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I
n the 1970s, a series of observations reported that
angiotensin II (Ang II) had deleterious effects on
the heart, vessels, and kidney. Then came the
discovery and development of drugs blocking the

renin-angiotensin system (RAS), which clarified the
role of this system in several pathological conditions
and led to the widespread use of angiotensin-convert-
ing enzyme (ACE) inhibitors in the treatment of car-
diovascular and renal disease. Originally, these drugs
were developed as therapeutic agents targeted to treat
hypertension, but several clinical conditions were sub-
sequently identified—such as congestive heart failure
(CHF) and acute myocardial infarction (AMI)—in which
they were also found to be effective. More recently,
ACE inhibitors have been shown to be able to treat
and even prevent ischemic heart disease. 
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The angiotensin-converting enzyme (ACE) is a largely
tissue-based zinc metalloprotease that regulates the
balance between the vasoconstriction and salt reten-
tion induced by angiotensin II, via the angiotensin II
type 1 (AT1) receptor, and the vasodilator and natri-
uretic properties of bradykinin. ACE inhibition 
decreases angiotensin II production and increases
bradykinin availability. Since increased ACE is in-
duced in virtually every model of cardiac injury—
volume overload, atherosclerotic plaque, infarction,
postinfarction remodeling, heart failure, and aging—
renin-angiotensin system (RAS) blockade has become
the universal first-line strategy. ACE inhibitors may
be less specific in their blockade of angiotensin II
than AT1 receptor blockers, but they confer valuable
cardiovascular protection by increasing the availabil-
ity of bradykinin. If anything, the bradykinin effect
compensates for the incomplete blockade of angio-
tensin II. ACE inhibitors thus remain the gold stan-
dard RAS blocker. Not only have their safety and ef-
ficacy been extensively documented, but they confer
benefits that are at once biological, structural, and
neuroendocrine across diseases as clinically diverse as
hypertension, congestive heart failure, ischemic heart
disease, myocardial infarction, and diabetic or non-
diabetic nephropathy.

SELECTED ABBREVIATIONS

ACE angiotensin-converting enzyme

AMI acute myocardial infarction 

Ang II angiotensin II

AT1,2,3,4 angiotensin II type 1; (2; 3; 4) receptor

CAD coronary artery disease

CHF congestive heart failure

cNOS constitutive nitric oxide synthase 

EDRF endothelial-derived releasing factor 

LVH left ventricular hypertrophy

NO nitric oxide

NOS nitric oxide synthase

PAI-1 plasminogen-activator inhibitor–1

PGI2 prostacyclin 

RAS renin-angiotensin system

t-PA tissue-type plasminogen activator



ACE is an enzyme with multiple effects that are not all
mediated by angiotensin receptors. Similarly, Ang I
can be formed by nonrenin enzymes such as tonin or
cathepsin and converted to Ang II by other enzymes
than ACE. Clearly, the “discovery” of the ACE inhibitors
did not put an end to pharmacological research in this
field, and much work is currently going on to develop
specific nonpeptide, orally active Ang II receptor an-
tagonists with possibly more specific actions and fewer
side effects than the ACE inhibitors. This review sum-
marizes the pharmacology and current clinical indica-
tions of this class of drugs.

THE ANGIOTENSIN-CONVERTING 
ENZYME (ACE)

ACE or kinase II is a zinc metalloprotease that regu-
lates the balance between the vasodilator and natriu-
retic properties of bradykinin and the vasoconstrictive
and salt-retention properties of Ang II. It cleaves the
C-terminal dipeptide from Ang I and bradykinin and a
number of other small peptides that do not have a
penultimate proline residue. Thus, ACE is strategically
positioned to affect the balance between the RAS and
the kallikrein-kinin system (Figure 1).1
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Interestingly, the Michaelis-Menten constant (Km) of
ACE for the inactivation of bradykinin is more favorable
than that for Ang II formation: thus, blocking of the
enzyme results in increased bradykinin availability and
decreased Ang II production. ACE is present in plas-
ma and in a number of tissues, such as blood vessels,
heart, kidneys, brain, and adrenal glands. Biochemical
measurement of ACE activity shows that it is essential-

ly a tissue-based enzyme.2 Less than 10% of ACE is in
a circulating form in the plasma.2 The functional im-
portance of tissue-based ACE has been demonstrated
in transgenic mice without tissue ACE, but with normal
plasma ACE levels: these mice are unable to activate
their RAS and, consequently, develop marked hypoten-
sion and cardiovascular impairment.

Tissue ACE and the heart

Myocytes express relatively low levels of ACE or ACE
mRNA, at least under physiological conditions.3 In the
normal heart, moderate levels of ACE are expressed
in the right atrium, and comparatively lower levels in
the left atrium and ventricles.4 The greatest intensity
of immunohistochemical ACE staining is found in the
endothelium of large and small arteries and arterioles,
whereas only half of the coronary capillaries are im-
munoreactive. This explains why ACE inhibitors cause
only weak coronary dilatation. Venous vessels are al-
most completely devoid of the enzyme.4 Other cardiac
tissue sites expressing ACE include the endocardial
layer and the cardiac valves.4 Very little ACE, if any, is
found in normal adult cardiac myocytes in situ.

Following the initial observation of ACE upregulation
in pressure-overloaded, hypertrophied hearts,3 marked

ACE induction has been reported in virtually all mod-
els of cardiac injury, including volume overload, AMI,
post-AMI remodeling, and CHF.5,6 A correlation be-
tween increased cardiac ACE levels and aging has also
been found.7

Elevated wall stress, and the consequent stretching of
the sarcolemma, is believed to be a critical factor for
cardiac ACE induction because elevated enzyme levels
are found exclusively in the affected ventricle. Interest-
ingly, ACE upregulation is not restricted to the heart,7

because fibroblasts are recruited for ACE expression
in injured hearts, ie, during early remodeling after
AMI.6 Moreover, macrophages, which invade injured
cardiac tissue after an acute injury, also carry high ACE
activity to interstitial sites where Ang II accumulates.

Tissue ACE and the endothelium

ACE is expressed in cultured endothelial cells and
levels increase exponentially after cellular confluence.8

The endothelium plays a crucial role in maintaining
normal vascular tone and structure, local homeostasis,
and vascular wall proliferation processes. These pro-
cesses are mediated by the reactive release of several
vasoactive substances, among which nitric oxide (NO)
is the most important. NO relaxes vascular smooth
muscle through a cyclic guanosine monophosphate
(cGMP)–mediated decrease in Ca2+, resulting in vaso-
dilatation, and inhibits platelet aggregation and expres-
sion of adhesion molecules on both monocytes and
neutrophils, resulting in anticoagulation. NO also pre-
vents structural changes by inhibiting the growth and
migration of smooth muscle cells. These regulatory
processes are all subject to disruption by Ang II. Ang II
produced by activated endothelial ACE impairs NO
bioactivity, mainly with respect to oxidative stress, via
the Ang II–induced production of superoxide radicals
(O2) that scavenge NO and reduce endothelium-de-
pendent vasodilatation.

There is evidence that ACE expression increases in the
presence of atherosclerosis and may contribute to dis-
ease progression by stimulating adhesion molecule
expression, increasing oxidative stress and stimulating
growth. Diet et al reported that tissue ACE accumulates
in regions of inflammatory cells of human atheroscle-
rotic plaque, especially in areas of clustered macro-
phages and microvessel endothelial cells.9 Thus, ACE
accumulation within the plaque may favor increased
production of local Ang II, thereby contributing to the
pathophysiological mechanism of coronary artery dis-
ease (CAD). This hypothesis is supported by the find-
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Figure 1. Schematic representation of the function of the angiotensin-
converting enzyme (ACE). 
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ings of an elegant experiment in which endothelial
NO synthase (NOS) gene knockout mice developed
atherosclerotic lesions in response to adventitial ves-
sel wall injury9: wild-type mice were protected from
this effect. The evidence cited above suggests that
plaque ACE may be an important target for ACE-inhib-
itor action. 

Role of the genetic variability of ACE

The chromosomal locus of the ACE gene has been
linked to the variability of ACE activity and arterial hy-
pertension, as well as to left ventricular (LV) mass (in-
dependently from blood pressure) in several rodent
breeding experiments. Furthermore, a deletion/inser-
tion (D/I ) polymorphism of intron 16 of the human
ACE gene accounts for 14% to 50% of the interindividual
variation in serum ACE activity.10 Both plasma ACE lev-
els and the deletion allele of the polymorphism have
been associated with the risk of developing AMI or LV
hypertrophy (LVH).11

Though these results are readily reproducible, several
investigators failed to duplicate them.12 To explain this,
it was suggested that, in healthy subjects, negative
feedback inhibition may neutralize the genetically-en-
hanced expression of singular components in the Ang II
synthetic cascade. In contrast, the ACE DD genotype
may play a substantial role in the development of LVH
when cardiac growth machinery is activated. This hy-
pothesis was supported by recent data from Mont-
gomery et al13 in which young healthy subjects were
studied before and after a rigorous exercise protocol.
Only those participants who carried the ACE deletion
allele showed an increase in LV mass. Thus, the ACE
genotype may act only under specific conditions, sug-
gesting an interaction between altered hemodynamics,
ACE, and/or other genetic cofactors in the modulation
of LV mass. In keeping with this hypothesis are the
observations that pathological remodeling early after
AMI occurs predominantly in those subjects with the
ACE DD genotype.11 Furthermore, transgenic rats with
high levels of cardiac ACE expression have normal 
(or even smaller) hearts as long as these animals are
housed under physiological conditions. However, car-
diac growth and diastolic dysfunction were found to
be augmented in the same ACE transgenic rats when
the animals were stressed by abdominal aortic band-
ing and subsequent cardiac pressure overload.

Similar to the above observations in the heart, genetic
factors may also regulate ACE expression and produc-
tion in the vasculature. As indicated above, an inser-

tion (I/D) polymorphism in intron 16 of the ACE gene
accounts for 40% of the interindividual variation in
serum ACE activity. Individuals who are homozygous
for the D allele have the highest ACE levels, while those
homozygous for the I allele and I/D heterozygous have
the lowest and intermediate levels, respectively. The
ACE D allele has been associated with a number of dis-
eases in which activation of the RAS is known to play
a role, including AMI in low-risk patients, LVH, and
progressive diabetic nephropathy11: this association
has been attributed to increased formation of Ang II
in individuals who carry the ACE D allele.

ANGIOTENSIN II RECEPTORS

Ang II acts through specific receptors, the most impor-
tant being Ang II type 1 (AT1) and Ang II type 2 (AT2)
receptors, both of which have been cloned.14 They be-
long to the superfamily of G protein-coupled receptors,
which contain 7 transmembrane regions. AT3 and AT4

Ang II receptors also exist, but their role in humans is
still under debate. AT1 and AT2 receptors share only
≈34% homology and have distinct signal transduction
pathways. The pathophysiological role of AT1 recep-
tors is clear: they mediate all the deleterious effects
of Ang II, causing vasoconstriction, myocyte growth,
fibrosis, arrhythmias, etc (Figure 2). AT1 receptor knock-
out mice are characterized by low blood pressure, high
circulating renin levels, and decreased LV remodeling.14

AT2 receptors inhibit growth and promote cell differen-
tiation and apoptosis.14 Recent data suggest that they
mediate the production of bradykinin, NO, and prosta-
glandin. Thus, AT2 receptors could have an important
role in counterbalancing the negative effects of AT1,
but this hypothesis remains to be confirmed. The dis-
tribution and function of these receptors is shown in
Figure 2. AT1 receptors are present in the kidneys, heart,
vascular smooth muscle cells, brain, platelets, and
placenta. AT2 receptors have been localized mainly in
the uterus, adrenal glands, central nervous system,
heart, and kidneys. AT2 receptors are abundant in the
fetus and more sparsely distributed in adults; they
appear to be upregulated in experimental cardiac hy-
pertrophy, AMI, and vascular and wound healing.14

ACE INHIBITORS

Pharmacological effects of ACE inhibitors

ACE inhibitors differ in chemical structure, potency,
bioavailability, plasma half-life, distribution, elimina-
tion, and, more importantly, in affinity for tissue-bound
ACE.1 They can be classified into 3 groups according
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to their chemical structure. Some contain a sulfhydryl
group, captopril being the prototype. In vitro data sug-
gest that the presence of the sulfhydryl group may
confer additional properties to ACE inhibition such as
free radical scavenging and effects on prostaglandins.1

However, the clinical relevance of these actions has
never been demonstrated. Fosinopril is the prototype
of ACE inhibitors that contain a phosphinyl group as
their reactive moiety. Other ACE inhibitors contain a
carboxyl moiety.

The majority of ACE inhibitors are administered as
prodrugs, which have enhanced oral bioavailability
compared with the active drugs. Relative tissue affinity
differs among ACE inhibitors: quina-
prilat, perindoprilat, and fosinoprilat
have the highest affinity for heart ho-
mogenates (Figure 3). This may be im-
portant, as several investigators have
shown that the antiatherosclerotic
effect of ACE inhibitors is better cor-
related with tissue ACE levels than
with circulating ACE levels.14 The rela-
tive potency of ACE inhibitors in en-
hancing bradykinin levels vs reducing
Ang II may also be important. Little
is know in this respect. Campbell et
al15 showed that perindopril increas-
es bradykinin levels at doses much
lower than those required to reduce
Ang II levels. Similarly, in dogs with

pacing-induced CHF, perindoprilat
has been demonstrated to signifi-
cantly reduce Ang II levels and to in-
crease bradykinin levels.16 ACE inhib-
itors block the pressor response to
intravenous Ang I, but not to Ang II.
Following short-term ACE-inhibitor
treatment, endogenous levels of
Ang II and aldosterone decrease,
whereas renin activity and Ang I in-
crease. The increase in Ang I levels
may then result in degradation of
Ang I to Ang 1-7 (a vasodilator) or
in the formation of Ang II via non-
ACE–mediated pathways. During
chronic ACE inhibition, Ang II and
aldosterone levels return to pretreat-
ment levels, a phenomenon known
as Ang II and aldosterone escape.
This phenomenon opens up perspec-
tives for acting on RAS by directly
blocking Ang II receptors with spe-

cific Ang II receptor blockers. While the reduction of
Ang II levels is pivotal in blood pressure regulation by
ACE inhibitors, the contribution of bradykinin to the
hemodynamic effect of ACE inhibitors is unclear. 

Bradykinin has a short half-life and is thus difficult to
measure: it has been reported as either increased or
unchanged in patients treated with ACE inhibitors.
However, the recent availability of specific bradykinin
(B2) receptor antagonists has shown that coadminis-
tration of ACE inhibitors with bradykinin antagonists
attenuates their antihypertensive effect as well as their
beneficial action on endothelial dysfunction, both in
animal models and in humans.
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Figure 2. Schematic representation of the function of the angiotensin II receptors. 

Abbreviations: AT1, angiotensin II type 1 receptor; AT2, angiotensin II type 2 receptor; NF-κB, 
nuclear factor–kappaB.

Figure 3. Differences in relative tissue affinity of various angiotensin-converting enzyme inhibitors. 



The main pharmacological effect of ACE inhibitors is
a reduction in systemic vascular resistance without or
with little change in heart rate.1 In contrast to other
vasodilators, no reflex tachycardia is observed, possibly
due to an effect on baroreceptor sensitivity, vagal stim-
ulation, and reduced activation of sympathetic nerve
activity. However, heart rate during exercise is not im-
paired. In normotensive and hypertensive subjects
with normal LV function, ACE inhibitors have little ef-
fect on cardiac output and pulmonary capillary wedge
pressure.1 In the kidney, ACE inhibitors cause increased
renal plasma flow and promote salt and water secre-
tion.1 In patients with CAD, with or without CHF, ACE
inhibitors improve hemodynamics and energy supply
to the myocardium via peripheral and coronary dilata-
tion. Despite this positive hemodynamic action, the
effects of ACE inhibitors on angina pectoris are not
clear. A number of small-scale clinical trials on angina
pectoris and/or myocardial ischemia have reported
conflicting results.1 Thus, although ACE inhibitors are
able to restore the balance between oxygen supply and
demand, they fail to show consistent antianginal ef-
fects.4 This contrasts with the beneficial results ob-
tained in long-term studies in post-AMI patients or in
patients with CAD, which implies that ACE inhibitors
possess other, more structural effects that underlie
their anti-ischemic action, the so-called biological ef-
fects of the ACE inhibitors. 

The “biological effects” of ACE inhibitors account for
their antiatherosclerotic and antiremodeling actions.
Interestingly, ACE inhibitors also reverse cardiac and
vascular hypertrophy in hypertensive patients and re-
duce endothelial dysfunction in normotensive patients
with CAD, hypertension, non–insulin-dependent dia-
betes mellitus, and CHF. ACE inhibitors improve en-
dothelial function via attenuation of vasoconstriction
and bradykinin-mediated upregulation of constitutive
nitric oxide synthase (cNOS). Interestingly, in animal
models and in large clinical studies, ACE inhibitors
delay the development and progression of atheroscle-
rosis. These antiatherogenic properties seem to be at-
tributable to the inhibition of Ang II formation, brady-
kinin potentiation, and consequent increase in NO
release, resulting in decreased migration and prolifer-
ation of vascular smooth muscle cells, decreased ac-
cumulation and activation of inflammatory cells, de-
creased oxidative stress, and improved endothelial
function. ACE inhibitors also positively affect the fibri-
nolytic balance by decreasing Ang II, a potent stimulus
for plasminogen-activator inhibitor–1 (PAI-1) synthesis,
and by increasing bradykinin levels, thus stimulating
tissue plasminogen activator (t-PA). 

Clinical indications of ACE inhibitors

ACE inhibitors undoubtedly represent a milestone in
cardiovascular therapy. Their pharmacological profile
initially targeted them for use in the treatment of hy-
pertension. However, after their introduction into the
therapeutic armamentarium as antihypertensive agents,
it became immediately apparent that these drugs could
halt the progression of CAD by interrupting, at several
levels, the series of events leading to end-stage CHF.
Moreover, quite surprisingly, in patients with severe
CHF, the ACE inhibitors were found to reduce angina
pectoris and AMI recurrence rates, hospitalization for
ischemic heart disease, and coronary artery bypass sur-
gery or angioplasty. These unexpected findings led to
the hypothesis that prolonged ACE inhibition reduces
progression of atherosclerosis and influences mortality
and hospitalization when used in CAD patients with
LV dysfunction without overt CHF. The results of the
Heart Outcomes Prevention Evaluation (HOPE) study17

confirmed that this was the case in high-risk patients
with CAD. Even more importantly, the EUropean trial
on Reduction Of cardiac events with Perindopril in sta-
ble coronary Artery disease (EUROPA)18—the largest
and longest trial on ACE inhibition in patients with
CAD—proved that ACE inhibition prevents mortality
and AMI in patients with CAD, independently from
their risk profile. Another trial, the Prevention of Events
with ACE inhibitors (PEACE) study, is under way.19

ACE inhibitors in patients 
with hypertension

ACE inhibitors decrease mean systolic and diastolic
pressure in hypertensive patients as well as in salt-
depleted normotensive patients.1 They are indicated
in the treatment of hypertension (class I, level of evi-
dence A). Current guidelines strongly recommend re-
duction of blood pressure based on patients’ risk pro-
files.20 The extent of blood pressure reduction achieved
with the ACE inhibitors is not different from that with
β-blockers or diuretics, at least in white patients, while
their tolerability profile is better than that of other
medications.

The acute changes in blood pressure (but not the long-
term chronic ones) induced by ACE inhibitors are cor-
related with pretreatment renin and angiotensin levels,
ie, the greatest reduction in blood pressure is seen 
in patients with the highest RAS activation. Thus it is
likely that the chronic effects of the ACE inhibitors
mainly involve the kallikrein-kinin system and the pro-
duction of prostaglandins, while the acute effects main-

76

Dialogues in Cardiovascular Medicine - Vol 9 . No. 2 . 2004

Preserving bradykinin or blocking angiotensin II: the cardiovascular dilemma - Ferrari



ly involve the reduction in Ang II. Similar to the β-block-
ers, ACE inhibitors seem to be less effective in black
hypertensive patients,1 probably because black subjects
tend to have lower renin levels than whites. However,
more recent data in African-Americans show that, con-
trary to former notions, ACE inhibitors have an impor-
tant place in the management of hypertension and
related disorders in this particular population, by of-
fering a major benefit in terms of target-organ protec-
tion and prevention of disease progression.21 Likewise,
perindopril monotherapy (4 to 8 mg/d) has been shown
to significantly reduce blood pressure in African-Ameri-
cans, including in subgroups of diabetic and elderly
patients aged 65 or above.22

One of the hallmarks of the ACE inhibitors is that they
decrease blood pressure without causing compensa-
tory tachycardia. This is in contrast to other vasodila-
tors such as Ca2+ channel blockers and direct-acting
vasodilators, and it is probably due to the effect of
ACE inhibitors on baroreceptor sensitivity as well as
to the inhibition of the sympathetic nervous system.
A meta-analysis23 of placebo-controlled trials on ACE
inhibitors carried out by the Blood Pressure Treatment
Trialists’ Collaboration showed reductions in stroke
(30%), CAD (20%), and major cardiovascular events
(21%). Comparison of ACE-inhibitor–based regimens
and diuretic-based or β-blocker-based regimens dis-
closed no detectable differences in risks between the
study groups in the randomized trials. Two trials in
which a head-to-head comparison of ACE inhibitors
and Ca2+-antagonist-based regimens was carried out,
found a reduced risk of coronary artery disease events
with ACE inhibition. There was no clear evidence of
differences in stroke risk or total mortality. There was
a trend toward a reduced risk of CHF in patients on
ACE-inhibitor treatment.

In another meta-analysis in 62 605 hypertensive pa-
tients, no differences were found in outcome between
ACE inhibitors and β-blockers and Ca2+ channel block-
ers.24 The UK Prospective Diabetes Study (UKPDS)25

compared captopril and atenolol in patients with hy-
pertension and type 2 diabetes. This study showed no
difference between the two drugs in terms of either
specific beneficial or deleterious effect other than blood
pressure reduction, suggesting that blood pressure re-
duction itself might be more important than the treat-
ment used.

The Perindopril pROtection aGainst REcurrent Stroke
Study (PROGRESS) was designed to determine the ef-
fects of a blood pressure–lowering regimen in hyper-

tensive and nonhypertensive patients with a history of
stroke or transient ischemic attack. Active treatment
comprised a flexible regimen based on perindopril with
the addition of indapamide (diuretic compound) at
the physician’s discretion. This combination decreased
blood pressure on average by 12.5 mm Hg and stroke
risk by 43%. The risk reduction in stroke was observed
among both the hypertensive and nonhypertensive
subjects.26

In summary, it seems that, in hypertension, the level
of blood pressure reduction is more important that the
specific treatment, although the evidence from trials
in other cardiovascular conditions points to the supe-
riority of ACE inhibitors in patients with CHF, diabetes,
and high-risk cardiovascular profile. However, conflict-
ing results were obtained in the Antihypertensive and
Lipid-Lowering treatment to prevent Heart Attack Trial
(ALLHAT),27 in which a total of 33 357 hypertensive pa-
tients with at least one other cardiovascular risk factor
received either chlorthalidone, amlodipine, or lisinopril.
Results disclosed no difference between treatments
in the primary outcome (cardiovascular death or AMI),
but lisinopril was associated with higher 6-year rates
of combined cardiovascular disease, stroke, and CHF,
questioning its use as first-line therapy in hypertensive
patients without a high-risk cardiovascular profile or
CHF.

ACE inhibitors in patients with CHF

ACE inhibitors are indicated as first-line therapy in pa-
tients with reduced LV function with or without symp-
toms (class I, indication, level of evidence A).

ACE inhibitors favorably alter hemodynamics in pa-
tients with CHF. They reduce afterload, preload, and
systolic wall stress such that cardiac output increases
without an increase in heart rate. The COoperative
North Scandinavian ENalapril SUrvival Study I (CON-
SENSUS I) with enalapril28 not only yielded clear effica-
cy data in CHF, but also resulted in better understand-
ing of the pathophysiology of the CHF syndrome itself,
showing that the positive effects of enalapril were not
only due to its pharmacological action, but also to the
biological improvement, resulting in a reduction of the
deleterious effects of the neuroendocrine response.
Accordingly, most of the beneficial effects of ACE in-
hibitors in CHF are now ascribed to their counteraction
of neuroendocrine effects, leading to:
• Increased salt excretion, resulting from increased
renal blood flow consequent upon the reduction in al-
dosterone and antidiuretic hormone production.
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• Promotion of coronary, renal, and peripheral dilata-
tion through counteraction of the vasoconstrictive 
effect of Ang II and of the sympathetic system.
• Antiremodeling effect, by altering the balance between
the pro-proliferative and proapoptotic effects of Ang II.
• CONSENSUS I has also provided a benchmark for
designing subsequent trials in patients with CHF; since
1987, several large, prospective, randomized placebo-
controlled trials have demonstrated that treatment with
ACE inhibitors results in overall mortality reduction
in patients with CHF due to systolic dysfunction. 
• The meta-analysis shown in Figure 4 reports the cu-
mulative results of these trials. The reduction in mortal-
ity is present even in asymptomatic patients, although
to a lesser extent.29

The improvement in prognosis results primarily from
a reduction in the progression of CHF (mainly via an
antiremodeling effect) although a decrease in incidence
of sudden death and AMI may also contribute.

It is not clear to what extent bradykinin contributes to
these positive effects. The study with specific Ang II
receptor blockers failed to show superiority over ACE
inhibitors despite a more profound and complete ef-
fect on Ang II. This unexpected finding indirectly sug-
gests that bradykinin has a pathophysiological role.
Little is known about the effect of ACE inhibitors in
elderly patients with CHF or in patients with CHF due
to diastolic dysfunction. A meta-analysis of trials with

several antihypertensive drugs sug-
gests that ACE inhibitors are the
most effective agents in reducing
LVH, one of the causes of diastolic
dysfunction.30 The Perindopril and
Remodeling in Elderly with Acute
Myocardial Infarction (PREAMI) trial
is exploring the effects of perindopril
in elderly patients with moderate LV
dysfunction.31 Accordingly, ACE in-
hibitors are recommended for the
treatment of patients with symptoms
of CHF and preserved LV function
(class II D, level of evidence C).

All the trials with ACE inhibitors in CHF had target
dosage regimens higher than those used in clinical
practice. Two studies addressed the dosage issue: in
one,32 the combined end point of all-cause death and
hospitalization was significantly reduced in patients
receiving high-dose treatment. In the Network Trial,33

no relationship was found between the dosage of
enalapril and clinical outcome. 

In summary, there is clear evidence that ACE inhibitors
reduce the rate of hospitalization and mortality in pa-
tients with CHF. Dosing of ACE inhibitors should aim
at the target dosage used in the clinical trials, but only
when this dosage is well tolerated. 

ACE inhibitors in patients after AMI

Over the past decade, in the wake of the demonstra-
tion of the striking beneficial results of prolonged ACE
inhibition in patients with LV dysfunction due to is-
chemic heart disease, a series of trials were conducted
to evaluate the role of ACE inhibition after AMI. Some
studies enrolled selected, high-risk, patients with left
ventricular dysfunction. Long-term treatment with ACE
inhibitors was started late after the event, usually at
discharge. The most important among these studies
were SAVE (Survival And Ventricular Enlargement);
AIRE (Acute Infarction Ramipril Efficacy); and TRACE
(TRAndolapril Cardiac Evaluation), which showed con-
sistent, significant reductions in mortality and hospi-
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Figure 4. Results of the main studies with an-
giotensin-converting enzyme inhibitors in CHF
(congestive heart failure); AMI+LVD (acute my-
ocardial infarction + left ventricular dysfunction);
AMI (acute myocardial infarction); and CAD/Diab
(coronary artery disease + diabetes). 
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talization. Other randomized studies were performed
in unselected patients receiving short-term treatment
very early (24 h) after AMI: CONSENSUS II; GISSI 3
(Gruppo Italiano per lo Studio della Sopravvivenza
nell’Infarto miocardico III); ISIS 4 (Fourth International
Study of Infarct Survival); and CCS-1(Chinese Captopril
Study–1). 

Overall, these trials point to a small, but definite, ben-
efit of around 5 lives saved for every 1000 patients
treated. The benefit is larger in higher-risk groups such
as those with a history of AMI (18 deaths less over 1000)
or with established CHF (14 deaths less over 1000).
Thus, there is a clear decrease in the relative size of
the beneficial effects, which is associated with a broad-
ening of the population treated. Despite this, there is
a consensus that ACE inhibitors should be used early
after AMI in all patients, particularly high-risk ones.29,30

The main questions are: (i) for how long?; and (ii) what
should be the criteria for withdrawal or maintenance
of treatment? As of now, these questions are no longer

a cause for debate since the results of HOPE and, par-
ticularly, of EUROPA, have shown that ACE inhibition
is indicated for secondary prevention of CAD, and that
the longer the treatment, the better the results.17,18

From the pathophysiological point of view, the results
appear to be in keeping with the remodeling hypothe-
sis based on experimental studies. The data of the Echo
Subgroup of GISSI 3 confirmed this hypothesis in a
large, unselected population treated very early after
AMI. Although the changes observed in LV volumes
were small, they were clinically and statistically rele-
vant.34 In addition, the activation of the RAS in the
first few days after AMI is known to increase the heart
rate and systemic vascular resistance and decrease
coronary perfusion, leading to infarct expansion.

Thus, in summary, oral ACE inhibitors are beneficial in
all patients without contraindications within 36 h after
AMI (class IIa, level of evidence A), especially in the
presence of impaired ejection fraction or mild-to-mod-

erate CHF (class I, level of evidence
A). Later after AMI, all patients with
clinically documented CHF or asymp-
tomatic LV dysfunction should be
chronically treated with ACE inhib-
itors (class I, level of evidence A).
Findings from the HOPE study indi-
cate that treatment should be main-
tained in patients at high-risk of, 
or with, diabetes, while those from
EUROPA indicate that all patients
should be treated, independently of
their risk factors. 

Anti-ischemic effect 
of ACE inhibitors

Unexpectedly, several trials on CHF
showed that ACE inhibition also 
reduces ischemic events such as re-
currence of angina pectoris, AMI,
hospitalization for ischemic heart
disease, and rate of coronary artery
bypass surgery or angioplasty (Fig-
ure 5).35,36 The recently published
PROGRESS findings showed a 38%
reduction in the occurrence of non-
fatal AMI, a 26% reduction in con-
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gestive heart failure, and a 26% reduction in major
coronary events in the group receiving the perindopril-
based treatment regimen.26 Risk reduction in these
trials is manifest as early as after 1 year of treatment.
This interval in the reduction of ischemic events sug-
gests that the mechanism of the anti-ischemic action
of ACE inhibition is not only related to hemodynamic
consequences or blood pressure reduction, but also to
prevention of the progression of coronary atheroscle-
rosis and/or stabilization of the atherosclerotic plaque.
This finding has led researchers to propose that alter-
ation in ACE activity, particularly in vascular tissues,
may be an important factor in the development and
progression of CAD. Epidemiological, genetic, and ex-
perimental studies support this point of view. Increased
ACE activity is associated with damage and remodel-
ing not only of the ventricle, but also of the vascula-
ture. Therefore, the beneficial effects of ACE inhibitors
can be distinguished as cardioprotective and vasculo-
protective. Accordingly, during the past decade, use
of ACE inhibitors has been studied both with respect
to the treatment of acute events, and also—especially
nowadays—as a preventative treatment (Figure 6).

This preventative role was tested, but not proved, in
the QUinapril Ischemic Event Trial (QUIET), which un-
fortunately was not powered enough for the end point

and in which quinapril was underdosed. In the HOPE
study, ramipril treatment in high-risk patients was as-
sociated with a 20% reduction in AMI,17 and a mean
reduction in blood pressure of 3 and 1 mm Hg for sys-
tolic and diastolic pressure, respectively. The investiga-
tors suggest that the 20% reduction was much higher
than what could be expected based on the observed
blood pressure reduction. 

This observation was confirmed and extended by the
results of the EUROPA trial (Figure 7),18 which en-
rolled patients with CAD, who were at lower risk than
in HOPE. The major annual event rates in HOPE were
40% to 80% higher than those in EUROPA, and yet
perindopril reduced the primary combined end point
by 20% and the rate of AMI by 27%. Only 27% of a total
of 12 218 patients randomized were hypertensive, and
in these patients, there was the possibility that the
long-term blood-pressure reduction induced by perin-
dopril could have reduced the subsequent cardiovascu-
lar events. However, there was no relationship between
basal values of blood pressure or degree of blood pres-
sure reduction and the reduction in cardiovascular
events, which was greater than that expected for the ob-
served reduction in blood pressure (mean 5/2 mm Hg)
achieved with perindopril. This finding implies that a
specific antiatherosclerotic effect of ACE inhibition
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Figure 6. Trends of angiotensin-converting enzyme inhibitor trials with regard to severity of disease and timing of ad-
ministration from acute myocardial infarction (AMI) causing heart failure, for example, acute myocardial infarction. 
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should be taken into account. As for the intimate mech-
anism of action, several possibilities exist, which are
detailed below. 

ACE inhibition improves endothelial function
Alterations of endothelial function, such as impaired
release of NO or other endothelium-derived relaxing
factors (EDRFs), develop in many pathological condi-
tions, including CAD. Experimental studies have shown
that ACE inhibition stimulates endothelial release of
NO and prostacyclin by a bradykinin-mediated mecha-
nism, thereby enhancing endothelial-dependent va-
sodilatation. These and other studies have raised the
question of whether or not ACE inhibition can improve
coronary endothelial function in humans and whether
this potentially beneficial effect of ACE inhibition is
bradykinin-mediated. The results of the Trial on Revers-
ing ENdothelial Dysfunction (TREND) support this the-
ory.37 This study tested the effect of ACE inhibition
with quinapril on coronary artery endothelial function
in patients with established CAD. In the treated group,
the initial vasoconstrictor response to intracoronary
infusion of acetylcholine was significantly reduced and
partly normalized toward a vasodilator response, where-
as no changes were observed in the placebo group.

Perindopril, an ACE inhibitor with high tissue-binding
affinity, is also able to normalize coronary endothelial
function in hypertensive patients to a greater extent
than other classes of drugs.38 These beneficial effects
of ACE inhibition could be due to a reduction in Ang II
and/or an increase in bradykinin. Inhibition of the gen-
eration of Ang II may attenuate smooth muscle con-
traction and the production of superoxide anions 
resulting from stimulation of NADH/NADPH oxidase
systems of smooth muscle cells. This would inactivate
endothelial-derived NO, thereby restoring endothelial
function. In addition, bradykinin-induced augmentation
of NO release by endothelial cells is promoted by ACE
inhibition. Using the selective bradykinin B2 receptor
antagonist icatibant, Horning et al were able to demon-
strate that the endothelial-dependent vasodilatation
mediated by quinapril was indeed related to increased
bradykinin levels.39

Interestingly, Zhuo et al recently showed that perindo-
pril improved constitutive nitric oxide synthetase
(cNOS) expression in the mammary artery of CAD 
patients subjected to coronary artery bypass grafting,
while reducing the activation of tissue endothelial
ACE.40
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Thus, taken together, there is evidence that ACE inhi-
bition has the potential to restore abnormal peripheral
and coronary artery endothelial function in patients
with CAD. Furthermore, experimental and clinical data
support the concept that ACE inhibition improves vas-
cular function by increasing the levels of bradykinin. 

ACE inhibition exerts an antiatherogenic action
Several animal models of atherosclerosis have pro-
vided experimental evidence of an antiatherogenic ef-
fect of ACE inhibitors.41 This effect is complex and in-
cludes protection of the endothelium, an antimitogenic
action, an antithrombotic and plaque-stabilizing ac-
tion, and possible antioxidant properties. Increases in
mRNA for ACE and angiotensinogen have been shown
in the proliferating tissue of balloon-injured vessels
in rat and in humans.4

ACE inhibitors exert an indirect antiatherogenic action
by reducing vascular smooth muscle growth and pro-
liferation, restoring endothelial function, and reducing
the propensity for plaque rupture, a crucial mecha-
nism in the genesis and progression of atherosclerotic
lesions. Ang II acts by inducing the protooncogenes
s-fos, c-mgc, and c-jun, as well as the expression of sev-
eral growth factor genes, ultimately resulting in vas-
cular smooth muscle cell growth. In addition, Ang II
favors the release by the endothelium of a neutrophil
chemoattractant, leading to neutrophil accumulation.37

ACE inhibitors reduce the breakdown of bradykinin
(which has a vasodilator effect), and induce the release
of NO and prostacyclin (PGI2) from endothelial cells.
Besides being a potent vasodilator, NO has other ben-
eficial effects on endothelial function and integrity 
by inhibiting platelet adhesion and aggregation and
smooth muscle cell mitogenesis. By enhancing kinin
accumulation, ACE inhibitors may prevent the develop-
ment of proliferative atherosclerotic lesions. 

ACE inhibitors exert an antithrombotic action
Experimental studies have shown that, in endothelial
cells, Ang II selectivity induces the production and se-
cretion of plasminogen activator inhibitor-1 (PAI-1),
which inhibits tissue-type plasminogen activator (t-PA)
in plasma. Elevated levels of t-PA play a major role in
thromboembolic disease. This indicates that Ang II
may have prothrombotic properties by increasing PAI-1
and consequently reducing the activity of the fibrinolytic
system. Preliminary observations indicate that ACE
inhibitors improve endogenous fibrinolytic function in
CAD patients, suggesting a potential link between the
RAS and the risk of thrombosis. In a comparative study,

the ACE inhibitor perindopril, but not the AT1 receptor
blocker losartan, was found to potentiate bradykinin-
induced t-PA release in the coronary circulation, sug-
gesting it may have a potential to reduce thrombotic
cardiovascular events.42

ACE inhibitors exert a modulation of the sympathetic
action
Ang II is an important regulator of norepinephrine re-
lease from the sympathetic nerve terminals and modu-
lates local cardiac and vascular sympathetic activities.
Inhibition of this effect may potentially account for
cardiac protection and reduction in cardiovascular
events. The importance of this mechanism in humans
is still controversial. It is not clear whether ACE-inhib-
itor therapy significantly decreases plasma norepin-
ephrine or systemic venous norepinephrine spillover. 

The major problem is that all studies have been con-
ducted in patients with CHF treated with diuretics,
digitalis, and vasodilators, and that these treatments
exert a significant stimulating action on the sympathet-
ic system, which might therefore mask the beneficial
effect of ACE-inhibitor therapy. When given as mono-
therapy to patients with CHF, ACE inhibitors do not
seem to influence the neuroendocrine response, but
data are scarce. The relevance of the antiadrenergic
properties of ACE inhibition in humans in the absence
of CHF is even less clear. In contrast, a very recently
published study evaluating the effect of monotherapy
with the ACEI perindopril on the 24-hour blood pres-
sure profile and the circadian vasosympathetic balance
in hypertensive diabetics with nephropathy showed
that perindopril reduced the blood pressure over 
24 hours. Spectral analysis of the ambulatory blood
pressure monitoring (ABPM) findings suggested that
this action was partially related to inhibition of sym-
pathetic nervous activity.43

Acute and short-term anti-ischemic effects of ACE 
inhibitors
As previously stated, most of the anti-ischemic proper-
ties of ACE inhibitors have been documented during
long-term trials, so that the effects in the acute ischemic
setting are less clear. Bartels et al44 have investigated
the effects of perindopril on pacing-induced myocardial
ischemia in a double-blind trial in CAD patients with
and without LV dysfunction. After perindopril adminis-
tration, the pacing-induced increase in systemic vascu-
lar resistance and LV end-diastolic pressure was sig-
nificantly blunted. ST-segment depression was
significantly reduced and the ischemia-induced re-
lease of atrial natriuretic peptide and norepinephrine
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was inhibited. There was also less lactate release. All
these effects were more pronounced in patients with
LV dysfunction than in patients with normal LV func-
tion. It follows that the anti-ischemic effect of perindo-
pril may be the consequence of a reduction in either
myocardial oxygen demand or neurohumoral activa-
tion with particular reference to the sympathetic nerv-
ous system, which, in turn, can cause coronary vaso-
constriction and increase in heart rate, worsening the
ischemic damage.

The potential of ACE inhibitors to reduce short-term
stress-induced myocardial ischemia as a result of their
neurohormonal modulating, and subsequently vasodi-
lating, effects is further proven by data from Monishita
et al.45 These authors sought to determine whether
treatment with perindopril improved dobutamine-in-
duced myocardial ischemia in CAD patients. They
found that treatment significantly improved the time
to onset of symptoms and reduced the magnitude of
ECG ST-segment changes and the LV wall motion score.

Interestingly, the reduction in LV wall motion score
elicited by perindopril closely correlates with the inhi-
bition of serum ACE activity and the increase in plas-
ma bradykinin concentration, suggesting once again
that these biological effects of ACE inhibition may be
just as central to the anti-ischemic action of the ACE
inhibitors as their hemodynamic effects. 

AT1 RECEPTOR BLOCKERS

Pharmacological effects of 
AT1 receptor blockers

Several orally active, selective AT1 receptor antagonists
have been synthesized. To date, six have been approved
for clinical use (losartan, valsartan, candesartan, irbe-
sartan, telmisartan, and eprosartan). Although they
share the same mechanism of action, they have differ-
ent pharmacokinetic profiles that may account for po-
tential differences in efficacy. In addition, the starting
dose in the various trials may have been chosen based
on different criteria, resulting in noncomparable de-
grees of RAS blockade.14

All these compounds have a high affinity for AT1 recep-
tors in the nanomolar range and practically no affinity
for AT2 receptors. All have very high protein-binding
activity. In addition, they exert a nonparallel displace-
ment of the Ang II response curves in vitro. This implies
that all AT1 receptor antagonists are competitive, with
a very slow dissociation from the receptor. Because of

this similar behavior, differences among antagonists
are likely related to the dose and the duration of action
of each drug rather than to differences in mechanism
of action.14

AT1 receptor blockers in patients 
with hypertension

AT1 receptor blockers are indicated in hypertension
(class I, level of evidence A). Several studies have eval-
uated the antihypertensive efficacy of this class of drugs
in patients with mild, moderate, or severe hyperten-
sion.46 Overall, the results of these studies show that
AT1 receptor blockers are as effective as the ACE in-
hibitors, Ca2+ antagonists, β-blockers, and diuretics. In
monotherapy, AT1 receptor blockers result in a similar
degree of blood pressure reduction in young and eld-
erly patients and men and women. They are less effec-
tive in black patients, but this is not the case when
combined with diuretics. They have a good tolerability
profile: in contrast to some ACE inhibitors, they do not
produce first-dose hypotension or rebound phenomena
after withdrawal. They do not induce cough and only
rare cases of angioedema have been reported.14

AT1 receptor blockers may be particularly indicated in
some categories of hypertensive patients. One such
category is type 2 diabetic patients with microprotein-
uria, the occurrence of which is an important parameter
of cardiovascular risk and calls for very strict blood
pressure control. Interestingly, although three small
studies comparing the renal effects of AT1 receptor
blockers and ACE inhibitors found no differences, AT1

receptor blockers instead of ACE inhibitors were used
in a series of well-controlled and carefully monitored
studies in patients with disorders ranging from overt
hypertensive type 2 diabetic nephropathy to diabetic
microalbuminuria with or without hypertension, which
showed a renoprotective effect. Several studies sug-
gest that ACE inhibitors provide similar renoprotec-
tion.43,47-49 Patients with hypertension complicated by
LVH are another subgroup of patients that could ben-
efit from AT1 receptor–blocker therapy. Thus, losartan,
in the Losartan Intervention For Endpoint reduction in
hypertension study (LIFE),50 was clearly more effective
than atenolol in preventing cardiovascular morbidity
and death. As the blood pressure reduction was nearly
identical in both groups (30/17 mm Hg), losartan thus
seems to confer benefits beyond those resulting from
reduction in blood pressure alone. Furthermore, 1195
of the 9193 subjects enrolled in the LIFE study were
diabetics. Of these, 586 were randomly assessed to
losartan and 609 to atenolol. Patients were followed for
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4 years. Even in this group of high-risk patients losartan
was more effective than atenolol. Although AT1 recep-
tor blockers share the same mechanism of action, they
have different pharmacokinetic profiles, which may
account for the potential differences in efficacy. Several
double-blind, head-to-head comparative studies have
evaluated the relative antihypertensive efficacy among
the various AT1 receptor blockers. The results suggest
that longer-acting compounds such as irbesartan, can-
desartan, and telmisartan may be more effective than
losartan, particularly at trough, and provide better 24-
hour control of blood pressure. However, it should be
recalled that the antihypertensive efficacy seems to be
mainly related to the dose and duration of action of
the respective drugs. Additional studies are needed to
assess whether these differences are truly clinically
relevant with respect to major end points such a mor-
bidity and mortality.  

AT1 receptor blockers in heart failure

Following the important results obtained with ACE in-
hibitors, several studies have investigated the effects
of AT1 receptor blockers in CHF. Several small case
studies suggested that AT1 receptors antagonists are
at least as efficacious as ACE inhibitors, but with a
more favorable tolerability profile. In the Evaluation of
Losartan in the Elderly (ELITE I) trial, one of the sec-
ondary end points (combined mortality and hospital-
ization for CHF) was surprisingly lower in the losartan
vs the captopril group.51 Interestingly, in ELITE I, no dif-
ference was found in the incidence of renal dysfunction
among elderly patients receiving losartan and those
treated with captopril. This was the primary end point
for which the sample size of the study was determined.

Despite this negative outcome, the attention of the
scientific community focused on the positive data ob-
tained in the secondary end point and an adequately
sized study was started—ELITE II. Unfortunately, the
preliminary positive results were not confirmed. Indeed,
ELITE II showed that losartan was not superior to cap-
topril in reducing mortality and morbidity.52 Losartan
had fewer side effects than captopril. Similar results
were found in the Valsartan–Heart Failure Trial (Val-
HeFT), showing that addition of valsartan to the stan-
dard treatment for CHF, with or without ACE inhibition,
did not improve mortality.53 A benefit was found when
combining the primary end point (mortality) and hos-
pitalization and in a subgroup of patients not receiving
ACE inhibitors. However, the combination of β-block-
ers, ACE inhibitors, diuretics, and valsartan resulted
in a trend toward worsening. 

This finding resulted in another trial being carried out,
the CHARM-Overall Program (Candesartan in Heart
failure Assessment in Reduction of Mortality), to evalu-
ate the effects of candesartan on mortality and morbid-
ity in patients with chronic heart failure.54 Candesartan
was compared with placebo in three different patient
populations: (i) patients with left ventricular ejection
fraction 40% or less who were not receiving ACE in-
hibitors because of intolerance (CHARM Alternative);
(ii) patients who were currently receiving ACE inhibit-
ors (CHARM Added); and (iii) patients with left ven-
tricular ejection fraction higher than 40% (CHARM Pre-
served). A total of 7061 patients were followed for 2
years. The primary end point of the Overall Program was
all-cause mortality, while for all the component trials
the end points were cardiovascular death or CHF hos-
pitalization. Candesartan was generally well tolerated
and reduced cardiovascular death and hospitalization
for heart failure. There was no general heterogeneity
of candesartan results across the component trials,
although some differences could be detected. Some
concerns were expressed about renal function, hypo-
tension, and candesartan-induced hyperkalemia. 

Therefore, in summary, available data do not show
superiority of AT1 receptor blockers over ACE inhibitors
in the treatment of CHF. The ACE inhibitors thus re-
main the first choice for efficacy, as unequivocally sup-
ported by the considerable amount of available data.
AT1 receptor blockers should be used to reduce the
deleterious effect of RAS upregulation in case of in-
tolerance or contraindications to the ACE inhibitors. 

From the pathophysiological point of view, these data
indirectly suggest that, even in CHF, the increase in
blood levels of bradykinin secondary to ACE inhibi-
tion is important for the final outcome.  

AT1 receptor blockers in CAD patients

Two studies on AT1 receptor blockers vs captopril have
been conducted in post-AMI patients (VALsartan In
Acute myocardial iNfarcTion [VALIANT]55 and the OP-
timal Trial In Myocardial infarction with Angiotensin II
Antagonist Losartan [OPTIMAAL]),56 and one study is
currently comparing an ACE inhibitor alone and in
combination with an AT1 receptor blocker (ONgoing
Telmisartan Alone and in combination with Ramipril
Global Endpoint Trial [ONTARGET]).57 OPTIMAAL
failed to show a benefit of losartan over captopril in
reducing all-cause mortality in high-risk patients after
acute myocardial infarction. In contrast, there was a
nonsignificant trend toward decrease in all-cause mor-
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tality with captopril vs losartan, suggesting that ACE
inhibitors should be given as first-line treatment for
patients with myocardial infarction. In OPTIMAAL, the
dosage of losartan was 50 mg once daily: whether a
higher dose (100 mg daily), similar to that used in LIFE,
would have resulted in better outcomes compared
with captopril remains to be determined in future stud-
ies. VALIANT, however, tested a full dose of valsartan
(20 mg) in patients after myocardial infarction vs cap-
topril, with three therapeutic arms: valsartan alone,
plus captopril, or captopril alone. Valsartan was found
to be as effective as captopril. Combination of valsar-
tan plus captopril increased the rate of adverse events
without improving survival. 

Thus, in conclusion, available data support the ACE
inhibitors also as first choice treatment in post-MI and
secondary prevention in patients with coronary artery
disease. EUROPA data further suggest that ACE inhib-
itors should be used in all patients, independently of
their risk profile.  

AT1 receptor blockers in renal failure

Preliminary experimental and clinical studies with AT1

receptor blockers on limited numbers of patients sug-
gest that these agents decrease the filtration fraction
and reduce urinary albumin excretion. This suggests a
favorable influence on renal function in patients with
chronic renal failure. In the Reduction of Endpoints in
Noninsulin-dependent diabetes mellitus with Angio-
tensin II Antagonist Losartan (RENAAL) trial,58 losartan
was compared with the usual treatment in patients
with diabetic nephropathy. A significant renal benefit
was reported with losartan, and the drug was generally
well tolerated. The benefit was beyond that attributa-
ble to blood-pressure control in patients with hyper-
tension, diabetes, and nephropathy.  

CONCLUSIONS

AT1 receptor blockers appear to provide a more spe-
cific blockade of the effects of Ang II and have better
tolerability when compared with ACE inhibitors. Con-
versely, ACE inhibitors—by inhibiting ACE activity—
not only reduce Ang II, but also increase bradykinin
availability, thereby exerting marked cardioprotective
and vasculoprotective effects. The ACE inhibitors have
been in clinical use far longer than the AT1 receptor
blockers, and thus benefit from very solid data regard-
ing their safety and efficacy profiles. Also, the majority
of studies with AT1 receptor blockers were performed

on top of ACE inhibition, as it would have been un-
ethical to deprive patients of this class of drug. The
evidence so far indicates that AT1 receptor blockers
share the same efficacy as ACE inhibitors in hyper-
tension. AT1 receptor blockers will conceivably take a
growing place in the management of hypertensive 
patients. However, no clear advantage of AT1 receptor
blockers over ACE inhibitors has yet been demon-
strated.

In patients with CHF, there is no evidence that AT1 re-
ceptor blockers are superior to ACE inhibitors. CHF is
a very well established indication for ACE inhibitors,
and there is, and probably always will be, a gap between
evidence-based medicine findings favoring the use of
ACE inhibitors and those favoring the use of AT1 recep-
tor blockers over ACE inhibitors. The same applies to
the prevention or treatment of ischemic heart disease
and the treatment of patients with diabetic or nondia-
betic nephropathy. 

Therefore, ACE inhibitors should currently be consid-
ered as the first-line choice in all these indications,
with AT1 receptor blockers as an appropriate substitute
in cases of intolerance to ACE inhibitors. The value of
ACE inhibitor/AT1 receptor blocker combination therapy
has been assessed in several trials. However, whether
results were clear or conflicting, the main limitation
was that full-dosing ranges of both classes of drugs
were not explored. Thus, one cannot ascertain whether
the same effect observed in combination would have
been obtained with a higher dosage of one drug alone.

Whatever the case, the one “lucky strike” for both car-
diologists and above all their patients is the fact that
blocking the RAS appears to be a very important strat-
egy in almost all cardiological conditions. This can be
achieved by using two different classes of drugs: the
ACE inhibitors, which have been much more intensive-
ly studied than the other, the AT1 receptor blockers,
probably because the ACE inhibitors were the first to
be available. 

ACE inhibitors are very effective and well tolerated.
Their effect on bradykinin probably compensates for the
incomplete blockade of of angiotensin II. This and the
other reasons reported above strongly argue in favor
of the continued use of the ACE inhibitors as first-line
therapy in patients with hypertension, CHF, and CAD.

This work was supported by a grant from 
the Fondazione Cassa di Risparmio di Ferrara
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THREE KEY QUESTIONS

Preserving bradykinin or blocking angiotensin II?
In other words, ACE inhibitors or ARBs? The two
legendary horns of the dilemma (in this case, the
cardiovascular dilemma) could hardly be stated in
fewer words, begging, it would seem, for a straight
answer—yes or no, this one or that one. But we
are dealing with medicine here, and, as is often the
case, the answer(s) just will not be that simple/sim-
plistic, black or white. The answer inevitably de-
pends on context (both of the disease and of the
patient), as well as on the state of our knowledge,
which is evolving at an increasingly breathtaking
pace. That is why the implicit question in the title
of the Lead Article inevitably gives rise to further,
more specific questions, voiced in the subsequent
section of Dialogues by this issue’s three Experts.
The logical first step is to look at prevention, and
Muzahir H. Tayebjee and Gregory Y. H. Lip ask:
“Which strategies should be used for the primary
and secondary prevention of cardiovascular dis-
ease?” Luigi Tavazzi wonders how the ACE inhibit-
or/ARB dilemma applies to the specific situation of
the postinfarct patient: “Which strategy should be
used for postinfarct treatment?” Finally, Willem J.
Remme surveys the topic of heart failure, asking:
“Which strategy should be used for heart fail-
ure?” The answers all point in the same direction,
confirming the central role of the ACE inhibitors,
backed up by a wealth of studies, with ARBs being
the best choice when ACE inhibitors are not effec-
tive enough or contraindicated. Does this mean the
ARBs merely play second fiddle to the ACE inhib-
itors? The answer to this question is still open and
awaits the findings from several ongoing studies. 
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ardiovascular disease (CVD)
continues to be a major
cause for morbidity and
mortality worldwide. Thus,

effective ways of preventing the de-
velopment of new vascular events in
patients at high risk of developing

CVD (that is, primary prevention) or
preventing recurrent vascular events
in patients who have already sus-
tained an event (that is, secondary
prevention) will help to reduce the
massive burden of CVD and improve
health in the community. 

Which strategies should be used   
for the primary and secondary prevention 
of cardiovascular disease?   
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Cardiovascular disease (CVD)
places a large burden on society
globally, and effective strategies for
primary and secondary prevention
are vital to help cope with this. 
A large number of pharmacological
interventions exist for combating
CVD, with potential for limiting
death and disability from CVD. 
In the last decade, there have been
major advances in both treating
and managing the risk factors that
cause CVD, in the form of large
randomized controlled clinical tri-
als. These advances have had a
huge impact on how clinicians
should use particular treatments for
specific conditions. In this review,
we discuss relevant primary and
secondary prevention approaches to
managing CVD in light of recent
evidence.

SELECTED ABBREVIATIONS AND ACRONYMS

4S Scandinavian Simvastatin Survival Study

ARB angiotensin-receptor blocker

ATC Antithrombotic Trialists’ Collaboration

CALM Candesartan And Lisinopril Microalbuminuria 

CAPRIE Clopidogrel vs Aspirin in Patients at Risk of 
Ischemic Events 

CARE Cholesterol And Recurrent Events   

CHD coronary heart disease

CVD cardiovascular disease 

ELITE II Evaluation of Losartan In The Elderly–II

EUROPA EUropean trial of Reduction Of cardiac events with 
Perindopril in stable coronary Artery disease

HOPE Heart Outcomes Prevention Evaluation 

LIFE Losartan Intervention For Endpoint reduction 
in hypertension 

LVH left ventricular hypertrophy   

MICRO-HOPE MIcroalbuminuria, Cardiovascular and Renal     
Outcomes–Heart Outcomes Prevention Evaluation

PROGRESS Perindopril pROtection aGainst REcurrent Stroke 
Study 

RAAS renin-angiotensin-aldosterone system 

UKPDS United Kingdom Prospective Diabetes Study   

WOSCOPS West Of Scotland COronary Prevention Study 



It is important to have a holistic
approach to the patient, with the
need to initially address nonphar-
macological modifiable risk fac-
tors, such as stopping smoking and
weight loss, but very often, this is
not enough and drugs are frequent-
ly needed. In patients with coronary
artery disease, drugs often used for
primary and secondary prevention
include antithrombotic agents (as-
pirin, clopidogrel, warfarin), β-block-
ers, angiotensin-converting enzyme
(ACE) inhibitors [or angiotensin-re-
ceptor blockers (ARBs)], statins and
(in patients with postmyocardial
infarction) ω-3 polyunsaturated fat-
ty acids.

Certainly, the renin-angiotensin-al-
dosterone system (RAAS) appears
to be pathophysiologically involved
in CVD and stroke, with activation
most evident in patients with heart
failure; and, importantly, increas-
ing data suggest that inhibition of
the RAAS with ACE inhibitors and
ARBs is beneficial in both primary
and secondary prevention of CVD
and stroke. 

The aim of this review is to discuss
an approach to assessing cardiovas-
cular risk, as well as highlight the
strategies for primary and second-
ary prevention, emphasizing the
expanding role of RAAS blockade.   

ASSESSING 
CARDIOVASCULAR 

RISK

The approach to primary and sec-
ondary prevention has changed in
that individual risk factors should
no longer be treated as individual
diseases, but in the context of a pa-
tient’s total CVD risk. For primary
prevention, risk factors such as hy-
pertension, diabetes mellitus, hy-
perlipidemia, smoking, and family
history of CVD need to be taken
into account.

Using the new European Risk Chart
based on SCORE data1 from 12 Eu-
ropean cohort studies, with data
collected from 250 000 patients, cor-
responding to 3 million person-years
of observation, and a total of 7000

fatal cardiovascular events, it is
clear that there is a strong “additive”
effect of the various risk factors to
the overall risk profile. The infor-
mation needed to assess scores is
shown in Table I and Figure 1.
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Table I. Use of the SCORE Risk Charts (European Society of Cardiology).  

Reproduced courtesy of: European Society of Cardiology © 2003 ESC. 

Instructions on how to use the charts (Figure 1)

• The low risk chart should be used in Belgium, France, Greece, Italy, 
Luxembourg, Spain, Switzerland, and Portugal; the high risk chart 
should be used in all other countries of Europe.

• To estimate a person's total 10-year risk of cardiovascular disease 
(CVD) death, find the table for their gender, smoking status, and age.
Within the table find the cell nearest to the person's systolic blood 
pressure (mm Hg) and total cholesterol (mmol/L or mg/dL). 

• The effect of lifetime exposure to risk factors can be seen by following 
the table upwards. This can be used when advising younger people. 

• Low-risk individuals should be offered advice to maintain their low-risk 
status. Those who are at 5% risk or higher or will reach this level in 
middle age should be given maximal attention. 

• To define a person's relative risk, compare their risk category with that 
of a nonsmoking person of the same age and gender, blood pressure 
< 140/90 mm Hg and total cholesterol < 5 mmol/L (190 mg/dL). 

• The chart can be used to give some indications of the effect of changes 
from one risk category to another, for example when the subject 
stops smoking or reduces other risk factors.

Qualifiers

Note that the total cardiovascular risk may be higher than indicated 
in the chart:

• As the person approaches the next age category. 

• In asymptomatic subjects with preclinical evidence of atherosclerosis 
(eg, CT scan, ultrasonography). 

• In subjects with a strong family history of premature CVD. 

• In subjects with low HDL cholesterol levels, with raised triglyceride 
levels, with impaired glucose tolerance, and with raised levels of C-re-
active protein, fibrinogen, homocysteine, apolipoprotein B, or Lp(a). 

• In obese and sedentary subjects.

Benefits of SCORE

• Based on a large data set tested thoroughly on European data. 

• Operates with hard, reproducible end points (CVD death). 

• Risk of coronary heart disease (CHD) and stroke death can be derived 
separately. 

• Enables the development of an electronic interactive version of the risk 
chart. 

• The SCORE risk function can be calibrated to each country’s national 
mortality statistics. 



Thus, current treatment recommen-
dations, such as that of the British
Hypertension Society (BHS-IV, 2004)
advise antihypertensive treatment
according to the presence or absence
of target organ damage, cardiovas-
cular disease (CVD), or a 10-year
coronary heart disease (CHD) risk
of ≥15%, based on the Joint British
Societies coronary risk assessment
program/risk chart.2 Similar ap-
proaches have been used by the
American Joint National Committee
(JNC 7) guidelines for treatment of
hypertension and risk factors3 and
the European Society of Cardiology
(ESC) guidelines for cardiovascular
prevention.1,4

STRATEGY FOR 
PRIMARY PREVENTION

Patients in whom primary preven-
tion is mandatory are those with risk
factors, such as hypertension, dia-
betes, and existing vascular disease.
Indeed, there almost appears to be
a dose–response relationship be-
tween hypertension and the risk of
stroke or CHD; conversely, the re-
duction in blood pressure by anti-
hypertensive treatment reduces the
risk of stroke and heart attacks. 

Hypertension

The need to treat systemic hyper-
tension is now well established: it
is no longer a question of “do we
treat?” but more “who and how
should we treat?” Indeed, blood
pressure reduction of about 10 to
12 mm Hg systolic and 5 to 6 mm
Hg diastolic confers a relative re-
duction in stroke risk of 38% and in
risk of coronary heart disease of
16% within just a few years of begin-
ning treatment Figure 2 (page 96) 5

shows the algorithm devised by
the British Hypertension Society
for the treatment of hypertension.
They suggest that in nondiabetics
target blood pressure on treatment
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Figure 1. 10-Year risk of fatal cardiovascular disease (CVD) in high-risk (A) and low-risk (B)
regions of Europe by gender, age, systolic blood pressure, total cholesterol, and smoking status.   

Reproduced courtesy of: European Society of Cardiology © 2003 ESC. 
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should be <140/85 mm Hg, and in
diabetics, renal impairment, or es-
tablished cardiovascular disease,
<135/80 mm Hg.2

The beneficial effects of the RAAS
blockade are evident from many tri-
als consistently showing a benefit of
ACE inhibitors in reducing mortality
and morbidity, even in previously
normotensive patients.6 In a Heart
Outcomes Prevention Evaluation
(HOPE) substudy, ramipril was
shown to result in significant regres-
sion of left ventricular hypertrophy
(LVH), even in normotensive pa-
tients.7 Recently, the results of the

EUropean trial of Reduction Of 
cardiac events with Perindopril in
stable coronary Artery disease 
(EUROPA) comparing the effects 
of perindopril versus placebo in
stable coronary heart disease with
normal left ventricular function
showed that perindopril was able
to significantly reduce cardiovascu-
lar morbidity and mortality in both
hypertensive and nonhypertensive
patients.8

In patients who develop a cough
associated with ACE inhibitors, the
ARBs appear to be a suitable alter-
native, with increasing data on their

beneficial effects. However, trials
directly comparing the ACE inhibit-
ors and ARBs are limited. In the
Losartan Intervention For Endpoint
reduction in hypertension (LIFE) tri-
al, losartan was superior to atenolol
in reducing events among “high-
risk” hypertensive patients with ECG-
LVH, despite similar reductions in
blood pressure.9

Diabetes 

Diabetes is another major risk fac-
tor for cardiovascular disease, and
its incidence is increasing. Type 2
diabetes is potentially preventable,
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Thresholds for intervention 
Initial blood pressure (mm Hg)

 Target organ damage or
cardiovascular complications or

diabetes or 10-year risk of
cardiovascular disease§ ≥20%

 No target organ damage and
no cardiovascular complications 
and no diabetes and 10-year risk 
of cardiovascular disease§ <20%

 Observe, reassess risk of
cardiovascular disease yearly

Reassess
yearly

Reassess
in 5 years

* Unless malignant phase of hypertensive emergency confirm over 1-2 weeks then treat.
† If cardiovascular complications, target organ damage, or diabetes is present, confirm over 3-4 weeks 
      then treat; if absent remeasure weekly and treat if blood pressure persists at these levels over 4-12 weeks.
‡ If cardiovascular complications, target organ damage, or diabetes is present, confirm over 12 weeks 
      then treat; if absent remeasure monthly and treat if these levels are maintened and if estimated 10-year
      cardiovascular disease risk is ≥20%.
§ Assessed with risk chart for cardiovascular disease.

>180/110

Treat Treat Treat

≥160/100 <140/90

* † ‡

<130/85160-179 

100-109

140-159 

90-99

140-159 

90-99

130-139 

85-89

Figure 2. Blood pres-
sure thresholds and
drug treatment in hy-
pertension.   

Reproduced from
reference 2: Williams
B, Poulter NR, Brown
MJ, et al, BHS guide-
lines working party, for
the British Hypertension
Society. British Hyper-
tension Society guide-
lines for hypertension
management 2004
(BHS-IV): summary.
BMJ. 2004;328:593-
594.. Copyright ©
2004, BMJ Publishing
Group Ltd. 



and is usually preceded by insulin
resistance and hyperinsulinemia.
One of its worrying features is that
it is asymptomatic and is frequently
detected too late when one of its
complications has developed, and,
importantly, the incidence of com-
plications increases with the dura-
tion of the disease. The benefits of
RAAS blockade in diabetes are evi-
dent as shown by studies such as
the HOPE and LIFE trials, which
have shown that treatment with ACE
inhibitors and ARBs, respectively,
reduced the incidence of new-onset
diabetes.6,9 Furthermore, risk reduc-
tion in diabetic patients is striking
with the use of ACE inhibitors: the
MICRO-HOPE (MIcroalbuminuria,
Cardiovascular and Renal Out-
comes—Heart Outcomes Preven-
tion Evaluation study was stopped
6 months early because of the sig-
nificant reduction in combined car-
diovascular end points, myocardial
infarction, stroke, and cardiovascular
death by 25%, 22%, 33%, and 37%,
respectively.10

It should be emphasized that hyper-
tensive diabetic patients are a par-
ticularly high-risk group of patients.
The United Kingdom Prospective
Diabetes Study (UKPDS) concluded
that in type 2 diabetes, tight con-
trol of blood pressure was more
important than glycemic control in
preventing cardiovascular disease.
Furthermore, compared with non-
diabetic patients, the threshold 
for treating hypertension is lower
(<135/85 mm Hg compared with
140/90 mm Hg).11

What are the mechanisms of the
beneficial effects of RAAS blockade?
ACE inhibitors appear to be the
best drug class for regressing LVH.7

ACE inhibitors also appear to have
beneficial effects on endothelial
dysfunction12 and the prothrombot-
ic state associated with hyperten-
sion.13,14 Some evidence also sug-

gests that ACE inhibitors have anti-
arrhythmic effects.15 RAAS block-
ade can also delay progression of
carotid artery atherosclerosis,16 and
thus can potentially prevent strokes.

Hyperlipidemia, 
smoking, and obesity

There is no evidence to suggest that
treating the above conditions in iso-
lation with ACE inhibitors or ARBs
provides any benefit. Certainly,
there is significant evidence for the
treatment of hyperlipidemia with
statins in patients with risk factors
(Scandinavian Simvastatin Survival
Study [4S]),17 and even primary pre-
vention (West Of Scotland COronary
Prevention Study [WOSCOPS]).18

Stopping smoking is a very effective
primary preventative measure, and
weight loss further reduces morbid-
ity and mortality.

Atrial fibrillation

Atrial fibrillation is associated with
an increased risk of stroke and
thromboembolism. Patients with
atrial fibrillation and cardiovascular
risk factors such as diabetes and
hypertension, as well as older sub-
jects (>60 years) are at particularly
high risk.19 In such patients, war-
farin (with international normalized
ratio [INR] of 2 to 3) is recommend-
ed as primary prevention, provided
there are no contraindications, while
aspirin 75 to 300 mg is considered
adequate for low-risk patients with
lone atrial fibrillation less than 75
years.20

Primary prevention: 
practical considerations 

In assessing the need for interven-
tion, it is important to clearly docu-
ment a patient’s risk factors, and
calculate the CVD risk using the
charts based on European data (Fig-
ure 1). Concomitant disorders; such

as hypertension, diabetes, atrial fi-
brillation, etc, should be addressed.
Nonpharmacological measures
should be initiated prior to starting
drug treatment. For example, smok-
ing is a significant risk factor, and
needs to be dealt with aggressively
since the effect of medication can be
attenuated by this habit. Exercise,
weight reduction, healthy diets
should be encouraged.

For those who fall in the “high-risk”
category, pharmacological treatment
is appropriate for primary preven-
tion. Agents such as ACE inhibition
or ARBs should be considered early
in diabetic patients, especially if
there is coexistent hypertension or
nephropathy. Furthermore, in hy-
pertensives with LVH, these agents
should be first choice. It is impor-
tant to remember that many pa-
tients will require more than one
drug and that certain drug combina-
tions are synergistic and enhance
the antihypertensive effect. The
Birmingham Hypertension Square
is an eloquent yet simple tool to
help with the choice(s) of “add-on”
antihypertensive therapy.21

To date, the most convincing evi-
dence for the use of antiplatelet
agents comes from the Antithrom-
botic Trialists’ Collaboration (ATC).22

This large meta-analysis included
287 studies and over 200 000 pa-
tients. In high-risk patients, there
was a 25%, 33%, 25%, and 17% re-
duction in serious vascular events,
nonfatal myocardial infarction, non-
fatal stroke, and vascular mortality,
respectively, with the use of aspirin
75 to 300 mg. In patients intolerant
of aspirin, clopidogrel is an alter-
native; this drug is a thienopyridine
derivative, chemically related to
ticlopidine. In the Clopidogrel vs
Aspirin in Patients at Risk of Ischem-
ic Events (CAPRIE) study, which 
included 19 185 patients followed
up for approximately 2 years, it
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was shown that clopidogrel reduced
the risk of significant vascular events
by 8.7% more than aspirin.23 Its
safety profile is similar, but the drug
is more expensive. 

STRATEGY FOR 
SECONDARY PREVENTION

Patients in whom secondary preven-
tion is mandatory are those with
established cardiovascular or cere-
brovascular disease, in whom treat-
ment is aimed at reducing further
events. In heart failure, ACE inhibit-
ors are well-established therapy,
reducing mortality as well as the
progression of heart failure. Com-
parisons between ACE inhibitors
and ARBs are more limited. How-
ever, the Evaluation of Losartan In
The Elderly–II (ELITE II) study did
not demonstrate any significant dif-
ference in survival between losartan
and captopril in patients with heart
failure, but found that losartan was
better tolerated.24

Nephropathy is a predictor of car-
diovascular events in diabetics, and
ACE inhibitors have been shown to
slow down the progression of renal
disease. Indeed, ACE inhibitors are
also superior to calcium antagonists
in reducing nephropathy in African-
Americans.25 The Candesartan And
Lisinopril Microalbuminuria (CALM)
study compared the effects of lisino-
pril, candesartan and lisinopril plus
candesartan in type 2 diabetics with
hypertension and microalbuminuria
and found that at 12 weeks both can-
desartan and lisinopril were equally
effective in lowering blood pressure
and reducing microalbuminuria;
however, combination therapy with
lisinopril and candesartan was su-
perior to monotherapy.26

Recent findings suggest that RAAS
blockade may even be beneficial as
secondary prevention for cerebrovas-
cular disease. The Perindopril pRO-

tection aGainst REcurrent Stroke
Study (PROGRESS)27 recently
demonstrated a significant 28% re-
duction in recurrence of stroke with
perindopril-indapamide combina-
tion therapy. In a substudy of HOPE,
the risk reduction of stroke in high-
risk patients treated with ramipril
was also statistically significant.28

Antithrombotic agents 

As discussed above, antiplatelet
agents have been shown to have a
definite place in the prevention of
further cardiovascular events in pa-
tients with established ischemic
heart, peripheral vascular, and cere-
brovascular disease. In the absence
of contraindications they should be
used as secondary prevention for
cardiovascular disease. In secondary
prevention of stroke, a combination
of aspirin and dipyridamole has also
been shown to reduce the risk of
stroke or death by 24% compared to
13% with aspirin and 15% with di-
pyridamole.29 In patients with atrial
fibrillation and previous stroke or
transient ischemic attack, warfarin
reduces the risk of recurrent stroke
by two thirds.18

Statins 

Evidence for the use of statins in
the secondary prevention of CVD
continues to grow. Clear data are
already available from studies such
as the Candesartan And Recurrent
Events (CARE) study.30 It is thought
that the action of these drugs ex-
tends beyond lipid lowering, and
their anti-inflammatory effects are
just as important. Recent results of
the Heart Protection Study have
shown a 13% reduction in total mor-
tality, mainly because of a signifi-
cant 18% reduction in CHD death
and a 24% reduction in major vas-
cular events in patients at risk for
CVD treated with 40 mg simvastatin
with low/normal cholesterol.31

Secondary prevention: 
practical considerations

As stated above, nonpharmacolog-
ical measures should be initiated
first. Aspirin or clopidogrel should
be considered for all patients with
CVD. Statins are appropriate for all
patients with cholesterol >5 mmol/L.
Aggressive lipid lowering with statins
is very important, and measures
should be undertaken to ensure that
adequate dose adjustment are made
if control has not been achieved. 
In the presence of atrial fibrillation
warfarin is important.19

ACE inhibitors and ARBs are indi-
cated in the presence of conditions
such as heart failure, diabetes 
(especially if hypertension and
nephropathy are present), and hy-
pertension with LVH in the pres-
ence of established CVD. 

CONCLUSION

A strategy for primary or secondary
prevention necessitates a holistic
approach to the patient. No matter
what the evidence is, treatment will
only be effective if it is taken. Treat-
ment should be simplified for ex-
ample, using preparations with com-
bined drugs (eg, co-tenidone, a
combination of atenolol and hydro-
chlorothiazide) and once-daily regi-
mens, which would help to improve
compliance. Moreover, patients
should be told what their medica-
tion is for and why it is important
to take it. Side effects should be 
explained, and other compounds
should be instituted if there are
problems (eg, ARB instead of ACE
inhibitor for cough). In conclusion
therefore, large epidemiological
studies provide valuable information
on how to treat populations. How-
ever, the challenge facing clinicians
is the practical application of this
information to the individual patient
facing them on the ward or in clinic.
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EFFECT OF 
ACE INHIBITION EARLY 

AFTER MYOCARDIAL 
INFARCTION

n acute myocardial infarct
can induce a dynamic pro-
cess of changes in the 
architecture, shape, and

size of the left ventricle, which can
lead to severely compromised left
ventricular function. This process—
whether at the acute or chronic
stage—involves both the infarcted
area and more distant areas of the
heart, modifying the ventricular
structure, causing the ventricle to
dilate and become more spherical
and compromising diastolic and
systolic function. This process is not
homogeneous, and is, to some ex-
tent, unpredictable even in apparent-
ly similar patients. An echocardio-
graphic substudy of the Gruppo
Italiano per lo Studio della Soprav-

vivenza nell’Infarto miocardico III
(GISSI 3) trial1 enrolled 614 subjects
in whom a series of 4 echocardio-
grams were carried out: one within
48 hours of the onset of the symp-
toms, one at discharge from hospi-
tal, one after 6 weeks, and the last
after 6 months of follow-up. Pro-
foundly different sequences of ven-
tricular remodeling were observed.
In short, about one fifth of the sub-
jects had pronounced left ventricular
dilatation while they were in hospi-
tal, but, unexpectedly, subsequent-
ly remained stable without further
geometric changes in the ventricu-
lar chamber. In contrast, about one
fifth of the subjects developed no
left ventricular size changes during
their stay in hospital, but subse-
quently developed marked ventricu-
lar remodeling with progressive di-
latation of the left ventricle. Of note,
92% of the patients with severe
(>20%) early left ventricular dilata-
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The renin-angiotensin-aldosterone
system (RAAS) is both a trophic
factor and an apoptotic trigger in
postinfarct ventricular remodeling.
Its cardiac paracrine impact on en-
dothelium, small vessel tone, and
fluid-electrolyte balance hastens the
heart failure syndrome. Although
the current consensus, based large-
ly on first year follow-up data, fa-
vors modulating the RAAS with a
combination of angiotensin-convert-
ing enzyme (ACE) inhibitors and
β-blockers, studies to date may have
overestimated the degree of longer-
term benefit. Meta-analysis of post-
infarct trials shows that survival
curves in patients with and without
ACE-inhibitor therapy become
roughly parallel after the initial 
1 to 2 years. Thus, the RAAS may
eventually become refractory to
ACE inhibitor blockade. Ongoing
trials aim to determine whether
angiotensin II receptor blockade
will prove more effective, in isola-
tion or in combination with ACEI.

SELECTED ABBREVIATIONS AND ACRONYMS

CAPTIN CAptopril Plus Tissue plasminogen activator following 
acute myocardial INfarction

CATS Captopril And Thrombolysis Study

CONSENSUS II COoperative North Scandinavian ENalapril SUrvival Study II

FAMIS Fosinopril in Acute Myocardial Infarction Study

GISSI 3 Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto
miocardico III

RAAS renin-angiotensin-aldosterone system

SAVE Survival And Ventricular Enlargement

SOLVD Studies Of Left Ventricular Dysfunction  
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tion did not show any further di-
latation at 6 months, and 91% of
patients with severe late dilatation
did not have in-hospital dilatation.
While the initial left ventricular di-
latation developed in parallel with
a recovery of ejection fraction, the
delayed dilatation was associated
with a reduction in ejection fraction
and thus compromised systolic ven-
tricular function. All patients were
randomized to treatment with lisino-
pril, which was maintained for 6
weeks and then stopped in patients
with preserved left ventricular sys-
tolic function. Multivariate analysis
showed that this treatment was not
an independent factor correlated
with the evolution of ventricular
remodeling. 

Large randomized placebo-con-
trolled studies have examined the
effects of angiotensin-converting
enzyme (ACE) inhibition on left
ventricular remodeling following an
acute myocardial infarction: the
most relevant are the Survival And
Ventricular Enlargement (SAVE),
COoperative North Scandinavian
ENalapril SUrvival Study II (CON-
SENSUS II), and GISSI 3 trials.

An echocardiographic substudy of
the SAVE trial2 was carried out in
512 patients with acute myocardial
infarction. The patients were ran-
domized to treatment with captopril
or placebo. The 420 patients having
survived for more than 1 year un-
derwent echocardiographic follow-
up, which disclosed that the left
ventricular end-systolic and end-di-
astolic areas in the patients treated
with captopril for 1 year were about
3 cm2 smaller than in the patients
who had received the placebo.

An echocardiographic substudy was
also carried out in the CONSEN-
SUS II trial.3 This trial was prema-
turely halted because of the lack of
clinical benefits in the group of pa-

tients treated with enalapril. Never-
theless, in the echocardiographic
substudy, at 6 months, the patients
treated with ACE inhibitors had a
smaller left ventricular end diastolic
volume than those given a placebo.
The absolute difference was about
3 mL/m2.

By far the largest study on the effects
of ACE inhibition on left ventricular
remodeling following a myocardial
infarction is GISSI 3.4 In the GISSI 3
trial, the effects of lisinopril, trans-
dermal nitrate, combined therapy
with both, and no treatment were
tested with a 2�2 factorial design.
The treatments were assigned ran-
domly to 19 394 eligible patients
who were admitted to hospital with
a diagnosis of myocardial infarct
within 24 hours of the onset of their
symptoms. The aim was to establish
whether, and if so by how much,
short-term treatment (6 weeks) was
effective in modifying the patients'
subsequent outcome. In the absence
of specific indications for continu-
ing the treatment, this was stopped
after 6 weeks and the patients were
followed up for 6 months. The 
GISSI 3 protocol included an echo-
cardiographic examination in all
patients 6 weeks and 6 months after
the acute myocardial infarct in order
to measure the combined end point
of mortality and severe ventricular
dysfunction. A two-dimensional
echocardiogram was also performed
at discharge from hospital. Overall,
the echocardiographic database
consisted of 8619 echocardiograms
carried out at discharge, 12125
echocardiograms at the 6-week fol-
low-up, and 10726 echocardiograms
at the 6 month follow-up, in 50.8%,
72.6%, and 73.3%, respectively, of
all the patients with a confirmed in-
farct and a legible echocardiogram. 

Interestingly, use of an algorithm to
predict left ventricular dilatation 
at 6 months in 7842 patients with a

predischarge echocardiogram en-
abled left ventricular systolic and
diastolic volumes to be predicted
with r =0.72 and r =0.65, respective-
ly.5 Patients predicted to be at risk
for long-term left ventricular dilata-
tion had an increased risk of mor-
tality (relative risk [RR] 1.87, 95%
confidence interval [CI] 1.48 to 2.36)
and an increased risk of heart fail-
ure at 6 months (RR 2.59, 95% CI
2.04 to 3.28), but no increased risk
of reinfarction. The variables includ-
ed in the algorithm were gender,
peak creatine phosphokinase (CPK)
release (as a marker of infarct size
and its evolution), and echocardio-
graphic left ventricular volumes. If
the accuracy of this prediction mod-
el of postinfarct left ventricular 
dilatation is confirmed, it should
contribute to more efficient risk
stratification early after myocardial
infarction and facilitate decision-
making on the therapeutic strate-
gies in postinfarct patients.

The subpopulation of 6405 GISSI 3
patients with the full series of 3 leg-
ible echocardiograms was used to
evaluate changes in left ventricular
remodeling over time and the effect
of lisinopril on this process. The
left ventricular end diastolic and
end systolic volumes and the ejec-
tion fraction measured at discharge
were independent predictors of mor-
tality and incidence of nonfatal heart
failure at 6 months (Figure 1).6
The patients in whom left ventricu-
lar asynergy exceeded 27% of the
whole ventricular wall developed
left ventricular enlargement over
time. Treatment with lisinopril re-
duced the ventricular dilatation
(Figure 2).6 The difference in end-di-
astolic ventricular volumes between
patients treated with lisinopril and
those not treated was statistically
significant in patients with the most
extensive infarcts (asynergy ≥27%)
while ventricular remodeling was
not evident during follow-up in pa-
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tients with smaller infarcts (asynergy
<27%), in both study groups. This
finding is in accordance with previ-
ous studies in which ventricular 
remodeling was observed only in pa-
tients with moderately sized or large
infarcts. A similar trend over time
was observed for the end-systolic
volume, although the difference in
this parameter between patients
treated or not treated with lisinopril
did not reach a statistically signifi-
cant level. Given the large number
of centers participating in this study
and the lack of strict selection cri-
teria for enrolling the patients, the
GISSI 3 population can be consid-
ered a representative sample of the
general population of patients with
acute myocardial infarction in the
thrombolytic era.

A meta-analysis of the effects of ACE
inhibition during the acute phase
of a myocardial infarct on ventricu-
lar remodeling has recently been
published.7 Data from 845 subjects,
collected in three randomized stud-
ies, were analyzed. The three studies
were the Captopril And Thromboly-
sis Study (CATS), CAptopril Plus
Tissue plasminogen activator follow-
ing acute myocardial INfarction
(CAPTIN), and Fosinopril in Acute
Myocardial Infarction Study (FAMIS)
in which the patients received
thrombolytic therapy and were ran-
domized to captopril (CATS, CAPTIN)
or to fosinopril (FAMIS vs placebo
within 6 to 9 hours of the onset of
symptoms), and underwent echocar-
diographic follow-up for 3 months.
Left ventricular dilatation was the
primary measurement outcome of
the study. Eighty-five percent of the
patients had had an anterior acute
myocardial infarct. The analysis did
not demonstrate any significant ef-
fect of ACE inhibition on left ventric-
ular dilatation. End-diastolic and
end-systolic ventricular volume both
decreased by 0.5 mL/m2 (P=0.05
and 0.061, respectively). Left ven-
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Figure 1. Predischarge
echocardiographic variables
in quartiles vs 6-month mor-
tality ( ) plus nonfatal late
congestive heart failure (CHF)
( ). Data refer to 8606 myo-
cardial infarction patients
discharged alive.  

Reproduced from refer-
ence 6: Nicolosi GL, Latini R,
Marino P, et al. The prog-
nostic value of predischarge
quantitative two-dimensional
echocardiographic measure-
ments and the effects of early
lisinopril treatment on left
ventricular structure and func-
tion after acute myocardial
infarction in the GISSI-3 Trial.
Gruppo Italiano per lo Studio
della Sopravvivenza nell’In-
farto Miocardico. Eur Heart J.
1996;17:1646-1656. Copy-
right © 1996, The European
Society of Cardiology.    
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Figure 2. Left ventricular
(LV) end-diastolic volume in
lisinopril ( ) and no lisino-
pril ( ) patients with wall
motion asynergy (WMA) <27%
and with wall motion asynergy
≥27% (n=6405). Sample
sizes were as follows: Wall
motion asynergy ≥27%;
lisinopril = 909, no lisino-
pril=903. Wall motion asyn-
ergy <27%; lisinopril = 2277,
no lisinopril = 2316.  

Reproduced from refer-
ence 6: Nicolosi GL, Latini R,
Marino P, et al. The prog-
nostic value of predischarge
quantitative two-dimensional
echocardiographic measure-
ments and the effects of early
lisinopril treatment on left
ventricular structure and func-
tion after acute myocardial
infarction in the GISSI-3 Trial.
Gruppo Italiano per lo Studio
della Sopravvivenza nell’In-
farto Miocardico. Eur Heart J.
1996;17:1646-1656. Copy-
right © 1996, The European
Society of Cardiology.     
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tricular dilatation was significantly
reduced only in a small subgroup,
which included the 26% of patients
in whom, on the basis of indirect
criteria, thrombolysis was consid-
ered not to have been successful
and in whom reperfusion of the in-
farcted area had not, therefore, been
achieved. 

Taken together, these studies demon-
strate that treatment with ACE in-
hibitors, when started early after an
acute myocardial infarct, is able to
mitigate left ventricular dilatation,
but not prevent it. Overall, the ex-
tent of the effect of ACE inhibition
on left ventricular remodeling is lim-
ited, and certainly less substantial
than that expected after the very
encouraging results obtained in the
small group of patients studied in-
vasively in the Studies Of Left Ven-
tricular Dysfunction (SOLVD) (see
below).

Moreover, the available data have
not shown a correlation between
the effectiveness of ACE inhibition
in ventricular remodeling and the

promptness of administration of
these drugs during acute myocardial
infarction. 

It is interesting to note that a spon-
taneous reduction in left ventricular
asynergy was observed throughout
the follow-up of GISSI-3 patients,
independently of the treatment giv-

en.4 These results suggest that a
spontaneous, late recovery of the
myocardium damaged during an in-
farct not only can occur, but indeed
normally does so, and that this pro-
cess can last months. This implies
that considerable caution should
be used in interpreting the extent of
a myocardial infarct and the effect
of drugs on ventricular remodeling
in the early postinfarct period.

EFFECT OF 
ACE INHIBITION LATE 
AFTER MYOCARDIAL 

INFARCTION  

The effects of ACE-inhibitor therapy
on left ventricular structure and
function in patients with chronic

ventricular dysfunction were care-
fully studied in the SOLVD trials.
About 70% of the patients enrolled
had a history of previous myocardial
infarction. Two small longitudinal
substudies, one echocardiographic,
the other angiographic, were carried
out in subgroups of patients in both
the Treatment arm (left ventricular
ejection fraction <35% and clinical
signs of heart failure) and the Pre-
vention arm (ejection fraction <35 %
without clinical signs of heart fail-
ure).8-10 The patients underwent
double-blind treatment with enala-
pril or placebo and were followed-
up for 3 years. Invasive left ventricu-
lar function studies were performed
at baseline and after 1 year of treat-
ment in a small subgroup of pa-
tients. Overall, both end-diastolic
and end-systolic left ventricular vol-
umes increased in the group treated
with placebo, but not in the group
treated with enalapril; the difference
in response to the two treatments
was statistically significant. Similar-
ly, left ventricular mass increased
in patients given placebo while it
tended to decrease in those treated
with enalapril. It is important to note
that this occurred in patients who
had long-standing left ventricular
hypertrophy and dilatation, which
demonstrates both the chronic pro-
gressive nature of ventricular remod-
eling and the efficacy of treatment
even when considerable structural
changes in the left ventricle have
already occurred. Figure 3 11 illus-
trates the mean left ventricular pres-
sure/volume curves of the symp-
tomatic patients enrolled in the
Treatment arm and the asymptomat-
ic ones enrolled in the Prevention
arm. The fundamental difference in
the functional characteristics of the
left ventricle between both groups
of patients, symptomatic and asymp-
tomatic, was not the pressure in
the ventricle during diastole, in par-
ticular the end-diastolic pressure
(a parameter used to evaluate the
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Figure 3. Averaged left ventricular pressure-volume loops of 16 congestive heart fail-
ure patients (treatment, T) and 49 asymptomatic patients (prevention, P) before their
randomization in the Studies Of Left Ventricular Dysfunction.  

Reproduced from reference 11: Pouleur H, Rousseau MF, van Eyll C, Melin J,
Youngblood M, Yusuf S, for the SOLVD Investigators. Cardiac mechanics during de-
velopment of heart failure. Circulation. 1993;87(5 suppl IV):IV114-IV20. Copyright
© 1993, American Heart Association.    
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overall function of the left ventri-
cle), nor the capacity of the ventricle
to generate tension during systole
(measured by the peak pressure
reached during systole or, better, the
peak wall stress reached during sys-
tole), nor yet the stroke volume (ie,
the difference between end-diastolic
volume and end-systolic volume),
which were similar in the two groups
of patients, but rather the ventricu-
lar volumes, which were much larger
in the symptomatic patients. In
brief, the finding that characterized
these patients was the left ventricle's
exaggerated ability to distend during
diastole, in other words an excess
of ventricular compliance (rather
than a reduction, as diastolic dys-
function is classically interpreted). It
should be noted that in the SOLVD
study, as in the other studies, ven-
tricular dilatation did not appear
to be dependent on changes in ven-
tricular filling pressure: quite the
contrary, the ventricle appeared to
be able to distend more at every
pressure. In other words, the entirre
pressure-volume curve was shifted
to the right. These observations sup-
port the concept that the changes
in volume, shape, and architecture
that characterize ventricular remod-

eling are a cause rather than a con-
sequence of the failing pump func-
tion seen during the process that
leads from ventricular dysfunction
to heart failure. The involvement of
the renin-angiotensin-aldosterone

system (RAAS) in this process was
convincingly demonstrated precise-
ly by the SOLVD study. Figure 4 9

shows the pressure/volume curves
of the group of patients enrolled in
the Prevention arm while Figure 5 8
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Reproduced from reference 9: Konstam MA, Kronenberg MW, Rousseau MF, et al. Effects of the
angiotensin-converting enzyme inhibitor enalapril on the long-term progression of left ventricular 
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pressure-volume loops at baseline
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ized to placebo and to enalapril.
At 1 year, the entire curve was
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Reproduced from reference 8:
Konstam MA, Rousseau MF,
Kronenberg MW, et al. Effects 
of the angiotensin converting-
enzyme inhibitor enalapril on
the long-term progression of left
ventricular dysfunction in pa-
tients with heart failure. SOLVD
Investigators. Circulation. 1992;
86:431-438. Copyright © 1992,
American Heart Association.     
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shows the same curves for the group
of patients enrolled in the Treat-
ment arm, recorded at the time of
enrollment and again 1 year later
both in the patients given placebo
and in those treated with enalapril.
The process of ventricular dilatation
continued in the patients who re-
ceived placebo. In both symptomat-
ic and asymptomatic patients, the
evolution of the disease led to pro-
gressive ventricular dilatation with-
out substantial changes in ventric-
ular systolic function (once again
suggesting that the latter is not the
cause of the former). The process
was inverted in the patients treated
with enalapril: ventricular dilatation
was halted and the size of the left
ventricle tended to decrease. There
was a process of inverse remodel-
ing, a reduction in the structural
changes of the ventricle. These ben-
eficial effects of ACE inhibitors on
ventricular remodeling, invasively
recorded in this small substudy,
were confirmed in a further substudy
of the SOLVD trial, carried out with
echocardiography.10 Thirty-one pa-
tients were enrolled and followed-
up with echo-Doppler evaluations
performed at the time of enrollment
and after 4 and 12 months of ther-
apy. Results showed an increase
in end-diastolic and end-systolic
volumes, as well as left ventricular
mass, in the placebo group, but not
in the group treated with enalapril.
The difference in the response be-
tween the two groups was statisti-
cally significant.       

CONCLUSION

The message from these studies is
the proof of the pathophysiologic
relevance of the RAAS in the process
of postinfarct ventricular remodel-
ing and the potential benefit that

can be achieved trough modulation
of RAAS hyperactivity. The size of
benefit cannot be evaluated in these
small studies and may have been
overestimated. In fact, the long-
term data of the SAVE trial show a
progression of ventricular remodel-
ing, which is roughly similar after
the first year postinfarct both in the
patients given captopril and in the
untreated patients.12 Similarly, a
meta-analysis of postinfarct trials
showed a definitely lower mortality
rate in patients treated with ACE
inhibitors than in the control groups
during the first 1 to 2 years postin-
farct, then the survival curves al-
most became parallel.13 In the long
run, the RAAS may well escape, at
least partially, the ACE blockade. 

In conclusion, the RAAS is now firm-
ly established as playing a key role
both as a trophic factor and an apop-
totic trigger in the ventricular re-
modeling process after a myocardial
infarction, mainly through its car-
diac paracrine activity. Subsequently,
this results in unfavorable effects
on the endothelium, small vessel
tone, and fluid-electrolyte balance,
and becomes a determinant of the
heart failure syndrome. Many stud-
ies have demonstrated that modula-
tion of the RAAS can modify the
process of ventricular remodeling,
thereby preventing or delaying the
onset of heart failure. Current guide-
lines unanimously recommend the
prescription of ACE inhibitors, in
combination with β-blocker drugs,
after a myocardial infarction with
left ventricular dysfunction. Whether
or not it may be possible to achieve
more with the blockade of angio-
tensin II receptors in isolation or in
combination with ACE inhibitors is
a question that is now being tested
in several ongoing trials. 
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n heart failure, angiotensin-
converting enzyme (ACE) in-
hibition is the cornerstone of
treatment, and, indeed, ACE

inhibitors are the first class of drug
to prescribe to the patient, irrespec-
tive of the severity of heart failure.
ACE inhibitors are further advocat-
ed in asymptomatic left ventricular
dysfunction in order to prevent or
delay worsening to symptomatic fail-
ure. Moreover, there is reason to be-
lieve that ACE inhibitors also have
a place in the treatment of heart
failure due to diastolic dysfunction.
Consequently, treatment guidelines
invariably indicate the necessity to
introduce ACE inhibitors before fur-
ther therapy whenever the diagno-
sis of heart failure has been made,
and to titrate the dose until levels
shown to be effective in large con-
trolled trials are reached. This advice
is based on a large number of stud-
ies clearly indicating that, in symp-
tomatic heart failure, ACE inhibitors
lead to a significant reduction in
mortality, particularly in severe heart
failure, and that, in addition, hospi-
talizations, whether all-cause, car-
diovascular, or heart failure-related,
decrease. 

Several lines of evidence indicate
that, in patients with heart failure,
ACE inhibitors may prevent further
cardiac remodeling—the pivotal
mechanism underlying both the
origin and the progression of heart
failure. Furthermore, ACE inhibitors
have been shown to decrease is-
chemic events, such as (re)infarction
and unstable angina in patients
with heart failure. What makes the

ACE inhibitors such useful agents
in the treatment of this syndrome?
In heart failure, most studies have
focused on the fact that ACE inhib-
itors inhibit the synthesis of angio-
tensin II. Angiotensin II is a potent
vasoconstrictor, and, as a conse-
quence, ACE inhibitors were intro-
duced in heart failure therapy as
vasodilators in view of improving
hemodynamics and thereby allevi-
ating heart failure symptoms. Sub-
sequently, with the important role
of angiotensin II in cardiovascular
remodeling becoming gradually bet-
ter understood, the focus changed
to prevention of cardiac remodel-
ing, leading to beneficial effects on
both morbidity and mortality. At
present, it is further understood that
angiotensin II may be central to sev-
eral mechanisms leading to endo-
thelial dysfunction and atheroscle-
rosis. ACE inhibitors therefore may
be of potential use in secondary
prevention of myocardial ischemia.
Is inhibition of angiotensin II pro-
duction sufficient to explain the
beneficial effect of ACE inhibitors?

ACE INHIBITION 
AND BRADYKININ

ACE not only converts angiotensin I
to angiotensin II, it is also the ma-
jor degradation enzyme for kinins,
as such referred to as kininase II.
As a consequence, ACE inhibitors
prevent the breakdown of brady-
kinin. Kallikrein, the enzyme respon-
sible for the formation of bradykinin
from its precursor kininogen, is pres-
ent throughout the body, so that it
may be anticipated that bradykinin
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is also ubiquitously present.
ACE, mainly present at the cell
membrane of endothelial cells,
stimulates the breakdown of
bradykinin to its inactive degra-
dation products. Bradykinin
normally has a very short half-
life. Predominantly through
coupling with the bradykinin
B2 receptor, bradykinin leads
to the production of nitric ox-
ide (NO) and endothelial-de-
rived hyperpolarizing factor
(EDHF), both leading to relax-
ation of smooth vascular mus-
cle cells. In addition, brady-
kinin promotes the release of
prostacyclin. As a consequence,
bradykinin is, among others, 
a potent vasodilator. 

A major mechanism in the ac-
tivation of the kallikrein-kinin
system is shear stress. An in-
crease in blood flow will aug-
ment bradykinin production
and, subsequently, lead to vas-
cular relaxation. This process,
linked to endogenous brady-
kinin production, can be signif-
icantly enhanced by concomi-
tant ACE inhibition and reversed
by the administration of a se-
lective bradykinin B2 antagonist.
For the effect of the ACE inhibitors
to occur, an intact endothelium is
required. In a de-endothelialized
vessel or a vessel with a damaged
endothelium, the effect of ACE in-
hibition is limited or even absent.
Although the measurement of brady-
kinin is difficult, there is some evi-
dence that the increase in flow-
derived, endothelium-dependent
vasodilation following ACE inhibit-
ors is due to an increase in endoge-
nous bradykinin and, possibly less
so, to reduced angiotensin II pro-
duction. Still, the situation is not
as simple that it can be explained
just by the inhibition of bradykinin
breakdown by ACE. ACE inhibitors
may amplify the effect of bradykinin

without a clear increase in brady-
kinin levels, an effect that is related
to the bradykinin receptor. Further-
more, recent studies have evidenced
a similar effect with a bradykinin
analog, which is not affected by ACE.
This suggests that ACE inhibitors,
or at least some of them, may ac-
tually prime the receptor for the 
effect of bradykinin by preventing
desensitization and internalization
of the receptor. 

There is also some evidence that
ACE may not be the most impor-
tant pathway for the breakdown of
bradykinin, at least not in cardiac
membranes. Instead, neutral endo-
peptidases (NEP) may be involved,
which would support the develop-

ment of NEP inhibitors in car-
diovascular disorders such as
coronary artery disease (CAD)
and heart failure.1 Moreover,
this may be an important argu-
ment to continue work on the
combination of ACE inhibitors
and NEP inhibitors in a single
drug, commonly referred to as
a vasopeptidase inhibitor.

ROLE OF BRADYKININ 
IN CARDIOVASCULAR 

REMODELING

Activation of the kallikrein-kinin
system in pathophysiologic
states, such as heart failure,
may be beneficial. Bradykinin
has strong vasodilating effects
and reduces coronary and sys-
temic resistance. Through NO
production, it inhibits vascular
smooth muscle cell growth and
migration, improves endothe-
lial function, prevents platelet
aggregation, and inhibits the
expression of various proin-
flammatory proteins, such as
vascular cell adhesion mole-
cule-1 (VCAM-1), monocyte
chemotactic protein–1 (MCP-1),
and leukocyte adhesion mole-

cules. The latter are stimulated by
oxidative stress, induced among
others by angiotensin II. ACE in-
hibitors oppose a dual response to
these processes, reducing angioten-
sin II on the one hand and increas-
ing bradykinin, and subsequently
NO, on the other. In addition, brady-
kinin stimulates the synthesis of
tissue plasminogen activator (t-PA),
whereas angiotensin II activates
plasminogen activator inhibitor–1
(PAI-1). ACE inhibitors may improve
fibrinolytic balance through a re-
duction in angiotensin II and an in-
crease in bradykinin, adding to the
vasculoprotective activity of the ACE
inhibitor. As such, ACE inhibitors are
considered important antiathero-
sclerotic agents.
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Mortality

EDHF endothelial-derived hyperpolar-
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EUROPA EUropean trial of Reduction of 
cardiac events with Perindopril
in stable coronary Artery disease
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MCP-1 monocyte chemotactic protein–1

NEP neural endopeptidase

NO nitric oxide
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tion with Angiotensin II Antag-
onist Losartan

PAI-1 plasminogen-activator inhibitor–1

t-PA tissue plasminogen activator

Val-HeFT Valsartan—Heart Failure Trial

VALIANT VALsartan In Acute myocardial
iNfarcTion

VCAM-1 vascular cell adhesion molecule–1
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In large controlled studies, such as
the EUropean trial of Reduction of
cardiac events with Perindopril in
stable coronary Artery disease (EU-
ROPA), a secondary preventive role
of the ACE inhibitor perindopril in
CAD was tested in patients with
proven ischemic heart disease.2,3

Previous studies in selected patient
groups, ie, with LV dysfunction and
heart failure4,5 and in patients with
a high-risk profile for cardiovascular
disease,6 have established a pre-
ventive activity of this kind. The im-
portance of the EUROPA study was
that in that trial long-term second-
ary prevention of ischemic events
was tested in all patients with CAD,
irrespective of cardiac dysfunction
or a high-risk profile; in short, in the
all-comer CAD patient. At 4.2 years
of follow-up, perindopril reduced
the risk of developing the composite
primary end point, ie, cardiovascu-
lar death, myocardial infarction (MI),
and resuscitated cardiac arrest, in
a highly significant way by 20%, but
also the risk of hospital admission
for heart failure by 39%, one of the
secondary end points. As such, the
EUROPA study is of major clinical
importance.3 The rationale behind
this study lies in the important an-
tiatherosclerotic and anti-ischemic
profile of ACE inhibitors such as
perindopril, effects which are pre-
dominantly bradykinin-dependent.
A more detailed description of these
effects is provided elsewhere in this
volume. 

Further to these vascular actions,
bradykinin is also involved in the an-
tiremodeling effects of ACE inhib-
itors in the heart. In a dog model of
cardiac remodeling and hypertrophy
resulting from electrically induced
myocardial necrosis, McDonald and
coworkers observed that ACE in-
hibitors could attenuate the occur-
rence of cardiac hypertrophy.7 Of
importance, these preventive effects
of the ACE inhibitor were annihi-

lated when a specific bradykinin B2

receptor antagonist, icatibant, was
coadministered (Figure 1). Of in-
terest, and supporting the role of
bradykinin in this action of the ACE
inhibitor, an angiotensin II receptor
antagonist did not have a similar
antiremodeling effect in the same
model. In a different model of car-
diac remodeling, following myocar-
dial infarction in different mouse
strains—ie, bradykinin B2 receptor
knockout mice vs wild-type—the
cardioprotective response to ACE
inhibitors was significantly dimin-
ished in the bradykinin B2 receptor
knockout strain as compared with
wild-type.8 However, the lack of
bradykinin B2 receptors did not af-
fect the remodeling process in un-
treated animals. Similarly, in kinino-
gen-deficient rats due to a mutation
in the kininogen gene, the induc-
tion of myocardial infarction leads
to comparable infarct sizes and a
similar increase in cardiomyocyte

cross-sectional area or interstitial
collagen fraction in untreated
kininogen-deficient or wild-type
strains,9 and functional changes
are comparable. ACE inhibitors im-
prove cardiac remodeling in the
wild-type strain, but not in the
kininogen-deficient rats. 

In contrast to these studies carried
out after an intervention, in this case
for myocardial infarction, the ab-
sence of functional bradykinin B2

receptors per se, in B2 receptor
knockout mice, may eventually re-
sult in hypertension, left ventricular
hypertrophy (LVH), fibrosis, cham-
ber dilatation, and LV dysfunction,
as compared with the wild-type
strain without any further interven-
tion (Figure 2 A and B).10 There is
some controversy, however, as oth-
er studies have reported that, in the
conditions just mentioned, a hyper-
tensive response may only occur
following high salt intake.9
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Figure 1. ACE inhibition prevents the increase in left ventricular mass (LVM)
following electrically induced myocardial necrosis. Coadministration with the
bradykinin B2 receptor antagonist HOE-140 (icatibant) prevents this effect on re-
modeling. The bar graph shows the mean values for LVM expressed as grams per
kilogram at baseline (BL) and 4 weeks (4W) in all 3 groups (control; ramipril+
HOE 140; ramipril). *Change from baseline significantly different from that ob-
served in the ramipril group (P<0.05).   

Reproduced from reference 7: McDonald KM, Mock J, D’Aloia A, et al. Brady-
kinin antagonism inhibits the antigrowth effect of converting enzyme inhibition in
the dog myocardium after discrete transmural myocardial necrosis. Circulation.
1995;91:2043-2048. Copyright © 1995, American Heart Association.     
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Taken together, these studies imply
that lack of kinins or their B2 recep-
tors does not influence cardiac re-
modeling and the development of
LV dysfunction after myocardial in-
farction, but does play an important
role in the cardioprotective action
of the ACE inhibitor. In addition, the
lack of a functional bradykinin B2

receptor may impact on blood pres-
sure, possibly a salt-sensitive re-
sponse, and lead to dilated cardio-
myopathy in the long run.

BRADYKININ 
AND HEART FAILURE

There are contrasting reports on the
effect of heart failure on bradykinin.
Multani et al reported a 50% de-
crease in interstitial bradykinin,

measured by microdialysis, which
normalized after ACE inhibition.11

In contrast, Cheng and coworkers
reported a 4-fold increase in plasma
bradykinin using a similar model of
heart failure, albeit of longer dura-
tion.12 This difference in observa-
tions may depend on the sampling
technique and the type of assess-
ment. Bradykinin may be rapidly
destroyed and measurements are
consequently difficult to carry out.
Alternatively, the duration of heart
failure could be a factor. Bradykinin
production may be triggered by cy-
tokines and aldosterone, both likely
to increase over time.

Bradykinin is a strong vasodilator,
reducing coronary and systemic re-
sistance. Increased bradykinin levels

in heart failure would therefore be
expected to improve cardiac dys-
function, if only by reducing resist-
ance to cardiac outflow. In addition,
coronary vasodilatation and reduc-
tion in myocardial ischemia in heart
failure, a condition most often a
consequence of ischemic heart dis-
ease, may well add to the potential
beneficial effect of bradykinin in
heart failure. ACE inhibition, increas-
ing or normalizing bradykinin lev-
els in heart failure, is likely to act
through these bradykinin-related
effects. Indeed, several studies have
indicated that ACE inhibitors im-
prove abnormal, endothelium-de-
pendent vasodilatation in heart fail-
ure, an effect that appears to be
related to bradykinin. In experimen-
tal models of heart failure, the brady-
kinin B2 receptor antagonist icatibant
was shown to attenuate ACE-inhi-
bition–induced increases in coronary
blood flow.13

Hornig et al13 found a significant
increase in radial artery diameter
with ACE inhibitors in heart failure
patients, an effect that was lost with
comedication of the bradykinin B2

receptor antagonist icatibant. Of
interest, icatibant already reduced
the arterial diameter at baseline be-
fore introduction of ACE inhibitors
(Figure 3, page 112).

Figure 2. Panel A: Progressive increase in left
ventricular (LV) chamber diameter in bradykinin
B2 receptor knockout mice (dark green columns) as
compared with wild-type (pale green columns) and
heterozygous (medium green columns) mouse strains.
Panel B: Significant increase in perivascular and
reparative fibrosis in bradykinin B2 receptor knock-
out mice (dark green columns). No changes occur
in wild-type and heterozygous mouse strains (pale
and medium green columns, respectively). Values are
means±SEM. +P<0.05 vs knockout mice at same
time point; $P<0.05 vs heterozygous mice at same
time point; #P<0.05 vs corresponding group at 40
days; &P<0.05 vs corresponding group at 180 days.  

Reproduced from reference 10: Emanueli C,
Maestri R, Corradi D, et al. Dilated and failing
cardiomyopathy in bradykinin B2 receptor knock-
out mice. Circulation. 1999;100:2359-2365.
Copyright © 1999, American Heart Association.     
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In contrast, several studies in pe-
ripheral systemic arteries in heart
failure patients led to different out-
comes when exogenous bradykinin
was used.14-17 Maguire et al15 did
not observe any potentiating effect
of captopril on flow-mediated dilata-
tion induced with bradykinin infu-
sion, whereas Davie and coworkers16

found a significant increase in fore-
arm blood flow following bradykinin
infusion in the presence of ACE in-
hibitors. Of interest, in the latter
study, bradykinin B2 receptor block-
ade did not reduce the effect of ACE
inhibitors alone, but it did so, sig-
nificantly, following exogenous
bradykinin administration, suggest-
ing less or no influence of endoge-
nous bradykinin in this model of
peripheral vascular tone in heart
failure. Also, Witherow et al17 failed
to observe a vasoconstricting effect
of icatibant during bradykinin infu-
sion in patients with heart failure on
chronic ACE-inhibitor therapy. In
contrast, a significant vasoconstrict-

ing effect was found with the B1/B2

receptor antagonist B9340, which is
more selective for the B1 receptor,
suggesting a role of this receptor in
bradykinin-induced vasodilatation
in this model. 

Finally, the variable effect of ACE in-
hibitors on peripheral artery vascular
tone in heart failure could be ACE
inhibitor–specific, as differential
effects on conduit arteries between
ACE inhibitors have been reported.18

Besides strong vasodilating prop-
erties, bradykinin also induces posi-
tive inotropic effects,19 at least when
administered exogenously. The un-
derlying mechanisms of this posi-
tive inotropic effect are not clear, but
could incorporate B2 receptor–me-
diated effects on the inositol path-
way and subsequent enhanced mo-
bilization and reuptake of cytosolic
calcium.20 In addition, bradykinin
may potentiate the release of cate-
cholamines.

Whether bradykinin induces posi-
tive inotropic effects under normal
conditions is questionable. Cheng
et al observed no effect of brady-
kinin B2 receptor blockade before a
heart failure state was induced.21

In contrast, after heart failure in-
duction, when endogenous brady-
kinin levels became elevated, re-
ceptor blockade further depressed
cardiac systolic and diastolic func-
tion, suggesting that elevated
bradykinin levels may counteract
the negative inotropic and lusitropic
conditions resulting from the heart
failure process. 

Thus, ACE inhibitors may improve
cardiac function not only by their
antiremodeling properties, as dis-
cussed above, or by their vasodilat-
ing effects in heart failure, but also
by direct inotropic and lusitropic
actions. This is an interesting profile
and, as it may be driven predomi-
nantly by bradykinin-related effects,
it is one that may not be shared by
other antagonists of the renin-an-
giotensin system, ie, angiotensin II
receptor blockers (ARBs), at least
not to the same extent.  

ACE INHIBITORS AND ARBS
IN HEART FAILURE—HOW

DO THEY COMPARE?

There is much evidence for a bene-
ficial effect of ACE inhibitors in heart
failure. There is less and indeed in-
consistent evidence for a similar ef-
fect of the ARBs. Obviously, this is in
part due to the fact that ACE inhib-
itors have been around and studied
for a much longer time than ARBs.
But this may not be the only expla-
nation.

In a head-to-head comparison be-
tween captopril and losartan of their
effect on mortality in a large, con-
trolled, double-blind trial (Evalua-
tion of Losartan In The Elderly–II
[ELITE II]), no significant difference
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Figure 3. The acute peripheral artery vasodilatation with angiotensin-converting
enzyme (ACE) inhibition in heart failure patients (Quin = quinapril) compared
with baseline (C2) is prevented by coadministration with icatibant (IC+Quin). 
Of importance, icatibant (IC) already contstricts the artery before ACE inhibition
compared with control conditions (C1), suggesting underlying vasodilating effects 
of endogenous bradykinin.    

Reproduced from reference 13: Hornig B, Kohler C, Drexler H. Role of brady-
kinin in mediating vascular effects of angiotensin-converting enzyme inhibitors in
humans. Circulation. 1997;95:1115-1118. Copyright © 1997, American Heart
Association.      
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was observed between the two treat-
ment arms, although there was a
clear trend to a better effect of the
ACE inhibitor,21 which was more
marked when sudden death was con-
sidered. At the time, this came as 
a surprise, as a previous study with
the same agents, but in a much
smaller patient sample, had indicat-
ed a benefit of losartan (ELITE I,
which aimed at comparing the effect
of both drug regimens on renal func-
tion in elderly heart failure patients,
and found it to be comparable).22

However, mortality was not the pri-
mary end point and the study was
not powered to consider this. Con-
sequently, when the expected ben-
eficial effect of losartan was reeval-
uated in ELITE II, it did not hold
anymore.

Why would one expect that an ARB
could have a better effect than an
ACE inhibitor? 

Several animal studies have indi-
cated that different enzymes—ser-
ine proteases—could exist in target
organs such as the heart or vascular
system, and would be able to de-
grade angiotensin I to angiotensin II,
leading to a non-ACE–dependent
generation of the octapeptide. The
most important of these enzymes
is chymase, as its effect in terms 
of angiotensin II production can be
blocked to a large degree by chy-
mase inhibitors. Although there has
been some confusion as to the func-
tional importance of chymases in
this respect, recent studies have re-
ported functionally important chy-
mases in arteries and veins under
normal conditions.23,24 This, howev-
er, may be different in heart failure.
Petrie et al demonstrated that in
heart failure patients chymase block-
ade alone did not prevent resistance
artery constriction induced by an-
giotensin I, but that ACE inhibition
did (Figure 4).25 Whether or not func-
tionally important in heart failure,

the existence of alternative path-
ways for angiotensin II production
led to the belief that ACE inhibitors
alone would not suffice to counter-
act angiotensin II effects in cardio-
vascular disease, but that an ap-
proach combining angiotensin II
blockade and diminished angioten-
sin II production following ACE in-
hibitors should provide for better
results. 

Initially, however, clinical reality
was different. The Valsartan–Heart
Failure Trial (VaL-HeFT), which com-
pared the combination ARB +ACE
inhibitor vs ACE inhibitor alone,
showed no difference in the first
primary end point—mortality.26

However, a small, but significant,
improvement in hospitalizations for
heart failure was observed in the
combined group. More recently, the
results of the Candesartan in Heart
failure Assessment in Reduction of
Mortality (CHARM) program have
become available. The CHARM pro-
gram consisted of three parallel-de-
sign trials. The first, CHARM-Alter-
native, compared the effect of the
ARB candesartan with placebo in
patients with chronic heart failure
due to systolic dysfunction and who
were intolerant to ACE inhibitors.27

Not surprisingly the ARB did better
than the placebo. The second study,
CHARM-Added, compared the com-
bination of candesartan and ACE
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Reproduced from reference 25: Petrie MC, Padmanabhan N, McDonald JE, Hillier C, Connell
JMC, McMurray JJV. Angiotensin converting enzyme (ACE) and non-ACE dependent angiotensin II
generation in resistance arteries from patients with heart failure and coronary heart disease. J Am
Coll Cardiol. 2001;37:1056-1061. Copyright © 2001, American College of Cardiology.       



inhibition with ACE inhibition alone
in patients with left ventricular sys-
tolic dysfunction and chronic heart
failure.28 In this study, the combina-
tion proved superior to ACE inhibi-
tion alone. The third arm, CHARM-
Preserved, studied the effect of
candesartan in patients with chron-
ic heart failure and preserved sys-
tolic cardiac function.29 Here, no
significant effect was observed. 

If we now look at a different setting,
that of acute heart failure, compar-
ison of the outcome of ARBs and
ACE inhibitors also yields contro-
versial results. In the OPtimal Trial
In Myocardial infarction with An-
giotensin II Antagonist Losartan
(OPTIMAAL), the ARB losartan was
compared with the ACE inhibitor
captopril in patients with acute my-
ocardial infarction at high risk.30 In
that study, captopril appeared more
effective with respect to the prede-
fined end point of cardiovascular
death reduction. In contrast, in the
VALsartan In Acute myocardial iN-
farcTion (VALIANT) study in patients
with an acute myocardial infarction
and cardiac dysfunction with or
without heart failure, valsartan was
shown not to be inferior to ACE in-
hibition.31 The reason for this dis-
crepancy is not clear, but may relate
to differences in the doses of ARBs
used. However, in none of the above
studies were ARBs found to be bet-
ter than the ACE inhibitors.    

WHICH STRATEGY 
SHOULD BE USED FOR

HEART FAILURE?

In heart failure therapy, as in other
cardiovascular syndromes, brady-
kinin is likely to play a pivotal role
in all its phases. Consequently, ACE
inhibitors will remain one of the
cornerstones of heart failure treat-
ment, not only for historical rea-
sons, but because of their important
stimulation of endogenous brady-

kinin production. A parallel reduc-
tion in angiotensin II production is
a bonus in this respect.

ARBs have less well-defined effects
on bradykinin, although bradykinin
may increase to some extent sec-
ondary to stimulation of the (unpro-
tected) angiotensin II type 2 (AT2)
receptor by elevated angiotensin II
levels as a result of angiotensin II
type 1 (AT1) receptor blockade. As a
consequence, they do not possess
the unique profile of the ACE inhib-
itor and it is questionable whether
they will replace the ACE inhibitor.
Certainly, in cases where ACE in-
hibitors are not tolerated do current
guidelines suggest the use of an
ARB. It is possible that future treat-
ment guidelines will also advocate
the combined use of an ACE inhib-
itor and an ARB.

However, as things stand, there is
little doubt that the ACE inhibitors
will remain an integral part of heart
failure therapy, as a result of their
unique dual mechanism of action,
reducing angiotensin II on the one
hand, and, possibly more impor-
tantly, increasing bradykinin on the
other hand.
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several days working backward through
my data until I came to understand
the system—the result was a paper
that, while dealing with a rather ar-
cane topic, is one of my favorites.10

CONCLUSION

The experiences with Paul Wood that
I describe in this article are typical of
those recorded by others who worked
with this remarkable man.1-4 All tell of
a fiercely honest physician who quan-
tified everything and then wove the
data into a pattern that guided him in
doing all that was then possible to help
his patients. Errors, for Wood, were
never concealed; instead, he viewed
these as challenges to be identified
clearly, their causes understood, and
then never to be repeated.

Paul Wood, in addition to epitomizing
the best in clinical medicine, stands
out as the finest scientist with whom
I have worked, and this includes three
Nobel Prize winners. The most impor-
tant lesson that he taught me is that
the clinician, while using data that are
often less precise than those available
to the laboratory investigator, follows
the same intellectual approach. Both
at the bedside and in the laboratory,
it is essential to begin by formulating
a hypothesis and then, as data are
collected to evaluate, revise, and retest
the hypothesis until all possible infor-
mation has been extracted, quantified,
organized, and interpreted. Wood also
recognized that a “final” conclusion is
not, in fact, final—it is often tentative,
losing its validity when new concepts
and technologies uncover new informa-
tion. Wood’s mastery of this method,
which is best suited for the research
laboratory where flawed experiments
can be discarded and key findings con-
firmed by repeating the experiment,
was spectacular. His ability to apply
this logical approach in a clinical set-
ting, where error can be lethal, was
the most remarkable achievement of
this great scientist.  
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