to produce endothelial cell 
injury and to oxidize sulfhydryl groups.37 Both superoxide
and the hydroxyl radical may contribute to oxidation of low-
density lipoproteins.39, 40 Recently, it has become evident
that reactive oxygen species contribute to cell activation and
intracellular signal transduction via redox-sensitive genes,
such as vascular cell adhesion molecule-1, tissue factor,
monocyte chemotactic protein-1, and others.41–44 Preser-
vation of the half-life of NO may also have other antiath-
erogenic properties, such as inhibition of platelet45 and 
neutrophil46 adhesion and inhibition of vascular smooth
muscle growth.47 These lines of evidence suggest that induc-
tion of copper-zinc SOD by shear stress might have anti-
atherogenic properties by reducing superoxide levels and
subsequent formation of peroxynitrite.

Conclusion

The data presented in this review suggest levels of regula-
tion not only of NO but also of superoxide and SOD in cells in
the vessel wall. While none of these is dramatically altered,
the effect of concomitant regulation of all three may greatly
affect several aspects of vascular biology, including vasomo-
tor tone, redox state, predisposition for disease, and gene reg-
ulation. Clearly this work is in its infancy, and a great deal
more remains to be learned regarding these interactions. It is
likely that specific interventions in these processes may lead
to therapeutic advances in the future.
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Converting Enzyme Inhibition: The Homeostatic Balance Between
Angiotensin II and Nitric Oxide
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Summary: The ability of the vasculature to modify its geo-
metry in accordance with conditions of its microenviron-
ment—the process of vascular remodeling—is an important
pathobiologic process common to vascular disorders such as
atherosclerosis, restenosis after angioplasty, and hyperten-
sion. Vascular remodeling characterizes the natural history of
atherosclerosis, contributes to increased vascular resistance,
and may contribute to the clinical complications of hyperten-
sion. A growing body of evidence indicates that locally gen-
erated vasoactive substances such as angiotensin II and nitric
oxide are important determinants of the natural history of vas-
cular disease. In particular, angiotensin II may promote vas-
cular lesion formation by increasing vascular cell population
via increased cell growth and decreased programmed cell
death, and it may also alter extracellular matrix composition.
Thus, angiotensin II is a pleiotropic local mediator capable of
modulating cell growth, programmed cell death, migration of
vascular smooth muscle cells, and extracellular matrix modu-
lation, all of which are biologic mechanisms of vascular re-
modeling and intimal formation. This is proposed to occur via
a local tissue angiotensin system. Angiotensin II may also
promote chronic hypertension by modulating the vascular 
redox state and promoting the catabolism of the endotheli-
um–derived nitric oxide, an endogenous inhibitory vasodila-
tor. Because angiotensin–converting enzyme (ACE) is strate-
gically positioned to influence the activity of at least three
local vasoactive systems—angiotensin II, nitric oxide, and
bradykinin—blocking ACE with ACE inhibition may have
profound effects on ventricular and vascular structure and
function, and have particular efficacy in preventing the mor-

bidity and mortality of vascular diseases such as hypertension
and atherosclerosis. 

Key words: angiotensin II, angiotensin-converting enzyme,
atherosclerosis, hypertension, nitric oxide, vascular remodeling

Introduction

Advances in cardiovascular medicine have improved our
capacity to prolong the lives of patients who have suffered
myocardial infarctions or congestive heart failure. However,
the current challenge is to develop pharmacotherapies that
move beyond the treatment of symptoms toward an agenda in
which interventions prevent the development of end-stage
coronary heart disease. To alter the natural history of cardio-
vascular disease, it is important to understand the fundamental
pathobiologic mechanisms that promote the morbidity and
mortality associated with these disorders. This review focuses
on the emerging evidence indicating that locally generated 
vasoactive substances such as angiotensin II (ang II) and nitric
oxide (NO) are important determinants of the natural history
of vascular disease. Insights into these pathobiologic process-
es suggest that therapeutic interventions that alter the expres-
sion of these vasoactive mediators [such as angiotensin-
converting enzyme (ACE) inhibitors] may have particular 
efficacy in preventing the morbidity and mortality of diseases
such as hypertension and atherosclerosis.

Vascular Remodeling: Clinical Implications

The vasculature is a complex, integrated organ capable of
modulating its tone and structure in accordance with the con-
ditions of its microenvironment. This ability of the vasculature
to modify its geometry—the process of vascular remodel-
ing—is now recognized as an important pathobiologic process
common to various vascular disorders such as atherosclerosis,
restenosis after angioplasty, and hypertension.1 Typically, vas-
cular remodeling involves changes in the relative dimensions

Clin. Cardiol. Vol. 20 (Suppl. II), II-18–II-25 (1997)

Address for reprints: 

Dr. Gary H. Gibbons
Molecular and Cellular Vascular Biology Research Laboratory
Thorn–12
Brigham and Women’s Hospital
75 Francis Street
Boston, MA 02115, USA



G.H. Gibbons: Mechanisms of ACE inhibition II-19

of vessel components such as the outer circumference, the lu-
men, the wall thickness:lumen ratio, or the intima:media ratio.
These alterations in vessel structure are now considered im-
portant determinants of vascular resistance and the pathogen-
esis of hypertension.1–4 Morphometric studies of hypertensive
vessels in animal models and humans have documented sever-
al forms of vascular remodeling, including: (1) medial layer
hypertrophy, (2) decreased vessel and/or lumen diameter, (3)
expansion and/or alteration of the extracellular matrix, and (4)
vessel rarefaction (microvessel occlusion). Vascular remodel-
ing is postulated to be a critical, self–perpetuating mechanism
that promotes the chronic maintenance of the hypertensive
state in the setting of normal levels of vasoconstrictors and 
vasodilators.

In addition to contributing to increased vascular resistance,
the process of vascular remodeling may also participate in the
vicious cycle of events that promotes the clinical compli-
cations of hypertension. For example, changes in the vascu-
lature of hypertensive patients observed during routine fun-
doscopic examination (e.g., arteriovenous nicking due to
arteriolar hypertrophy) are clinical manifestations of vascular
remodeling, and an association has been shown between
these structural changes and the natural history of progressive
hypertension.5, 6 In addition, rarefaction in skeletal muscle
beds may promote the phenomenon of insulin resistance in
hypertension by compromising the delivery of insulin and
glucose to skeletal muscle. Likewise, the association among
lacunar infarction, subcortical white matter disease, and 
hypertension may relate to vascular remodeling in the cere-
bral microvasculature.7 A similar process appears to occur in
the coronary microcirculation and may provide a mechanism
for the increased cardiac mortality noted in hypertensive pa-
tients without severe epicardial atherosclerotic disease.8, 9

Furthermore, structural changes in the renal microcirculation
may predispose to the development of nephrosclerosis in hy-
pertension and eventual renal failure.10, 11 Finally, vascular
hypertrophy and fibrosis within the structures of conduit ves-
sels such as the aorta may contribute to reduced vascular com-
pliance and predispose to systolic hypertension and left ven-
tricular hypertrophy.12 Thus, many of the clinical sequelae of
hypertension (i.e., myocardial infarction, heart failure, stroke,
and renal failure) may result from vascular remodeling with-
in the microcirculation and conduit vessels.

The natural history of atherosclerosis is also characterized
by a process of vascular remodeling. The development of clin-
ically significant vessel stenosis depends on changes in overall
vessel dimensions as well as expansion of intimal lesions.
Studies using intravascular ultrasound have documented the
significance of vascular remodeling in the clinical progression
of restenosis after angioplasty and in transplant coronary dis-
ease and atherosclerosis.13–16 These recent studies confirm the
classic morphometric studies by Glagov and others, demon-
strating that the vasculature undergoes a process of compen-
satory enlargement to mitigate the effect of plaque expansion
on lumen dimensions.15 The locally generated factors that de-
termine whether a vessel undergoes vascular hypertrophy,
shrinkage remodeling, or enlargement remodeling are poorly

characterized but may have important clinical implications in
the treatment of patients with hypertension and atherosclerosis. 

Vascular Homeostatic Balance

Although the histopathology of hypertensive vessels is 
distinct from atherosclerotic lesions, it is intriguing that the
pathogenesis of vascular diseases such as hypertension and
atherosclerosis share many pathobiologic mechanisms. Epi-
demiologic studies have established that hypertension is a po-
tent risk factor for the development of coronary heart disease,
and it is well known that the superimposition of hypertension
potentiates the process of atherosclerotic lesion formation in
animal models.17 However, the mechanisms by which hyper-
tension-promoting factors contribute to atherosclerotic vascu-
lar disease are not well defined. Both forms of vascular disease
involve alterations in the regulation of vascular cell growth,
programmed cell death, migration, and matrix modification.
The locally generated, autocrine-paracrine mediators that 
regulate these processes within vessels during the pathogene-
sis of vascular disease remain to be further defined. 

The homeostatic regulatory mechanisms governing vascu-
lar tone involve a “yin-yang” balance in which the interplay
between vasoconstrictors and vasodilators modulates vessel
resistance. During the pathogenesis of hypertension, this ho-
meostatic balance becomes perturbed, so that the influence of
vasoconstrictors such as ang II predominates over the influ-
ence of vasodilators such as NO. Moreover, many vasoactive
substances that were originally defined as regulators of vessel
tone are now recognized as pleiotropic factors that can mod-
ulate the critical cellular processes involved in vascular re-
modeling and lesion formation, that is, vascular cell growth, 
migration, and changes in extracellular matrix composition. 

Mechanisms of Vascular Remodeling and Intimal
Lesion Formation: Role of Angiotensin II

Much as the homeostatic regulation of vascular tone is
governed by a balance between vasoconstrictors and va-
sodilators, the balance of growth-stimulatory and growth-
inhibitory factors appears to regulate vascular remodeling and
intimal lesion formation. A growing body of evidence indi-
cates that vasoconstrictor substances (e.g., ang II) promote in-
creased growth of vascular smooth muscle cells, whereas va-
sodilators (e.g., endothelium-derived NO) inhibit the growth
of vascular smooth muscle cells.1, 2

Ang II serves as a useful archetype of a vasoactive sub-
stance that can modulate the cellular processes of vascular 
remodeling. It is now well documented that, in addition to 
the circulating renin-angiotensin system, the vessel wall 
expresses a paracrine vascular angiotensin system that may
generate ang II locally within the vasculature.18 Experimental
studies have shown that blockade of ang II effectively revers-
es the changes in vascular structure associated with hyperten-
sion.19, 20 In accordance with these in vivo studies, in vitro
studies suggest that ang II can induce either hypertrophy or 
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hyperplasia of cultured vascular smooth muscle cells, an ef-
fect that is potentiated by mechanical forces imposed by
hemodynamic stimuli.21, 22 The angiotensin type I receptor is
coupled to cellular signaling pathways such as tyrosine kinas-
es (src- and mitogen-activated protein kinase) that mediate the
induction of cell growth.23 Ang II is a bifunctional growth fac-
tor that induces increased expression of proliferative autocrine
factors such as platelet-derived growth factor (PDGF) and ba-
sic fibroblast growth factor (bFGF), and of antiproliferative
autocrine factors such as transforming growth factor-b1
(TGFb1) in cultured vascular smooth muscle cells.21 Thus,
the growth response of vascular smooth muscle cells to ang
II–hypertrophy versus hyperplasia—depends on the relative
balance of proliferative (PDGF, bFGF) versus antiprolifera-
tive (TGFb1) autocrine growth factors. In addition to these
well-defined mediators, recent reports suggest that the in-
duction of endothelin-1, insulin-like growth factor I, and hep-
arin-binding epidermal growth factor may also contribute to
the growth-stimulatory effects of ang II.2 These in vitro mod-
els have provided important mechanistic insights and suggest
that the net growth response to ang II is dependent on the bal-
ance of mediators within the cellular milieu. 

Our knowledge of the mediators involved in vascular re-
modeling has been based primarily on the indirect evidence
provided by pharmacologic studies that are confounded by
changes in systemic hemodynamics or on in vitro studies that
are limited by the artificial nature of the cell culture system. In
order to define the role of these mediators in vivo, we have
employed a novel experimental approach that utilizes the
technology of in vivo genetic engineering to modify the ex-
pression of autocrine-paracrine factors within the vessel wall
in the intact animal. We have demonstrated that transfecting
the ACE gene into an intact rat carotid artery effectively 
increased the local expression of ACE within the vessel and
thereby simulated the increase in local ACE activity observed
in hypertensive vessels.24 This increase in vascular ACE 
activity stimulated an increase in DNA synthesis that could be
inhibited by an angiotensin type I receptor antagonist.
Furthermore, the growth response stimulated by local gener-
ation of ang II induced the characteristic medial layer hyper-
trophy and increase in wall:lumen ratio observed in hyperten-
sive vessels. It is noteworthy that the vascular remodeling
response induced by a local increase in ACE expression 
occurred without effects on systemic hemodynamics or influ-
ences on the circulating renin-angiotensin system. Thus, this
novel experimental approach provides the first direct evi-
dence that the paracrine vascular angiotensin system has the
capacity to induce the vascular remodeling characteristic of
hypertensive vessels in vivo independent of an influence on
systemic hemodynamics. 

The current paradigm of the pathogenesis of vascular dis-
ease has often focused on the regulation of cell growth and ma-
trix modifications as the critical pathobiologic processes in-
volved in determining vessel structure. Although these 
processes are important, an exciting new area of research in-
dicates that the paradigm of vascular remodeling and lesion
formation must include the process of programmed cell death,

or apoptosis. Apoptosis is a form of “cell suicide” in which a
carefully regulated genetic program is activated that deletes a
cell from a tissue without inducing an inflammatory response;
it is therefore quite distinct from necrotic cell death. This pow-
erful biologic process appears to play a crucial role in mediat-
ing changes in tissue architecture that occur during ontogeny
as well as pathobiologic processes such as glomerulonephritis,
acquired immunodeficiency syndrome (AIDS), and cancer.
Indeed, recent studies of human vascular lesions have docu-
mented apoptosis in human atherosclerotic plaques and
restenotic lesions after angioplasty.25, 26

Although the precise role of apoptosis as a determinant of
vascular structure remains to be further defined, evidence 
indicates that cell-growth mediators such as PDGF are also
important modulators of vascular cell programmed cell
death.27 Indeed, recent in vitro studies in our laboratory have
shown that ang II is an effective inhibitor of vascular smooth
muscle cell programmed cell death.28 These in vitro observa-
tions have been confirmed by in vivo studies that have docu-
mented that the capacity of ACE inhibitors to induce the 
regression of vascular lesions is associated with increased
apoptosis of vascular cells as well as the inhibition of cell
growth.29 Overall, these data suggest that ang II may promote
vascular lesion formation by increasing the vascular cell pop-
ulation through two mechanisms: increased cell growth and
decreased programmed cell death. One may speculate that the
targeted induction of apoptosis may represent an exciting new
therapeutic strategy for modifying cardiovascular tissue func-
tion and structure.

In addition to its effects on vascular cellularity, ang II may
also mediate remodeling and lesion formation by altering ex-
tracellular matrix composition via its effect on thrombospon-
din, fibronectin, tenascin, glycosaminoglycans expression,
and plasminogen activator activity.30–32 Moreover, the migra-
tion of vascular smooth muscle cells and endothelial cells
during structural modifications can be modulated by ang II.33

Thus, ang II is a pleiotropic local mediator capable of modu-
lating cell growth, apoptosis, migration, and matrix modula-
tion—all the biologic mechanisms of vascular remodeling
and intima formation. Similar pleiotropic effects on vascular
smooth muscle cell behavior have been described for other
vasoconstrictors, including norepinephrine, endothelin-1,and
thromboxane.34–36 Hence, vasoconstrictors may play an im-
portant role in determining vascular structure by influencing
the various biologic mechanisms of vascular remodeling. 

Mechanisms of Vascular Remodeling and Intimal
Lesion Formation: Role of Nitric Oxide

Endogenous vasodilators such as NO and natriuretic 
peptides appear to have a countervailing influence to ang II as
determinants of vascular architecture. Vasodilators generally
inhibit vascular smooth muscle cell growth in in vitro mod-
els.37,38 Recent studies suggest that vasodilators may also pro-
mote a decrease in vascular smooth muscle cellularity by in-
ducing apoptosis.29 Similarly, experiments performed with
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intact animals have documented that the local generation of
NO inhibits vascular lesion formation after vessel injury.39

Moreover, under certain circumstances NO may alter matrix
composition by modulating the activity of the metallopro-
teinases that degrade matrix proteins.40 Thus, NO appears to
inhibit increases in vascular smooth muscle cellularity and ex-
pansion of the extracellular matrix associated with hyperten-
sive vascular remodeling and atherosclerotic lesion formation.

The process of vascular remodeling is particularly impor-
tant as a determinant of lumen size. One of the best examples
of the plasticity of the vasculature is evident from the flow-
stimulated remodeling response induced by an arteriovenous
shunt. The factors that induce the enlargement of lumen 
dimensions under these circumstances have not been charac-
terized. However, recent experimental studies have shown that
if the well-described flow-stimulated increase in NO genera-
tion41 is prevented by pharmacologic inhibitors, the vessel
chronically exposed to increased flow fails to undergo appro-
priate enlargement remodeling.42 It has also been observed
that chronic pharmacologic blockade of NO generation results
in a hypertensive state characterized by fibrosis and shrinkage
remodeling within the coronary microvasculature.8 Taken 
together, these observations suggest that decreased NO gen-
eration is associated with shrinkage remodeling, whereas 
increased NO generation is associated with enlargement re-
modeling. Thus, several lines of evidence indicate that NO 
is an endogenous inhibitory factor that attenuates the process
of occlusive vascular lesion formation characteristic of hyper-
tensive and atherosclerotic disease.43

Endothelial Dysfunction: An Imbalance in Reactive
Nitrogen and Oxygen Species

The endothelium is a multifactorial determinant of tissue
function via its regulation of vessel tone, thrombosis, inflam-
mation, and structure. The normal endothelium appears to
have an intrinsic capacity to prevent vascular disease. How-
ever, an impairment of endothelial function manifested as 
abnormal endothelium-dependent vasorelaxation has been
documented in a variety of vascular diseases, including hy-
pertension and atherosclerosis in both animal models and 
humans.44–46 In fact, this perturbation has been described 
in normotensive subjects who merely have a positive family
history of risk factors such as hypertension.47 Thus, in many
cases the onset of endothelial dysfunction may precede the 
development of clinically evident vascular disease. Unfortun-
ately, the molecular basis of endothelial dysfunction in vascu-
lar disease remains to be further defined.

Although there are several potential etiologies of decreased
NO bioactivity, several lines of evidence suggest that in-
creased catabolism of NO may be a principal factor in promot-
ing endothelial dysfunction. It is important to emphasize that
NO is itself a free radical—a highly reactive nitrogen species.
Consequently, the biologic function of this vasoactive factor is
determined in large part by the redox state of the tissue.48 An
increase in oxidative stress will mitigate the vasodilatory

bioactivity of NO. A potential role for the redox state as a de-
terminant of vascular homeostasis is demonstrated by animal
model studies in which administration of antioxidants such as
superoxide dismutase induced a lowering of blood pressure.49

This antihypertensive effect is mediated in part by enhanc-
ing the bioactivity of NO. In support of this hypothesis, an 
increase in superoxide anion generation has been documented
in the vasculature of genetically hypertensive animals com-
pared with normotensive controls.50 Moreover, recent in vivo
studies have shown that the hypertensive state induced by 
infusion of ang II is due in part to increased generation of the
free radical superoxide anion.51 This ang II-stimulated in-
crease in oxidative stress potentiates the direct vasoconstrictor
effects of ang II by promoting increased catabolism of NO 
and endothelial dysfunction. Thus, in addition to its direct
vasoconstrictive effects, ang II appears to promote chronic 
hypertension by modulating the vascular redox state and 
promoting the catabolism of the vasodilator NO.

The balance between NO and reactive oxygen species may
also be an important role determinant of vessel structure. In
vitro studies have documented that reactive oxygen species
may function as signaling molecules that regulate vascular cell
growth and programmed cell death.52, 53 In fact, the growth-
stimulatory effects of ang II on vascular smooth muscle cells
appear to be mediated in part by the induction of reactive 
oxygen species that function as signaling molecules.52 Sim-
ilarly, the generation of reactive oxygen species may promote
atherosclerosis by several mechanisms, including oxidation 
of low-density lipoprotein cholesterol and upregulation of
leukocyte adhesion molecules and chemokines.54 Thus, the
development of endothelial dysfunction characterized by an
imbalance between NO and reactive oxygen species may be
an important pathogenic event in hypertension that determines
the level of the blood pressure, promotes alterations in vessel
structure, and contributes to clinical complications such as
coronary artery disease. 

One may speculate that the endothelium may be a new 
target for therapeutic interventions that will alter the course of
vascular disease. Indeed, one of the salutary effects of anti-
hypertensive treatment is the reversal of endothelial dysfunc-
tion.45, 55 Future studies will further clarify the role of endo-
thelial dysfunction in the natural history of hypertensive
vascular disease and the clinical implications of reversing this
abnormality. 

Altering the Path of Vascular Disease: Potential Role
of Angiotensin-Converting Enzyme Inhibition

As noted above, the generation of ang II is governed by both
a circulating renin-angiotensin system and a tissue 
angiotensin system.18 The tissue angiotensin system appears
to be upregulated in the context of cardiovascular disease.
Animal and human studies have documented increased ex-
pression of tissue ACE in the heart in the context of ventricular
remodeling and heart failure postmyocardial infarction,56–58

and expression of tissue ACE is increased in the vasculature in
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the context of hypertension in various models.2, 59 Moreover,
we have recently documented that atherosclerotic human
coronary vessels express high levels of ACE immunoreac-
tivity and ang II within the plaque,60 most prominently in the
monocyte-macrophages that are major constituents of the
plaque cellular population. Studies of human peripheral
monocytes have also documented high levels of ACE expres-
sion and ang II within inflammatory cells.61 Thus, the changes
in ventricular and vascular structure observed under patholog-
ic conditions are characterized by increased activity of a tissue
angiotensin system. Given the capacity of ang II to modulate
cell growth as well as programmed cell death, migration, and
matrix modification, the blockade of ang II generation may
have profound effects on ventricular and vascular structure
and function.

Angiotensin-converting enzyme also functions as a 
kininase responsible for the degradation of bradykinin. Some
of the most compelling evidence of the physiologic role of the
kallikrein-kinin system in cardiovascular homeostasis has
been provided by results in genetically engineered animal
models. In these models, augmentation of kallikrein-bra-
dykinin activity is associated with significant decreases in
blood pressure.62 Conversely, animals that lack the bradykinin
type 2 receptor exhibit a hypertensive phenotype.63 Thus,
bradykinin appears to be an important modulator of vascular
tone. This effect may be due in part to the fact that bradykinin
is a potent inducer of NO generation. In vitro and in vivo 
studies have shown blocking bradykinin degradation by in-
hibiting ACE is an effective means of augmenting endothelial
generation of NO.64, 65

Angiotensin-converting enzyme is strategically positioned
to influence the activity of at least three local vasoactive sys-
tems—ang II, bradykinin, and NO. Accordingly, the various
effects of blocking ACE on cardiovascular function and struc-
ture may be mediated in part by each or many of these factors.
To the degree that vascular disease is characterized by an im-
balance between a relative increase in ang II generation and a
relative deficit of NO bioactivity, it is postulated that ACE in-
hibition may effectively restore the appropriate homeostatic
balance between these vasoactive systems. This hypothesis,
generated on the basis of animal model studies, has recently
been tested in clinical trials. Compelling evidence indicates
that long-term administration of ACE inhibitors reverses en-
dothelial dysfunction in patients with either hypertension or
atherosclerotic vascular disease.44, 45 ,65 Thus, the beneficial
effects of ACE inhibition may relate in part to changes in 
endothelial function that involve coordinate changes in the rel-
ative balance between ang II, bradykinin, and NO.

Angiotensin–converting enzyme inhibitors appear to have
particular efficacy in reversing vascular remodeling and 
preventing the eventual development of hypertension in 
genetically predisposed animals19, 66 and in clinical studies 
of patients with essential hypertension.20, 67–69 This efficacy
exists even compared with other antihypertensive agents.
Such observations support the hypothesis that antihyperten-
sive agents that reduce blood pressure and reverse the remod-
eling process may change the natural history of the disease.

Experimental studies suggest that alterations in microvas-
cular structure within the kidney are important in the develop-
ment of renal dysfunction and eventual organ failure in hyper-
tensive patients, and ang II may have an important pathogenic
role in the progression of this form of renovascular disease.
Clinical studies have confirmed that ACE inhibitors have par-
ticular efficacy in modifying the natural history of renovascu-
lar diseases such as insulin-dependent diabetes,70 noninsulin-
dependent diabetes,71 and various etiologies of glomerular
damage.72

Angiotensin-converting enzyme inhibitors are the vaso-
dilators of choice in altering the natural history of congestive
heart failure due to their influence on ventricular remodel-
ing.73 In several clinical trials in patients with left ventricular
dysfunction, ACE inhibition reduced the incidence of recur-
rent myocardial infarctions, indicating that ACE inhibitors
may alter the natural history of coronary artery disease,74 pos-
sibly via direct effects on coronary vascular function and
structure. While the mechanisms are not well understood, an-
imal model studies indicate that ACE inhibition within the
heart enhances NO generation from coronary microvessels,
an effect that is mediated via the accumulation of brady-
kinin.64, 65 The clinical significance of this observation has
been substantiated by the recent observation that ACE inhibi-
tion reverses endothelial dysfunction in patients with cor-
onary atherosclerosis.44 These findings suggest that ACE 
inhibition has a salutary effect on coronary blood flow and 
reactivity in patients susceptible to myocardial ischemia.

Other experimental studies have recently documented that
ACE inhibition reduces myocardial oxygen consumption in
association with an increase in NO generation.64 Such find-
ings are consistent with previous studies demonstrating that
NO has a direct effect on muscle oxidative metabolism. These
observations raise the possibility that ACE inhibition may
prevent myocardial ischemia by optimizing the balance 
between myocardial oxygen supply and demand. Two mech-
anisms may be involved: enhancing blood flow and reducing
myocardial oxygen demands. This response may be useful in
reducing the sequelae of chronic ischemic heart disease. 

Finally, the ultimate goal in altering the path of coronary
heart disease is to prevent acute ischemic syndromes such as
unstable angina and myocardial infarction. Pathologic studies
indicate that these episodes are related to two phenomena—
plaque rupture and plaque erosion.75, 76 Plaque rupture is the
most prevalent etiology of acute coronary thrombosis, 
accounting for 60% of cases in an autopsy series. Plaque rup-
ture involves an inflammatory process in which leukocytes
infiltrating the plaque promote increased expression and ac-
tivity of metalloproteinases which may weaken the integrity
of the thin fibrous cap and predispose it to rupture.77 There are
several reasons why ang II may contribute to this pathogenic
process. Ang II stimulates the redox-sensitive, proinflamma-
tory transcription factor NFkB, which, in turn, induces the 
coordinate up-regulation of cytokines, chemoattractants, and
leukocyte adhesion molecules that promote the local inflam-
matory response within the vascular lesion.78–80 Furthermore,
the oxidative stress induced by factors such as ang II may pos-
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sibly activate the metalloproteinases expressed within the
plaque and potentially induce plaque rupture.40, 51, 52 This
proinflammatory effect of angiotensin that may predispose to
plaque rupture can be counteracted by the actions of NO,
which inhibits transcription factor NFkB and downregulates
the expression of inflammatory cytokines, chemoattractants,
and leukocyte adhesion molecules.81, 82 Thus, the ang II-NO
balance may be critical to modulating the propensity of 
lesions to rupture and cause acute ischemic syndromes. 

In contrast to plaque rupture, the pathogenesis of plaque
erosion is characterized by endothelial cell loss, exposure of
the procoagulant subendothelial space, and in situ thrombo-
sis. The cause of endothelial cell loss is unknown, but it is in-
triguing to speculate that this denudation of the endothelium
may result from endothelial cell death by apoptosis. In this
regard it is noteworthy that ang II reduces the capacity of the
endothelium to regenerate by inhibiting cell replication via
the angiotensin type 2 receptor.83 Moreover, the angiotensin
type 2 receptor can mediate cell loss by inducing apoptosis.84

Conversely, recent studies indicate that NO preserves the in-
tegrity of the endothelium by enhancing regeneration85 and
preventing endothelial cell apoptosis in response to cytotoxic
cytokines.86 These findings support the concept that the
maintenance of the appropriate ang II-NO balance may play
an important role in vascular homeostasis and the prevention
of acute ischemic events. 

Clinical studies are under way that will directly test the 
hypothesis that chronic administration of ACE inhibitors in
normotensive subjects with coronary disease will prevent is-
chemic events. It is hoped that these studies will move us clos-
er to developing pharmacotherapies that modify the molecular
events that eventually cause end-stage heart disease

Conclusion

The current challenge facing clinicians is to develop phar-
macotherapies that move beyond the treatment of symptoms
toward an agenda in cardiovascular therapeutics in which 
interventions actually prevent the development of end-stage
coronary heart disease. The development of new strategies 
to alter the natural history of cardiovascular disease will be
fostered by insights into the fundamental pathobiologic
mechanisms that promote the morbidity and mortality of
these disorders. An emerging body of evidence indicates that
locally generated vasoactive substances such as ang II and
NO are important determinants of the natural history of vas-
cular disease. It is anticipated that ongoing clinical trials will
extend the concept that modulating the activity of vasoactive
substances generated by the endothelium has important im-
plications for altering the course of coronary heart disease.
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Summary: In the last decade, significant advances have oc-
curred in our understanding of the presence and nature of 
endothelial dysfunction in a number of cardiovascular condi-
tions, including hypertension. Endothelium-derived nitric 
oxide (NO) is recognized as an important mediator of en-
dothelium-dependent vascular relaxation, and a defect in the
endothelium-derived NO system—possibly decreased syn-
thesis and/or release of NO by endothelial cells—is now
known to cause the abnormal response to acetylcholine in 
hypertensive vessels and to account at least in part for the 
increased vascular resistance observed in hypertension. Ex-
tensive research by our laboratory and others to determine the
nature of the defect in the NO system has found that the defect
is not related to decreased availability of L-arginine, the NO
precursor, or to a defect at the muscarinic receptor level or a
specific G protein-dependent intracellular signal-transduc-
tion pathway; nor is it related to extracellular inactivation of
NO by superoxide anion. These findings have contributed to
our understanding of endothelial dysfunction in essential 
hypertension and have pointed out distinctions between the
mechanisms leading to this vascular abnormality in hyperten-
sive and hypercholesterolemic patients. While the exact 
nature of the NO system defect in hypertension is still to be
clarified, the vasoconstrictive and proatherogenic effects of
endothelial dysfunction probably contribute to the cardiovas-
cular complications associated with elevated blood pressure.
Continued research targeted at the identification of the precise
mechanism(s) responsible for endothelial dysfunction in hy-
pertension may lead to the development of novel therapeutic
strategies to reduce the vascular complications associated
with the hypertensive process.

Key words: acetylcholine, angiotensin-converting enzyme 
inhibitor, endothelial function, hypertension, nitric oxide

Introduction

Endothelial dysfunction contributes to the underlying 
disease process of a number of conditions, including essential
hypertension, hypercholesterolemia, atherosclerosis, diabetes
mellitus, congestive heart failure, and pulmonary hyperten-
sion. Over the last decade, extensive research has focused on
determining not only the presence but also the nature of en-
dothelial dysfunction in patients with conditions associated
with premature development of atherosclerosis. It is now
known that certain aspects of the endothelial dysfunction of
patients with essential hypertension differ from those of pa-
tients with other risk factors. Continuing research is attempt-
ing to determine the precise mechanism of endothelial dys-
function in various cardiovascular conditions. 

Studies of endothelial dysfunction generally evaluate the
vascular responses to endothelium-dependent (agents that
need the presence and integrity of the endothelium to exert
their relaxing effect on smooth muscle) and endothelium-
independent (agents that bypass the endothelium to act direct-
ly on the smooth muscle) vasodilators such as acetylcholine
and nitroglycerin or sodium nitroprusside, respectively. Be-
cause acetylcholine has been the most widely used endotheli-
um-dependent vasodilator, it is important to recognize that its
effect differs depending on the vascular bed: in epicardial
coronary arteries, acetylcholine elicits a vasodilator response
when the endothelium is intact; however, this is transformed
into paradoxical vasoconstriction in patients with atheroscle-
rotic coronary artery disease (CAD).1 In resistance vessels,
however, the response is vasodilation, even in conditions asso-
ciated with endothelial dysfunction. Because blood pressure is
largely regulated by resistance vessels (microcirculation), an
appropriate assessment of endothelial dysfunction in hyper-
tension involves measuring changes in blood flow and vascu-
lar resistance, while changes in the diameter of coronary and
other conductance arteries reflect endothelial dysfunction re-
lated to atherosclerosis.1, 2

Thus, meaningful assessment of endothelial regulation of
vascular tone in hypertensive patients requires measuring the
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effects of endothelium-dependent and endothelium-indepen-
dent vasodilators on the systemic microcirculation. The fore-
arm perfusion technique provides an excellent model for this
purpose because it permits the study of the human microcircu-
lation in vivo without the confounding effects related to activa-
tion of systemic counterregulatory mechanisms of vascular
homeostasis. This is achieved by measuring the forearm blood
flow response (which is dependent on changes in the caliber of
small resistance vessels) to pharmacologic agents directly in-
fused into the forearm circulation via a catheter placed in the
brachial artery. Blood flow is measured noninvasively by
means of strain gauge plethysmography before and during the
infusion of incremental doses of the agonists.

Endothelial Dysfunction and Hypertension

Over the last decade, several studies conducted at the
National Institutes of Health have assessed endothelium-
dependent vascular relaxation in patients with essential hy-
pertension, defined as chronically elevated blood pressure
(> 145/95 mmHg) without any apparent underlying cause in
patients who had been treated with antihypertensive medica-
tion(s) for several years.3, 4

In our initial study, we showed that although basal forearm
blood flow was not different between patients with 
essential hypertension and normotensive control subjects,
the response to acetylcholine, an endothelium-dependent 
vasodilator, was significantly blunted in hypertensive pa-
tients (Fig. 1).4 However, the response to sodium nitroprus-
side, an endothelium-independent vasodilator acting direct-
ly on smooth muscle cells, was preserved in patients with
hypertension. The abnormal response to acetylcholine was
not due to presynaptic inhibition of norepinephrine release
by adrenergic nerve terminals, since significantly blunted re-
sponses to acetylcholine were observed in patients with hy-
pertension following blockade of alpha-adrenergic recep-
tors,3 indicating that the abnormal response is independent of
sympathetic activity.

Similar abnormal responses to acetylcholine or methacho-
line with preserved responses to sodium nitroprusside have
been shown by many other investigators using different vascu-
lar models.5–9 

Nature of Endothelial Dysfunction in Hypertension

Maintenance of vascular tone and blood flow by the en-
dothelium is complex, involving many substances and an in-
terplay among numerous cellular mechanisms.10 Thus, while
an impaired vasodilator response to acetylcholine indicates
the presence of endothelial dysfunction, it does not identify
the nature of the dysfunction. As noted above, the abnormal
response to acetylcholine in patients with hypertension does
not result from a different presynaptic inhibition of nore-
pinephrine release. The role of the endothelium-derived relax-
ing factor nitric oxide (NO), which is synthesized from 

L-arginine,11 has received extensive study. In particular, it has
been hypothesized that defects in the synthesis and/or release
of NO may play an important role in the endothelial dysfunc-
tion of hypertensive vessels.

Basal release of NO has been shown to be critical for the
maintenance of vascular tone. Thus, when the synthesis of
NO in vivo is blocked by inhibitors of NO synthase, signifi-
cant vasoconstriction ensues.12 Because NO has a very short
half-life, these findings are consistent with continuous basal
release of NO as an important part of the physiology of the
vascular system. This role of NO in vascular homeostasis has
also been demonstrated in both the resistance and conduc-
tance arteries of the coronary vascular tree.13, 14 It is important
to realize that, in addition to regulation of vascular tone, NO
has other important antiatherogenic actions (including inhibi-
tion of platelet aggregation, monocyte migration, and lipid 
oxidation). Therefore, it is not surprising that a decreased
bioavailability of NO has been shown in the coronary arteries
of patients with atherosclerosis or its risk factors.14, 15 Further-
more, that hypercholesterolemia and other risk factors impair
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FIG. 1 Vascular responses to administration of acetylcholine in 10
normal controls and in 11 patients with hypertension. The response to
acetylcholine was significantly reduced in patients with essential hy-
pertension compared with controls. Adapted from Ref. No. 4 with
permission.
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endothelial function even before the development of athero-
sclerosis suggests that NO dysfunction is at the very core of
the pathogenesis of the atherosclerotic process.

Abnormal Nitric Oxide Activity in Essential Hypertension

The arginine analogue NG-monomethyl-L-arginine (L-
NMMA), which inhibits endothelial synthesis of NO, has
been used to investigate the role of endothelium-derived 
NO in the abnormal endothelium-dependent vasodilation ob-
served in patients with hypertension.4, 16 In normotensive
controls, basal release of NO has been indicated by a reduc-
tion in blood flow and an increase in vascular resistance dur-
ing infusion of L-NMMA into the brachial artery.4, 12, 16

Patients with hypertension also showed a vasoconstrictive re-
sponse to infusion of L-NMMA, but the effect was signifi-
cantly blunted, indicating that much less NO is produced/
released by hypertensive vessels in the basal state.4, 16

The infusion of L-NMMA into the brachial artery effec-
tively blunted the vasodilator response to acetylcholine in
normotensive controls (Fig. 2A), whereas in patients with hy-
pertension no significant change occurred during infusion of
L-NMMA in the already blunted response to acetylcholine

(Fig. 2B).4 This finding suggests that NO contributes little to
the vasodilator effect of acetylcholine in hypertensive vessels.

Reduced basal and stimulated NO bioactivity has also been
shown in patients with hypercholesterolemia, atherosclerosis,
or risk factors for atherosclerosis.14, 15, 17 In hypercholes-
terolemic patients, the vascular responses to acetylcholine are
blunted, and there is no significant change in this response
during infusion of L-NMMA.17 The reduction in endotheli-
um-dependent vasodilation in these patients thus appears to be
related to an attenuation in stimulated NO bioactivity.

Potential Defects in the Nitric Oxide System Contributing to
Its Reduced Activity

The impaired NO activity demonstrated in patients with
essential hypertension could be related to one or more abnor-
malities along the NO system. As mentioned previously, NO
is formed using the amino acid L-arginine as a substrate in re-
sponse to a variety of physiologic and pharmacologic stimuli,
and is broken down primarily by superoxide anions originat-
ing both intracellularly and extracellularly.18 Several mecha-
nisms that may potentially account for decreased vascular ac-
tivity of NO have been investigated in patients with essential
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hypertension in an effort to identify more precisely the nature
of endothelial dysfunction that characterizes hypertensive
vessels.

Substrate availability: One potential defect in the NO sys-
tem that could contribute to the decreased bioactivity of NO is
a decrease in the availability of its precursor, L-arginine.
Studies of the vasodilator response to acetylcholine in nor-
motensive controls showed that infusion of L-arginine into the
brachial artery augmented endothelium-dependent vascular
relaxation (Fig. 3A).19 This effect apparently was specific for
acetylcholine and L-arginine, as there was no difference in the
response to sodium nitroprusside before and after administra-
tion of L-arginine and no change in the response to acetyl-
choline following administration of D-arginine, the isomer of
L-arginine. In contrast to the hypothesized improvement in the
endothelium-dependent vasodilator response to acetylcholine,
little change was observed following L-arginine administra-
tion to patients with hypertension (Fig. 3B). These findings in-
dicate that the defect in the endothelium-derived NO system in
hypertensive vessels is likely not due to decreased availability
of its precursor, L-arginine.19

Muscarinic receptor defect: Another postulated defect in
the endothelium-derived NO system that might contribute to

decreased NO activity involves an abnormality of the mus-
carinic receptor, which is stimulated by acetylcholine and
methacholine. Some evidence has suggested that atheroscle-
rotic coronary arteries with abnormal responses to acetyl-
choline may demonstrate normal vasodilation in response to
substance P, a nonmuscarinic, endothelium-dependent vaso-
dilator 20, 21 acting on a different endothelial cell receptor, a
tachykinin receptor.22, 23

It was therefore hypothesized that, if the defect in NO 
activity of the hypertensive vasculature were located at the
level of the muscarinic receptor, the response to substance P
would be similar between patients with hypertension and nor-
motensive controls. However, forearm blood flow studies
showed a significant reduction in blood flow and vascular 
resistance responses to substance P in patients with hyperten-
sion compared with normotensive controls (Fig. 4). In fact, a
correlation was observed between the responses to substance
P and acetylcholine,24 even though the two agonists elicit en-
dothelial responses via different receptors. Moreover, similar
responses to substance P during infusion of L-NMMA be-
tween normotensive controls and patients with hypertension
indicated a reduced NO contribution to substance P-induced
vasodilation in patients with hypertension. These findings

Before L-arginine

After L-arginine

p<0.001

25

20

15

5

0

Fo
re

ar
m

 b
lo

od
 fl

ow
(m

l/m
in

/1
00

 m
l o

f f
or

ea
rm

)

10

p<0.001

Fo
re

ar
m

 v
as

cu
la

r 
re

si
st

an
ce

(m
m

H
g/

m
l-1

·m
in

-1
·1

00
 m

l-1
)

40

0
7.5 15 30Baseline

30

20

10

Acetylcholine (µg/min)(A)

Before L-arginine

After L-arginine

p = NS

15

12

3

0

Fo
re

ar
m

 b
lo

od
 fl

ow
(m

l/m
in

/1
00

 m
l o

f f
or

ea
rm

)

9

6

p = NS
Fo

re
ar

m
 v

as
cu

la
r 

re
si

st
an

ce
(m

m
H

g/
m

l-1
·m

in
-1

·1
00

 m
l-1

)

70

0
7.5 15 30Baseline

56

28

14

Acetylcholine (µg/min)(B)

42

FIG. 3 Effects of L-arginine on vascular responses to acetylcholine in 12 normal controls and 14 patients with hypertension. The response to
acetylcholine following L-arginine infusion in normotensive controls was augmented (A); in contrast, little change in response to acetylcholine
was observed (B) following L-arginine administration to hypertensive patients. Adapted from Ref. No. 19 with permission.



Clin. Cardiol. Vol. 20 (Suppl II), November 1997II-30

suggest that the cause of endothelial dysfunction in patients
with hypertension is not limited to a defect at the muscarinic
receptor level, but is related to a broader abnormality of 
endothelial cells.

Signal-transduction pathway defect: Previous studies in
animal models of hypercholesterolemia have shown that, ear-
ly in the disease process, only some endothelium-mediated
responses are blunted. As the atherosclerotic process ad-
vances, a more generalized defect in endothelium-dependent
responses is observed.25, 26 More specifically, investigations
using pertussis toxin (a selective inhibitor of certain G pro-
teins) have demonstrated that initially only endothelium-
mediated responses that require the activation of pertussis
toxin-sensitive G proteins are abnormal, while those utilizing
pertussis toxin-insensitive pathways are preserved. Later in
the course of disease, responses mediated by pertussis toxin-
insensitive G proteins also become affected, although recep-
tor-independent endothelial responses are still intact. Even-
tually, as the vascular disease progresses, all endothelial re-
sponses, even those not mediated by stimulation of cell
surface receptors and subsequent activation of G proteins, are

abnormal. These observations suggest that the endothelial
dysfunction in dyslipidemia may progress through different
stages from a relatively selective defect in specific intracellu-
lar signal-transduction pathways to a more generalized ab-
normality of the endothelial cell.27 These findings have been
recently confirmed in patients with hypercholesterolemia
without clinical evidence of atherosclerosis.28

Based on these observations, it was hypothesized that a
similar selective defect in signal transduction was responsible
for the impaired endothelial vasodilator function of patients
with hypertension. Therefore, in a group of hypertensive 
patients, the responses to acetylcholine and bradykinin were
compared with those obtained in a group of normotensive
controls. In contrast to the findings in hypercholesterolemic
patients, a significant reduction in forearm blood flow and 
responses to both acetylcholine and bradykinin was observed
in patients with hypertension compared with normotensive
controls (Fig. 5).29 Thus, patients with hypertension had
blunted responses to bradykinin similar to their responses to
acetylcholine and substance P, indicating that endothelial dys-
function in hypertension is likely due to a more generalized
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and eight hypertensive patients. A significant reduction in forearm
blood flow and vascular resistance response was observed in hyper-
tensive patients compared with normotensive controls. Reprinted
from Ref. No. 24 with permission.
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abnormality within the endothelial cell rather than a defect in
a single G protein-dependent intracellular signal-transduction
pathway.

Destruction of nitric oxide by superoxide anion: A princi-
pal mechanism of NO inactivation is by superoxide anions
produced by various radical-generating systems.18, 30 Super-
oxide dismutase is a superoxide anion scavenger that may
thus block the inactivation of NO.10, 30 Observations from an-
imal models of hypercholesterolemia suggest that excess gen-
eration of superoxide anion may be responsible for increased
inactivation of NO resulting in impaired endothelium-depen-
dent vascular relaxation in atherosclerotic vessels.31–33 Sim-
ilar observations have been reported in different models of hy-
pertension, suggesting that a similar mechanism may be
operative in this condition.34, 35 If this were the case in hyper-
tensive patients, then administration of superoxide dismutase
would be expected to improve their impaired response to
acetylcholine. However, vascular responses to acetylcholine
were similar before and after administration of copper/zinc
superoxide dismutase in both hypertensive patients and nor-
motensive controls.36 It must be noted that this form of the 
enzyme (the only one available for intravascular infusion in
humans) protects only against extracellular degradation of
NO due to its poor intracellular penetration. Therefore, al-
though these results provided evidence that the defect in the
NO system is not due to extracellular inactivation of NO, one
cannot rule out the possibility that enhanced production of
oxygen-free radical species formed within the intracellular
space may contribute to a decreased bioavailability of NO.

An important intracellular source of superoxide radical is
the xanthine oxidase system, which can be blocked by admin-
istration of oxypurinol. In an animal model, administration of
oxypurinol normalized production of superoxide anion and
improved acetylcholine-induced relaxation in hypercholes-
terolemic but not in normal vessels.31 These findings suggest
that endothelial cell production of superoxide anion may 
inactivate endothelium-derived NO, leading to endothelial
dysfunction.

We recently conducted an investigation in which acetyl-
choline-induced vascular relaxation in hypercholesterolemic
patients was improved following oxypurinol administra-
tion,37 an observation in agreement with the results in hyperc-
holesterolemic animal models. However, in patients with hy-
pertension, there was no difference in the response to
acetylcholine before or after administration of oxypurinol.37

These observations suggest that the xanthine oxidase system
does not significantly contribute to the endothelial dysfunc-
tion of patients with hypertension.

Effect of Antihypertensive Treatment on Endothelial
Dysfunction

The observation that induction of hypertension in animal
models resulted in impaired endothelium-dependent vaso-
dilation38 led to the hypothesis that effective antihypertensive
therapy may normalize or at least improve endothelial vaso-

dilator function. Indeed, in spontaneously hypertensive rats,
treatment with an angiotensin-converting enzyme (ACE) in-
hibitor or a calcium-channel blocker reduced blood pressure
and improved endothelial dysfunction in resistance vessels.39

Long-term, but not short-term, treatment with an ACE in-
hibitor or a calcium-channel blocker improved endothelial
dysfunction in a rat model of NO-deficient hypertension.40

These studies further suggested a beneficial effect on endo-
thelial function with antihypertensive treatment.

Studies in humans of the effects of antihypertensive treat-
ment, including studies specifically related to the use of ACE
inhibitors, have yielded negative results.41–43 One study,
however, did demonstrate an acute improvement in endothe-
lium-dependent forearm vasodilation with ACE inhibitor
treatment,44 although it must be pointed out that in this study
vasodilator responses to acetylcholine and sodium nitroprus-
side were measured only 1 h after oral administration of cap-
topril, which may explain the discrepancy with the aforemen-
tioned studies using longer-term ACE inhibitor therapy.

The role of the renin-angiotensin system in controlling
blood pressure and vascular reactivity has long been known.
The more recent finding of a local renin-angiotensin pathway
in many tissues, including blood vessels,45, 46 suggested that
treatment with an ACE inhibitor might improve endothelial
function. The recently published Trial on Reversing Endo-
thelial Dysfunction (TREND) study assessed responses to 
endothelium-dependent and -independent vasodilators in the
coronary circulation of patients with CAD.47 To remove con-
founding factors, only normotensive (or controlled hyper-
tensive) patients without evidence of severe dyslipidemia or
heart failure were enrolled. In large coronary arteries follow-
ing 6 months of quinapril treatment, the vascular response to
acetylcholine significantly improved compared with placebo.
It must be emphasized that history of hypertension was not a
predictor of improved endothelial function with quinapril,
suggesting that the observed vascular effect was independent
of the antihypertensive action of the ACE inhibitor. Because
atherosclerosis is an important vascular complication of es-
sential hypertension, one might speculate that chronic antihy-
pertensive therapy with ACE inhibition may result in reduc-
tion of atherosclerotic disease in hypertensive patients by
virtue of its beneficial effect on endothelial dysfunction of the
macrovasculature (e.g., epicardial coronary arteries) despite
the previously discussed negative effect on endothelial func-
tion of the microvasculature (e.g., forearm resistance vessels).
This possibility is purely speculative at the present time and
deserves further investigation in properly designed trials.

Conclusion

Over the last several years, significant progress has been
made in our understanding of endothelial dysfunction in pa-
tients with hypertension. Not only has impaired endotheli-
um-dependent vasodilation been demonstrated in patients
with hypertension, but we now know that it is related largely
to an abnormality in the endothelium-derived NO system.



Clin. Cardiol. Vol. 20 (Suppl II), November 1997II-32

Research has eliminated several potential defects in the NO
system, including decreased availability of the NO precursor 
L-arginine, a defect at the muscarinic receptor level or in a
single G protein-dependent intracellular signal-transduction
pathway, and certain forms of inactivation of NO by superox-
ide anions as being responsible for impaired endothelium-
dependent vasodilation in hypertensive patients. Important
differences have been encountered in the responses to certain
pharmacologic agents between hypertensive and hyper-
cholesterolemic patients, suggesting that the mechanism(s)
leading to the syndrome of endothelial dysfunction may be 
specific for each condition.

Irrespective of the specific defect in the NO pathway, the
proatherogenic and vasoconstrictor effects of endothelial dys-
function probably contribute to the cardiovascular complica-
tions associated with elevated blood pressure. Treatment of the
underlying pathophysiologic process of endothelial function
has the potential for improving clinical outcome in patients
with hypertension. In this context, continued research to iden-
tify the mechanisms responsible for endothelial dysfunction 
in hypertension is warranted for the eventual design of more
rationalistic therapies.
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Endothelial Function, Fibrinolysis, and Angiotensin-Converting Enzyme
Inhibition
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Summary: Experimental and clinical studies with angioten-
sin-converting enzyme (ACE) inhibitors have suggested that
these agents may reduce the risk of atherothrombotic events.
Recent studies have identified the role of angiotensin II and
ACE in the regulation of fibrinolysis. There is now substantial
evidence that the renin-angiotensin system (RAS) plays an im-
portant role in the regulation of vascular fibrinolytic balance.
This recently recognized relationship may contribute to the
vasculoprotective effects of ACE inhibitors.

Key words: angiotensin-converting enzyme, fibrinolysis,
plasminogen activator inhibitor type 1, tissue-type plasmino-
gen activator

The Fibrinolytic System 

The plasminogen activator, or fibrinolytic system, consti-
tutes one of the primary endogenous mechanisms for prevent-
ing intravascular thrombosis, which is implicated importantly
in the pathogenesis of myocardial infarction (MI) and other
acute coronary syndromes. Fibrinolysis depends on a balance
between plasminogen activators [urokinase and tissue-type
plasminogen activator (TPA)] and plasminogen activator 
inhibitor type 1 (PAI-1), the major physiologic inhibitor of
urokinase and TPA in plasma. This balance is maintained
through processes that appear to be mediated largely by the 
endothelium. Plasminogen activators convert plasminogen 

to the active enzyme, plasmin, which is a protease that lyses
fibrin clots. One important mechanism for regulating plasmin
generation involves the formation of complexes between PAI-
1 and the plasminogen activators, which prevents the conver-
sion of plasminogen to plasmin.1, 2 Because both TPA and
PAI-1 are synthesized primarily by endothelial cells (and
smooth muscle cells), the endothelium is thought to play a
prominent role in maintaining vascular fibrinolytic balance. 

Modest excesses or deficiencies in the fibrinolytic proteins
can be associated with clinical consequences. Increased levels
of PAI-1 have been associated with an increased risk of throm-
bosis in animal and clinical studies.3–6 In one clinical study,
low TPA activity and higher PAI-1 levels were observed in
survivors of MI compared with healthy age-matched con-
trols.4 In another study, low TPA activity and increased PAI-1
concentrations were the only hemostatic variables associated
with recurrent MI in a group of men with early coronary heart
disease.5 Imbalance of the fibrinolytic proteins can also have
pathogenic consequences within the vascular wall. In vascular
tissue, plasmin activates matrix metalloproteinases, which are
crucial in remodeling following vascular injury through degra-
dation of collagen and other glycoproteins that accumulate in
plaques.7 Several groups have reported increased deposition of
PAI-1 in and around atherosclerotic plaques, which in turn re-
duces vascular plasmin activation and, subsequently, metallo-
proteinase activity. This reduction in plasmin activation is also
associated with reduced activation of transforming growth fac-
tor-beta, which is important in suppressing the proliferation
and migration of smooth muscle cells that contribute to
atherosclerotic lesions.8

Regulatory Role of Endothelium in Fibrinolytic
Balance and Role of the Renin-Angiotensin System

The role of the renin-angiotensin system (RAS) in reg-
ulating fibrinolysis was suggested by findings in two major
clinical studies of angiotensin-converting enzyme (ACE)
inhibitor therapy: the Survival and Ventricular Enlargement
(SAVE) trial9 and the Studies of Left Ventricular Dysfunction
(SOLVD).10 In both these studies, ACE inhibition significant-
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ly reduced the risk of recurrent MI and other ischemic events
in patients with left ventricular dysfunction. In the SAVE trial,
captopril treatment was associated with a 25% reduction in
risk for recurrent MI and a 24% reduction in risk of death from
cardiovascular events, severe heart failure, or MI. In SOLVD,
which included more than 6,000 patients with asymptomatic
left ventricular dysfunction or early congestive heart failure,
enalapril was associated with an 18% reduction in risk of death
from cardiovascular events and a 28% reduction in risk of
death from MI. 

The speculation that the endothelium serves as a link be-
tween the fibrinolytic system and the RAS has been supported
by a number of experimental and clinical findings. Angio-
tensin II has been shown to bind to endothelial cells11 and to
stimulate dose-dependent production of PAI-1 in cultured rat
vascular smooth muscle cells,12 cultured bovine aortic cells,13

and human endothelial cells,13 thus demonstrating a potential
link between the RAS and thrombosis. In other studies, ACE
inhibition increased plasminogen activator activity in cultured
bovine aortic endothelial cells14 and decreased vascular PAI-1
expression in normal and balloon-injured rat aorta.15 In human
subjects, infusion of physiologic concentrations of angiotensin
II resulted in rapid, dose-dependent, significant increases in
PAI-1 levels (Fig. 1).16 No significant changes in TPA levels
were observed, indicating a selective effect of angiotensin II
on PAI-1 release.

A recently identified angiotensin binding site, the angio-
tensin IV receptor (AT4), appears to be the receptor on endo-
thelial cells that mediates PAI-1 expression in response to an-
giotensin,17 accounting for the observation that inhibitors of

angiotensin receptors type 1 and type 2 fail to prevent endothe-
lial production of PAI-1.13, 17 The increase in PAI-1 expression
in cultured cells is dependent on conversion of the octapeptide
angiotensin to the hexapeptide angiotensin IV, which is 
accomplished via the effects of specific aminopeptides that are
localized to the vascular surface.17 Thus, responses to angio-
tensin may be mediated by an endothelial receptor specific for
angiotensin IV, that is, the AT4 receptor.

Several clinical investigations, including recent studies 
designed to assess the effect of ACE inhibition on fibrinolytic
factors, have provided additional evidence for the link 
between the RAS and the fibrinolytic system; these are 
reviewed below.

Angiotensin-Converting Enzyme and Fibrinolytic
Balance

As suggested by the findings regarding ACE inhibition in
cultured cells and in clinical studies, ACE occupies an impor-
tant position in regulating the balance of fibrinolytic elements.
It converts angiotensin I to angiotensin II, which is associated
with stimulation of PAI-1 production. Through an indepen-
dent and parallel pathway, ACE is also important in downreg-
ulating TPA production via degradation of bradykinin, a high-
ly potent stimulator of TPA production in endothelial cells. In
rats, intra-arterial administration of bradykinin results in a
dose-dependent increase in plasma TPA levels.18 In human
subjects with hypertension, graded doses of bradykinin were
associated with dose-dependent increases in plasma TPA lev-
els during concomitant ACE inhibitor administration, but had
no effect on TPA in the absence of ACE inhibitor administra-
tion (Fig. 2).19 This finding confirms earlier reports that
bradykinin is an extremely potent stimulus for the release of
TPA in vivo. It also highlights the importance of the RAS in
regulating vascular fibrinolytic balance.

Angiotensin-Converting Enzyme Inhibition and
Fibrinolytic Balance

In addition to the experimental studies mentioned, clinical
investigations have shown that ACE inhibition is associated
with alterations in fibrinolysis. In the first study to demon-
strate an effect of ACE inhibition on endogenous fibrinolysis,
Wright et al.20 administered captopril 75 mg/day or placebo
to 15 patients beginning 8 weeks after uncomplicated MI and
compared effects on fibrinolytic variables in these patients
and 12 matched control subjects. The fibrinolytic variables
assessed were PAI-1 antigen levels, TPA antigen levels, and
PAI-1 activity. After the placebo treatment period, patients
post MI had significantly higher TPA antigen and PAI-1 anti-
gen levels and significantly greater PAI-1 activity than did
controls. However, 4 weeks of ACE inhibition resulted in sig-
nificant reductions in TPA antigen levels and PAI-1 activity in
the 15 patients and a nonsignificant reduction in levels of PAI-
1 antigen (Fig. 3).
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FIG. 1 Mean plasminogen activator inhibitor-1 (PAI-1) antigen lev-
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More recently, we21 have assessed the effect of short-term
ACE inhibition on fibrinolytic variables in a subset of 120 pa-
tients from the Healing and Early Afterload Reducing Ther-
apy (HEART) study of patients with acute anterior MI and
systolic blood pressure >100 mmHg. In this double-blind,
placebo-controlled trial, patients were randomized to ramipril
0.625 or 1.25 mg/day titrated to 10 mg/day or placebo for 14
days. Subsequently, subjects in the placebo-treatment arm
were crossed over into the high-dose ramipril arm of the study.
Baseline PAI-1 activity and PAI-1 antigen and TPA antigen
levels were comparable in the three groups; the ratio of PAI-1
to TPA, a measure intended as an index of fibrinolytic balance,
was normal in each of the treatment groups as well. After 14
days, PAI-1 antigen levels were approximately 44% lower,
and PAI-1 activity levels an average of 22% lower, in the pa-
tients treated with the ACE inhibitor (combined groups) than
in placebo-treated patients (Fig. 4). In contrast, plasma TPA
levels were not significantly different between the ACE 
inhibitor-treated patients and placebo-treated patients. Given
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the significant reduction in PAI-1 activity and antigen levels, it
is safe to say that ACE inhibition preserved normal fibrinolyt-
ic balance in these patients post MI. No other drugs besides
ACE inhibitors have been shown to have such an impact on the
plasma fibrinolytic balance during the recovery phase of acute
MI. These results may help explain the beneficial effects of
ACE inhibition on rates of MI and ischemic events in previous
randomized trials.

Conclusion

There is accumulating evidence that the RAS interacts
with the fibrinolytic system at the level of the endothelium. In
fibrinolysis, both angiotensin II and ACE may be considered
prothrombotic: angiotensin II because it induces PAI-1 ex-
pression, and ACE because it mediates the formation of angi-
otensin II and the degradation of bradykinin. Increased PAI-1
levels are associated with an increased risk of thrombotic
events in humans. In experimental models, ACE inhibition is
associated with reductions in PAI-1 expression in both cul-
tured cells and tissue. These beneficial changes in fibrinolytic
variables may be attributed to ACE inhibition’s dual effects of
inhibiting angiotensin II formation (and thus limiting the pro-
duction of PAI-1) and blocking bradykinin degradation (and
thereby enhancing the production of TPA by bradykinin).
These mechanisms may contribute to the vasculoprotective
effects of ACE inhibitors. 
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Plaque Disruption and Coronary Thrombosis: New Insight into Pathogenesis and
Prevention
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Summary: Clinical and pathologic studies have confirmed
that disruption or superficial erosion of atherosclerotic plaque
is the major cause of coronary thrombosis, which is the prima-
ry mechanism responsible for acute coronary syndromes of
unstable angina, acute myocardial infarction, and sudden car-
diac death. Serial angiographic studies have shown that nearly
60–70% of acute coronary syndromes evolve from mildly to
moderately obstructive atherosclerotic plaques. The risk of
plaque disruption appears to be a function of both plaque vul-
nerability (intrinsic factors) and extrinsic triggers, and is deter-
mined largely by the size of the lipid-rich atheromatous core,
the thickness of the fibrous cap covering the core, and the pres-
ence of ongoing inflammation within and underneath the cap.
Hemodynamic or mechanical stresses may precipitate plaque
disruption, particularly in places where the fibrous cap is
weakest, such as the shoulders. The degree of thrombosis fol-
lowing plaque disruption depends on the thrombogenicity of
the disrupted plaque, the disturbed local rheology, and the sys-
temic thrombotic-thrombolytic milieu. Surges in sympathetic
activity (such as those provoked by sudden vigorous exercise,
emotional stress, or cold weather) may also trigger plaque dis-
ruption. These observations have led to the concept of plaque
stabilization as a new strategy for the prevention of acute coro-
nary syndromes. Plaque stabilization can be achieved through
pharmacologic and lifestyle-modifying interventions that alter
plaque composition and/or inflammatory activity within the
plaque and thus reduce its vulnerability to disruption.

Key words: atherosclerotic plaque, macrophages, metallo-
proteinase, plaque disruption, plaque stabilization, thrombosis

Introduction

Atherosclerotic vascular disease, the underlying pathology
for ischemic heart disease and stroke, is the leading cause of
death and disability in much of the Western world. Recent epi-
demiologic data indicate that ischemic heart disease is also be-
coming a major public health problem in developing countries
such as India.1 Coronary atherosclerosis results in a spectrum
of clinical disorders, ranging from asymptomatic athero-
sclerosis and stable angina to acute coronary syndromes such
as unstable angina, acute myocardial infarction (MI), and sud-
den cardiac death. It is estimated that 30 to 40% of acute coro-
nary events occur without prior warning in persons who are
unaware that they have ischemic heart disease. Therefore, pre-
vention of acute coronary syndromes is a major focus in car-
diovascular medicine. An improved understanding of the
pathophysiologic basis for acute coronary syndromes can lead
to more effective preventive strategies. One of these is the con-
cept of plaque stabilization—decreasing the vulnerability of
the atherosclerotic plaque to rupture or fissure.

Until recently, it was thought that the major pathophysio-
logic mechanism by which atherosclerosis contributes to var-
ious coronary syndromes was a slowly progressive luminal
obstruction by atherosclerotic plaque that eventually resulted
in decreased coronary blood flow reserve and subsequent my-
ocardial ischemia. However, it is now generally accepted that
coronary atherosclerosis progresses in a nonlinear, often
abrupt fashion and that rapid progression of coronary lesions,
including the sudden development of total or near-total oc-
clusion, is due largely to thrombosis that complicates athero-
sclerosis.2–13 Several autopsy, angiographic, and angioscopic
studies have demonstrated that the most lethal manifestations
of atherosclerosis-induced acute coronary syndromes result
from coronary thrombosis that occurs either at sites of plaque
disruption (60–80% of the time) or over areas of superficial
endothelial erosions (20–40% of the time). Even though
severely stenotic lesions are more likely, over time, to pro-
gress to total occlusion, a curious angiographic-clinical para-
dox is now evident: 60 to 70% of acute coronary syndromes
evolve from coronary lesions that were deemed to have only
mild to moderate stenosis (non-flow-limiting).2–13 This para-
dox may be explained by the fact that mildly stenotic lesions
outnumber severely stenotic lesions by a factor of 5 to 10.9 It
is also conceivable that the rapid transition of a mildly stenot-
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ic lesion to total occlusion is more likely to result in a clinical
event because the protective collaterals that normally develop
over time with a severely stenotic lesion will not have had a
chance to develop.9

Determinants of Plaque Disruption

Pathoanatomic studies of intact and disrupted plaques and
in vitro studies of isolated aortic fibrous caps have demonstrat-
ed several characteristics that are more prevalent in disrupted
plaques than in intact plaques. It has therefore been postulated
that these characteristics can be used to identify plaques that
are prone to disruption. This is the concept of plaque vulnera-
bility or instability. 

Plaque Composition

The histomorphometric characteristics associated with
plaque disruption include the following: (a) a large, soft lipid
core; (b) a thinned-out fibrous cap; (c) active infiltration by 
inflammatory cells into the plaque and fibrous cap; and (d ) 
increased neovascularity in the plaque.

Mature atherosclerotic plaques are comprised of two main
components: a lipid-rich core and an extracellular matrix con-
sisting of collagen and other matrix proteins. Some plaque
matrix is often organized as a lipid-poor, collagen-rich protec-
tive fibrous cap that separates the core from the lumen. The
greater the amount of extracellular matrix, the more “stable”
the plaque. More than 70% of a typical stenotic coronary
plaque consists of extracellular matrix synthesized by vascu-
lar smooth muscle cells and containing primarily collagen,
elastin, proteoglycans, and glycosaminoglycans.9, 13 In con-
trast, the lipid core consists of soft, usually hypocellular and
avascular, atheromatous “gruel,” which is composed primari-
ly of extracellular lipids (e.g., cholesterol and its esters).14, 15

The atheromatous lipid-rich core is thought to be derived
from the necrosis or apoptosis of lipid-rich macrophages
(foam cells) and possibly also from blood-borne lipoproteins
trapped within the subendothelial extracellular space.14-17

The lipid composition of the atheromatous core determines
its consistency.9 A core made up primarily of cholesterol es-
ters is soft, whereas a core containing crystalline cholesterol
is hard.14, 15 Disrupted plaques tend to have a large, often ec-
centrically located, soft lipid-rich core that constitutes more
than 40% of the plaque volume.13 In vitro computer models
have shown that the presence within a plaque of a large, ec-
centric soft lipid pool redistributes circumferential stress to
the “shoulders” of the plaque, which is where 50 to 60% of
plaque disruptions occur.18 These observations suggest that a
large, soft lipid core confers a mechanical disadvantage to the
plaque and increases its vulnerability to disruption. 

Fibrous Cap Thickness and Composition

Although fibrous caps vary widely in thickness, they are 
often thinnest at their shoulder regions where disruption most

often occurs.18 Disrupted fibrous caps tend to have fewer ma-
trix-synthesizing smooth muscle cells, a lower collagen and
glycosaminoglycans content, and a greater degree of infiltra-
tion by inflammatory cells (macrophages, T-lymphocytes, and
mast cells) than do intact plaques.19 Furthermore, fibrous caps
infiltrated by macrophages have a lower mechanical threshold
for rupture when tested in vitro.20

Inflammatory Response in the Plaque

Several histomorphometric studies have shown that dis-
rupted plaques contain an active inflammatory infiltrate,
commonly found in the fibrous cap and around the lipid core,
with a preferential concentration at the plaque shoulders 
or underneath the thinned-out or disrupted fibrous cap.21

Monocyte-derived macrophages, often bearing markers of
activation, are the most abundant component of the inflam-
matory response, but activated T-lymphocytes and activated
degranulating mast cells are also found in larger numbers in
disrupted plaques.18, 21–24

Evidence of Matrix Dysregulation in Plaque Disruption:
Role of Inflammation, Metalloproteinases, and Apoptosis

Plaque disruption results from thinning, weakening, and
eventual rupture or fissure of the fibrous cap. Since the tensile
strength of the fibrous cap is determined by its matrix compo-
nents, specifically by the collagen content, loss of collagen
matrix represents a critical step toward plaque disruption.
Loss of collagen matrix could result from excessive matrix
degradation or reduced matrix synthesis (i.e., matrix dys-
regulation).25 Several recent studies have demonstrated that
macrophages and, to a lesser extent, smooth muscle cell-de-
rived foam cells in atherosclerotic plaques produce a family
of matrix-degrading metalloproteinases (MMPs; see Fig. 1)
that are capable of degrading virtually all components of the
extracellular matrix.26 Factors involved in stimulating the
production or activation of MMPs in atherosclerotic plaques
are not fully understood but may include interaction of ma-
crophages with substrates, lipid ingestion by macrophages,
oxidatively modified lipoproteins, oxidant stress, mechanical
stress, activated T-lymphocytes, cytokines, infectious agents
such as Chlamydia, and others.25 In vitro experiments and in
situ zymography studies have shown a net increase in matrix-
degrading activity in rupture-prone regions of the atheroscle-
rotic plaque.27

Data also show reduced collagen and glycosaminoglycans
content and a fewer smooth muscle cells in the disrupted fi-
brous cap.28 The precise mechanisms contributing to loss of
smooth muscle cells remain unclear but may include inhi-
bition of smooth muscle cell replication or increased smooth
muscle cell death due to apoptosis or necrosis.9 In vitro stud-
ies from our laboratory have shown that macrophages in cell
culture as well as in the atherosclerotic plaque produce
tenascin-C, a novel counteradhesive matrix protein that can
induce apoptosis in vascular smooth muscle cells in vitro (un-
published data). These observations raise the tantalizing 
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possibility that inflammatory cells (i.e., macrophages) may
contribute not only to plaque disruption (by MMP-mediated
matrix degradation) but also to smooth muscle cell death and,
hence, reduced matrix synthesis.

Mechanical and Hemodynamic Triggers of Plaque
Disruption

A variety of local mechanical and hemodynamic forces
subject coronary plaques to constant stresses that may “trig-
ger” disruption of unstable or vulnerable plaques, particular-
ly at the point of their greatest weakness—the shoulder region
of the fibrous cap. For example, plaques undergoing repeti-
tive bending, compression, stretching, shear, or fluctuating
pressure may develop weakness and eventually spontaneous

disruption due to “cap fatigue,” a phenomenon analogous to
metal fatigue.9, 29 According to Laplace’s law, tensile stress
correlates positively with both blood pressure and luminal 
diameter.30 Consequently, plaques that are only mildly or
moderately stenotic and have a larger residual lumen may be
subjected to a greater circumferential stress, making them po-
tentially more vulnerable to disruption than severely stenotic
plaques.9, 25 Maximal stress usually develops at the point
where the fibrous cap is thinnest, but may also occur at other
sites that have been weakened by the focal infiltration of
macrophages.18, 31, 32

Plaques also may be sheared apart as a result of the mechan-
ical stress that occurs when tissues with disparate properties
slide against each other, causing a tear in the plaque known as
“shear failure.”9, 25, 33 The ensuing pulse wave may produce
cyclic changes in the size and shape of the lumen, resulting in

Large lipid core Inflammatory cells Thin fibrous cap

Vulnerable plaque Inflammation
(Macrophages, mast cell, T-cell)

Inflammation
(Macrophage??  T-cell??)

(SMC apoptosis) Matrix synthesis Matrix degradation (MMP)

Thinning of fibrous cap

Triggers (infectious??) Triggers (hemodynamic)

Plaque disruption

Collagen Tissue factor
Inflammation
(Macrophages)

Systemic thrombotic-
thrombolytic state

Endothelial dysfunction

ThrombosisStenosis severity
and shear rate

VasoconstrictionAcute clinical events

FIG. 1 Progression of a vulnerable plaque (characterized by a large lipid core, a thin fibrous cap, and the presence of inflammatory cells) to the
occurrence of an acute clinical event. Inflammatory cells, such as macrophages, mast cells, and T-lymphocytes, cause decreased synthesis and/or
increased degradation of matrix. The result is further thinning of the fibrous cap, which is more vulnerable to disruption caused by hemodynamic
(and possibly infectious) triggers. After a plaque ruptures, the degree of thrombosis depends on the severity of stenosis, shear rate, and the sys-
temic thrombotic-thrombolytic state. Endothelial dysfunction that causes vasoconstriction also contributes to the occurrence of acute clinical
coronary events.
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bending and deformation of plaques, particularly those with
large atheromatous cores.34 Cyclic bending is most likely to
occur at the junction between stiff, eccentric plaques and the
less diseased luminal wall (i.e., the “edge” of the plaque), ulti-
mately causing weakening at this site that leads to spontaneous
rupture.9, 25 However, sudden and more intense bending may
also trigger the rupture of a weakened cap.9 Vasospasm, pas-
sive collapse of compliant stenoses, or bleeding from the vasa
vasorum may compress the plaque by causing an increase in
intraplaque pressure.25

There is little evidence that vasospasm alone precipitates
plaque rupture or luminal thrombosis,35, 36 or that the bleeding
of small capillaries caused by rupture of the vasa vasorum
would increase intraplaque pressure enough to induce plaque
rupture.25

Plaque Disruption and Thrombosis

Plaque disruption may lead to coronary thrombosis;
whether this occurs depends on the thrombogenicity of the ex-
posed plaque components, the severity of local stenosis, and
the systemic thrombotic-thrombolytic equilibrium. The main
thrombogenic components of the plaque are collagen and the
lipid core, although the lipid core may be more thrombogenic
than the collagen matrix.37 The greater thrombogenicity of the
lipid core may be due to its high content of catalytically active
tissue factor, a procoagulant transmembrane glycoprotein pro-
duced mostly by macrophages in the atherosclerotic plaque.38

When exposed to circulating blood, tissue factor interacts with
factor VIIa and forms a complex that activates factor X. Acti-
vated factor Xa initiates the thrombogenic cascade by cleaving
prothrombin to thrombin, which, in turn, triggers the coagula-
tion and platelet activation that results in thrombus formation. 

Several extrinsic factors affect the thrombotic response to
plaque disruption. These include (a) local flow disturbances
related to severity of local stenosis and altered local geometry,
and (b) the systemic thrombotic-thrombolytic milieu (e.g.,
hypercoagulable states, increased platelet aggregability, de-
pressed endogenous fibrinolytic activity).11, 25 Elevated fib-
rinogen levels, increased factor VII-mediated procoagulant
activity, enhanced platelet aggregability, and depressed 
endogenous fibrinolysis are all associated with an increased
risk of atherothrombotic vascular events.

Endothelial dysfunction may also contribute to the throm-
botic consequences of plaque rupture. Normal endothelium is
critical to the regulation of many vascular functions, including
regulating vascular tone by releasing vasodilators (e.g., nitric
oxide) and vasoconstrictors (e.g., endothelin) and maintaining
a balance between thrombosis and thrombolysis by releasing
antithrombotic (e.g., nitric oxide, protein C, ecto-ADPase)
and prothrombotic (e.g., tissue factor, endothelin) substances
as well as profibrinolytic (e.g., tissue plasminogen activator)
and antifibrinolytic (e.g., plasminogen activator inhibitor-1)
agents.25 Endothelial dysfunction associated with athero-
sclerosis and the presence of risk factors for atherosclerosis 
increases the potential for excessive and paradoxical vasocon-

striction, expression of adhesion molecules that recruit mono-
cytes and other inflammatory cells into the arterial wall, and
promotion of a prothrombotic and antifibrinolytic state.39–45

Therefore, abnormalities in endothelial function may also
play a role in thrombosis following plaque disruption.11, 12

Clinical Manifestations of Plaque Disruption

Plaque disruption does not always result in thrombosis and
a clinical coronary event. In fact, plaque disruption is frequent-
ly asymptomatic, and the associated rapid plaque growth is 
often clinically silent. Autopsy studies have shown that 9% 
of ostensibly healthy persons and up to 22% of diabetic and
hypertensive patients have asymptomatic disrupted plaques in
their coronary arteries.46 However, disrupted coronary plaques
with and without superimposed thrombi are common in pa-
tients who die of ischemic heart disease.22, 46–49 Of particular
note is that patients who died as a result of acute coronary dis-
ease had an average of more than two disrupted plaques each;
fewer than half of these were associated with luminal throm-
bosis sufficient to cause critical flow obstruction.22, 47

The clinical manifestations of plaque disruption and throm-
bosis vary according to the degree, location, and duration of
myocardial ischemia.9, 25 For example, a relatively stable, 
occlusive thrombus is likely to cause an acute Q-wave MI,
whereas a nonocclusive (or transiently occlusive) thrombus is
more likely to cause unstable angina or a non-Q-wave MI.11, 25

Total or subtotal coronary occlusion may be associated with
sudden cardiac death. However, coronary occlusion does not
necessarily progress to MI if there is adequate collateral circu-
lation at the time of occlusion.2, 7 Nonetheless, plaque disrup-
tion, followed by variable degrees of hemorrhage into the
plaque and luminal thrombosis, may accelerate further plaque
growth and the progression of stenosis, thus accounting for the
sudden, nonlinear, and unpredictable progression of coronary
atherosclerosis to acute coronary syndromes.50

Onset of Acute Coronary Syndromes

The pathophysiologic mechanisms that underlie the onset
of acute coronary events have not been definitively elucid-
ated. However, the onset of acute coronary syndromes, partic-
ularly MI, does not occur randomly. At least half of all acute
MIs are associated with “trigger” activities or conditions,
which are referred to as acute risk factors.50 These risk factors
include vigorous exercise (especially in deconditioned in-
dividuals), emotional stress, earthquake, cold weather, time of
day (i.e., early morning), and day of the week (i.e., Mon-
days).51–56 Several pathophysiologic mechanisms may be in-
volved in the triggering of nonrandom acute coronary events.
One such mechanism is plaque disruption, most likely caused
by surges of sympathetic activity that result in a sudden in-
crease in blood pressure, pulse rate, cardiac contractility, and
coronary blood flow.56 The fact that beta blockers have
demonstrated a significant beneficial effect in preventing re-
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infarction provides compelling evidence that the mechanical
and/or hemodynamic forces that trigger plaque disruption
play a pivotal role in the sudden onset of coronary events.9, 57,

58 Another mechanism that contributes to the 
onset of acute coronary syndromes is the rapid formation of
thrombi at the site of previously or newly disrupted plaques;
such sudden thrombus growth may be caused by changes in
systemic thrombogenicity (e.g., hypercoagulability, platelet
hyperaggregability, or impaired endothelial function).9, 11, 55

A third possible mechanism is generalized or local vasocon-
striction occurring around a coronary plaque.59

Patients with coronary heart disease have been shown to
have a relatively high serologic incidence of recent Chlamydia
pneumoniae infection.60 Coupled with the finding of Chla-
mydia antigen in atherosclerotic plaques, this observation sug-
gests the intriguing hypothesis that an active inflammatory or
immune response, triggered by infection, may help initiate
atherogenesis and possibly even plaque disruption and throm-
bosis.60

Plaque Stabilization and Prevention of Acute
Coronary Syndromes

In the past several years, a number of serial angiographic
trials evaluating the efficacy of lipid lowering or lifestyle 
modifications have demonstrated a disproportionately greater 
reduction in the incidence of atherothrombotic clinical events
(i.e., acute coronary syndromes and strokes) than would be 
expected based on the relatively minor changes observed in
the severity of coronary stenosis.61–63 This clinical-angio-
graphic paradox has led to the concept that risk factor mod-
ification, especially lipid lowering, may reduce clinical events
by decreasing the incidence of plaque disruption and throm-
bosis through changes in plaque biology rather than by effects
on the overall size or volume of the plaque or severity of
stenosis.61 This so-called “plaque stabilization” may be
achieved by decreasing the lipid content of the plaque,
changes in the magnitude of inflammatory cell content and
activity within the plaque, improved endothelial function, or
changes in circulating thrombotic-thrombolytic equilibri-
um.25 Thus, plaque stabilization may reduce the vulnerability
of plaques to disruption or the thrombotic response following
disruption. This new therapeutic paradigm opens up a novel
approach to reducing the adverse consequences of atheroscle-
rosis by influencing plaque biology rather than plaque size or
severity of stenosis.25, 61, 64, 65

Nonlipid-lowering interventions that may promote plaque
stabilization (including improved endothelial function and 
reduced prothrombotic state) include angiotensin-converting
enzyme inhibitors,66–68 beta blockers, estrogens, antioxi-
dants,69 and cessation of cigarette smoking.

Conclusion

Considerable data from in vitro and in vivo studies of vas-
cular biology, together with indirect evidence from clinical

trials of lipid-lowering and lifestyle/risk factor-modifying 
interventions, provide strong support for the concept that dis-
ruption of atherosclerotic plaque and subsequent thrombosis
is a key precipitating factor in potentially lethal acute coro-
nary syndromes. Certain characteristics of plaques, including
the size and composition of the lipid core, the structure and
composition of the fibrous cap, and the presence of a local
inflammatory process, predispose the plaque to disruption.
Stresses resulting from biomechanical and hemodynamic
forces acting on plaques may then trigger disruption, releas-
ing the thrombogenic contents of the lipid core. Alterations in
endothelial function may also contribute to the vulnerability
of plaque to rupture and thrombosis.

Interventions aimed at decreasing plaque vulnerability to
disruption—all based on the concept of plaque stabilization—
may reduce the risk of acute coronary syndromes. Although
not yet rigorously validated in humans, plaque stabilization
may prove to be an important clinical strategy for preventing
the often fatal consequences of coronary atherosclerosis. 
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Therapeutic Interventions in Endothelial Dysfunction: Endothelium as a 
Target Organ
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Summary: Endothelial dysfunction is recognized as the ini-
tial step in the atherosclerotic 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 calcium 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).
Interventions targeted specifically to the endothelium remain
speculative, as the precise mechanisms of endothelial dys-
function are still being elucidated. Several pharmacologic
agents have been suggested to achieve vascular protection
through mechanisms that go beyond their primary therapeu-
tic (e.g., hypotensive or hypocholesterolemic) actions; exam-
ples 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 endotheli-
um from injury. 

Key words: atherosclerosis, endothelium, hypercholester-
olemia, hypertension, nitric oxide

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 endothe-
lium.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 mole-
cule with profound effects on cardiovascular physiology. Im-
pairment of endothelial vasodilator function is now establish-
ed 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, athero-
sclerosis, and vascular reactivity began to be examined in the
1980s. Hypercholesterolemia was recognized as a determinant
in the pathogenesis of atherosclerosis, and endothelium-medi-
ated relaxation was observed to be impaired in hypercholes-
terolemic vessels.3, 4

Hypercholesterolemia enhances the response to vaso-
constrictor 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. Endothelium-
derived NO is now recognized to inhibit several pathologic 
processes that are critical to the development of atherosclero-
sis. These include monocyte adherence and chemotaxis,
platelet adherence and aggregation, and vascular smooth
muscle proliferation.6
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Zeiher et al.7 described a progression of endothelial 
dysfunction in coronary arteries that begins with hyper-
cholesterolemia (Table I). They demonstrated a hierarchy of
impairment, with progressive endothelium-mediated alter-
ations in coronary vasomotor tone paralleling the develop-
ment of early atherosclerosis, culminating in complete loss of
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.7 At least early in the process, endothelial dys-
function 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 vascu-
lar 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 vasodila-
tion 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 modest-
ly.10 Age-related decreases in the production or responsive-

ness 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 dila-
tion 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 dys-
function 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 en-
dothelial damage. Endothelial dysfunction has been reported
in the systemic arteries of light smokers beginning with ado-
lescence, and physiologic abnormalities increased with in-
creasing amount and duration of smoking. The threshold for
smoking dose and endothelial dysfunction appeared to be ≥20
pack-years.17 The endothelial vasodilator dysfunction ob-
served 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 cardiovas-
cular risk. Women found at highest risk of coronary heart dis-
ease were those who had undergone bilateral oophorectomy
without receiving estrogen replacement therapy; those given
estrogen replacement after oophorectomy demonstrated no

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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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.

Diabetes Mellitus 

Vascular disorders are highly prevalent in persons with 
diabetes and may take several forms: accelerated atherosclero-
sis, 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 com-
mon cellular denominator in this varied pathology may be en-
dothelial cell 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 acetylcholine.22 Reduced pro-
duction 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 nor-
mal vasodilatory effect of NO released by the endothelium.
Cyclooxygenase inhibitors restored impaired acetylcholine-
induced relaxation in the aortae of diabetic and normal rabbits
exposed to elevated glucose in vitro.21 In humans, the admin-
istration of vitamin C improves endothelium-dependent va-
sodilation, 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 im-
mobilization 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 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.25 Ele-

vated circulating levels of ADMA have been observed in 
hypercholesterolemic rabbits,26 in young hypercholesterol-
emic humans,27 and in patients with chronic renal failure.25

Homocysteine

Elevated levels of homocysteine are associated with pre-
mature atherosclerosis. Indeed, nearly one third of persons
with premature coronary, carotid, or peripheral arterial disease
have elevated plasma levels of homocysteine.28 Homocy-
steine may accelerate atherosclerosis by inducing endothelial
dysfunction. Infusions of homocysteine have been shown to
induce endothelial denudation. In children with homocystin-
uria (who are at risk for premature atherosclerosis), a dysfunc-
tion 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 diagnos-
tic methods still evolving, interventions are governed by the
manifestations of endothelial dysfunction rather than by the
dysfunction per se. Although interventions targeted exclu-
sively at the endothelial monolayer may be developed in the
future, some currently available measures have shown prom-
ise in improving endothelial dysfunction. 

Nonpharmacologic Interventions

Low-cholesterol diet: Cynomolgus monkeys fed a high-fat
diet develop hypercholesterolemia and, over time, atheroscle-
rotic 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 relax-
ation. The mechanism by which endothelium-dependent vas-
cular 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 de-
gree than did hyperresponsiveness of large arteries to sero-
tonin.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 polyun-
saturated, and they are less vulnerable to oxidation. Eicosap-
entaenoic acid and docosahexaenoic acid in marine lipids can
substitute for arachidonic acid. Like arachidonic acid, they can
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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 pro-
longed 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-depen-
dent dilation can be enhanced by physical training. After 4
weeks of hand-grip training, flow-dependent dilation was re-
stored, most likely by increased endothelial release of NO.
The effect of physical training was local, however, being limit-
ed 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 for-
mer 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 apolipo-
protein A-1 increase, whereas triglycerides decrease. An in-
crease 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-densi-
ty lipoprotein (LDL) cholesterol contributes to endothelial
dysfunction, investigators have reasoned that a diet rich in an-
tioxidants may be protective.2 Results of clinical studies have
not consistently shown a benefit, however. In one trial of hy-
percholesterolemic patients, 1 month of treatment with rela-
tively high doses of beta-carotene and vitamin C and E supple-
ments 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 en-
dothelial 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 antiather-
ogenic 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 le-
sions in 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 arterial 
injury were studied 4 weeks after the iliac arteries of normo-
cholesterolemic rabbits were denuded by a balloon catheter.39

Administration of L-arginine during the 4-week period re-
duced neointimal thickening and improved acetylcholine-in-
duced 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 hypercholes-
terolemic 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-in-
duced vasodilation did not respond with augmented endothe-
lium-dependent vasodilation to increased availability of NO
substrate.41

Pharmacologic Interventions

Several categories of drug used to treat cardiovascular dis-
ease have proven to ameliorate impaired endothelial vaso-
dilation (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 reduc-
ing 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 im-
prove coronary artery endothelial responses to acetylcholine
after 12 days, but does significantly improve epicardial coro-
nary 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
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Reduction of LDL cholesterol alone failed to reverse 
endothelial dysfunction in coronary arteries in another study,44

but the impairment 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
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 endothelium-
derived 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 an-
giotensin II is normally balanced by the effects of NO and
prostacyclin. When the endothelium is damaged or dysfunc-
tional, 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 deter-
mine 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-treat-
ed patients.

The beneficial mechanisms of quinapril in this 6-month tri-
al probably relate to the effects of ACE inhibition on both an-
giotensin 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 break-
down of bradykinin, ACE inhibition enhances the bradykinin-
induced release of NO by endothelial cells. In the TREND
study, quinapril improved endothelial dysfunction without al-
tering lipids or reducing blood pressure.45

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

pertensive effect. Treated rabbits had less impairment in endo-
thelium-dependent cholinergic relaxation than untreated but 
hypercholesterolemic controls. Thus, treatment with a dihy-
dropyridine 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 estro-
gen receptors are localized on endothelial and smooth muscle
cells of several mammalian species has suggested that the hor-
mone 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 hypercholes-
terolemia found that estrogen improved endothelium-depen-
dent vasodilation without any effect on lipids. After 9 weeks
of estradiol therapy (1 or 2 mg/day), flow-mediated vasodila-
tion in the brachial artery was improved. The effects of estro-
gen to enhance endothelial vasodilator function may be due to
an antioxidant effect, or to an estrogen-induced enhancement
of NO synthase expression.

Future Therapeutic Possibilities

Strategies specifically targeted to restoration of endothelial
function may be expected to reverse or reduce the progression
of vascular disease and to normalize vascular reactivity. A
mechanistic understanding of the pathophysiology of endo-
thelial 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
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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.
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NO elaboration of supplemental L-arginine or folate (which is
a precursor of tetrahydrobiopterin, a cofactor for NO syn-
thase). Alternatively, elevated activity of a-methylase I or re-
duced activity of dimethylarginine dimethylaminohydrolase
may explain the increased circulating levels of ADMA ob-
served in patients with vascular disease. Observations by our
group and others indicate that ADMA is an endogenous mod-
ulator of NO synthase. Finally, the expression (as well as the
activity) of NO synthase can be modulated. For example, es-
trogen 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 thera-
peutic 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 symp-
tomatic 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 dysfunc-
tion 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 hyper-
cholesterolemic 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 dys-
function with different early stages of coronary atherosclerosis.
Circulation 1991;83:391–401

8. Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE: Abnormal en-
dothelium-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 anti-
hypertensive treatment on endothelium-dependent vascular relax-
ation 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-de-
pendent 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 homeosta-
sis 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 asso-
ciated 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 endothe-
lium 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 endothelium-
dependent 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 in-
sulin-dependent diabetes mellitus. Circulation 1993;88:
2510–2516

21. Cohen RA: Dysfunction of vascular endothelium in diabetes melli-
tus. Circulation 1993;87(suppl V):V-67–V-76

22. Tesfamariam B, Brown ML, Deykin D, Cohen RA: Elevated glu-
cose 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 endothe-
lial 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 recom-
mendations 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: Accumu-
lation of an endogenous inhibitor of nitric oxide synthesis in chron-
ic 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 hyperchol-
esterolemic 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 treat-
ment 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 regres-
sion of atherosclerosis. Circulation 1994;89:1810–1818

32. Ballard-Barbash R, Callaway CW: Marine fish oils: Role in pre-
vention of coronary artery disease. Mayo Clin Proc 1987;62:
113–118

33. Supari F, Ungerer T, Harrison DG, Williams JK: Fish oil and super-
oxide 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 endothelium-
dependent 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 adminis-
tration 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 endo-
thelial dysfunction in coronary microcirculation of hypercholes-
terolemic patients by L-arginine. Lancet 1991;338:1546–1550

41. Panza JA, Casino PR, Badar DM, Quyyumi AA: Effect of in-
creased 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 vaso-
dilatation 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 en-
dothelium-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: Angiotensin-
converting 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 mortal-
ity 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 endothelium-
dependent, flow-mediated vasodilation in postmenopausal women.
Ann Intern Med 1994;121:936–941

II-51



Growth Factors as a Potential New Treatment for Ischemic Heart Disease 
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Summary: Growth factors such as fibroblast growth factor
(FGF) and vascular endothelial growth factor (VEGF) exert
important effects on endothelial cells in vitro and in vivo.
This article reviews the effect of these two growth factors on 
endothelial dysfunction in various animal models of vascular
disease: (1) collateral circulation supplying an ischemic terri-
tory, (2) balloon injury, and (3) diet-induced experimental
atherosclerosis. Endothelial dysfunction may limit the bene-
ficial effects of collateral vessels on tissue perfusion. Admin-
istration of VEGF or basic FGF (bFGF) augments collateral
development in different models of hindlimb ischemia by 
enhancing neovascularity and by facilitating the recovery of
endothelial function in the collateral circulation. Similarly,
studies performed after balloon angioplasty have demon-
strated abnormal responses of previously dilated sites to 
endothelium-dependent agonists. Administration of VEGF
or bFGF increases endothelial regrowth and normalizes 
endothelium-dependent responses after experimental angio-
plasty. Finally, endothelium-dependent relaxation is impair-
ed in diet-induced experimental atherosclerosis. It was recent-
ly demonstrated that hypercholesterolemic rabbits treated
with bFGF had significantly better endothelium-dependent
responses than those not treated with bFGF. These results
show that in vivo administration of the endothelial cell growth
factors VEGF and bFGF leads to significant improvement in
endothelium-dependent responses and supports the concept
of using these growth factors as a new therapeutic strategy for
patients with vascular diseases.

Key words: animal models, atherosclerosis, basic fibroblast
growth factor, collateral circulation, endothelial dysfunction,
vascular endothelial growth factor

Introduction

Endothelial dysfunction has been implicated in the patho-
genesis of many diseases affecting the cardiovascular system.
Experimental and clinical studies have shown that endothelial
dysfunction may play a key role in diverse conditions such as
abnormal arterial vasomotion, thrombosis, and neointimal
proliferation.1, 2 Endothelial dysfunction is a characteristic fea-
ture of atherosclerotic vessels,3, 4 arteries subjected to mechan-
ical injury,5, 6 and collateral vessels that develop in response 
to severe ischemia.7, 8

Endothelial cell growth factors such as fibroblast growth
factor (FGF) and vascular endothelial growth factor (VEGF)
are important growth factors for endothelial cells in vitro.
Whereas VEGF is specific for endothelial cells, FGFs also po-
tently stimulate growth of other cell types, such as smooth
muscle cells.

Recent studies have demonstrated the feasibility of using
endothelial cell growth factors in vivo. Basic FGF (bFGF) and
VEGF increase the development of collateral vessels in 
ischemic models9–11 and enhance the extent of endothelial re-
growth after arterial injury (Table I).12, 13 The marked anatom-
ic improvement associated with administration of endothelial
cell growth factors has led to speculation regarding the possi-
ble effects of these factors on endothelial dysfunction. 

This article briefly addresses the effects of FGF and VEGF
on endothelial dysfunction in three animal models of vascular
disease: (1) the collateral circulation supplying an ischemic
territory, (2) regenerated endothelium after arterial injury, and
(3) the atherosclerotic rabbit model. In these experimental
models, in vivo administration of these endothelium-depen-
dent growth factors leads to significant improvement in en-
dothelial dysfunction (Table II). The mechanisms underlying
this beneficial effect remain speculative but may include
growth factor-induced production of nitric oxide.

Endothelial Dysfunction in the Collateral Circulation

When a major artery becomes obstructed, blood flow to the
ischemic tissue often depends on collateral vessels. When
spontaneous development of collateral vessels is insufficient
for allowing normal perfusion of the tissue at risk, residual is-
chemia occurs. A growing body of evidence indicates that ab-
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normal vascular reactivity may limit the beneficial effects of
collateral vessels on tissue perfusion. Previous studies have
demonstrated that this abnormal reactivity occurs, at least in
part, as the consequence of dysfunctional endothelium.7, 8, 14

The basis for the impaired endothelial regulation of collat-
eral vessels is not known. Studies of coronary collaterals have
suggested two possible explanations.15 The first involves the
possibility that the collateral circulation fails to develop at a
sufficient rate to prevent ischemic damage to endothelial cells
of the recipient, downstream, reconstituted microvasculature.
The second suggests that receptor-mediated production or re-
lease of endothelium-derived relaxing factor (EDRF)/nitric
oxide (NO) may be regulated by perfusion pressure within the
recipient vasculature; compromised perfusion pressure may
further compromise abnormal endothelium-dependent flow. 

Administration of VEGF or bFGF augments collateral 
development in various models of hindlimb or myocardial 
ischemia.9–11 Because persistent impairment in endothelium-
dependent relaxation would constitute an important limitation
of this promising therapeutic approach, we investigated the ef-
fects of VEGF therapy on endothelium-dependent blood flow
in a rabbit model of hindlimb ischemia.16 Ischemia was in-
duced by ligation of the external iliac artery and excision of the
femoral artery in one limb of New Zealand White rabbits (Day
0). Flow velocity was measured using a Doppler guidewire at
rest and following injection of serotonin and of acetylcholine.
In control animals studied at Days 10 and 40, serotonin 
induced a decrease in hindlimb blood flow (67 ± 6% from
baseline and 29 ± 2% from baseline, respectively); by contrast,
in animals treated with a bolus dose of VEGF into the internal
iliac artery at Day 10 and studied at Day 40, serotonin induced
an increase in flow (119 ± 8% from baseline; p<0.05 vs. con-
trols). Acetylcholine induced a moderate increase in flow 
in control animals (152 ± 15% at Day 10, 177 ± 14% at Day

40) but a major increase in flow in animals treated with VEGF
(254 ± 25%; p < 0.05 vs. controls) (Fig. 1).16 These data sug-
gest that VEGF not only augments neovascularity in this 
animal model but also facilitates the recovery of endothelial
function of the collateral circulation. 

At least two mechanisms could explain an improvement in
endothelial function of the collateral-dependent limb after
VEGF therapy. The first possibility relates to the characteris-
tics of flow and perfusion pressure in arterioles distal to collat-
erals. The improved perfusion pressure associated with VEGF
therapy may have reversed endothelial dysfunction. A second
and intriguing possibility relates to a direct improvement of
endothelial function by VEGF. Beyond its mitogenic effects,
VEGF may also modulate qualitative aspects of endothelial
cell function.17 It is tempting to speculate that VEGF may 
affect the phenotype of endothelial cells in the collateral-
dependent limb and thereby restore normal endothelial func-
tion. Similarly, in the case of bFGF, recent in vitro studies have
demonstrated that long-term administration of this endothelial
cell mitogen preserves endothelial function in the coronary
microcirculation perfused via collateral vessels.18

Endothelial Dysfunction after Arterial Injury

Percutaneous transluminal coronary angioplasty is a tech-
nique widely used in patients with atherosclerotic coronary
artery disease. Restenosis occurring within the first 6 months
remains the major problem limiting the long-term efficacy of
the procedure. Two important mechanisms have been impli-
cated in the pathogenesis of restenosis: neointimal hyperplasia
and vessel remodeling. Neointimal hyperplasia, which results
primarily from a growth response of the smooth muscle cells,
is maximal at 1 to 4 weeks after the initial injury. Neointimal
formation involves different steps: activation, proliferation,
and migration of smooth muscle cells, and the production of
extracellular matrix.19 Arterial remodeling (i.e., changes in
vessel size) also plays a major role in restenosis. The changes
in vessel size may be bidirectional: some lesions show an 
increase (enlargement) whereas others show a decrease 
(constriction) in vessel size.20

TABLE I Use of endothelial cell growth factors in cardiovascular
disease

1. Increase the development of collateral circulation
2. Increase reendothelialization after arterial injury

TABLE II Summary of the effects of endothelial cell growth factors in experimental models of vascular diseases

Endothelial Endothelial 
Model regrowth function Neointima References

VEGF
Arterial injury ↑ ↑ ↓ Asahara et al. (13, 28)
Atherosclerosis ↑ ↓ Asahara et al. (34)
Collaterals ↑ Bauters et al. (16)

bFGF
Arterial injury ↑ ↑ ↔ Meurice et al. (24)
Atherosclerosis ↑ ↔ Meurice et al. (33)
Collaterals ↑ Sellke et al. (18)

Abbreviations: bFGF = basic fibroblast growth factor, VEGF = vascular endothelial growth factor, ↑ = increase, ↓ = decrease, ↔ = no change.
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In the hours following experimental angioplasty, endothe-
lial cells rapidly enter the replication cycle to restore en-
dothelial continuity. Endothelial regeneration starts from the
leading edge of the denuded area and from the ostia of collat-
eral and/or branch arteries.21 Even if complete reendothelial-
ization occurs, the functional properties of the regenerated
endothelium are abnormal. After vascular injury, endotheli-
um-dependent relaxation to vasodilator agonists is depressed
in arteries with regenerated endothelium while the ability of
the underlying smooth muscle cells to relax or contract does
not change.5, 6 Similarly, studies performed after coronary
angioplasty in men have demonstrated abnormal responses
of previously dilated sites to endothelium-dependent agonists
such as serotonin and acetylcholine.22, 23

Fibroblast growth factor and VEGF have both been used in
vivo in attempts to increase endothelial regrowth after experi-
mental arterial injury.

Fibroblast Growth Factor

Lindner et al.12 first demonstrated that the in vivo adminis-
tration of bFGF was associated with a significant increase 
in endothelial cell coverage on denuded arteries. This study
provided clear evidence for the mitogenic effect of bFGF on
endothelial cell replication in vivo, and further demonstrated
that total endothelial cell regrowth could be achieved within 10
weeks in a rat carotid model of balloon denudation by sys-
temic administration of bFGF. It is interesting that recombi-
nant bFGF may achieve significant reendothelialization of 
denuded arteries when given at much lower doses than those
used by Lindner et al. In a rabbit model of balloon denudation

of the iliac artery, our group (Meurice et al.24) observed a sig-
nificant (p<0.005) increase in endothelial regrowth after 
administration of 2.5 µg of bFGF twice weekly for 2 weeks.
Finally, the beneficial effect of FGF on endothelial regrowth is
not limited to bFGF; administration of low doses of acidic
FGF also promotes repair of damaged endothelium in vivo.25

Although these studies established the beneficial effect of
FGF on endothelial cell growth in vivo, it was of critical 
importance to assess the function of the neoendothelium that
regenerated in response to growth factor administration. As
mentioned above, Meurice et al.24 reported the effect of long-
term (4 weeks) administration of bFGF on physiologic re-
sponses to endothelium-dependent agonists after vascular 
injury in a rabbit model. As stated, administration of relative-
ly low doses of bFGF was associated with a significant 
increase in reendothelialization. Four weeks after denudation,
endothelium-independent responses did not differ signifi-
cantly between the bFGF and the control groups. In contrast,
the maximal endothelium-dependent relaxation induced by
acetylcholine in the bFGF-treated animals was significantly
(p < 0.05) greater than that in the control group (Fig. 2).24

The mechanisms by which bFGF restored the relaxant re-
sponse to acetylcholine are not completely understood, but
the normalized endothelium-dependent responses observed
after bFGF treatment probably do not relate solely to endo-
thelial regrowth. Previous studies6 that demonstrated persis-
tent abnormal endothelium-dependent responses in rabbit 
iliac arteries despite complete reendothelialization suggest
that bFGF, in addition to its effect on endothelial cell growth,
might also modulate some qualitative aspects of endothelial
cells and restore normal physiologic responses to endotheli-
um-dependent agonists.
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FIG. 1 Change in hindlimb blood flow in response to acetylcholine
in rabbits 10 and 40 days after surgery. Note the significant difference
between percent changes in hindlimb blood flow in VEGF-treated
rabbits compared with control rabbits. * p < 0.01 versus Day 10; 
† p < 0.05 versus Day 40 control. VEGF = vascular endothelial
growth factor. Reprinted from Ref. No. 16 with permission. 
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FIG. 2 Endothelium-dependent relaxation in response to acetylcho-
line in rabbit arteries denuded 4 weeks previously (animal model of
balloon injury). The control group (top line) demonstrated almost no
relaxation in response to acetylcholine, whereas the group that re-
ceived bFGF showed significantly (* p < 0.05) increased relaxation
in response to acetylcholine, indicating improvement in endothelial
function. Reprinted from Ref. No. 24 with permission.
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The effect of FGF administration on neointimal thickening
after arterial injury is not clear. Lindner et al.,26 using high
doses of bFGF (12 µg/day for 2 weeks in a rat model), found
an increase in neointimal thickening. By contrast, Bjornsson
et al.,25 using low doses of acidic FGF in the same model, 
observed an inhibition of neointimal thickening. Finally, in
the study by Meurice et al.24 discussed previously, a similar 
degree of neointimal thickening was observed in control and
treated rabbits 4 weeks after injury. Taken together, these
studies suggest that the final effect of FGF on neointimal
thickening may be the consequence of a balance between
stimulatory and inhibitory effects on smooth muscle cell
growth. Experimental studies support the idea that certain
functions of the endothelium, such as production of NO, are
critical to the prevention of luminal narrowing by neointimal
thickening;27 accelerated reendothelialization may thus 
reduce neointimal formation. On the other hand, bFGF, as a
potent growth factor for smooth muscle cells, may directly
enhance neointimal formation. Variables such as the dose
used, the duration of treatment, and the animal model studied
may explain discrepancies among studies.

Vascular Endothelial Growth Factor

Asahara et al.13 investigated the hypothesis that a single, di-
rect application of VEGF to the intimal surface of a balloon-in-
jured artery could accelerate reendothelialization. In this
study, VEGF (100 µg) was given locally after balloon injury of
the rat carotid artery. At 2 weeks and 4 weeks after injury, the
extent of reendothelialization was markedly superior in the
VEGF group compared with the control group (Fig. 3). It is 
interesting that neointimal thickening was correspondingly 
attenuated to a statistically significant degree (p < 0.05) in ar-
teries treated with VEGF. In addition, histochemical analyses
demonstrated a lower frequency of proliferating cells in the
neointima of VEGF-treated animals. VEGF thus appears to be
as potent as FGF in inducing endothelial regrowth; its speci-
ficity for endothelial cells may represent a potential advantage
over FGF because the indirect inhibition of smooth muscle
cell growth by the regenerated endothelium will not be antag-
onized by direct stimulation.

More recently, the effects of direct gene transfer of VEGF
after angioplasty were investigated in a rabbit model.28 In this
study, New Zealand White rabbits underwent simultaneous
balloon injury and gene transfer with phVEGF165, encoding
the 165-amino acid isoform of VEGF. Gene expression was
observed as early as 36 h post transfection and persisted
through 2 weeks, before diminishing at 3 weeks. An increase
in serum concentration of VEGF was observed 5 days after
transfection. Planimetric analysis disclosed near-complete
reendothelialization by 7 days among VEGF-transfected 
arteries, while the extent of reendothelialization in control ar-
teries was < 50% complete at 7 days and remained nearly
20% incomplete at 4 weeks. A complete assessment of the
consequences of reendothelialization showed that (1) treated
arteries recovered near-normal endothelium-dependent re-

sponses within 1 week, whereas control arteries demonstrated
persistently impaired endothelium-dependent responses at 4
weeks post injury; (2) VEGF-treated arteries had less neointi-
mal thickening and, consequently, a greater luminal diameter
on angiography than control arteries; and (3) thrombotic 
occlusion developed less frequently in animals transfected
with phVEGF165 than in control animals.

Endothelial Dysfunction in Atherosclerotic Vessels

Diet-induced experimental atherosclerosis impairs endo-
thelium-dependent relaxation in vitro and in vivo but has no
effect on endothelium-independent relaxation.3, 4 Several
mechanisms may explain the abnormal endothelium-depen-
dent responses in atherosclerotic vessels. Hypercholesterol-
emia induces extensive morphologic changes in the endothe-
lial cell layer, including areas of deendothelialization that may
reduce the total number of endothelial cells.4 Alternatively,
the thickened intima of atherosclerotic vessels could serve as
a physical barrier to EDRF/NO. However, the fact that hy-
percholesterolemia can also impair endothelium-dependent
relaxation in the absence of gross structural changes29, 30

suggests that abnormal endothelium-dependent responses are
more likely related either to reduced synthesis or enhanced de-
struction of EDRF/NO. This latter possibility is supported by
studies showing that the EDRF/NO precursor L-arginine re-
stores normal endothelial relaxation in hypercholesterolemic
rabbits31 and that excessive endothelial production of 
superoxide anion can inactivate NO in similar models.32

We recently tested the hypothesis that sustained adminis-
tration of bFGF in hypercholesterolemic rabbits might restore
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FIG. 3 Reendothelialization in rat carotid artery following balloon
angioplasty. The group of rats that received VEGF showed a signifi-
cantly greater degree of reendothelialization than did rats in the con-
trol group. Reprinted from Ref. No. 13 with permission.
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normal physiologic responses to endothelium-dependent ag-
onists.33 After feeding on a 2% hypercholesterolemic diet for
6 weeks, the animals received twice-weekly intravenous 
boluses of either bFGF or placebo for 3 weeks and were sac-
rificed for assessment of in vitro vasoreactivity and for his-
tologic analysis. Hypercholesterolemic rabbits treated with
bFGF had significantly (p < 0.05) better endothelium-depen-
dent responses than did untreated animals (Fig. 4). Endo-
thelium-independent responses did not differ significantly 
between the two groups. A similar degree of plaque formation
was observed in the two groups.

These results in the hypercholesterolemic rabbit are concor-
dant with those of previous studies demonstrating that admin-
istration of endothelial cell growth factors may help to restore
normal responses in other models of endothelial dysfunction.
Although an anatomic effect on the endothelial cell cannot be
excluded, our data suggest that administration of endothelial
cell growth factors is also associated with functional changes
at the endothelial level.

Conclusions

In vivo administration of endothelial cell growth factors
leads to significant improvement in endothelium-dependent
responses. This effect is observed with bFGF and VEGF in
various animal models of endothelial dysfunction, such as the
collateral circulation, the regenerated endothelium after arteri-
al injury, and experimental atherosclerosis (Table II). While
the precise mechanisms underlying this beneficial effect re-
main to be determined, the use of endothelial cell growth fac-
tors may represent a new therapeutic strategy for patients with
vascular diseases. 
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Potential Role of Angiotensin-Converting Enzyme Inhibition in Myocardial
Ischemia and Current Clinical Trials

CARL J. PEPINE, M.D.
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Summary: The understanding of the atherosclerotic disease
process has broadened during the past few years to include
the roles of the endothelium and of tissue angiotensin-con-
verting enzyme (ACE) as regulators of a complex interaction
of events that may lead to the development of atherosclerosis
and, eventually, to the occurrence of clinical ischemia-related
events. Several large clinical trials using ACE inhibitors have
previously demonstrated a reduced risk of morbidity and
mortality in patients with coronary artery disease and left ven-
tricular dysfunction and in patients with heart failure or who
had experienced an acute myocardial infarction. The effects
of ACE inhibition are now being evaluated in other ongoing
or recently completed trials in patients with evidence of coro-
nary artery disease, but who have preserved left ventricular
function and do not have an acute infarction. The results of
these trials can be expected to enhance further our ability to
intervene in the atherosclerotic process, resulting in improved
outcomes in patients with coronary artery disease.

Key words: angiotensin-converting enzyme, clinical trials,
endothelial dysfunction, myocardial ischemia, quinapril

Introduction

As knowledge of atherosclerotic disease has advanced 
during the past 15 years, research interest has increasingly 
focused on possible interventions to improve patient outcomes

that go beyond lipid lowering. Experimental studies have
greatly increased the understanding of the biologic processes
that underlie the early stages of atherogenesis. The important
roles played by the endothelium and by angiotensin-con-
verting enzyme (ACE) in regulating these processes have 
become apparent, although the exact mechanisms are still be-
ing explored.

The Atherosclerotic Disease Process

Figure 1 diagrams the hypothetical sequence of events
leading to adverse outcomes in coronary artery disease
(CAD). The process begins with the presence of factors such
as genetic background, high levels of low-density lipoprotein
(LDL) cholesterol, increased blood pressure, and environ-
mental factors. These risk factors modify some of the normal
processes in or near the endothelium (at least in part via oxi-
dative stress), resulting in damage to the endothelium (i.e., 
endothelial dysfunction). This generalized endothelial dys-
function becomes localized in response to local factors, which
may relate to shear turbulence, external twisting, low blood
flow, and possibly other factors causing modifications in spe-
cific regions of the blood vessel. These local modifications oc-
cur in certain parts of the large and medium-sized arteries as
opposed to small vessels; branch points and curves are partic-
ularly susceptible. This process ultimately contributes to the
development of fatty streaks, which grow to raised intimal 
lesions at these locations in the vessel wall. Further growth
leads to a recognized atherosclerotic plaque. The combined
effects of time, the magnitude of endothelial injury, and local
factors will lead eventually either to a clinical event or to 
clinically silent disease progression. If the duration and mag-
nitude of various risk factors (and other factors) continue after
an atherosclerotic plaque develops, the plaque may develop
vulnerability to rupture or fissuring. If the fissure is small and
remains localized to the superficial surface, and if local factors
are favorable (e.g., little turbulence), the resultant thrombus
may be quite small and eventually become incorporated into
the plaque; this plaque will grow, further narrowing the blood
vessel and causing silent progression or obstruction. In con-
trast, if the time and magnitude are greater and local factors
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are unfavorable (e.g., area of high turbulence, twisting of the
vessel, etc.), the fissure may propagate as a dissection. The
blood within the dissection will narrow the vessel, and/or the
thrombus at the site of fissure/dissection may grow when local
factors favor thrombosis (e.g., reduced tissue-type plasmino-
gen activator, increased plasminogen activator inhibitor, 
increased platelet aggregability, etc.), causing an acute event.
Clinical consequences of atherosclerosis may relate to the 
vulnerability of plaque to rupture, reduction of blood supply
to parts of the body, or contracting myocardium. The resulting
ischemic syndrome may be transient or persistent [e.g., tran-
sient ischemic attacks versus stroke, unstable angina versus
acute myocardial infarction (MI)]. The clinical challenge for
physicians is to try to identify patients at high risk for such
events and then to modify endothelial dysfunction and factors
related to this dysfunction so as to prevent the development of
clinical events, such as MI, unstable angina, or death.

The Renin-Angiotensin System in Atherosclerosis

Experimental studies during the past several years have
provided a wealth of data to support an important role for 
the renin-angiotensin system (RAS) and particularly ACE in
the modulation of vasoconstrictive/relaxing factors involved
in the development of atherosclerosis.1 Figure 2 illustrates
schematically the complex interactions of cellular mecha-
nisms within the blood vessel wall that may contribute to the
development of the foam cell, one of the earliest components
of an atherosclerotic plaque. 

The well-established antihypertensive effects of ACE 
inhibitors depend primarily on their ability to block the con-
version of the relatively inactive peptide angiotensin I to an-
giotensin II, a potent vasoconstrictor. Angiotensin-converting
enzyme is identical to kinase, the enzyme that degrades
bradykinin, a potent stimulator of nitric oxide (NO) release.
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FIG. 1 Sequence of events leading to adverse outcomes in coronary artery disease. BP = blood pressure, CHF = congestive heart failure, 
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Nitric oxide (also called endothelium-derived relaxing factor)
plays a crucial role in protecting the endothelium from injury.
Data from experimental studies point toward many other cel-
lular effects of angiotensin II, including stimulation of smooth
muscle cell contraction, growth, proliferation, and migration;
activation of monocytes and promotion of adhesion to endo-
thelial cells; induction of endothelin formation; activation of
the sympathetic nervous system; and effects acting to promote
thrombosis and inhibit fibrinolysis.2–8 Suppression of some or
all of these various effects of angiotensin II may result in 
antiatherogenic benefits from ACE inhibitor treatment not re-
lated to blood pressure lowering. In addition, angiotensin II,
by a mechanism that has not yet been fully elucidated, seems
to increase the production of reactive oxygen species that 
either inactivate or bind NO, making it no longer available to
perform its vasoprotective function (Fig. 2).9

A possible direct anti-ischemic effect of ACE inhibition is
suggested by recent experimental studies by Zhang et al.10

These investigators reported that administration of the ACE
inhibitors captopril, enalaprilat, or ramiprilat to the coronary
microvessels of mongrel dogs significantly increased produc-
tion of nitrite (a metabolite of NO) and reduced myocardial
oxygen consumption. Reductions ranged from 19% for capto-
pril to 35% for ramiprilat. The greatest reduction in myocar-
dial oxygen consumption occurred with ramiprilat, which had
the highest affinity for tissue ACE of the three compounds
studied. The authors concluded that the greatest inhibition of
myocardial oxygen consumption observed with ACE inhibi-
tion was most likely secondary to stimulation of endothelial

production of NO. The clinical relevance of these experimen-
tal findings in modulating the effects of cardiac ischemia may
be clarified by results of the ongoing QUinapril Antiischemia
and Symptoms of Angina Reduction (QUASAR) trial (see
below).

Angiotensin-Converting Enzyme Inhibition in
Patients with Left Ventricular Dysfunction

Beginning in the early 1990s, results of several large, con-
trolled clinical trials were published demonstrating a benefit of
ACE inhibition in patients with CAD and decreased left 
ventricular function or acute MI. These trials included the
Studies of Left Ventricular Dysfunction (SOLVD),11–14 the
Survival and Ventricular Enlargement (SAVE) trial,15 the
Acute Infarction Ramipril Efficacy (AIRE) study,16 the
Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto
Miocardico 3 (GISSI-3) trial,17 the International Study of
Infarct Survival 4 (ISIS-4),18 the Survival of Myocardial In-
farction Long-term Evaluation (SMILE) study,19 the Tran-
dolapril Cardiac Evaluation (TRACE) study,20 and others. In
SOLVD, patients (most of whom had CAD) with left ventric-
ular ejection fractions <35%, either with overt heart failure
(treatment trial) or with asymptomatic left ventricular dys-
function (prevention trial) were randomized to receive either
enalapril or placebo and followed for an average of 40 months.
Combined data from both study arms indicated that ACE 
inhibitor treatment resulted in a 23% reduction in the risk of
MI and a 20% lower risk of hospitalization for unstable angi-
na. The combined risk for any ischemia-related event (death,
MI, or unstable angina) was reduced by approximately 20%.
The SAVE trial enrolled patients who had experienced an MI
within the previous 3 to 16 days and had an ejection fraction of
<40% without overt heart failure or symptoms of myocardial
ischemia. Treatment with captopril over an average follow-up
of 42 months was associated with a 19% reduction in the risk
of all-cause mortality, a 21% reduction in cardiac death, a 37%
reduction in the development of severe heart failure, a 22% 
reduction in congestive heart failure requiring hospitalization,
and a 25% reduction in the risk of recurrent MI. Similar trends
toward reductions in ischemia-related clinical outcomes were
reported in AIRE, GISSI-3, ISIS-4, SMILE, and TRACE. 
In general, the risk reductions reported in these studies were
proportional to the duration of treatment with ACE inhibitors
and to the initial risk levels of the populations enrolled. 

Because the patient populations studied in these earlier tri-
als had documented left ventricular dysfunction, it has been
suggested that the improvements noted could have been due
to the effects of ACE inhibition on vascular remodeling,
rather than due to a direct effect on improving endothelial
function.1 The next generation of clinical trials was therefore
designed to examine the question of whether the benefits of
ACE inhibition could be extended to patients with CAD but
with preserved or normal ventricular function. Positive results
would indicate that ACE inhibition has direct vasculo-protec-
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FIG. 2 Schematic illustration of the cellular processes leading to
formation of a foam cell within the abluminal space. Nitric oxide
(NO) apparently modulates the expression of vascular cell or leuko-
cyte adhesion molecules (LAM) and/or chemotactic proteins such as
monocyte chemotactic protein-1 (MCP-1). The vasoprotective role
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which inactivates bradykinin. Angiotensin II (ANG II) seems to pro-
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LDL (Ox LDL) may also act synergistically to increase the produc-
tion of superoxide anion (O.

2), which inactivates NO and can direct-
ly cause contraction of smooth muscle cells (SMC). Figure courtesy
of J. Turgeon, Quebec Heart Institute, 1996.
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tive and cardioprotective effects that are not dependent on
hemodynamic changes. The study designs of a number of
these trials are summarized in Table I (trials with clinical 
outcomes) and Table II (trials using surrogate markers to

measure endothelial function and/or the progression of
atherosclerosis).1, 21 Of these studies, the Trial on Reversing
ENdothelial Dysfunction (TREND) is the first to be complet-
ed and published.22

TABLE I Study designs of current clinical trials of angiotensin-converting enzyme inhibitor treatment in patients with coronary artery disease and
preserved left ventricular function: Trials with clinical outcomes

ACE Follow-up Sample Patient age Inclusion Primary 
Study Design inhibitor (years) size (years) criteria outcomes

HOPE DB, R, PC Ramipril ≤4 9,541 ≥55 High risk for CV disease events: 
(+vitamin E) major CV event MI, stroke, CV death

ALLHAT DB, R, C Lisinopril 6 4,230* ≥55 Hypertension, CV death, nonfatal 
(± pravastatin)  atherosclerotic CV MI; all-cause mortality

disease, NIDDM, HDL 
<35 mg/dl, LVH, smoking

PEACE DB, R, PC Trandolapril 5 14,000 ≥50 Documented CAD CV death, MI

Acronyms for clinical trials are defined in the text. Other abbreviations: BP = blood pressure, C = comparative, CV = cardiovascular, DB = 
double-blind, HDL = high-density lipoprotein, LVH = left ventricular hypertrophy, NIDDM = non-insulin-dependent diabetes mellitus, PC =
placebo-controlled, R = randomized. * Sample size given is for the lisinopril arm in each trial.

TABLE II Study designs of current clinical trials of angiotensin-converting enzyme inhibitor treatment in patients with coronary artery disease
and preserved left ventricular function: Trials with surrogate outcomes

ACE Follow-up Sample Patient age Inclusion Primary 
Study Design inhibitor (years) size (years) criteria outcomes

TREND DB, R, PC Quinapril 0.5 105 18–75 PTCA within 72 h, Endothelium-dependent 
normal BP or vasomotion assessed 

controlled hypertension, by Ach and QCA
average cholesterol 

QUASAR DB, R, PC Quinapril 0.5 400 >18 Exercise-induced and Ischemia on ambulatory 
daily life ischemia ECG and exercise 

treadmill time

SECURE DB, R, PC Ramipril 3–4 732 ≥55 High risk of B-mode ultrasound 
(+ vitamin E) major CV event measures of carotid 

atherosclerosis

PART-2 DB, R, PC Ramipril 4 600 18–75 Clinically important  B-mode ultrasound   
atherosclerotic disease measures of carotid

<5 years atherosclerosis

SCAT DB, R, PC Enalapril 5 468 — Documented CAD, CAD progression 
(± simvastatin) total cholesterol  by QCA

160–240 mg/dl 

PROTECT DB, R, C Perindopril 2 800 35–65 Hypertension and Changes in intima/
ultrasonographically media thickness of the 
proven intima/media common carotid artery
thickness ≥0.8 mm determined by

of the common ultrasound
carotid artery

Acronyms for clinical trials are defined in the text. Other abbreviations: Ach = acetylcholine, BP = blood pressure, C = comparative, CAD = 
coronary artery disease, DB = double-blind, ECG = electrocardiogram, PC = placebo-controlled, PTCA = percutaneous transluminal coronary
angioplasty, QCA = quantitative coronary angiography, R = randomized.
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Improved Endothelial Function in the TREND Trial

In the TREND study, which used the surrogate outcome of
endothelial-dependent vasomotion in target coronary artery
segments assessed by quantitative angiography following 
administration of acetylcholine, 129 patients with coronary
atherosclerosis were randomized to receive either quinapril
40 mg or placebo once daily for 6 months after baseline as-
sessment of documented coronary endothelial dysfunction.22

Endothelial dysfunction was defined as no dilation (≥ 5% 
increase in lumen diameter) in response to acetylcholine in a
target artery segment. Excluded were patients with severe
dyslipidemia, uncontrolled hypertension, left ventricular dys-
function (< 40% ejection fraction), and insulin-dependent 
diabetes mellitus. Following the 6-month double-blind treat-
ment phase, study drugs were discontinued for at least 72 h
and coronary angiography with acetylcholine infusion was re-
peated using the same procedures used for the baseline mea-
surements. The primary response variable was net change in
target segment response to acetylcholine.22

Figure 3 compares the primary efficacy parameters in the
quinapril treatment group versus the placebo group for the
105 patients who completed the study. At baseline, patients in
the quinapril treatment group had a similar degree of acetyl-
choline-induced constriction in the target artery segments as
did the placebo group. These responses had not changed after
6 months in the placebo group. However, in the quinapril
group, significantly less constriction occurred (1.6 and 2.3%,
respectively, for acetylcholine 10-6 and 10-4 mol/l) at 6
months compared with baseline (6.1% and 14.3%, respec-
tively; p<0.014). Expressed as net change from baseline, the

quinapril group improved by 4.5 ± 3 and 12.1 ± 3% at each
acetylcholine dose, whereas the responses in the placebo
group did not change (p<0.002).22 Similar benefit in the re-
sponse to acetylcholine was observed in the group receiving
quinapril when all coronary segments (secondary response
variable) were measured. The lack of a constrictor response to
acetylcholine indicates that ACE inhibition with quinapril im-
proved endothelial function. A logistic regression model was
used to identify predictors of improvement in endothelial
function. No clinical characteristics (e.g., age, gender, smok-
ing history, blood pressure, serum cholesterol) were found to
be associated with improvement in endothelial function; the
only independent predictor of improvement was assignment
to quinapril (p = 0.022).22

TREND thus represents the first randomized, double-blind,
placebo-controlled clinical trial to provide a new pathophysi-
ologic rationale for the use of ACE inhibitors in patients with
CAD and without left ventricular dysfunction; that is, to at-
tenuate endothelial dysfunction. The benefits of quinapril
treatment in this study occurred in patients who showed no
changes in lipid values and no reductions in blood pressure.

Other Trials

Trials with Clinical Outcomes

At least three large, ongoing trials are currently evaluating
the effects of ACE inhibition on clinical outcomes related 
to CAD: death, MI, unstable angina, or the need for revascu-
larization. Results of these trials are expected to provide im-
portant information on the potential clinical benefits of ACE
inhibition on endothelial dysfunction.

Heart Outcomes Prevention Evaluation (HOPE): The
HOPE trial21 ,23 randomized more than 9,000 men and wom-
en to receive ramipril 10 mg/day and vitamin E 400 IU/day in
a 2 3 2 factorial design. Vitamin E was chosen because of its
antioxidant effects in preventing formation of oxidized LDL,
a particularly atherogenic form of LDL. The primary out-
comes of HOPE are listed in Table I; secondary outcomes 
include the number of hospitalizations for unstable angina,
emergent revascularization procedures, development of con-
gestive heart failure, cardiovascular mortality, total mortality,
and nephropathy [for the subgroup of patients (36%) with 
diabetes]. Various substudies are planned, including one to
assess left ventricular mass and function by two-dimensional
quantitative echocardiography and arrhythmic activity by
ambulatory electrocardiogram monitoring. Another substudy
will assess risk factors for atherosclerosis using a nested case-
control study design, and a third will assess renal function and
microalbuminuria.

Antihypertensive and Lipid-Lowering Treatment to Pre-
vent Heart Attack Trial (ALLHAT): In the ALLHAT study,24

two large, practice-based, randomized trials enrolled hyper-
tensive patients at high risk for coronary disease. One study
will compare the effects of antihypertensive therapy with one
of four agents (chlorthalidone, amlodipine, doxazosin, and

* p <0.0003 for
quinapril versus placebo
at peak dose (10-4)

20
18
16
14
12
10

8
6
4
2

0
22
24
26

Placebo
Quinapril

N
et

 c
ha

ng
e 

(%
) i

n 
ta

rg
et

 s
eg

m
en

t 
re

sp
on

se
af

te
r 

6 
m

on
th

s

*

p = 0.002 overall

10-6
10-4

Acetylcholine dose (mol/l)

FIG. 3 Primary outcome results of the Trial on Reversing
ENdothelial Dysfunction (TREND). After 6 months of treatment
with quinapril, endothelial dysfunction had improved in the target
segments of coronary arteries as demonstrated by vasodilator re-
sponse to acetylcholine at doses of 10-6 and 10-4 mol/l. Patients who
received placebo treatment continued to demonstrate a vasoconstric-
tive response to acetylcholine. The difference between quinapril
treatment and placebo was significant (p<0.0003) at the peak dose
of acetylcholine (10-4 mol/l) and overall (p = 0.002). Reprinted from
Ref. No. 22 with permission.
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lisinopril) on the combined incidence of fatal coronary heart
disease and nonfatal MI. The second study randomized 
patients with hypertension and moderate elevations in choles-
terol to receive a cholesterol-lowering diet and either a 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitor (pravastatin) or usual care (plus one of the four
antihypertensive agents) to determine whether pravastatin 
reduces all-cause mortality compared with usual care. The
projected study population is 40,000 patients, half of whom
will participate in the cholesterol-lowering trial, and enroll-
ment will end January 30, 1998. 

Prevention of Events with Angiotensin-Converting Enzyme
Inhibition (PEACE): The PEACE trial,21 begun in 1996, has
the primary objective of determining whether addition of an
ACE inhibitor (trandolapril, 4 mg/day) to standard therapy in
patients with CAD and preserved left ventricular function will
prevent cardiovascular mortality and MI. A secondary objec-
tive is to determine whether long-term ACE inhibition will 
reduce cardiovascular death and hospital admissions for 
primary cardiovascular complications such as MI, unstable
angina, revascularization, cerebral vascular events, congestive
heart failure, or arrhythmias.

Trials with Surrogate Outcomes

Surrogate measures of coronary or carotid atherosclerosis
(e.g., endothelial dysfunction assessed by response to intra-
coronary acetylcholine challenge and B-mode ultrasound 
or progression of CAD as assessed by quantitative coronary
angiography) are being evaluated in at least five ongoing clin-
ical trials. These trials may provide further insights regarding
the mechanisms by which ACE inhibitors exert their ob-
served antiatherogenic effects. 

Study to Evaluate Carotid Ultrasound Changes in Patients
Treated with Ramipril and Vitamin E (SECURE): SECURE,25

a substudy of the HOPE trial, uses the change in carotid arteri-
al wall thickness measured by ultrasound to assess the effects
of ramipril (10 and 2.5 mg/day) plus vitamin E (400 IU/day)
on the rate of progression of carotid atherosclerosis in patients
at high risk of cardiovascular events. Ultrasound measure-
ments will be taken at baseline and yearly for 4 years. The 
primary outcome measure is the individual regression slope 
in the mean of maximal intimal-medial thickness measured
over time, averaged from two preselected segments of the
carotid artery. Secondary outcomes include measurement of
the regression slope (in each patient) of the particular segment
that is considered to contain the most hemodynamically sig-
nificant lesion (most prone to rupture), and an evaluation of
new plaque formation.

Prevention of Atherosclerotic Risk and Thrombosis (PART-
2): The PART-2 trial21 enrolled almost 500 patients with a his-
tory of coronary disease, transient cerebral ischemia, or pe-
ripheral vascular disease to receive ramipril 5 to 10 mg/day.
The primary study outcome is assessment of whether ACE in-
hibitor treatment will slow the progression of atherosclerosis
in carotid arteries and reduce left ventricular mass. B-mode ul-
trasound measurements of the wall thickness of the right and

left common carotid arteries and M-mode ultrasound to mea-
sure left ventricular dimensions are being performed at base-
line and at 2 and 4 years. Secondary study outcomes include
assessment of clinical outcomes by monitoring hospital ad-
missions, nonfatal cardiovascular and other clinical events,
and all-cause mortality.

Simvastatin Coronary Atherosclerosis Trial (SCAT): Most
patients with CAD have cholesterol levels either within or
only slightly above normal limits. However, it is not clear
whether cholesterol-lowering therapy will result in regres-
sion of atherosclerosis in these patients. The SCAT study21 is
evaluating whether dietary intervention plus enalapril with or
without simvastatin will promote regression or reduce the
progression of coronary atherosclerosis in patients with nor-
mal or mildly elevated cholesterol levels. Quantitative coro-
nary angiography measurements performed at baseline and
after 5 years will provide anatomic evidence of the extent of
atherosclerosis. Functional measurement of disease, by map-
ping of body surface potential, will be performed at baseline,
2.5 years, and 5 years at one study center. Regular determina-
tions of plasma lipid levels and clinical and laboratory evalu-
ations are also being performed.

Perindopril Regression of Vascular Thickening European
Community Trial (PROTECT): The PROTECT study26 will
compare the effects of perindopril and hydrochlorothiazide
in slowing or reversing progression of increased intima/me-
dia thickness of carotid and femoral arteries in hypertensive 
patients. The study is being conducted at 17 clinical centers
in seven European countries. A total of 800 patients with hy-
pertension and ultrasonographically proven intima/media
thickness ≥0.8 mm of the common carotid artery are being
randomized to receive either the ACE inhibitor or the diuret-
ic and are followed for 24 months. High-resolution duplex
sonography will be used to quantify intima/media thickness
at baseline and twice a year during follow-up. 

Quinapril Antiischemia and Symptoms of Angina Reduc-
tion (QUASAR): The QUASAR trial is a multicenter, double-
blind, placebo-controlled, parallel design study that will 
include approximately 450 patients with ischemic heart dis-
ease randomized to receive either quinapril or placebo. The
full dosage range of quinapril—20 to 80 mg/day—will be ex-
plored. The response variables of interest include number and
duration of ischemic episodes occurring during daily life 
determined by 48-h ambulatory electrocardiogram and the
treadmill exercise time. The QUASAR trial, which has an 
expected completion date at the end of 1998, may provide
clinical confirmation of an additional mechanism of cardio-
protective benefit from quinapril (i.e., antiischemic).

Conclusion

Large clinical trials have shown that ACE inhibitors 
improve cardiovascular morbidity and mortality in patients
with CAD and left ventricular dysfunction. Evidence from
experimental studies suggests that, in addition to their anti-
hypertensive effects, ACE inhibitors might have other an-
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tiatherosclerotic and anti-ischemic effects. The TREND trial
demonstrated that ACE inhibition with quinapril improved
endothelial function in terms of a reduced vasoconstrictive
response to acetylcholine. Other trials that are now under
way can be expected to clarify further the mechanisms by
which ACE inhibition might favorably affect the function
and/or structure of endothelium, and QUASAR will provide
data relating to possible direct anti-ischemic effects of ACE
inhibition. Results of all these important trials may translate
into changes in treatment patterns that could lead to im-
proved outcomes among patients with CAD.
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