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Inhibitors of the renin-angiotensin system in
established cardiac failure

Kanu Chatteree

Congestive heart failure is a common clinical
syndrome and recent epidemiologic surveys
indicate that its incidence is increasing. It has
been estimated that as many as four million
people may suffer from heart failure in the
United States.' In the United Kingdom, the
estimated prevalence is 3 9 per 1000 patients,
and worldwide over 15 million patients are
thought to have heart failure.2 The rate of hos-
pital admission for heart failure, which
imposes a considerable burden on health care
costs, is also increasing in recent years and it is
estimated that there are almost 650 000
admissions per year for management of the
condition in the United States. The incidence
of heart failure increases with increasing age,
especially over 65-70 years. In addition, hos-
pital admissions are also frequent in those over
65 years old as compared to those aged 45-64,
and more common in females than males.

Although congestive heart failure is a com-
mon clinical syndrome, the overall progno-
sis-once heart failure develops and regardless
of the underlying disease-remains uniformly
poor. Early reports have indicated that from
the time of diagnosis, only half of all patients
with established heart failure survive five years.
It has also been observed that the more severe
the heart failure is clinically, the worse the
prognosis. In patients with New York Heart
Association (NYHA) functional class IV, the
overall survival at one year was between 34%
and 52%. Recent epidemiological studies also
suggest that there has been little improvement
in the prognosis over the years, despite dra-
matic advances in the understanding of the
pathophysiology of heart failure. In patients
with coronary artery disease who developed
congestive heart failure after acute myocardial
infarction, five year mortality was 65% for
men and 47% for women. These mortality
rates are not significantly different from those
reported several years earlier.' Thus the ideal
objectives for treatment of heart failure are: (1)
to relieve symptoms and improve quality of
life; (2) to improve prognosis; and (3) to
reduce the health care cost, particularly by
reducing the rate of hospital admissions for

treatment of heart failure. During the past two
decades, it has been shown that modulation of
the renin-angiotensin system can provide sub-
stantial benefits in patients with heart failure
in relieving symptoms and improving progno-
sis. Thus the major goals of treatment of heart
failure can at least partially be achieved
through this mechanism.

Rationale for modulation ofthe renin-
angiotensin system in established heart
failure
The activation of the renin-angiotensin-aldos-
terone axis in overt heart failure has been
amply demonstrated in numerous clinical
studies.4-6 As early as 1946, Merrill et al
reported that renin levels were increased in
patients with congestive heart failure,7 concen-
trations of renal vein renin being significantly
increased compared to normal subjects.
Subsequently, many studies have reported that
plasma renin activity is substantially increased
both in experimental models of heart failure
and in patients with overt clinical heart fail-
ure.' As expected, angiotensin II concentra-
tions are also increased in heart failure. The
contribution of the renin-angiotensin system
to peripheral vasoconstriction is further evi-
dent from the fact that angiotensin II antago-
nists such as saralasin, angiotensin II subtype
1 receptor, antagonists such as losartan, and
angiotensin converting enzyme (ACE)
inhibitors decrease systemic vascular resis-
tance in heart failure.58 Several mechanisms
appear to be involved in the increased renal
release of renin into the circulation in heart
failure. Increased renal sympathetic activity,
decreased distal tubular sodium delivery,
reduced renal perfusion pressure, and diuretic
treatment may all contribute to increased
plasma renin activity and increased angio-
tensin II levels in heart failure. Increased renal
sympathetic activity is a reflection of the
increase in systemic adrenergic activity that
occurs in heart failure. A decreased distal
tubular sodium load results from avid proxi-
mal reabsorption of sodium in heart failure.
The macula densa cells respond to a decrease
in distal tubular sodium chloride transport by
increased renin release. Severe heart failure
may be associated with not only decreased car-
diac output but also relative hypotension,
which may reduce renal perfusion pressure
and subsequently be sensed by intrarenal
baroreceptors which induce renin secretion.
Diuretic treatment is also an important exoge-
nous stimulus for renin release. In patients
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with heart failure receiving chronic diuretic
treatment alone, plasma renin activity, angio-
tensin II levels, and aldosterone levels tend to
increase. Indeed, in the absence of diuretic
treatment in patients with heart failure, plasma
renin activity and angiotensin II levels may
only be minimally abnormal. The other neuro-
hormonal abnormalities that are associated
with heart failure may also contribute to the
changes in plasma renin activity and circulat-
ing levels of angiotensin II in heart failure.
Increased prostaglandins (PGE, and PGI, lev-
els) stimulate renin release, whereas increased
concentrations of vasopressin and atrial natri-
uretic peptides may inhibit renin secretion.
Endothelin, a vasoconstrictor peptide which is
also raised in patients with heart failure, may
stimulate renin and aldosterone release and
enhance the conversion of angiotensin I to
angiotensin II.

Activation of the circulating renin-angio-
tensin system in conjunction with enhanced
sympathetic activity may produce deleterious
effects on central and peripheral haemody-
namics in heart failure. Increased systemic
vascular resistance resulting from arteriolar
vasoconstriction augments left ventricular
ejection impedance, which is associated with
decreased forward stroke volume and
increased end systolic and end diastolic vol-
umes. Without intrinsic cardiac and extrinsic
peripheral compensatory changes, or with the
failure of compensatory mechanisms, a pro-
gressive deterioration of central and peripheral
haemodynamics and cardiac dynamics is likely
to occur. In patients with overt heart failure,
arterial distensibility is decreased and the
normal left ventricular aortic coupling is
disturbed.6 The increased circulating renin-
angiotensin-aldosterone axis may contribute to
this abnormal arterial compliance, and ven-
triculo-aortic coupling may improve when
treated with ACE inhibitors. As well as caus-
ing impairment of systolic function, activation
of the renin-angiotensin system may also con-
tribute to abnormal diastolic function, which
often coexists along with systolic dysfunction
in heart failure.5 Increased renin-angiotensin-
aldosterone and adrenergic activity contribute
to venoconstriction, increased intracardiac
volume and intracardiac pressures. Altered
ventricular geometry and volume, along with
increased left ventricular filling pressures,
impair diastolic filling. The contribution of the
renin-angiotensin system to vasoconstriction is
further evident from the fact that the use of
angiotensin II antagonists, such as saralasin, is
associated with decreased systemic and pul-
monary vascular resistance and increased car-
diac output. ACE inhibitors, which also
attenuate the vasoconstrictive effects of angio-
tensin II, have been shown to decrease sys-
temic vascular resistance, arterial pressure,
and ventricular filling pressures, with an
increase in cardiac output in heart failure.
More recently, the specific antagonists of
angiotensin II subtype 1 receptors have been
shown to cause peripheral vasodilatation,
reduction in blood pressure, decreases in ejec-
tion impedance, and increases in cardiac out-

put in heart failure. Thus it is apparent that
the circulating renin-angiotensin system is
activated in established heart failure, and one
of the reasons for the use of inhibitors of the
renin-angiotensin system in heart failure is
to attenuate the deleterious effects of angio-
tensin II on cardiac and peripheral vascular
dynamics.
The activated renin-angiotensin system may

also contribute to abnormal coronary haemo-
dynamics and myocardial energetics, which
are common in patients with overt heart fail-
ure resulting from ischaemic or non-ischaemic
dilated cardiomyopathy. Resting global coro-
nary blood flow in patients with both
ischaemic and non-ischaemic dilated car-
diomyopathy and clinical heart failure is usu-
ally increased compared to that in patients
without heart failure. Although global coro-
nary blood flow is increased, coronary blood
flow per 100 g of left ventricular mass may
remain unchanged or even be less than nor-
mal.9 Myocardial oxygen consumption is also
increased, and an increase in global coronary
blood flow may reflect an increase in myo-
cardial oxygen demand. The rate-pressure
product-an index of myocardial oxygen
demand-is, however, similar in patients with
and without heart failure. Increased left
ventricular wall stress is probably the major
determinant for the increased myocardial con-
sumption in patients with dilated cardio-
myopathy. Coronary sinus venous oxygen
content may decrease significantly in severe
heart failure. This suggests that an augmented
coronary blood flow may not be sufficient to
meet the increase in metabolic demand.'0 The
activated renin-angiotensin system may con-
tribute to the increased myocardial oxygen
demand in heart failure. Altered peripheral
vascular and cardiac haemodynamics with
increased left ventricular wall stress are likely
to be partly mediated by the activated renin-
angiotensin system. Furthermore, angiotensin
II has been known to cause a dose dependent
increase in myocardial contractility, which is
associated with increased myocardial oxygen
consumption.5

Coronary blood flow reserve appears to be
diminished in patients with systolic ventricular
failure resulting from ischaemic or non-
ischaemic dilated cardiomyopathy. The ratio
of the maximum coronary blood flow after
intracoronary injection of papaverine, dipyri-
damole, or adenosine, to resting flow-an
index of coronary flow reserve-is substan-
tially reduced in patients with dilated car-
diomyopathy, compared to normal subjects." 12
The mechanisms of impaired coronary flow
reserve are multifactorial. Even in patients
without atherosclerotic coronary artery dis-
ease, flow response to intracoronary infusion
of acetylcholine is markedly blunted but
response to adenosine remains relatively pre-
served, suggesting disturbed endothelium
dependent coronary vasodilatation.'3 In
patients with obstructive atherosclerotic coro-
nary artery disease, the most frequent cause of
chronic congestive heart failure, impaired
relaxation of the conductance vessels due to
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endothelial dysfunction, contributes to dimin-
ished coronary flow reserve. The contribution
of angiotensin II to enhanced coronary vascular
tone is suggested by the fact that angiotensin
II subtype 1 receptor antagonists decrease
coronary vascular tone in basal conditions,
and it is likely that increased coronary vascular
resistance and abnormal coronary flow reserve
in heart failure may be partly mediated by the
activated renin-angiotensin system.'4 Thus one
of the potential rationales for the use of the
inhibitors of the renin-angiotensin system is to
improve coronary haemodynamics and myo-
cardial energetics in heart failure.

Activation of circulating neurohormones,
including renin and angiotensin II as well as
noradrenaline and atrial natriuretic peptides,
has been shown in patients with overt heart
failure and has been related to the severity of
heart failure and prognosis. These circulating
neurohormones are often near normal in many
patients in a stable compensated clinical state.5
In the SOLVD trial, in patients with asympto-
matic left ventricular dysfunction the circulat-
ing renin-angiotensin system activity was
normal or near normal in the majority of
patients.'5 Despite normal plasma renin activ-
ity in these patients, treatment with enalapril
blunted the progression of disease and subse-
quent development of overt congestive symp-
toms. It appears unlikely that these benefits
might be mediated by inhibition of the circu-
lating renin-angiotensin system alone. Thus it
has been hypothesised that the tissue renin-
angiotensin system is activated in the absence
of overt heart failure, and inhibition of system is
likely to be beneficial in preventing ventricular
and vascular remodelling and progression of
heart failure, and therefore in improving sur-
vival.
The existence of the tissue renin-angio-

tensin system has been amply demonstrated
by enzymatic biochemical and molecular bio-
logical techniques. Renin enzymatic activity
has been shown in isolated cardiac myocytes.
Cardiac renin and angiotensin agent messen-
ger RNA (mRNA) expressions have been
identified in the heart.5 The presence of ACE
in cardiac tissues has also been recognised. In
human myocardial tissues specific angiotensin
receptors have also been identified.5 In experi-
mental heart failure in animal models, multi-
ple components of the renin-angiotensin
system are locally activated. The expression of
angiotensinogen has been documented in early
heart failure in rats after experimental myocar-
dial infarction. The increased expression of
angiotensinogen has also been documented in
tachycardia induced heart failure in animals.5
The expression of the angiotensin II subtype 1
receptor is also increased in both the right and
left ventricular tissues within a few days after
experimental myocardial infarction in ani-
mals.5 The mechanisms responsible for the
induction of cardiac angiotensinogen, ACE
inhibitor, and angiotensin receptor gene
expression are not clearly understood,
although increased wall stress or inflammatory
cell or fibroblast migration into the healing
myocardium may contribute to the increased

expression of the cardiac renin-angiotensin
system.
As well as increasing the expression of the

renin-angiotensin system in various tissues of
the myocardium, heart failure appears to stim-
ulate the activity of the intrarenal angiotensin
systems.5 The chronic compensated state of
heart failure after experimental myocardial
infarction in animals is associated with
increased renal angiotensinogen mRNA levels.
In experimental heart failure in animals, this
increase in the intrarenal angiotensin system
occurs without the concomitant increase in
liver angiotensinogen mRNA levels. There is
also no significant increase in kidney renin
content or renal renin mRNA levels.
Circulating angiotensinogen concentration,
plasma renin concentration, and serum or
renal ACE activities are also not increased,
although intrarenal angiotensinogen expres-
sion is increased. The mechanism for the
increased renal angiotensinogen mRNA levels
in experimental heart failure remains unclear.
Enhanced renal sympathetic activity and alter-
ations in haemodynamics, such as low cardiac
output or reduction in renal perfusion pres-
sure, may contribute to this enhanced
intrarenal expression of the renin-angiotensin
system. Whatever the mechanisms might be,
these findings suggest that the circulating
renin-angiotensin system may not be activated
in the compensated state of heart failure. In
the studies in experimental animals with com-
pensated heart failure, it has also been shown
that chronic inhibition of ACE with relatively
long acting ACE inhibitors such as enalapril
can normalise increased renal angiotensinogen
expression. It is likely that with normalisation
of angiotensinogen expression, intrarenal
angiotensin II synthesis is also decreased, and
this may be associated with significant renal
vasodilatation and natriuresis.5
ACE is found in high concentrations in the

endothelium of all blood vessels, including
aorta, large and small arteries, and the
microvasculature. In the microvasculature,
angiotensin I can be converted to angiotensin
II in the presence of ACE, and angiotensin II
can then diffuse into the myocardium.5

Although increased expression of the renin-
angiotensin system has been well documented
in heart failure in experimental animals, the
existence and changes in the expression of the
tissue renin-angiotensin system and its poten-
tial effects on cardiovascular dynamics have
not been adequately assessed up to now in
patients with heart failure. Some preliminary
studies, however, have suggested the existence
of tissue renin-angiotensin system in explanted
human myocardial tissue.'6 It has been shown
that angiotensin II exerts a positive inotropic
effect on isolated human atrial and ventricular
trabecular muscles. In failing human atrial tis-
sue, there is a dose dependent positive
inotropic effect of both angiotensin I and
angiotensin II, and the positive inotropic effect
of angiotensin II can be blocked with treat-
ment with enalaprilat, which suggests a poten-
tial role of cardiac tissue ACE. Intracoronary
infusion of enalaprilat, which does not pro-
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duce significant systemic haemodynamic
changes, is associated with significant impair-
ment of systolic and contractile function of the
left ventricle, suggesting the existence of a tis-
sue renin-angiotensin system in patients with
idiopathic dilated cardiomyopathy. 17 Along
with a decrease in contractile function, there
was a decrease in calculated coronary vascular
resistance following intracoronary infusion of
enalaprilat in these patients. These findings
suggest that in patients with idiopathic dilated
cardiomyopathy, tissue angiotensin II
enhances the myocardial inotropic state as
well as contributing to potential coronary
vasoconstriction. In the human heart, non-
ACE biochemical pathways for conversion of
angiotensin I to angiotensin II (chymase) have
also been identified.'8 The relative importance
of ACE and chymase in human hearts, how-
ever, remains unclear. It is possible that
human cardiac tissue angiotensin II generation
might still occur, despite systemic inhibition of
ACE, because of the presence of chymase.
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Figure 1(A) Changes in cardiac output (CO), pulmonary capillary wedge pr
(PCWP), stroke work index (SWI), systemic vascular resistance (SVR), meaw
pressure (MAP), right atrial pressure (RAP), and heart rate (HR) after 25, 54
mg of oral captopril (n = 10). Published with permission from Ader et al. 21 (B

in cardiac index (CI), stroke volume index (SVI), MAP, SVR, and mean PC
2-5, 5 0, and 10 mg of oral enalapril (n = 12). Published with permission froi
et al. 22

The relevance of the existence of the tissue
renin-angiotensin system, particularly in the
heart, vascular bed, and kidney, is that it may
play a role in the pathophysiology of heart fail-
ure. Activation of the tissue renin-angiotensin
system in the vascular bed may not only con-
tribute to maintaining high vascular tone in
heart failure, but may also contribute to
smooth muscle cell hypertrophy and vascular
remodelling. Coronary haemodynamic and
myocardial energetics may also be adversely
affected by enhanced vascular tissue renin-
angiotensin system activity. Not only may
myocardial oxygen demand be increased, but
myocardial perfusion may also be impaired,
inducing an imbalance between supply and
demand and contributing to myocardial
ischaemia, which in turn may contribute to
myocyte loss. Enhanced activity of the cardiac
renin-angiotensin system may also play a sig-
nificant role in ventricular remodelling in
addition to inducing abnormalities of systolic
and diastolic function. The growth promoting
effects of angiotensin II may be contributory
to maladaptive myocyte hypertrophy and
architectural derangements of the extracellular
matrix. One of the potential benefits of the
inhibition of the tissue renin-angiotensin sys-
tem is the attenuation of this vascular and car-
diac remodelling, which has been suggested as
a fundamental mechanism for progression of
heart failure. It has been reported that tissue
ACE could be inhibited in humans with the
use of orally administered ACE inhibitors, and
that significant inhibition of ACE activities in
the kidney, heart, and aortic and venous tis-
sues occurs after short term administration of
oral ACE inhibitors.'9 In patients with estab-
lished heart failure, long term treatment with
ACE inhibitors can also attenuate ventricular
remodelling.20

Systemic and regional haemodynamic
effects of inhibition of the renin-

HR angiotensin system
Many studies have been performed to assess
acute and chronic haemodynamic effects of

2.5 mg various ACE inhibitors with different pharma-
5.0 mg cokinetic properties.4 Qualitatively, the sys-
10.0 mg temic haemodynamic effects of ACE

inhibitors are similar, irrespective of the differ-
ences in pharmacokinetic properties. Capto-
pril is a sulphydryl containing, relatively short
acting ACE inhibitor. Enalapril, on the other
hand, is a longer acting non-sulphydryl pro-
drug and requires in vivo hepatic esterolysis to
the active metabolite, enalaprilat. The acute
systemic haemodynamic responses to capto-
pril and enalapril are illustrated in fig lA and
B.2'22 The haemodynamic effects are charac-
terised by a significant reduction in right atrial

PCWP
and pulmonary capillary wedge pressure,
along with a reduction in pulmonary artery
and systemic arterial pressures. Systemic vas-

arterial cular resistance consistently declines, and, in
0, and 100 general, pulmonary vascular resistance is also
PChanges decreased. Cardiac output and stroke volume

n DiCarlo tend to increase, and heart rate either
decreases slightly or remains unchanged. It is
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apparent that the haemodynamic effects of
captopril and enalapril are similar. Lisinopril,
quinapril, ramipril, cilazapril, zofenopril,
perindopril, fosinopril, and benazepril are
other long acting ACE inhibitors which also
produce similar systemic haemodynamic
effects in patients with chronic heart failure.
The beneficial changes in systemic haemody-
namics in response to ACE inhibitors have
also been determined during exercise. When
assessed at comparable workloads, the magni-
tude of reduction in systemic vascular resis-
tance and increase in cardiac output is greater
following ACE inhibitor therapy. There is also
a decrease in pulmonary capillary wedge pres-
sure along with an increase in the stroke vol-
ume during exercise. The beneficial
haemodynamic effects of ACE inhibitors in
patients with chronic heart failure appear to
persist during long term treatment in the
majority of patients.42' 22 A sustained reduction
in pulmonary capillary wedge pressure and
right atrial pressure, and increases in cardiac
output and stroke volume, have been shown.
However, in approximately 27% of patients,
haemodynamic improvement initially
observed may not persist during chronic treat-
ment with ACE inhibitors. It is of interest that
in approximately 20% of patients there was no
initial haemodynamic effect, but in several of
these patients haemodynamics improved dur-
ing continued treatment.23
The mechanism of improvement in sys-

temic haemodynamics and left ventricular per-
formance are likely to be related to
improvement in both systolic and diastolic
function of the left ventricle.6 The reduction in
systemic vascular resistance, ejection imped-
ance, and left ventricular afterload causes an
increase in left ventricular ejection fraction
and forward stroke volume, and a reduction in
left ventricular end systolic and end diastolic
volume along with a decrease in left ventricu-
lar diastolic pressure and pulmonary venous
pressure. An improvement in ventriculo-aortic
coupling following ACE inhibitor treatment
also assists left ventricular pump function.
Improved diastolic filling characteristics of the
left ventricle may contribute in improving
haemodynamics as well.
A concomitant improvement in right ven-

tricular systolic and diastolic function con-
tributes to improved forward stroke volume
and cardiac output following ACE inhibitor
treatment. The changes in contractile state
with the use ofACE inhibitors are likely to be
variable. Intracoronary infusion of ACE
inhibitors, which does not usually produce sig-
nificant systemic effects, has been shown to
decrease contractile state because of inhibition
of angiotensin II mediated positive inotropic
effects.'7 Thus there is potential for decreased
contractility during acute inhibition of the
effect of angiotensin II. However, in experi-
mental animals chronic inhibition of angio-
tensin II with ACE inhibitors has been shown
to improve myocardial contractile perfor-
mance. Upregulation of the myocardial ,B
adrenergic receptors, due to chronic sympa-
tho-inhibition and a consequent increase in

myocardial contractile response to cate-
cholamines, is a possible mechanism.24 In car-
diomyopathic hamsters, prevention of cardiac
myosin phenotype alterations by ACE
inhibitors has been suggested as another
mechanism of improved contractility. How-
ever, it remains to be determined whether or
not chronic inhibition of the effects of angio-
tensin II by ACE inhibitors improves overall
contractile performance in patients with
chronic heart failure due to ischaemic or non-
ischaemic dilated cardiomyopathy.

In patients with established heart failure,
chronic inhibition of the renin-angiotensin sys-
tem with ACE inhibitors has been shown to
decrease left ventricular mass and left ventricu-
lar wall stress, which may contribute to
improved ventricular performance.20 ACE
inhibitors also have the potential to improve
coronary haemodynamics and myocardial
energetics and, secondarily, to improve car-
diac performance.25
ACE inhibitors produce peripheral vasodi-

latation by various mechanisms. Direct inhibi-
tion of the vasoconstrictive effects of
angiotensin II produces peripheral vasodilata-
tion. However, increased bradykinin levels due
to inhibition of the enzyme kininase II (con-
verting enzyme), which is necessary for the
breakdown of bradykinin to inactive
bradykinin peptides, may be relevant in the
peripheral vasodilatation produced by ACE
inhibitors. Furthermore, increased bradykinin
may also cause enhanced release of prostacy-
clin, which is also a potent vasodilator.
However, inhibition of the vasoconstrictive
effect of angiotensin II appears to be an impor-
tant mechanism, as angiotensin II receptor
subtype 1 antagonist tends to induce similar
peripheral vasodilatation. ACE inhibitors can
improve renal haemodynamics in patients with
heart failure. Angiotensin II is a potent renal
vasoconstrictor, predominantly affecting effer-
ent arterioles. In the absence of significant
hypotension in response to ACE inhibitors,
renal blood flow may increase significantly.
Glomerular filtration rate, however, may not
change. Many studies have shown an increase
or no change or even a decrease in glomerular
filtration rate.6 During long term ACE
inhibitor treatment, renal function in some
patients improved in association with an
increase in free water clearance as well as an
increase in sodium excretion. However, in
many patients-particularly with severe heart
failure-ACE inhibitor treatment may be asso-
ciated with an increase in BUN and creati-
nine.6
ACE inhibitors may also produce

favourable effects on coronary haemodynam-
ics and myocardial energetics in patients with
chronic congestive heart failure resulting from
left ventricular systolic dysfunction with or
without associated coronary artery disease.
ACE inhibitors consistently decrease myocar-
dial oxygen demand, and myocardial oxygen
consumption declines in parallel. This
decreased myocardial oxygen demand and
consumption results primarily from a decrease
in the heart rate-blood pressure product.
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Figure 2 Intracoronary
infusions of enalaprilat in
dogs increase the cross
sectional areas of the
epicardial coronaty arteries
(intravascular imaging),
suggesting dilatation of the
conductance vessels. The
average peak velocity
(intravascular Doppler)
also increases, suggesting a
vasodilator effect of
enalaprilat on the coronary
resistance vessels
(* denotes significance).
Published with permission
from Sudhir et al.'4
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However, a reduction in left ventricular wall
stress may also be contributory. ACE
inhibitors also have the potential to increase
coronary blood flow by primary reduction in
coronary vascular resistance. ACE inhibitors
produce vasodilatation of both conductance
and resistance vessels (fig 2).14 Vasodilatation
of the conductance vessels is partly mediated
by endothelium dependent mechanisms, as
concurrent administration of a nitric oxide
synthase inhibitor partly attenuates vasodilata-
tion of the epicardial coronary arteries.
Dilatation of the resistance vessels with ACE
inhibitors is partly mediated by bradykinin,
since bradykinin antagonists attenuate the
magnitude of vasodilatation of the resistance
vessels. Whatever the mechanisms of vasodi-
latation of coronary vascular bed, ACE
inhibitors have the potential to increase coro-
nary blood flow in excess of myocardial oxy-
gen demand.26 These favourable effects of
ACE inhibitors on coronary haemodynamics
may relieve myocardial ischaemia in some
patients with heart failure due to dilated car-
diomyopathy.
ACE inhibitors appear to possess both arte-

riolar and venodilating properties. In patients
with heart failure, there is usually a substantial
decrease in forearm vascular resistance and
increase in forearm blood flow, and also an
increase in peripheral venous capacitance in
response to ACE inhibitors. Following chronic
treatment with an ACE inhibitor, skeletal
muscle blood flow may also increase. This
peripheral haemodynamic effect of ACE
inhibitors may contribute to improved central
haemodynamics and exercise tolerance in
patients with chronic heart failure treated with
ACE inhibitors.4

Clinical efficacy ofinhibition of the
renin-angiotensin system in established
heart failure
Improvement in symptoms of congestive heart
failure and exercise tolerance with ACE
inhibitors have been documented in a number
of randomised prospective placebo controlled
studies.4 The Captopril Multicenter Research
Group reported that after three months of
treatment with captopril, the NYHA func-
tional class improved in 61% of patients
treated with captopril, whereas only 24% of
placebo treated patients improved.27 Treadmill
exercise time increased significantly more in

the captopril treatment group than in the
placebo group. Treatment with enalapril has
also been reported to improve clinical class
and exercise tolerance in patients with conges-
tive heart failure; both improvement in func-
tional class and exercise duration have been
observed in patients treated with enalapril.
Chalmers et al reported that lisinopril treat-
ment improved exercise duration during a 12
week placebo controlled trial.28 Similarly,
treatment with quinapril is also associated with
improved exercise tolerance in patients with
congestive heart failure, compared to
placebo.29 It should be noted, however, that
improvement in exercise duration is not uni-
formly observed in patients treated with ACE
inhibitors.

In a few studies, the relative efficacy of the
various ACE inhibitors has been compared in
prospective controlled randomised studies.
Comparable clinical improvement was
observed between captopril and enalapril, cap-
topril and lisinopril, and lisinopril and
enalapril.4 The results of these studies suggest
that improvement in clinical class and exercise
tolerance are similar, irrespective of the phar-
macokinetic and pharmacodynamic differ-
ences between various ACE inhibitors.
The relative efficacy of ACE inhibitors and

of digoxin has also been evaluated in prospec-
tive controlled studies.'0 31 In some studies,
ACE inhibitors were found to be more effec-
tive than digoxin in improving clinical status
and exercise tolerance. In other studies, how-
ever, no significant differences between
digoxin and ACE inhibitors were observed in
improving clinical status and exercise toler-
ance. In the VA Heart Failure Trial II, the
clinical efficacy and mortality rate were com-
pared between hydralazine, isosorbide dini-
trate, and enalapril.'2 Although with enalapril
there was a greater survival benefit, the exer-
cise tolerance and improvement in clinical
class and increase in maximum oxygen con-
sumption during exercise were greater with
hydralazine and isosorbide dinitrate than with
enalapril. The clinical efficacy and neuroen-
docrine changes with the angiotensin II sub-
type 1 receptor antagonist, losartan, have been
compared to those with enalapril in patients
with moderate or severe chronic heart failure.33
No significant differences were observed
between losartan and enalapril in improving
exercise capacity or clinical status. The
changes in neurohumoral profile-that is, in
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Figure 3 The effect of enalapril compared to placebo on mortality in patients with severe
congestive heart failure. Reproduced with permission from the CONSENSUS Trial Study
Group.34

noradrenaline and terminal atrial natriuretic
factors-were also similar in response to losar-
tan and enalapril. These findings suggest that
inhibition of the renin-angiotensin system in
general is likely to produce a beneficial haemo-
dynamic and clinical response in patients with
chronic congestive heart failure. Preliminary
data suggest that changes in renal function
may be slightly different between losartan and
enalapril. With enalapril, the increase in blood
urea nitrogen and creatinine appear to be
greater than with losartan.3 It is possible that
more marked vasodilatation of the glomerular
efferent arterioles by converting enzyme
inhibitor mediated by bradykinin may result in
a more marked reduction in glomerular filtra-
tion rate, which might contribute to worsening
renal function. However, without further stud-
ies the clinical relevance of these changes in
renal function with converting enzyme
inhibitors compared to those with angiotensin
receptor antagonists cannot be established.

Effects of inhibition ofthe renin-
angiotensin system on survival ofpatients
with congestive heart failure
That ACE inhibitors reduce the risk of mortal-
ity and improve survival of patients with
chronic congestive heart failure has been docu-
mented in several prospective randomised tri-
als. In the CONSENSUS I study patients with
severe heart failure-mostly in NYHA func-
tional class IV-were randomised to conven-
tional treatment (digoxin, diuretics, and some
were taking other vasodilators such as
hydralazine or nitrates) and to enalapril (fig
3).34 Approximately 73% of the patients ran-
domised had coronary artery disease. After six
months of follow up there was a 40% reduc-
tion in risk of mortality with treatment with
enalapril, and at 12 months the risk reduction
was 31%. Overall, there was a 50% reduction
in mortality due to progression of heart failure
in the enalapril treated patients. SOLVD also
was designed to assess the impact of inhibition

of the renin-angiotensin system by enalapril on
mortality and on non-fatal events such as hos-
pital admission in patients with decreased left
ventricular ejection fraction (less than 36%)
and with established mild to moderate conges-
tive heart failure. In the treatment arm of this
trial, patients had symptoms of mild conges-
tive heart failure, and most were in NYHA
functional class I or II. Many patients in this
study were receiving digoxin, glycosides, and
no diuretics, and in the treatment arm
enalapril was added (2-5-20 mg daily, fig 4).
At the end of two years, mortality in the
enalapril treated group was approximately
20% and in the placebo group approximately
25%.35 Thus enalapril reduced the risk of
death by 23%. At the end of 3-5 years, the
mortality risk reduction with enalapril was
about 16%. In addition, enalapril resulted in a
30% reduction in the risk of hospital admis-
sion for heart failure for up to two years of
treatment.

In the VA Heart Failure Trial II, the effect
of enalapril was compared to the combination
of hydralazine and isosorbide dinitrate in
patients with mild congestive heart failure (fig
5).32 In the VA Heart Failure Trial I, impact of
treatment with hydralazine/isosorbide dinitrate
on mortality compared to conventional treat-
ment-that is, digoxin and diuretics-was
assessed in patients with similar severity of
heart failure. In this trial, treatment with
hydralazine and isosorbide dinitrate was asso-
ciated with risk of reduction in mortality by
38%, 25%, and 23%, after one, two, and three
years of follow up.36 In the VA Heart Failure
Trial II, the magnitude of reduction in the risk
of mortality with enalapril was greater than
that with hydralazine and isosorbide dinitrate
treatment (fig 5). During the course of the
trial, mortality was 32-8% in patients ran-
domised to enalapril, and 38-2% in those ran-
domised to hydralazine and isosorbide
dinitrate. The lower mortality rate in the
enalapril group was primarily due to a
decreased incidence of sudden death. There
was no significant difference in mortality from
progressive congestive heart failure between
the two treatment groups. A meta-analysis of
several smaller studies has indicated that ACE
inhibitors can significantly reduce the risk of
mortality in patients with heart failure.37 In
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Figure 4 The effect of enalapril compared to placebo on
mortality in patients with mild to moderately severe
congestive heartfailure. Reproduced with permission from
the SOLVD Investigators.35
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Figure 5 The effect of
enalapril compared to
hydralazine and isosorbide
dinitrate on mortality in
patients with mild to
moderate congestive heart
failure. Reproduced with
permission from Cohn
et al.32
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patients with established heart failure follow-

ing acute myocardial infarction, ACE

inhibitors have been shown to decrease mor-

tality. The Acute Infarction Ramipril Efficacy

(AIRE) study enrolled and randomised

patients with acute myocardial infarction who

had evidence of congestive heart failure

between day 3 and day 10 after acute myocar-

dial infarction.38 There was a 27% reduction in

risk of mortality with treatment with ramipril

in this study. Thus these studies suggest that

in patients with established heart failure-

whether acute or chronic-treatment with

ACE inhibitors can improve survival.

Furthermore, inhibition of the renin-angio-

tensin system in patients with established heart

failure is associated with improved clinical and

haemodynamic status, exercise performance,

and quality of life. Furthermore, treatment

with ACE inhibitors in patients with estab-

lished coronary artery disease appears to be

associated with decreased incidence of unsta-

ble angina and re-infarction. In established

heart failure, therefore, inhibition of the renin-

angiotensin system should be considered a

standard and essential treatment.
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