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are commonly used drugs in the management

of a variety of cardiovascular diseases. They are
effective antihypertensive agents.!> Early studies have
demonstrated reductions in mortality and symptoms of
heart failure in patients with severe congestive heart
failure.* More recently, clinical trials have demon-
strated reductions in mortality and in hospitalizations
for heart failure when these agents were used in pa-
tients with moderate left ventricular dysfunction, with
and without overt heart failure, further expanding the
clinical value of these drugs in the management of
patients with cardiac diseases. These benefits have been
observed consistently in several trials,5-7 in patients with
ischemic and nonischemic causes for the left ventricular
dysfunction and with or without recent myocardial
infarction. The reductions in progressive heart failure
and mortality in these patients are at least partly related
to a beneficial effect on left ventricular remodeling and
reductions in left ventricular enlargement.8-1° Other
potential beneficial effects of these agents, such as
regression of left ventricular hypertrophy and retarda-
tion of the rate of loss of renal function in patients with
diabetic nephropathy, have been brought into focus by
recent trials and also by experimental studies that
explore their mechanisms of action.

A new and important potential role for ACE inhibi-
tors is suggested by the recent trials in patients with low
ejection fraction, which documented a significant reduc-
tion in major ischemic events such as myocardial
infarction, unstable angina, and the need for coronary
revascularization procedures. In addition, parallel epi-
demiological, genetic, and experimental studies suggest
that the renin-angiotensin-aldosterone system may have
a role in the development of coronary artery disease

ﬁ ngiotensin-converting enzyme (ACE) inhibitors
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and its clinical sequelae not only in patients with left
ventricular dysfunction or overt heart failure but also in
other high-risk patients.

This article will summarize several independent and
complementary lines of evidence suggesting that ACE
inhibitors may reduce the risk of ischemic events in
patients at high risk of developing major vascular events.

Biological Rationale for the Cardioprotective
Effects of ACE Inhibitors in Preventing
Myocardial Ischemia and Infarction

The renin-angiotensin-aldosterone system is complex
and acts as a circulating hormonal system, a local
endogenous tissue hormonal system with autocrine and
paracrine effects, and a neurotransmitter and neuro-
modulator. Current experimental evidence suggests that
ACE inhibitors reduce the risk associated with athero-
sclerotic cardiovascular disease through multiple mech-
anisms (Table 1). These can be classified into “cardio-
protective” effects, referring to the benefits in overall
cardiac hemodynamics, energetics, electrical stability,
and the reduction in left ventricular mass, and “vasculo-
protective” effects, related to direct antiproliferative
effects, possible antiatherogenic properties, and favor-
able effects on thrombotic mechanisms and on arterial
compliance and tone. ACE inhibitors probably exert
these protective effects by blocking both circulating and
tissue renin-angiotensin systems.

The cardioprotective effects of ACE inhibitors are
well documented!! (Table 1) and can be summarized as
follows.

Restoring the Balance Between Oxygen Supply
and Demand

Angiotensin II is a potent direct systemic and coro-
nary vasoconstrictor that increases myocardial inotropy
by its ability to raise the cytosolic Ca* concentration in
the myocardium!'-16 and therefore adversely affects the
balance between myocardial oxygen supply and de-
mand. Gavras and Gavras!’ reported that infusion of
angiotensin II in rabbits resulted in myocardial infarc-
tion. Inhibition of the enzyme that converts angiotensin
I to angiotensin II reduces the loading conditions of the
heart (by reducing preload and afterload), thereby
decreasing ventricular wall stress. ACE inhibitors also
reduce left ventricular dilatation by reducing early
infarct expansion and ventricular remodeling after ex-
perimental!® and human infarction.8-10 This reduction in
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TasLE 1. Cardioprotective and Vasculoprotective
Effects of Angiotensin-Converting Enzyme Inhibitors

Cardioprotective effects

Restoring the balance between myocardial oxygen supply
and demand

Reduction in left ventricular preload and afterload

Reduction in left ventricular mass

Reduction in sympathetic stimulation

Beneficial effect on reperfusion injury*
Vasculoprotective effects

Direct antiatherogenic effect*

Antiproliferative and antimigratory effects on smooth muscle
cells, neutrophils and mononuclear cells

Improvement and/or restoration of endothelial function
Protection from plaque rupture*

Antiplatelet effects

Enhancement of endogenous fibrinolysis*
Antihypertensive effects

Improvement in arterial compliance and tone

*Not demonstrated conclusively in humans.

ventricular dilatation also reduces wall stress and thus
myocardial oxygen demand. Blockade of angiotensin
II-mediated coronary vasoconstriction and the resulting
increase in coronary blood flow, demonstrated in ani-
mals and in human subjects,!9-28 contribute to increased
oxygen supply. The net effect of these actions is a
decrease in myocardial oxygen demand and an increase
in myocardial oxygen supply. This beneficial effect is
maintained by the absence of reflex tachycardia, which
may occur with other vasodilators. Improved cardiac
hemodynamics and improved energy supply to the
myocardium have been demonstrated in human subjects
treated with ACE inhibitors in the setting of acute and
chronic heart failure and acute and chronic myocardial
ischemic damage.2°-3¢ ACE inhibitors also cause regres-
sion of left ventricular hypertrophy with an associated
improvement in ventricular relaxation (see below). They
also increase arterial compliance.3s These are important
mechanisms of improving the balance of myocardial
oxygen supply and demand and coronary reserve in
patients with left ventricular hypertrophy, such as those
with hypertensive heart disease, but also those with
compensatory hypertrophy after myocardial infarction.3

Reduction in Left Ventricular Mass

Increased left ventricular mass has been identified as
an independent risk factor for coronary heart disease in
general and is associated with increased cardiac mortal-
ity and morbidity.373® While left ventricular hypertro-
phy occurs primarily in hypertensive individuals, the
Framingham Heart Study suggested an association be-
tween left ventricular mass and cardiovascular mortality
in the general population.® ACE inhibitors have been
consistently shown to be effective in reducing left ven-
tricular mass in animal models and in hypertensive
subjects.#-46 Prevention and regression of ventricular
hypertrophy is related in part to reduced afterload,
inhibition of myocardial smooth muscle cell hypertro-
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phy,!! and restructuring of the elastic and collagen fibers
of the myocardium, limiting the remodeling process.47-48
Recent experimental evidence* suggests that load-in-
dependent mechanism(s) could also play a role in
regression of left ventricular mass with ACE inhibitor
therapy. For example, rats with left ventricular hyper-
trophy produced by banding of the abdominal aorta,
when treated with the high-affinity binding ACE inhib-
itor ramipril, exhibited a reduction in left ventricular
mass, even when the drug was used in doses too low to
reduce blood pressure. These findings were attributed
to a direct inhibition of cardiac tissue ACE, resulting in
blockade of the angiotensin II-mediated myoeyte hy-
pertrophy. Both circulating and locally (cardiac) pro-
duced angiotensin II appear to affect cardiac growth,
although the precise contributions of these two sources
of angiotensin II are not yet entirely clear. Proof for the
direct involvement of angiotensin II in the development
of cardiac hypertrophy is strengthened by recent exper-
imental studies in spontaneously hypertensive rats with
marked cardiac hypertrophy in which both renin and
angiotensinogen mRNA are increased in the myocar-
dium compared with that in normotensive rats.>° Simi-
larly, angiotensinogen gene expression is also tran-
siently increased in the hypertrophied region of the left
ventricular myocardium after coronary occlusion.5!52
Therefore, angiotensin II contributes to an increase in
left ventricular mass by directly promoting myocyte
growth as well as by stimulating vascular smooth muscle
cell growth and proliferation (see below). Aldosterone
may also contribute to an increase in left ventricular
mass3354 by increasing myocardial collagen content.
The combined effect of activation of the renin-angioten-
sin-aldosterone system is therefore an increase in left
ventricular mass related to cardiac myocyte hypertro-
phy, increase in the mass of the extracellular collagen
matrix, and hypertrophy of vessel walls. Production of
both angiotensin II and aldosterone is inhibited by ACE
inhibitors, resulting in reductions in left ventricular
mass.

While extensive and consistent evidence is available
showing the efficacy of ACE inhibitors in reducing left
ventricular mass in humans, a clear reduction in cardio-
vascular events associated with this effect is not yet
clearly established. Early findings regarding the mech-
anisms involved in ACE inhibitor-mediated reduction
in left ventricular mass are based largely on experimen-
tal work in animal models and cell cultures and require
further confirmation including assessment of how rele-
vant they are in human subjects, since the distribution of
ACE in cardiac tissue and vascular wall is known to be
subject to great interspecies variability.

Neurohormonal Effects

Angiotensin II activates both the central and the
peripheral sympathetic nervous systems.5s->° It is an
important regulator of noradrenaline release from sym-
pathetic nerve terminals by its action on prejunctional
receptors, and it may therefore modulate local cardiac
and vascular sympathetic activity.s6! Inhibition of this
effect of angiotensin II could also potentially account
for a reduction in cardiovascular ischemic events. Cau-
tion is suggested in the interpretation of the results of
these experimental studies, since the importance of this
mechanism in humans is not entirely clear. Data in
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humans are conflicting: one recent small study by Gold-
smith et al®2 suggests that in patients with compensated
congestive heart failure, ACE inhibitor therapy might
not significantly affect plasma noradrenaline or systemic
venous norepinephrine spillover, whereas data from the
Studies of Left Ventricular Dysfunction (SOLVD) in-
dicate a significant drop in plasma norepinephrine that
is most marked in patients with initially greater eleva-
tions of plasma norepinephrine.s? Similarly, Gilbert and
coworkers®* found that lisinopril lowered cardiac adren-
ergic drive and increased B-receptor density in subjects
with heart failure with increased cardiac adrenergic
drive, suggesting that cardiac antiadrenergic properties
contribute to the efficacy of ACE inhibitors in subjects
with heart failure. The importance of the antiadrenergic
properties of ACE inhibitors in humans in the absence
of heart failure is even less clear.

Other Effects

Other potential cardioprotective actions of ACE in-
hibitors in acute ischemia are suggested primarily by
experimental studies in animals and include a reduction
in infarct size in some but not all studies,55-72 a benefi-
cial effect on reperfusion injury including improvement
of contractility of the stunned myocardium,5570.71 reduc-
tion in reperfusion arrhythmias and the potential to
reduce other ventricular arrhythmias,’>-75 and possibly
(still controversial) beneficial effects related to an an-
tioxidant (free scavenger) action.”s7” These effects have
been studied primarily in experimental animal prepara-
tions. Their importance in acute ischemic syndromes in
human subjects remains unclear.

The vascular protective effects (Table 1) of ACE
inhibitors have recently received considerable attention
and can be summarized as follows.

Direct “Antiatherogenic” Effect

A direct “antiatherogenic” action of these drugs has
been shown in several animal models of atherosclerosis
related to cholesterol-mediated endothelial injury?s-8t
and in models of accelerated atherosclerosis after me-
chanical endothelial damage (balloon endothelial inju-
ry)$283 or immune mechanism-mediated endothelial
damage (allograft vasculopathy).®* The direct “anti-
atherogenic” action of ACE inhibitors observed in these
experiments is related to complex effects mediated by
these agents, including an antiproliferative and antimi-
togenic action, beneficial effects on endothelial func-
tion, possible plaque-stabilizing effects, antithrombotic
effects, the action of these agents on the sympathetic
nervous system, and possible antioxidant properties.

Chobanian and coworkers’7 studied the effects of
captopril in the normotensive Watanabe heritable hy-
perlipidemic (WHHL) rabbit, an experimental model in
which other blood pressure-lowering drugs such as
propranolol, nifedipine, and verapamil failed to inhibit
the development of atherosclerotic lesions. Captopril
reduced the total aortic intimal surface covered with
atherosclerotic lesions and decreased the cellularity and
cholesterol content of atherosclerotic plaques and in-
creased their extracellular matrix. It appears, therefore,
that in addition to a reduction in the anatomic extent of
atherosclerotic lesions, captopril had potentially stabi-
lizing effects on the atherosclerotic lesions, which may
be associated with less propensity to rupture. Similar

results were reported by Aberg and Ferrier® in the
cholesterol-fed cynomolgus monkey model of athero-
sclerosis. Rolland and coworkers8! demonstrated a re-
duction in the atherosclerotic lesion size, a decrease in
the lipid-laden macrophages, and less fragmentation of
the arterial elastic tissue in the Pitman-Moore minipig
treated with the ACE inhibitor perindopril and receiv-
ing a high-fat diet. The atherosclerotic lesions that
developed in perindopril-treated animals appeared
more “stable” (less prone to rupture) and had improved
viscoelastic properties, favoring improved arterial flow.

While these experiments are important and suggest
potential benefits for the use of ACE inhibitors in
ischemic cardiovascular diseases beyond their hemody-
namic effects, these findings should be interpreted
cautiously. The plaques produced in animals receiving
high-cholesterol or high-fat diets are likely to differ
from those observed in human atherosclerosis. The
clinical impact of the potential to stabilize the plaque
remains unclear, and direct proof that ACE inhibitors
can retard the progression of atherosclerosis in humans
is not available.

Powell and coworkers®? demonstrated that adminis-
tration of the ACE inhibitor cilazapril prevented myoin-
timal proliferation and preserved lumen integrity in
carotid arteries of normotensive rats after endothelial
denudation by balloon injury. Similar effects have also
been reported in the atherosclerotic rabbit iliac model.&3
Increases in the messenger RNA for ACE and angio-
tensinogen have been demonstrated in the proliferating
tissue of balloon-injured vessels in rats.85 However,
important interspecies differences exist in the distribu-
tion of ACE in the arterial wall, and some investigators
reported no benefit or only modest effects associated
with the use of ACE inhibitors in other animal models
of restenosis.®5-88 Furthermore, in two recent clinical
trials, cilazapril had no effect on the incidence of
restenosis after balloon angioplasty in humans.8% Dif-
ferences in the timing and dosage of cilazapril in these
trials compared with the studies in the rat model
reported by Powell et al could be important, and further
studies appear warranted.

Antiproliferative and Antimigratory Effects

Data from both in vitro and in vivo studies®1%7 show
that angiotensin II can produce vascular smooth muscle
cell growth and proliferation, a mechanism important in
the genesis and progression of atherosclerotic lesions.
In animal models, angiotensin IT acts by the induction of
proto-oncogenes c-fos, 919 c-myc,97101 and c-jun102103
and induces the expression of several growth factor
genes, such as the genes encoding for the a-chain of
platelet-derived growth factor, transforming growth fac-
tor-B, and thrombospondin.?7.104-106 Early activation of
these proto-oncogenes followed by sequential activation
of growth factor genes (and possibly other genes in-
volved in cell growth) ultimately result in vascular
smooth muscle cell growth. In addition to the trophic
effect on vascular smooth muscle cells, angiotensin II
has been shown to release an endothelial neutrophil
chemoattractant (which is as yet unidentified), leading
to neutrophil accumulation.’9’” Recent experiments in
spontaneously hypertensive rats demonstrated de-
creased subendothelial accumulation of mononuclear
macrophages after treatment with cilazapril. 10819 These
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cells are all involved in the development of atheroscle-
rotic lesions, and by decreasing their migration, ACE
inhibitors could prevent lesion formation.1!° In contrast
to these antiproliferative and antimigratory effects, an
enhancement of endothelial cell migration has been
demonstrated with ACE inhibitors and decreases in
angiotensin II that may contribute to improved endo-
thelial function and might therefore exert an antiath-
erosclerotic action.!

Improvement and/or Restoration of
Endothelial Function

ACE inhibitors have been shown to improve or
restore endothelial function in different animal models
such as the spontaneously hypertensive rat,'® the hy-
percholesterolemic rabbit,!12 in other normotensive an-
imals,!’? and in experimental heart failure models.114
This effect of ACE inhibitors appears to be mediated
primarily by bradykinin accumulation. Since ACE is
identical to the kininase II of the kallikrein-kinin system
that inactivates bradykinin,!'5 it leads to the accumula-
tion of kinins (potentiation of bradykinin effects).
Bradykinin has a direct vasodilator effect and acts also
by release of the potent arteriolar dilator nitric oxide
(NO or endothelium-derived relaxing factor [EDRF])
and prostacyclin (PGI,) from endothelial cells (complex
interactions with the prostaglandin system). EDRF is a
potent coronary vasodilator and has other beneficial
effects on endothelial function and integrity: it inhibits
platelet adhesion and aggregation, smooth muscle cell
mitogenesis, and proliferation and could thereby play an
important role in preventing the development of prolif-
erative atherosclerotic lesions in response to vascular
injury.11¢ Bradykinin may also cause vasodilatation by
interfering with eicosanoid metabolism and by increas-
ing synthesis of a vasodilator prostanoid.!'” Improved
endothelial function and vascular reactivity could also
be mediated by inhibition of the angiotensin II stimu-
lation of endothelial production of endothelin.!18

Aldosterone may also be implicated in endothelial
dysfunction, as evidenced by studies in patients with
primary aldosteronism and correction of the endothelial
function abnormalities after removal of the aldosterone-
producing tumor.!?® The relevance of these observa-
tions to other patients is unclear, since aldosterone
levels are considerably increased in the presence of
aldosterone-producing tumors and similar levels of al-
dosterone increase have generally not been measured in
patients after myocardial infarction, heart failure, and
other ischemic syndromes.

Protection From Plaque Rupture

ACE inhibitors may also play a role in reducing the
propensity for plaque rupture by several mechanisms.
We discussed earlier the morphological changes in
plaques associated with the use of ACE inhibitors in
animal models of atherosclerosis and how these changes
could potentially contribute to “plaque stabilization.”
Other mechanisms of preventing plaque rupture may be
mediated through direct inhibition of angiotensin II-
mediated vasoconstriction, effects on endothelin or on
serum and tissue magnesium: Angiotensin II stimulates
release of endothelin. Endothelin is one of the most
potent coronary vasoconstrictors, and its local release
might, in the presence of a susceptible atherosclerotic
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lesion, accelerate plaque rupture.!8120 Iphibition of
angiotensin II could potentially block this effect. Hypo-
magnesemia has been shown to cause an increase in
coronary vascular reactivity!?! and could potentially
accelerate plaque rupture. Individuals living in areas
with low magnesium levels have been shown to have a
high incidence of myocardial infarction, and experimen-
tal hypomagnesemia has led to coronary artery
spasm.'22 ACE inhibitors increase serum and tissue
magnesium and could therefore have beneficial effects.

Definitive proof that ACE inhibitors provide protec-
tion from plaque rupture is not yet available.

Antithrombotic Effects

Recent evidence suggests that ACE inhibitors can
also affect arterial thrombosis by effects on platelets and
on the endogenous fibrinolytic system. Several investi-
gators'2312¢ have demonstrated that captopril inhibits
platelet aggregation. This reduces the release of vaso-
constrictors (such as thromboxane A;) from platelets
and of stimulators of smooth muscle cell proliferation
(such as platelet-derived growth factor). It has been
demonstrated that human platelets possess angiotensin
II receptors. The action of ACE inhibitors on the
platelets could be related to angiotensin II blockade.
Platelet aggregation may also be suppressed through
increased prostacyclin and EDREF, induced by elevated
bradykinin levels, as well as by an increase in serum
magnesium.

In vitro studies have demonstrated that angiotensin II
selectively induces the production and secretion of
plasminogen activator inhibitor-1 (PAI-1) in endothelial
cells!?s and in cultured astrocytes.'26 PAI-1 is the most
important physiological inhibitor of tissue-type plasmin-
ogen activator (TPA) in plasma,'?” and elevated levels
have been implicated in the pathogenesis of thrombo-
embolic disease.!?® A recent small investigation in hu-
man subjects demonstrated a rapid and significant in-
crease in PAI-1 after the infusion of angiotensin II1.12°
This effect appeared to be dose related and occurred in
both normotensive and hypertensive subjects. These
findings suggest that angiotensin I1I may be prothrom-
botic at least in part by increasing plasma levels of
PAI-1, thereby reducing the activity of the fibrinolytic
system. An important action of ACE inhibitors may be
to improve endogenous fibrinolytic function among pa-
tients at high risk for ischemic events. These early
observations, which are derived from a small number of
individuals tested, require further confirmation in larger
studies and suggest a potentially important link between
the renin-angiotensin system and risk for thrombosis.

Antihypertensive Effects

The antihypertensive action of ACE inhibitors by
itself is likely to contribute to their ability to reduce
coronary heart disease and strokes. The link between
hypertension and atherosclerosis is well established.!30
Epidemiological studies demonstrate that elevations in
blood pressure levels are associated with increased risk
of coronary artery disease and that this risk is “contin-
uous,” even within ranges considered to be “normoten-
sive.”131 Antihypertensive therapy has been shown to
reduce the anatomic extent of atherosclerosis,!3° the
risk of stroke, and to a lesser extent, the risk of coronary
heart disease.’3 ACE inhibitors are effective blood
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pressure-lowering agents!-3 and have no adverse meta-
bolic effects on lipids and blood glucose levels.133-137
Therefore, it is theoretically possible that ACE inhibi-
tors could reduce the risk of coronary heart disease to a
greater extent than that seen with moderate to high
doses of diuretics (which have been extensively evalu-
ated) because of the lack of adverse metabolic effects
and their special “antiatherosclerotic” properties. This
hypothesis remains unproven, however, and is currently
being evaluated in large randomized trials. The results
of the SOLVD and of the Survival and Ventricular
Enlargement Trial (SAVE) (see below), as well as the
antiatherogenic effect of ACE inhibitors in the nor-
motensive animal models of atherosclerosis, however,
suggest that a reduction in major ischemic events may
be expected to occur with ACE inhibitor therapy and
that the magnitude of benefit may be larger than that
expected purely from a blood pressure-lowering effect.
Therefore, it is likely that other mechanisms of action
may also be relevant.

Epidemiological and Genetic Studies: Link
Between the Renin-Angiotensin System and
the Risk for Myocardial Infarction

Several epidemiological studies have examined the
relation between plasma renin levels in hypertensive
patients and the risk for ischemic events. Early studies
reported conflicting results,!?813% and conclusions from
these investigations are limited by methodological
shortcomings, such as selection bias, retrospective anal-
ysis, and differences in the laboratory assays used for
measuring plasma renin activity. The best epidemiolog-
ical evidence for an association between plasma renin
levels and the risk for subsequent myocardial infarction
is provided by a recent prospective cohort study, in
which Alderman and coworkers!#® report findings in
1717 subjects with mild and moderate hypertension
followed for a mean of 8.3 years. The risk of myocardial
infarction was increased 5.3-fold among subjects with
high versus those with low renin profiles (95% CI, 3.4 to
8.3), and this effect was independent of other estab-
lished cardiovascular risk factors, such as age, sex, race,
smoking status, cholesterol and glucose levels, and
systolic and diastolic blood pressure levels. This associ-
ation between elevated renin levels and myocardial
infarction may be causal or secondary to preexisting
underlying cardiovascular disease resulting in an acti-
vated renin-angiotensin system.!4! Moreover, it is not
clear whether these observations are generalizable to
individuals without high blood pressure. A recent pro-
spective study by Meade et al'42 failed to demonstrate
an independent association between plasma renin levels
and the risk for myocardial infarction in normotensive
individuals. This study does not necessarily contradict
the findings by Alderman et al, since among men whose
systolic blood pressures were in the highest third of the
distribution, there may have been an association be-
tween plasma renin activity and subsequent coronary
events.

Cambien and coworkers!*3 have recently reported
that the ACE-DD genotype, which identifies individuals
with higher levels of circulating ACE, was more preva-
lent in middle-aged men with previous myocardial in-
farction (n=610) than in a case-matched control group

(n=733; P=.007), raising the interesting possibility of
ACE as a genetic predictor of coronary disease and its
sequelaec. The ACE-DD genotype appeared to be an
independent risk factor for myocardial infarction after
adjustment for the presence of other known coronary
risk factors such as smoking, dyslipidemia, and hyper-
tension. It is of particular interest that, although for the
entire study population the ACE-DD genotype was
associated with only a modest increase in the risk for
myocardial infarction (odds ratio of 1.34), in a subgroup
analysis of patients without other risk factors, the risk of
myocardial infarction was increased more markedly
(odds ratio of 3.2). Therefore, it appears that patients
who are homozygous for the deletion polymorphism
represent a group at considerably increased risk for
myocardial infarction, even in the absence of other risk
factors. While this observation awaits further confirma-
tion, it may provide us with clues as to why certain
individuals with no or very few conventional risk factors
for coronary artery disease develop myocardial infarc-
tion. It also supports a role for the renin-angiotensin
system in the pathogenesis of coronary artery disease
and its complications. The same group of investigators
also demonstrated an excess of both ACE-DD (odds
ratio, 2.6; P=.02) and ACE-ID (odds ratio, 1.9; P=.08)
genotypes among individuals with a parental history of
myocardial infarction compared with age-matched
controls.144

The ACE-DD genotype has also been associated with
hypertrophic cardiomyopathy and with sudden death in
families with this disease,'*> and a recent study showed
an increased frequency of this genotype in patients
undergoing cardiac transplantation for ischemic or id-
iopathic dilated cardiomyopathy.146

These studies suggest a link between activation of the
renin-angiotensin system and increased cardiac hyper-
trophy, vascular hypertrophy, and atheroma develop-
ment and rupture. Consequently, ACE inhibitors could
potentially reduce myocardial ischemic events.

Evidence From Randomized Clinical Trials

The role of ACE inhibitors in preventing the clinical
sequelae of atherosclerotic cardiac disease has been
evaluated in various patient populations: those with
reduced left ventricular ejection fraction, with and
without recent myocardial infarction, in the acute phase
of myocardial infarction, after coronary angioplasty,
and with chronic stable angina.

Long-term Trials in Patients With Heart Failure
and Low Ejection Fraction

Three recent large randomized trials in patients with
low left ventricular ejection fraction followed over a
period of >3 years reported significant reductions in
myocardial infarction with the use of ACE inhibitors:
The SOLVD trials included patients with left ventricu-
lar ejection fraction of <0.35. Patients with congestive
heart failure entered the Treatment Trial,> and those
without overt heart failure and receiving no therapy for
heart failure entered the Prevention Trial.¢ Patients in
both trials had not sustained a recent myocardial infarc-
tion in the month before enrollment, nor did they have
unstable angina or any clear indications for revascular-
ization at study entry. The SAVE trial’ enrolled pa-
tients within 3 to 16 days after myocardial infarction
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TasLE 2. Characteristics of Large Randomized Studies of Angiotensin-Converting Enzyme
Inhibitors in Patients With Low Ejection Fractions

SOLVD SOLVD
Treatment Trial Prevention Trial SAVE AIRE
Sample size 2569 4228 2231 2006
Design Prospective Prospective Prospective Prospective
double-blind double-blind double-blind double-blind

ACE inhibitor used Enalapril Enalapril Captopril Ramipril
Patient population*

Mean age, y 60.8 59.1 59.4 64.9

Sex ratio, M/F, % 80.4/19.6 88.6/11.4 82.5/17.5 74/26

Recent MI No No Yes Yes

Mean LVEF, % 25 28 31 Not available

LVEF inclusion threshold, % <35 <35 <40 Not available
Symptomatic heart failure Yes No No Yes

Ischemic heart disease, % 714 83.2 100 100
Duration of follow-up, mo 41.4 37.4 42 15

2061

SOLVD indicates Studies of Left Ventricular Dysfunction; SAVE, Study of Survival and Ventricular
Enlargement; AIRE, The Acute Infarction Ramipril Efficacy Study; ACE, angiotensin-converting enzyme; MI,
myocardial infarction; and LVEF, left ventricular ejection fraction.

*All relevant clinical patient characteristics were similar in the placebo and treatment groups.

with left ventricular ejection fraction of <0.40 who were
asymptomatic or had only mild heart failure. Patients
underwent revascularization procedures before study
entry if they had objective evidence of ischemia. In all
these three trials, mean duration of treatment was close
to or exceeding 40 months. The prolonged duration of
treatment is probably essential for the anti-ischemic
action of ACE inhibitors to become manifest. Key study
characteristics of these trials (and of the Acute Infarc-

tion Ramipril Efficacy [AIRE] Study!4 [see below]) are
summarized in Table 2. The main end points in the
SOLVD and SAVE trials was mortality. Development
of myocardial infarction was a predefined secondary
end point in these studies, and data on myocardial
infarction were therefore prospectively and systemati-
cally collected. A significant risk reduction (RR) in the
incidence of myocardial infarction was observed in each
of these three long-term trials, and all were of similar

TasLE 3. Effect of ACE Inhibitors on Myocardial Infarction and on Unstable Angina in Patients With Low Ejection Fraction

Ml Incidence, No. (%) Unstable Angina, No. (%) Risk
Risk Reduction, Reduction, No.

Trial ACE-l Placebo % (95% Cl) ACE-l Placebo (%) (95% Cl) P
SOLVD*
Treatment
Trial 127 (9.9) 158 (12.3) 23 (2,39) .02 187 (14.6) 240 (18.7) 27 (12, 40) .001
SOLVD*
Prevention
Trial 161 (7.6) 204 (9.1) 24 (6, 38) .01 312 (14.8) 355 (16.8) 14 (0, 26) .05
SAVEt 133 (11.9) 170 (15.2) 25 (5, 40) .015 135 (12.1) 133 (11.9) 0(—26, 22) .93
AIRE} 81 (8.0) 88 (8.9) 11 (22, 35) NS Not available Not available Not available
Combined
Trials§
(N=11,034) 502 (9.1) 620 (11.3) 21 (11, 30)|| <.002 634 (14.1) 720 (15.9) 15 (4, 24) <.003

ACE indicates angiotensin-converting enzyme; MI, myocardial infarction; and ACE-I, ACE inhibitor.

*Clinical diagnosis by treating physician of MI confirmed in 94% of patients as having two or three documented classic criteria of
characteristic chest pain, typical electrocardiographic changes, and typical enzyme changes or fatal Ml documented on death
certificates. Unstable angina was defined as new-onset or worsening angina pectoris requiring hospital admission.

tAccording to the original protocol criteria (clinically defined Ml with predefined typical changes in creatine kinase levels or fatal Mi
validated by the Mortality Classification Committee), there were 129 cases of recurrent Ml in the placebo vs 108 cases in the captopril
group. This difference, although it did not reach statistical significance (risk reduction, 19%; 95% Cl, —4% to 37%; P=.102), is similar
to the results summarized in the table using clinical criteria for recurrent Ml by clinic physicians.

$Classical clinical criteria were used for defining recurrent MI. All cases presented in the final analysis were validated by a
subcommittee of the International Steering Committee.

|IDerived from odds ratio calculated by the Mantel-Haenszel method.

§When the results of the SOLVD and SAVE trials only were combined (trials of long-term ACE-I therapy), the risk reduction in Ml rates
was 23% (95% Cl, 12% to 33%); P<.001.
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Graphs showing cumulative incidence of myocardial infarction in the combined Studies of Left Ventricular Dysfunction (SOLVD) and
incidence of recurrent myocardial infarction in the Survival and Ventricular Enlargement Trial (SAVE). In both studies, differences in the
incidence of myocardial infarction between ACE inhibitor— and placebo-treated patients started to become apparent after 6 months of
therapy and continued to widen thereafter. (Adapted with permission from The Lancet and The New England Journal of Medicine.)

magnitude (Table 3). For the combined SOLVD and
SAVE trials, a highly significant reduction in the risk for
myocardial infarction is calculated (Table 3; results of
the trials are combined by the Mantel-Haenszel proce-
dure48). There were 421 cases of myocardial infarction
in the ACE inhibitor-treated patients versus 532 cases
of acute myocardial infarction in patients randomized to
placebo (RR, 23%; 95% CI, 12% to 33%; P<.001).
Furthermore, hospitalizations for unstable angina pec-
toris were significantly reduced in the SOLVD trials
(Table 3). There were 187 hospitalizations for unstable
angina in enalapril-treated patients in the SOLVD
Treatment Trial versus 240 in patients allocated to
placebo (RR, 27%; 95% CI, 12 to 40%; P=.001). In the
Prevention Trial, there were 312 hospitalizations for
unstable angina in the enalapril-treated patients versus
355 in patients allocated to placebo (RR, 14%; 95% CI,
0 to 26%; P=.05). Overall, combining both arms of the
SOLVD trials, 499 (14.7%) patients in the enalapril
group were hospitalized for unstable angina compared
with 595 (17.5%) in the enalapril group (RR, 20%; 95%
CI, 9 to 29%; P=.001). In the SAVE trial, the number of
hospitalizations was similar in the captopril group: 135 of
1115 patients (12.1%) and in the placebo group: 133 of
1116 patients (11.9%).14° Combining the results of the
SOLVD and the SAVE trials, the risk for hospitalization
for unstable angina was reduced significantly in patients
treated with ACE inhibitors (RR, 15%; 95% CI, 4, 24;
P<.003). There was also a 24% risk reduction (P<.001) in
the need for revascularization procedures (coronary ar-
tery bypass surgery [CABG] or percutaneous transluminal
coronary angioplasty [PTCA]) in patients treated with
captopril in the SAVE trial.14°

The consistency of the impact of enalapril was exam-
ined in a number of subgroups in SOLVD.15° Reduc-
tions in major acute ischemic events were observed in
the SOLVD trials among various subgroups defined by
age, sex, degree of left ventricular dysfunction (different
left ventricular ejection fractions), pathogenesis of left
ventricular dysfunction (ischemic versus nonischemic),
with and without a history of diabetes, and against a
background of different drugs (B-blockers, aspirin, cal-
cium channel blockers). Furthermore, reductions in
ischemic events were observed both among patients
with overt congestive heart failure, who probably had
elevations in plasma renin levels, and in patients with-
out heart failure, who presumably did not have elevated

plasma renin levels in the absence of diuretic therapy.!!
In addition, the observed reduction in ischemic events
cannot be explained by the hypotensive actions of ACE
inhibitors alone, since the magnitude of risk reduction
was substantially larger than that expected from short-
term, modest reductions in blood pressure. In a recent
meta-analysis of 14 randomized clinical trials of antihy-
pertensive therapy, diastolic blood pressure reductions
of 5 to 6 mm Hg for about 4 to 5 years resulted in a 14%
reduction in fatal and nonfatal coronary heart disease
events.!32 In the combined SOLVD trials, diastolic
blood pressure was reduced by an average of 4 mm Hg,
and this was associated with a 23% reduction in fatal or
nonfatal myocardial infarctions and a 21% reduction in
cardiac deaths. Moreover, the risk reductions in isch-
emic events were similar in patients with different levels
of systolic and diastolic blood pressure at baseline.
There was a trend toward larger reductions in myocar-
dial infarction and unstable angina among those with a
greater reduction in blood pressures; however, these
differences did not reach statistical significance. These
considerations suggest that the reduction in major isch-
emic events observed with ACE inhibitor therapy is at
least in part due to mechanisms unrelated to the
hypotensive effects of these agents.

Analysis of the time course of this observed reduction
in ischemic end points may also provide insights into
potential mechanisms of action of ACE inhibitors. Both
arms of the SOLVD trials, as well as the SAVE trial,
found little difference in the incidence of myocardial
infarction during the first 6 months after randomization
(Figure). Differences were apparent after 6 months of
treatment and continued to widen thereafter. A very
similar time course of events was noted in the SOLVD
trials for hospitalizations for unstable angina. This delay
in the reduction of ischemic events resembles the “lag”
observed in trials of cholesterol lowering and suggests
that the mechanism for this observed anti-ischemic
action of ACE inhibitors is unlikely to be related solely
to the beneficial hemodynamic effect of the drug, which
is observed immediately and which is not expected to
increase with time. These observations suggest that
ACE inhibitors decrease the incidence of ischemic
events, which may be related to multiple mechanisms,
including the prevention of the progression of coronary
atherosclerosis and/or stabilization of atherosclerotic
plaques. Although hemodynamic changes alone are
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unlikely to explain the anti-ischemic action of ACE
inhibitors, it is possible that the continued reduction in
myocardial oxygen consumption related to the effects of
these drugs on afterload, preload, left ventricular geom-
etry, and ventricular mass, possibly in conjunction with
direct vascular protective effects, leads to reductions in
myocardial infarction and unstable angina.

The recent AIRE study'4” randomized 2006 patients
within 3 to 10 days after acute myocardial infarction
who exhibited transient or persistent symptoms or signs
of heart failure to treatment with the ACE inhibitor
ramipril or to placebo. Patients were followed for an
average of 15 months (minimum duration of follow-up
was 6 months). A highly significant and substantial
reduction in all-cause mortality, the primary study end
point, was demonstrated (RR, 27%; 95% CI, 11% to
40%; P=.002), and this benefit was apparent earlier and
reached statistical significance after a much shorter
duration of follow-up than in the SAVE trial. Reinfarc-
tion rates were recorded prospectively. While a trend
toward fewer acute myocardial infarcts was noted in
patients treated with ramipril, this was not statistically
significant: there were 81 recurrent infarcts (8%) in
ramipril-treated patients versus 88 (9%) in patients
allocated to placebo. These results do not necessarily
contradict the results of the SOLVD and SAVE trials.
The number of validated recurrent myocardial infarcts
in the AIRE study was relatively small, largely due to
the much shorter average follow-up period. The favor-
able trends observed are consistent with the observa-
tions made after a similar duration of follow-up in the
SOLVD and SAVE trials. Even though the duration of
treatment and follow-up in the AIRE study is relatively
short, if these results are combined with the SOLVD
and SAVE trials, the reduction in myocardial infarction
risk still remains highly significant (Table 3).

Other randomized clinical trials in patients with
reduced left ventricular ejection fraction contribute only
little information regarding the effects of ACE inhibi-
tors on ischemic events because of the small number of
patients randomized and the short duration of follow-
up. The Collaborative Group on ACE Inhibitor Trials
reported a summary of 35 clinical trials of ACE inhib-
itors in patients with chronic heart failure and/or left
ventricular dysfunction (R. Garg, S. Yusuf, personal
communication). Trials other than the SOLVD trials
were small and of short duration (generally only for 3 to
6 months). Overall, a significant reduction in the inci-
dence of myocardial infarction was noted, but most end
points were derived from the SOLVD trials (RR, 19%;
95% CI, 0% to 35%). In trials other than SOLVD, 2023
patients were randomized to receive an ACE inhibitor
and 1568 to the control group. There were 26 myocar-
dial infarcts in the ACE inhibitor-treated group (1.3%)
versus 24 in the control group (1.5%). The evidence
provided by the SOLVD and SAVE trials suggests the
intriguing possibility that the reduction in ischemic
events may occur in a broader group of high-risk
patients such as those with preserved left ventricular
ejection fraction. However, such patients may not have
significant increases in the systemic levels of renin’s2
and angiotensin, although activation of the local tissue
angiotensin system may occur in response to atheroscle-
rotic vascular injury. It is important, therefore, to
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provide direct proof of potential benefits of ACE inhib-
itors in such patients.

Trials in Acute Myocardial Infarction

The CONSENSUS II trial'$3 randomized 6090 pa-
tients with acute myocardial infarction presenting
within 24 hours of onset of symptoms to treatment with
enalapril intravenously followed by oral therapy admin-
istered for 6 months versus placebo. No benefit was
noted with regard to mortality (6-month mortality was
10.2% in the placebo and 11.0% in the enalapril group)
or reinfarction (6-month reinfarction rates were 9%
[total number 268] in the placebo and 9% [total number
271] in the enalapril group). These results do not
necessarily contradict the observations from the
SOLVD and SAVE trials, which did not observe differ-
ences in ischemic events until after about 6 months of
treatment.

The value of ACE inhibitors initiated early in the
setting of acute myocardial infarction (within 24 hours
of onset of symptoms) was more recently evaluated in
three very large trials: the fourth International Study of
Infarct Survival (ISIS-4),154 the third Gruppo Italiano
per lo Studio della Sopravvivenza nell’'Infarto Mio-
cardico (GISSI-3),155 and the Chinese Captopril Tri-
al.156 Preliminary results of the mortality data from
these trials were recently presented. The ISIS-4 inves-
tigators reported that 2062 of 29 022 patients (7.1%)
treated with captopril within 24 hours of the onset of
symptoms died within 35 days of sustaining an acute
myocardial infarction versus 2213 of 29021 patients
(7.6%) allocated to placebo (absolute risk reduction,
5.2+2.2 per 1000; P<.02). This benefit appeared to
widen with time and was estimated at 6.5+2.8 after 6
months of follow-up. In the GISSI-3 trial, after 42 days
of follow-up there were 597 deaths in 9435 patients
(6.3%) treated with lisinopril compared with 673 deaths
in 9460 patients randomized to placebo (7.1%) (P=.03).
Although the benefits observed with the early use of
ACE inhibitors in these very large clinical trials were
small, it is important to emphasize that the reduction in
mortality occurred in the presence of other interven-
tions proven to improve the early outcome of these
patients, such as thrombolytic therapy and B-blockers;
the eligibility criteria for these studies were wide, and
duration of treatment was only a few weeks. The
Chinese Captopril Trial is not yet completed, but pre-
liminary results indicate a favorable trend. Table 4
shows the results of these large trials, summarizing data
from more than 90 000 patients randomized to ACE
inhibitor therapy or placebo in the early phases of acute
myocardial infarction. A small but statistically and
clinically significant benefit is observed. The benefits,
however, appear to be larger (about 10 lives prolonged
for every 1000 patients treated) in high-risk patients (eg,
those with anterior infarction, previous infarction, or
heart failure at entry).

These trials provide convincing evidence for the ben-
efit of treatment with ACE inhibitors early in the course
of acute myocardial infarction, which is likely to be due
to hemodynamic effects. However, they do not address
whether further major ischemic events will be prevented
by these drugs because of their short duration of
treatment.
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TaBLE 4. ACE Inhibitors in Suspected Acute Myocardial Infarction: Short-term Mortality in Large Trials

Deaths/No. Deaths/No.
of Patients of Patients
Duration of on ACE-I on Placebo Odds Ratio
Trial ACE-I Follow-up, d (% Deaths) (% Deaths) (95% ClI) P
ISIS-4* Captopril 35 2062/29 022 2213/29 021 0.93 .02
(7.1%) (7.6%) (0.87, 0.99)
GISSI-3 Lisinopril 42 597/9435 673/9460 0.88 .03
(6.3%) (7.1%) (0.79, 0.99)
Chinese Captopril Trial* Captopril 28 572/6321 610/6308 0.93 NS
(9.0%) (9.7%) (0.87, 0.99)
Consensus Il Enalapril 30 219/3044 192/3046 1.15 NS
(7.2%) (6.3%) (0.94, 1.41)
Combined Trials 28-42 3450/47 822 3688/43 503 0.93 .004
(7.2%) (8.5%) (0.89, 0.98)

ACE indicates angiotensin-converting enzyme; ACE-l, ACE inhibitor. Addition of results of seven smaller trials of ACE-l in acute
myocardial infarction (129 deaths/1816 ACE-I-treated vs 138 deaths/1837 placebo-allocated patients) does not significantly change the
combined estimate of ACE effect; for all combined trials, odds ratio=0.94 (95% Cl, 0.89, 0.99); P (two-tailed)=.01.

*Analysis of the Chinese Captopril Trial and the 1SIS-4 Trial are not fully complete, and the numbers in this table are based on

preliminary reports.

Trials After PTCA

ACE inhibitors have the theoretical potential to
prevent restenosis after PTCA because of the demon-
strated potent antiproliferative action of these drugs on
vascular smooth muscle cells and supportive data from
animal studies. In the MERCATOR trial,8? 693 patients
were randomized to receive cilazapril or placebo started
on the day of angioplasty and continued for 6 months.
There was no effect on angiographic restenosis and
clinical events at 6 months. Similar results were re-
ported with higher doses of cilazapril in the MARCA-
TOR® study. These results contrast with the efficacy of
cilazapril in the prevention of restenosis after balloon
injury in the rat carotid artery model8? and the athero-
sclerotic rabbit iliac artery model.#? In the animal
model, treatment was initiated before PTCA, whereas
in the above clinical trials, treatment was initiated after
PTCA. It is likely that the very potent and complex
wound-healing process after angioplasty may differ in
its responsiveness to ACE inhibitors compared with
coronary artery disease not affected by invasive inter-
ventions. Furthermore, although the relatively short
duration of therapy and follow-up of 6 months may have
been adequate to evaluate the effects on restenosis, it
may have been too short to detect differences in pro-
gression of native vessel atherosclerosis. This possibility
is supported by the long-term follow-up in the MER-
CATOR trial, which indicated a trend toward fewer
clinical cardiac end points, such as death, myocardial
infarction, and coronary revascularization after 12
months of follow-up in cilazapril-treated patients.!s”

Trials in Stable Angina Pectoris

Several small trials assessing the effects of ACE
inhibitors on severity of angina pectoris and/or on
myocardial ischemia have reported conflicting re-
sults,158-166 with benefit in some patients and no benefit
or even exacerbation of angina in others, indicating that
ACE inhibitors do not have consistent antianginal ef-
fects in short-term studies. Although reductions in the
incidence of myocardial infarction and cardiac death
are not expected to become apparent in these small

studies on the basis of sample size alone (limited
power), it is also of note that these were again investi-
gations characterized by a short duration of therapy (6
weeks to <6 months) and therefore cannot answer
questions related to the long-term efficacy of ACE
inhibitor therapy in preventing major acute ischemic
events by mechanisms other than acute hemodynamic
changes. Sogaard et al'¢® evaluated the effects of capto-
pril on spontaneous, ambulatory ST-segment depres-
sion and on exercise-induced ST-segment depression in
patients with recent myocardial infarction and left ven-
tricular dysfunction. Both ambulatory and exercise-
induced ischemia were significantly decreased by treat-
ment with captopril. Statistically significant differences
in ambulatory ST-segment depression between capto-
pril- and placebo-treated patients became apparent
after 3 months of therapy and continued to widen
thereafter, being more pronounced at 6 months, while
differences in exercise-induced ischemia occurred only
after 6 months of therapy. These results can be ex-
plained by a continued improvement in the balance
between myocardial oxygen demand and supply related
to myocardial remodeling resulting in decreased left
ventricular volume, concomitant reduction in both pre-
load and afterload, and increased coronary perfusion
and peripheral arterial compliance. The time course of
the observed changes also suggests the possibility of
other anti-ischemic effects, such as direct effects of ACE
inhibition on vascular remodeling, antithrombotic ef-
fects, and effects on platelet and fibrinolytic activity.

Current Ongoing Trials

Several studies are currently under way examining the
“anti-ischemic” and “antiproliferative” effects of ACE
inhibitors. These studies vary in design (ie, examination
of lesion development or progression by angiographic or
ultrasound measures or impact on clinical end points)
and consequently sample size and duration of follow-up.
Key aspects of these trials are summarized in Table 5.

Conclusions

In summary, there is promising information indicat-
ing a potential role for ACE inhibitors in reducing
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TaBLe 5. Summary of Major Ongoing Long-term Trials Examining the Effects of ACE Inhibitors on Atherosclerotic
Disease Progression or Ischemic Events in Patients Without Heart Failure or Low Ejection Fraction
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Projected Duration of

Trial ACE Inhibitor Primary Outcome Sample Size Treatment Contact Investigator

HOPE Ramipril Composite end point: 8000-9000 3.5 years S. Yusuf
cardiovascular death, T. Montague
myocardial infarction, P. Sleight
and stroke The Canadian Cardiovascular

Collaboration

SECURE Ramipril B-mode ultrasound 700 3.5 years E. Lonn
measures of carotid S. Yusuf
atherosclerosis

QUIET Quinapril A. Quantitative 1775 3 years B. Pitt
coronary
angiographic
measures of CAD
progression
B. Cardiac ischemic
end points*

SCAT Enalapril Quantitative coronary 468 5 years K. Teo
angiographic T. Montague
measures of CAD
progression

PART Ramipril B-mode ultrasound 600 4 years N. Sharpe
measures of carotid S. McMahon

atherosclerosis

ACE indicates angiotensin-converting enzyme; HOPE, Heart Outcomes Prevention Evaluation; SECURE, Study to Evaluate Carotid
Uitrasound Changes with Ramipril and Vitamin E; QUIET, The Quinapril Ischemic Event Trial; SCAT, Simvastatin and Enalapril Coronary
Atherosclerosis Trial; PART, Prevention of Atherosclerosis with Ramipril Therapy; and CAD, coronary artery disease.

*Composite end point including cardiovascular death, nonfatal myocardial infarction, coronary revascularization procedures (coronary
artery bypass graft surgery, angioplasty, atherectomy), and hospitalization for unstable angina pectoris.

myocardial hypertrophy, vascular hypertrophy, athero-
sclerosis progression, plaque rupture, and thrombosis
after plaque rupture. These effects may be expected to
reduce the risk for major cardiovascular ischemic
events. This possibility is supported by the results of
several large trials in patients with left ventricular
dysfunction.

It is presently not clear, however, whether this benefit
is limited to patients with reduced left ventricular
ejection fraction. Furthermore, mechanisms of action
underlying these observed effects are not entirely clear.
This potentially important action of ACE inhibitors
should be further investigated both by experimental
studies to further elucidate the mechanism of action of
these drugs and by clinical trials in different populations
of patients at high risk for cardiovascular events. If ACE
inhibitors can be definitively shown to reduce the risk of
major ischemic events, these drugs will be an important
intervention in high-risk individuals.

Acknowledgments

This study was supported by research grants 8-11877 and
8-11793 from the Medical Research Council of Canada. Dr P.
Jha is a research fellow of The Heart and Stroke Foundation
of Ontario.

References

1. Veterans Administration Cooperative Study Group on Antihy-
pertensive Agents. Low-dose captopril for the treatment of mild
to moderate hypertension. Arch Intern Med. 1984;144:1947-1953.

2. Zusman RM. Renin- and non-renin-mediated antihypertensive
actions of converting-enzyme inhibitors. Kidney Int. 1984;25:
969-983.

3. Tewksbury DA. Angiotensinogen: biochemistry and molecular
biology. In: Laragh JH, Brenner BM, eds. Hypertension: Patho-
physiology, Diagnosis and Management. New York, NY: Raven
Press; 1990:1197-1216.

4. The CONSENSUS Trial Group. Effect of enalapril on mortality
in severe congestive heart failure: results of the Cooperative
North Scandinavian Enalapril Survival Study (CONSENSUS).
N Engl J Med. 1987;316:1429-1435.

5. The SOLVD Investigators. Effect of enalapril on survival in
patients with reduced left ventricular ejection fractions and con-
gestive heart failure. N Engl J Med. 1991;325:293-302.

. The SOLVD Investigators. Effect of enalapril on mortality and
development of heart failure in asymptomatic patients with
reduced left ventricular ejection fractions. N Engl J Med. 1992;
327:685-691.

7. Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown EJ Jr,
Cuddy TE, Davis BR, Geltman EM, Goldman S, Flaker GC.
Effect of captopril on mortality and morbidity in patients with left
ventricular dysfunction after myocardial infarction. N Engl J Med.
1992;327:669-677.

8. Pfeffer MA, Lamas GA, Vaughn DE, Parisi AF, Braunwald E.
Effect of captopril on progressive ventricular dilation after
anterior myocardial infarction. N Engl J Med. 1988;319:80-86.

9. Sharpe N, Murphy J, Smith H, Hannan S. Treatment of patients
with symptomless left ventricular dysfunction after myocardial
infarction. Lancet. 1988;1:255-259..

10. Sharpe N, Smith H, Murphy J, Greaves S, Hart H, Gamble G.
Early prevention of left ventricular dysfunction after myocardial
infarction with angiotensin-converting-enzyme inhibition. Lancet.
1991;337:872-876.

. Dzau VJ. Angiotensin converting enzyme inhibitors and the car-
diovascular system. J Hypertens. 1992;10(suppl 3):53-S10.

12. Lindpainter K, Ganten D. The cardiac renin-angiotensin system:
a synopsis of current experimental and clinical data. Acta Cardiol.
1991;46:385-397.

13. Gavras H, Brown JJ, Lever AF, Macadam RF, Robertson JIS.
Acute renal failure, tubular necrosis and myocardial infarction
induced into the rabbit by intravenous angiotensin-II. Lancet.
1971;122:1382-1388.

(=)}

1

[


http://circ.ahajournals.org/

/702 ‘8T AInc uo 18nb Aq /B10's[euano feue-auio//:dny wiou pepeojumoq

2066

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Circulation Vol 90, No 4 October 1994

Dempsey P, McCallum L, Kent K, Cooper T. Direct myocardial
effects of angiotensin I1. Am J Physiol. 1971;220:477-481.
Krasney JA, Thompson JL, Lowe RF. Cardiac effects of angio-
tensin injections into perfused right coronary artery. Am J Physiol.
1967;213:134-138.

Kiowski W, Zuber M, Elsassar S, Erne P, Pfisterer M, Burkart F.
Coronary vasodilation and improved myocardial lactate metabolism
after angiotensin converting enzyme inhibition with enalapril in
patients with congestive heart failure. Am Heart J. 1991;122:
1382-1388.

Gavras I, Gavras H. The use of ACE-inhibitors in hypertension.
In: Kostis JB, DeFelice EA, eds. Angiotensin Converting Enzyme
Inhibitors. New York, NY: Alan R Liss; 1987:93-122.

Pfeffer MA, Pfeffer JM, Steinberg C, Finn P. Survival after an
experimental myocardial infarction: beneficial effects of longterm
therapy with captopril. Circulation. 1985;72:406-412.

Ertl G, Alexander RW, Kloner RA. Interaction between
coronary occlusion and the renin-angiotensin system in the dog.
Basic Res Cardiol. 1983;78:518-533.

Linz KW, Scholkens BA, Han Y-F. Beneficial effects of con-
verting enzyme inhibitor ramipril, in ischemic rat hearts.
J Cardiovasc Pharmacol. 1986;8(suppl 10):591-S99.

Kiowski W, Burkart F. Effects of vasodilators on the coronary
circulation in congestive heart failure. Am J Cardiol. 1988;62:
99E-103E.

Holz J, Busse R, Sommer O, Bassenge E. Dilatation of epicardial
coronary arteries in conscious dogs induced by angiotensin-
converting enzyme inhibition with enalaprilat. J Cardiovasc
Pharmacol. 1987;9:348-355.

Van Gilst WH, Graeff PA, Scholtens E, deLangen CDJ, Wes-
seling H. Potentiation of isosorbide dinitrate-induced coronary
dilation by captopril. J Cardiovasc Pharmacol. 1987;9:254-255.
Powers ER, Bannerman KS, Stone J, Reison DS, Escala EL,
Kalischer A, Weiss MB, Sciacca RR, Cannon PJ. The effect of
captopril on renal, coronary and systemic hemodynamics in
patients with severe congestive heart failure. Am Heart J. 1982;
104:1203-1210.

Faxon DP, Creager MA, Halperin JL, Sussman HA, Gavras H,
Ryan TJ. The effect of angiotensin converting enzyme inhibition
on coronary blood flow and hemodynamics in patients without
coronary artery disease. Int J Cardiol. 1982;2:251-262.

Magrini F, Shimizu M, Roberts N, Fouad FM, Tarazi RC,
Zanchetti A. Converting-enzyme inhibition and coronary blood
flow. Circulation. 1987;75(suppl I):1-168-1-174.

Magrini F, Reggiani P, Roberts N, Mezza R, Ciulla M, Zanchetti
A. Effects of angiotensin and angiotensin blockade on coronary
circulation and coronary reserve. Am J Med. 1988;84(suppl 3A):
55-60.

De Marco T, Daly PA, Liu M, Kayser S, Parmley WW, Chatterjee
K. Enalaprilat, a new parenteral angiotensin converting enzyme
inhibitor: rapid changes in systemic and coronary hemodynamics
and humoral profile in congestive heart failure. J Am Coll Cardiol.
1987;9:1131-1138.

Rouleau JL, Chatterjee K, Benge W, Parmley WW, Hiramatsu B.
Alterations in left ventricular function and coronary hemodynamics
with captopril, hydralazine and prazosin in chronic ischemic heart
failure: a comparative study. Circulation. 1982;65:671-678.
Chatterjee K, Rouleau JL, Parmley WW. Hemodynamic effects
of captopril in chronic heart failure. Br Heart J. 1982;47:233-238.
Halperin JL, Faxon DP, Creager MA, Bass TA, Melidossian CD,
Gavras H, Ryan TJ. Coronary hemodynamic effects of angio-
tensin inhibition by captopril and teprotide in patients with con-
gestive heart failure. Am J Cardiol. 1982;50:967-972.

Wenting GJ, Man in ’t Veld AJ, Woittiez AJ, Boosma F, Laird-
Meeter K, Simoons ML, Hugenholz PG, Schalekamp MADH.
Acute and chronic heart failure: correlation with plasma levels of
noradrenaline, renin and aldosterone. Br Heart J. 1983;49:65-76.
Mattiolli G, Ricci S, Rigo R, Roberto R, Fusaro MT, Cappello C.
Effects of captopril in heart failure complicating acute myocardial
infarction and persistence of acute hemodynamic effect in chronic
heart failure after 3 years of treatment. Postgrad Med J. 1986;
62(suppl I):164-166.

Schultheiss HP, Ullrich M, Schindler M, Schulze SK, Strauer BE.
The effect of ACE inhibition on myocardial energy metabolism.
Eur Heart J. 1990;11(suppl B):116-122.

Levy BI, Michel JB, Salzman JL, Poitevin P, Devissaguet M, Scalbert
E, Safar ME. Long-term effects of angiotensin-converting enzyme
inhibition on the arterial wall of adult spontaneously hypertensive
rats. Am J Cardiol. 1993;71:8E-16E.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Karam R, Healy B, Wicker P. Coronary reserve is depressed in
postmyocardial infarction reactive hypertrophy. Circulation. 1990;
81:238-246.

Kannel WB, Gordon T, Castelli WP, Margolis JR. Electrocardio-
graphic left ventricular hypertrophy and risk of coronary heart
disease: the Framingham Study. Ann Intern Med. 1970;72:
813-822.

Kannel WB, Schatzkin A. Sudden death: lessons from subsets in
population studies. J Am Coll Cardiol. 1985;5(suppl):141B-149B.
McLenachan JM, Henderson E, Morris KI, Dargie HJ. Ven-
tricular arrhythmias in patients with hypertensive left ventricular
hypertrophy. N Engl J Med. 1987;317:787-792.

Levy D, Garrison MS, Savage DD, Kannel WB, Castelli WP.
Prognostic implications of echocardiographically determined left
ventricular mass in the Framingham Heart Study. N Engl J Med.
1990;322:1561-1566.

Dunn FG, Oigman W, Ventura HO, Messerli FH, Kobrin I.
Enalapril improves systemic and renal hemodynamics and allows
regression of left ventricular mass in essential hypertension. Am J
Cardiol. 1984;53:105-108.

Garavaglia GE, Messerli FH, Nunez BD, Schmieder RE,
Frohlich ED. Immediate and short-term cardiovascular effects of
a new converting enzyme inhibitor (lisinopril) in essential hyper-
tension. Am J Cardiol. 1988;62:912-916.

Ventura HO, Frohlich ED, Messerli FH, Kobrin I, Kardon MB.
Cardiovascular effects and regional blood flow distribution asso-
ciated with angiotensin converting enzyme inhibition (captopril)
in essential hypertension. Am J Cardiol. 1985;55:1023-1026.
Mujais SK, Fouad FM, Tarazi RC. Reversal of left ventricular
hypertrophy with captopril: heterogenicity of response among
hypertensive patients. Clin Cardiol. 1983;6:595-602.

Dal Palu C, Pessina AC, Pagnan A, Pauleto P, Lusiani L,
Ronisvalle G, Ronisvalle G, Muiesan G, Rosei EA, Corea L,
Bentivoglio M. Effect of captopril on left ventricular mass and
function in hypertensive patients and in the rat. Postgrad Med J.
1986;62(suppl 1):85-89.

Nakashima Y, Fouad FM, Tarazi RC. Regression of left ven-
tricular hypertrophy from systemic hypertension by enalapril. 4m
J Cardiol. 1984;53:1044-1049.

Weber KT, Janicki JS. Angiotensin and the remodelling of the
myocardium. Br J Clin Pharmacol. 1989;28(suppl):141S-150S.
Tan L-P, Brilla C, Weber KT. Prevention of structural changes in
the heart in hypertension by angiotensin converting enzyme inhi-
bition. J Hypertens. 1992;(suppl 1):S31-S34.

Linz W, Scholkens BA, Ganten D. Converting enzyme inhibition
specifically prevents the development and induces regression of
cardiac hypertrophy in rats. Clin Exp Hypertens. 1989;11:
1325-1350.

Lindpainter K, Ganten D. The cardiac renin-angiotensin system:
a synopsis of current experimental and clinical data. Acta Cardiol.
1991;46:385-397.

Griendling KK, Murphy TJ, Alexander RW. Molecular biology of
the renin-angiotensin system. Circulation. 1993;87:1816-1828.
Drexler H, Lindpainter K, Lu W, Schieffer B, Ganten D.
Transient increase in the expression of cardiac angiotensinogen in
a rat model of infarction and failure. Circulation. 1989;80(suppl
II):11-459. Abstract.

Bauwens FR, Duprez DA, De Buyzere ML, De Backer TL,
Kaufman JM, Hoecke JV, Vermenlen A, Clement DL. Influence
of the arterial blood pressure and nonhemodynamic factors on
left ventricular hypertrophy in moderate essential hypertension.
Am J Cardiol. 1991;68:925-929.

Weber KT, Brilla CG. Pathological hypertrophy and cardiac
interstitium: fibrosis and renin-angiotensin-aldosterone system.
Circulation. 1991;83:1849-1865.

Bickerton RK, Buckley JP. Evidence for a central mechanism in
angiotensin induced hypertension. Proc Soc Exp Biol Med. 1961;
106:834-836.

Ferrario CM, Gildenberg PL, McCubbin JW. Cardiovascular
actions of angiotensin mediated by the central nervous system.
Circ Res. 1972;30:257-262.

Zimmerman BG. Evaluation of peripheral and central com-
ponents of action of angiotensin on the sympathetic nervous
system. J Pharmacol Exp Ther. 1967;158:1-10.

Zimmerman BG, Sybertz EJ, Wong PC. Interaction between
sympathetic and renin-angiotensin system. Hypertension. 1984;2:
581-587.

Ziogas J, Story DF, Rand M1J. Effects of locally generated angio-
tensin II on noradrenergic transmission in guinea pig isolated
atria. Eur J Pharmacol. 1985;106:11-18.


http://circ.ahajournals.org/

/102 ‘8T AIn uo 159nb Aq /Bio'sfeuuno feye-aa19//:dny wioly papeojumoq

61.

62.

63.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

. Lanier SM, Malik KU. Attenuation by prostaglandins of the

facilitatory effect of angiotensin II at adrenergic prejunctional
sites in the isolated Krebs-perfused rat heart. Circ Res. 1982;51:
594-601.

Hughes J, Roth RH. Evidence that angiotensin enhances trans-
mitter release during sympathetic nerve stimulation. Br J
Pharmacol. 1971;41:239-255.

Goldsmith SR, Haskins GJ, Miller E. Angiotensin II and sympa-
thetic activity in patients with congestive heart failure. J Am Coll
Cardiol. 1993;21:1107-1113.

Richard DP, Benedict CR, Kronenberg MW, Udelson JE, Stewart
D, Kilcoyne L, Dolan N, Yusuf S, Konstam MA, for the SOLVD
Investigators. Effects of long-term enalapril on adrenergic activity
and sensitivity during exercise in patients with left ventricular dys-
function. Circulation. 1993;88(pt 2):1-293. Abstract.

. Gilbert EM, Sandoval A, Larrabee P, Renlund DG, O’Connell

JB, Bristow MR. Lisinopril lowers cardiac adrenergic drive and
increases B-receptor density in the failing human heart.
Circulation. 1993;88:472-480.

Ertl G, Kloner RA, Alexander RW, Braunwald E. Limitation of
experimental infarct size by an angiotensin converting enzyme
inhibitor. Circulation. 1982;66:1249-1255.

Lefer AM, Peck RC. Cardioprotective effects of enalapril in acute
myocardial ischemia. Pharmacology. 1984;29:61-69.

Sweet CS. Issues surrounding a local cardiac renin system and the
beneficial actions of angiotensin-converting enzyme inhibitors in
ischemic myocardium. Am J Cardiol. 1990;65:111-113.

Liang C, Gavras I, Black J, Sherman LG, Hood WB. Renin-
angiotensin enzyme inhibitors in acute myocardial infarction in
dogs. Circulation. 1982;66:1249-1255.

Daniell HB, Carson RR, Ballard KD, Thomas GR, Privitera PJ.
Effect of captopril on limiting infarct size in conscious dogs.
J Cardiovasc Pharmacol. 1984;6:1043-1047.

Westlin W, Mullane K. Does captopril attenuate reperfusion-
induced myocardial dysfunction by scavenging free radicals?
Circulation. 1988;77(suppl I):I-30. Abstract.

Przyklenk K, Kloner RA. Acute effects of hydralazine and
enalapril on contractile function of post-ischemic stunned myo-
cardium. Am J Cardiol. 1987;60:934-936.

Przyklenk K, Kloner RA. Relationships between structure and
effects of ACE inhibitors: comparative effects in myocardial isch-
emia/reperfusion injury. Br J Clin Pharmacol. 1989;28:167S-175S.
Van Gilst VM, deGraeff PA, Wesseling H, deLangen CDJ.
Reduction of reperfusion arrhythmias in the ischemic isolated rat
heart by angiotensin converting enzyme inhibitors: a comparison
of captopril, enalapril and HOE498. J Cardiovasc Pharmacol.
1986;8:722-728.

Linz W, Martorana PA, Scholkens BA. Local inhibition of
bradykinin degradation in ischemic hearts. J Cardiovasc
Pharmacol. 1990;15(suppl 6):599-S109.

Kigma JH, deGraeff PA, Van Gilst WH, Binsbergen E, deLangen
CDJ, Wesseling H. Effects of intravenous captopril on inducible
sustained ventricular tachycardia one week after experimental
infarction in anesthetized pig. Postgrad Med J. 1986;62(suppl
1):159-163.

Pi X, Chen X. Captopril and ramiprilat protect against free
radical injury in isolated working rat heart. J Mol Cell Cardiol.
1989;21:1261-1271.

Mak IT, Freedman AM, Dickens BF, Weglicki WB. Protective
effects of sulfhydryl-containing angiotensin converting enzyme
inhibitors against free radical injury in endothelial cells. Biochem
Pharmacol. 1990;40:2169-2175.

Chobanian AV, Haudenschild CC, Nickerson C, Drago R. Anti-
atherogenic effect of captopril in the Watanabe heritable hyper-
lipidemic rabbit. Hypertension. 1990;15:327-331.

Chobanian AV. The effects of ACE inhibitors and other antihy-
pertensive drugs on cardiovascular risk factors and atherogenesis.
Clin Cardiol. 1990;13:VII-43-VII-48.

Aberg G, Ferrer P. Effects of captopril on atherosclerosis in
cynomolgus monkeys. J Cardiovasc Pharmacol. 1990;15:565-S72.
Rolland PH, Charpiot P, Friggi A, Piquet P, Barlatier A, Scalbert
E, Bodard H, Tranier P, Mercier C, Luccioni R, Garcon D.
Effects of angiotensin-converting enzyme inhibition with per-
indolol on hemodynamics, arterial structure, and wall rheology in
the hindquarters of atherosclerotic mini-pigs. Am J Cardiol. 1993;
71:22E-27E.

Powell JS, Clozel JP, Muller RKM, Kuhn H, Hefti F, Hosang M,
Baumgartner HR. Inhibitors of angiotensin-converting enzyme
prevent myointimal proliferation after vascular injury. Science.
1989;245:186-188.

Lonn et al ACE Inhibitors in Cardiac Protection

83.

84.

85.

87.

88.

89.

91.

92.

93.

94.
95.
96.

97.

98.

100.

101.

102.

103.

104.

105.

106.

2067

Bilazarian SD, Currier JW, Haudenschild C, Heyman D, Powell J,
Ryan TJ, Faxon DP. Angiotensin converting enzyme inhibition
reduces restenosis in experimental angioplasty. Circulation. 1990;
82(suppl II):11-297. Abstract.

Michel JB, Plissonier D, Bruneval P. Effect of perindopril on the
immune arterial wall remodeling in the rat model of arterial graft
rejection. Am J Med. 1992;92(suppl 4B):39S-46S.

Rakugi H, Jacob HJ, Krieger JE, Ingelfinger JR, Pratt RE.
Vascular injury induces angiotensinogen gene expression in the
media and neointima. Circulation. 1993;87:283-290.

. Lam JYT, Bourassa MG, Blaine L, Lachapelle C. Can cilazapril

reduce the development of atherosclerotic changes in the balloon
injured porcine carotid arteries? Circulation. 1990;82(suppl III):
II1-429. Abstract.

Churchill DA, Siegel CO, Dougherty KG, Raizner A, Minor ST.
Failure of enalapril to reduce coronary restenosis in a swine
model. Circulation. 1991;84(suppl II):1I-298. Abstract.

Huber KC, Schwartz RS, Edwards WD, Camrad AR, Bailey KR,
Jorgensen MA, Holmes DR Jr. Effects of angiotensin converting
enzyme inhibition on neointimal proliferation in a porcine
coronary injury model. Am Heart J. 1993;125:695-701.

The Multicenter European Research Trial With Cilazapril After
Angioplasty to Prevent Transluminal Coronary Obstruction and
Restenosis (MERCATOR) Study Group. Does the new angio-
tensin converting enzyme inhibitor cilazapril prevent restenosis
after percutaneous transluminal coronary angioplasty? Results of
the MERCATOR randomized, double blind placebo-controlled
trial. Circulation. 1992;86:100-110.

. The MARCATOR Investigators. Angiotensin converting enzyme

inhibition and restenosis. Circulation. 1992;4(suppl I):I-53.
Abstract.

Campbell-Boswell M, Robertson AL. Effects of angiotensin II
and vasopressin on human smooth muscle cells in vitro. Exp Mol
Pathol. 1981;35:265-276.

Geisterfer AAT, Peach MJ, Owens GK. Angiotensin II induces
hypertrophy, not hyperplasia, of cultured rat aortic smooth
muscle cells. Circ Res. 1988;62:749-756.

Daemen MJAP, Lombardi DM, Bosman FT, Schwatz SM. Angio-
tensin II induces smooth muscle cell proliferation in the normal
and injured rat arterial wall. Circ Res. 1991;68:450-456.

Katz AM. Angiotensin II: hemodynamic regulator or growth
factor? J Mol Cell Cardiol. 1990;22:739-747.

Dzau VJ. Cardiac renin-angiotensin system: molecular and func-
tional aspects. Am J Med. 1988;84(suppl 3A):22-27.

Re RN. The cellular biology of angiotensin: paracrine, autocrine
and intracrine actions in cardiovascular tissues. J Mol Cell Cardiol.
1989;21(suppl V):63-69.

Naftilan AJ, Pratt RE, Dzau VJ. Induction of platelet-derived
growth-factor A chain and c-myc gene expressions by angiotensin
II in cultured rat vascular smooth muscle cells. J Clin Invest.
1989;83:1419-1424.

Naftilan AJ, Pratt RE, Eldridge CS, Lin HL, Dzau VIJ. Angio-
tensin II induces c-fos expression in smooth muscle via transcrip-
tional control. Hypertension. 1989;13:706-711.

. Taubman MB, Bradford CB, Izumo S, Tsuda T, Alexander RW,

Nadal-Ginard B. Angiotensin II induces c-fos mRNA in aortic
smooth muscle. J Biol Chem. 1989;264:526-530.

Kawahara Y, Sunako M, Tsuda T, Fukuzaki H, Fukumoto Y,
Takai Y. Angiotensin II induces expression of c-fos gene through
protein kinase C activation and calcium ion mobilization in
cultured vascular smooth muscle cells. Biochem Biophys Res
Commun. 1988;150:52-59.

Paquet J-L, Baudouin-Legros M, Brunelle G, Meyer P. Angio-
tensin II-induced proliferation of aortic myocytes in sponta-
neously hypertensive rats. J Hypertens. 1990;8:565-572.

Naftilan AJ, Gilliland GK, Eldridge CS, Kraft AS. Induction of
the proto-oncogene c-jun by angiotensin II. Mol Cell Biol. 1990;
10:5536-5540.

Lyall F, Morton JJ, Gillespie D. Angiotensin II stimulates c-jun
expression in cultured vascular smooth muscle cells: superin-
duction by emetine. Eur J Intern Med. 1992;2:271-273.
Scott-Burden T, Resink TJ, Hahn AWA, Buhler FR. Induction of
thrombospondin expression in vascular smooth muscle cells by
angiotensin I1. J Cardiovasc Pharmacol. 1990;16(suppl 7):17-20.
Powell JS, Rouge M, Muller RKM, Baumgartner HR. Cilazapril
suppresses myointimal proliferation after vascular injury: effects
on growth factor induction and vascular smooth muscle cells.
Basic Res Cardiol. 1991;86(suppl I):65-74.

Powell JS, Muller RKM, Rouge M, Kuhn H, Hefti F, Baumgartner
HR. The proliferative response to vascular injury is suppressed by


http://circ.ahajournals.org/

/702 ‘8T AInc uo 18nb Aq /B10's[euano feue-auio//:dny wiou pepeojumoq

2068

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Circulation Vol 90, No 4 October 1994

angiotensin-converting enzyme inhibition. J Cardiovasc Pharmacol.
1990;16(suppl 4):542-549.

Farber HW, Center DM, Rounds S, Danilov SM. Components of
the angiotensin system cause release of neutrophil chemoat-
tractant from cultured bovine and human endothelial cells. Eur
Heart J. 1990;11(suppl B):100-107.

Clozel M, Kuhn H, Hefti F, Baumgartner HR. Endothelial dys-
function and subendothelial monocyte macrophages in hyper-
tension: effect of angiotensin converting enzyme inhibition.
Hypertension. 1991;18:132-141.

Clozel M, Kuhn H, Hefti F. Effects of angiotensin converting
enzyme inhibitors and of hydralazine on endothelial function in
hypertensive rats. Hypertension. 1990;16:532-540.

Ross R. The pathogenesis of atherosclerosis: an update. N Engl J
Med. 1986;314:488-499.

Bell L, Madri JA. Influence of the angiotensin system on endo-
thelial and smooth muscle cell migration. Am J Pathol. 1990;
137:7-12.

Becker RHA, Wiemer G, Linz W. Preservation of endothelial
function by ramipril in rabbits on a long-term atherogenic diet.
J Cardiovasc Pharmacol. 1991;18(suppl 2):110-115.

Shulz PJ, Raij L. Effects of antihypertensive agents on endothe-
lium-dependent and endothelium-independent relaxations. Br J
Clin Pharmacol. 1989;28:S151-S157.

Ontkean MT, Gay R, Greenberg B. Effects of chronic captopril
therapy on endothelium derived relaxing factor activity in heart
failure. J Am Coll Cardiol. 1992;19(suppl A):768-774.

Erdos EG. Some old and some new ideas on kinin metabolism.
J Cardiovasc Pharmacol. 1990;15(suppl 6):520-S24.

Pohl U. Role of endothelium-derived nitric oxide in the control of
local blood flow under physiological and pathophysiological con-
ditions. Can J Cardiol. 1993;9(suppl C):6C-11C.

Wiemer G, Bernward A, Scholkens A, Becker RHA, Busse R.
Ramiprilat enhances endothelial autacoid formation by inhibiting
breakdown of endothelium-derived bradykinin. Hypertension.
1991;18:558-563.

Dohi Y, Hahn AWA, Boulanger CM, Buhler FR, Luscher TF.
Endothelin stimulated by angiotensin II augments contractility of
spontaneously hypertensive rat resistance arteries. Hypertension.
1992;19:131-137.

Taddei S, Virdis A, Mattei P, Salvetti A. Vasodilation to acetyl-
choline in primary and secondary forms of human hypertension.
Hypertension. 1993;21:929-933.

Luscher TF, Boulanger CM, Dohi Y, Yang Z. Endothelium-
derived contracting factors. Hypertension. 1992;19:117-130.
Turlapaty PDMV, Altura BM. Magnesium deficiency produces
spasms of the coronary arteries: relationships to etiology of
sudden ischemic heart disease. Science. 1980;208:198-200.
Eisenberg MJ. Magnesium deficiency and sudden death. Am
Heart J. 1992;124:544-549.

James IM, Dickenson EJ, Burgoyne W, Jeremy JY, Barrados MA,
Mikhailidis DP, Dandona P. Treatment of hypertension with
captopril: preservation of regional blood flow and reduced
platelet aggregation. J Hum Hypertens. 1988;2:21-25.

Someya N, Morotomi Y, Kodama K, Kida O, Higa T, Kondo K,
Tanaka K. Suppressive effects of captopril on platelet aggregation
in essential hypertension. J Cardiovasc Pharmacol. 1984;6:
840-843.

Vaughan DE, Shen C, Lazos SA. Angiotensin II induces secretion
of plasminogen activator inhibitor (PAI-1) in vitro. Circulation.
1992;86(suppl I):I-557. Abstract.

Olson JA Jr, Shiverick KT, Ogilvie S, Buhi WC, Raizada MK.
Angiotensin II induces secretion of plasminogen activator
inhibitor 1 and a tissue metalloprotease inhibitor-related protein
from rat brain astrocytes. Neurobiology. 1991;88:1928-1932.
Luskutoff DJ, Sawdey M, Mimuro J. Type 1 plasminogen
activator inhibitor. Prog Hemost Thromb. 1989;9:87-115.

Ridker PM. An epidemiologic assessment of thrombotic risk
factors for cardiovascular disease. Curr Opin Lipidol. 1992;3:
285-290.

Ridker PM, Gaboury CL, Conlin PR, Seely EW, Williams GH,
Vaughan DE. Stimulation of plasminogen activator inhibitor in
vivo by infusion of angiotensin II: evidence of a potential inter-
action between the renin-angiotensin system and fibrinolytic
function. Circulation. 1993;87:1969-1973.

Chobanian AV, Brecher PI, Handenschild CC. The effects of
hypertension and antihypertensive therapy on atherosclerosis.
Hypertension. 1986;8(suppl 1):1-15-I-21.

MacMahon S, Peto R, Cutler J, Collins R, Sorlie P, Neaton J,
Abbott R, Godwin J, Dyer A, Stamler J. Blood pressure, stroke

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

and coronary heart disease, I: effects of prolonged differences in
blood pressure: evidence from nine prospective observational
studies corrected for the regression dilution bias. Lancet. 1989;
335:765-774.

Collins R, Peto R, MacMahon S, Hebert P, Fiebach NH, Eberlein
KA, Godwin J, Qizilbash N, Taylor JO, Hennekens CH. Blood
pressure, stroke and coronary heart disease, II: effect of
short-term reductions in blood pressure: an overview of ran-
domized drug trials in an epidemiological context. Lancet. 1990;
335:827-838.

Lardinois CK, Neuman SL. The effects of antihypertensive agents
on serum lipids and lipoproteins. Arch Intern Med. 1988;148:
1280-1288.

Costa FV, Borghi C, Mussi A, Ambrosioni E. Hypolipidemic
effects of long-term antihypertensive treatment with captopril.
Am J Med. 1988;84(suppl 3A):159-161.

Perani G, Muggia C, Martignoni A, Bongarzoni A, Radaelli A,
Tesla F, Finardi G. Increase in plasma HDL-cholesterol in hyper-
tensive patients treated with enalapril. Clin Ther. 1987;9:635-639.
Wiedman P, Uelinge DE, Gerber A. Antihypertensive treatment
and serum lipoproteins. J Hypertens. 1984;3:297-306.

Pollane T, Lithell H, Berne C. A comparison of the effects of
hydrochlorothiazide and captopril in glucose and lipid
metabolism in patients with hypertension. N Engl J Med. 1989;
321:868-873.

Brunner HR, Laragh JH, Baer L, Newton MA, Goodwin FT,
Krakoff LR, Bard RH, Buhler FR. Essential hypertension: renin
and aldosterone, heart attack and stroke. N Engl J Med. 1972;286:
441-449.

Meade TW, Imeson JD, Gordon D, Peart WS. The epidemiology
of plasma renin. Clin Sci. 1983;64:273-280.

Alderman MH, Madhavan SH, Ooi WL, Cohen H, Sealey JE,
Laragh JH. Association of the renin-sodium profile with the risk
of myocardial infarction in patients with hypertension. N Engl J
Med. 1991;324:1098-1104.

Dzau VJ. Renin and myocardial infarction in hypertension.
N Engl J Med. 1991;324:1128-1130.

Meade TW, Cooper JA, Peart WS. Plasma renin activity and
ischemic heart disease. N Engl J Med. 1993;329:616-619.
Cambien F, Poirier O, Lecerf L, Evans A, Cambou J-P, Arveiler
D, Luc G, Bard J-M, Bara L, Ricard S, Tiret L, Amouyel P,
Alhenc-Gelas F, Soubrier F. Deletion polymorphism in the gene
for angiotensin-converting enzyme is a potent risk factor for
myocardial infarction. Nature. 1992;359:641-644.

Tiret L, Kee F, Poirier O, Nicaud V, Lecerf L, Evans A, Cambou
J-P, Arveilier D, Gerald L, Amouyel P, Cambien F. Deletion
polymorphism in angiotensin-converting enzyme gene associated
with parenteral history of myocardial infarction. Lancet. 1993;341:
991-992.

Marian AJ, Yu Q-T, Workman R, Greve G, Roberts R.
Angiotensin-converting enzyme polymorphism in hypertrophic
cardiomyopathy and sudden cardiac death. Lancetr. 1993;342:
1085-1086.

Raynolds MV, Bristow MR, Bush EW, Abraham WT, Lowes BD,
Zisman LS, Taft CS, Perryman MB. Angiotensin-converting
enzyme DD genotype in patients with ischemic or idiopathic
dilated cardiomyopathy. Lancet. 1993;342:1073-1075.

The Acute Infarction Ramipril Efficacy (AIRE) Study Investi-
gators. Effect of ramipril on mortality and morbidity of survivors
of acute myocardial infarction with clinical evidence of heart
failure. Lancet. 1993;342:821-828.

Yusuf S, Collins R, Peto R, Furberg C, Stampfer MJ, Goldhaber
SZ, Hennekins CH. Intravenous and intracoronary fibrinolytic
therapy in acute myocardial infarction: overview of results on
mortality, reinfarction and side-effects from 33 randomized con-
trolled trials. Eur Heart J. 1985;6:556-585.

Rutherford JD, Pfeffer MA, Moyé LA, Davis BR, Flaker GC,
Kowey PR, Lamas GA, Miller HS, Packer M, Rouleau JL,
Braunwald E, on behalf of the SAVE Investigators. Effects of
captopril on ischemic effects after myocardial infarction. Circu-
lation. In press.

Yusuf S, Pepine CJ, Garces C, Pouleur H, Salem D, Kostis J,
Benedict C, Rousseau M, Bourassa M, Pitt B. Effect of enalapril
on myocardial infarction and unstable angina in patients with low
ejection fractions. Lancet. 1992;340:1173-1178.

Francis G, Benedict C, Johnstone DE, Kirlin PC, Nicklas J, Liang
C-S, Kubo SH, Rudin-Toretsky E, Yusuf S. Comparison of neuro-
endocrine activation in patients with left ventricular dysfunction
with and without congestive heart failure: a substudy of the


http://circ.ahajournals.org/

/702 ‘8T AInc uo 18nb Aq /B10's[euano feue-auio//:dny wiou pepeojumoq

152.

153.

154.

155.

156.

157.

158.

Studies of Left Ventricular Dysfunction (SOLVD). Circulation.
1990;82:1724-1729.

Benedict CR, Johnstone DE, Weiner D, Bourassa MG, Bittner V,
Kay R, Kirlin P, Greenberg B, Kohn RM, Nicklas JM, McIntyre
K, Quinones MA, Yusuf S, for the SOLVD Investigators. Rela-
tionship of neurohormonal activation to clinical variables and
degree of ventricular dysfunction: a report from the registry of
Studies of Left Ventricular Dysfunction. J Am Coll Cardiol. 1994;
23:1410-1420.

Swedberg K, Held P, Kjekshus J, Rasmussen K, Ryden L, Wedel
H. Effects of early administration of enalapril on mortality in
patients with acute myocardial infarction: results of the Coop-
erative New Scandinavian Enalapril Survival Study II (CON-
SENSUS II). N Engl J Med. 1992;327:678-684.

ISIS Collaborative Group. ISIS-4: randomised study of oral cap-
topril in over 50,000 patients with suspected acute myocardial
infarction. Circulation. 1993;88(part 2):1-394. Abstract.

GISSI Collaborative Group. Oral presentation at the 66th Sci-
entific Sessions of the American Heart Association, November
1993.

The Chinese Captopril Trial. Oral presentation at the 66th Sci-
entific Sessions of the American Heart Association, November
1993.

Texter M, Lees RS, Pitt B, Dinsmore RE, Uprichard ACG. The
Quinapril Ischemic Event Trial (QUIET) design and methods:
evaluation of chronic ACE inhibitor therapy after coronary artery
intervention. Cardiovasc Drugs Ther. 1993;7:273-282.

Daly P, Rouleau JL, Cousineau D, Burgess JH. Acute effects of
captopril on the coronary circulation of patients with hyper-
tension and angina. Am J Med. 1984;76(suppl B):111-115.

Lonn et al

159.

160.

161.

162.

163.

164.

165.

166.

ACE Inhibitors in Cardiac Protection 2069

Daly P, Mettauer P, Rouleau JL, Cousineau D, Burgess JH. Lack
of reflex increase in myocardial sympathetic tone after captopril:
potential antianginal effect. Circulation. 1985;71:317-325.
Akhras F, Jackson G. Captopril as monotherapy for stable angina
and hypertension. Eur Heart J. 1988;9(suppl 1):2. Abstract.
Strozzi C, Portaluppi F, Cocco G, Urso L. Ergometric evaluation
of the effects of enalapril maleate in normotensive patients with
stable angina. Clin Cardiol. 1988;11:246-249.

Strozzi C, Cocco G, Portaluppi F, Portaluppi F, Urso L, Alfiero
R, Tarsini MT, Montanari L, Al Yassini K, Rizz A. Effects of
captopril on the physical work capacity of normotensive patients
with stable effort angina pectoris. Cardiology. 1987;74:226-228.
Bussman WD, Goerke S, Schneider W, Kaltenbach M.
Angiotensin-Converting-Enzym-Hemmer bei Angina pectoris.
Dtsch Med Wochenschr. 1988;113:548-550.

Gibbs JSR, Crean PA, Mockus L, Wright C, Sutton GC, Fox KM.
The variable effects of angiotensin converting enzyme inhibition
on myocardial ischaemia in chronic stable angina. Br Heart J.
1989;62:112-117.

Cleland JGF, Henderson E, McLenachan JM, Findlay IN, Dargie
HJ. Effect of captopril, an angiotensin-converting enzyme
inhibitor, in patients with angina pectoris and heart failure. J Am
Coll Cardiol. 1991;17:733-739.

Sogaard P, Gotzsche C-O, Ravkilde J, Thygesen K. Effects of
captopril on ischemia and dysfunction of the left ventricle after
myocardial infarction. Circulation. 1993;87:1093-1099.

KEY WORDS

angiotensin ¢ enzymes ¢ coronary disease ©

atherosclerosis


http://circ.ahajournals.org/

/102 ‘8T AInr uo 1s9nb Aq /610°seulno feye o410//:dny wioly papeojumoq

Associatione

' I ez American
QLm_u.l.aIJQD “ Heart

Emerging role of angiotensin-converting enzyme inhibitorsin cardiac and vascular
protection.
E M Lonn, SYusuf, PJha, T JMontague, K K Teo, C R Benedict and B Pitt

Circulation. 1994:;90:2056-2069

doi: 10.1161/01.CIR.90.4.2056
Circulation is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 1994 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7322. Online ISSN: 1524-4539

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://circ.ahajournal s.org/content/90/4/2056.citation

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissionsin the middle column of the Web page under Services. Further information about
this processis available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints

Subscriptions: Information about subscribing to Circulation is online at:
http://circ.ahajournal s.org//subscriptions/



http://circ.ahajournals.org/content/90/4/2056.citation
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circ.ahajournals.org//subscriptions/
http://circ.ahajournals.org/



