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VENTRICULAR DYSFUNCTION AND HEART FAILURE

Is neurohormonal activation a major determinant
of the response to ACE inhibition in left
ventricular dysfunction and heart failure?
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Chronic heart failure is characterised by varying
degrees of symptoms and high mortality
mainly from progressive myocardial failure
and sudden death. Increased understanding of
pathophysiological mechanisms has shown that
heart failure is progressive and characterised
by myocardial dysfunction and activation of
complex adaptive and maladaptive processes.
Moreover, a number of large clinical trials
have shown that the progressive nature of and
high mortality from the disorder may be
affected by pharmacological interventions.
The initial event in the clinical patho-

physiology of heart failure is myocardial
damage, which may be caused by many
different mechanisms such as toxins, infec-
tions, and prolonged volume or pressure over-
load.' In Western societies the initial injury is
most often an acute myocardial infarction,
though the cause often remains unknown, as
in idiopathic dilated cardiomyopathy. Clinical
heart failure may develop immediately after
the myocardial injury or after a period of
asymptomatic left ventricular dysfunction.
The pathophysiological events which follow
an acute myocardial injury and ultimately lead
to progressive heart failure are not exactly
understood, although our knowledge of the
complicated mechanisms involved in the
development of left ventricular dilatation, hyper-
trophy, and dysfunction has recently increased.2
Activation of different neurohormonal systems
as well as autocrine and paracrine mechanisms
has an essential role in this process.

Pharmacological treatment of chronic heart
failure has traditionally been aimed at the
underlying cardiac disease and at reducing
symptoms such as dyspnoea and fluid reten-
tion. More recently, treatment has been targeted
increasingly at delaying the progression of the
disorder and at reducing mortality. Treatment
with angiotensin converting enzyme (ACE)
inhibitors can positively influence prognosis.
Moreover, 1 adrenergic blockers can reduce
mortality in patients with heart failure after
myocardial infarction,6 and they seem to delay
the progression of the disorder among patients
with idiopathic dilated cardiomyopathy.7 ACE
inhibitors have multiple mechanisms of action,
which involve both haemodynamic and neuro-
hormonal factors as well as autocrine and
paracrine mechanisms. In this article we will
review the importance of neurohormonal
mechanisms for the efficacy of ACE inhibitors

in the treatment of asymptomatic left ven-
tricular dysfunction and chronic heart failure.
Although doctors focus on treatment of
patients with systolic dysfunction of the left
ventricle, it is important to remember that, in
some cases of heart failure, alterations in myo-
cardial relaxation (diastolic dysfunction) may
predominate.8
Although the initial event in the develop-

ment of left ventricular dysfunction is struc-
tural damage to the myocardium, heart failure
is not merely a disease of the heart. Patients
with left ventricular dysfunction frequently
have no symptoms of heart failure, probably
because compensatory mechanisms enable
maintenance of cardiac output and peripheral
perfusion. These adaptive responses are the
result of a complex interplay between myo-
cardial, haemodynamic, and neurohormonal
mechanisms which are activated almost
immediately after the myocardial injury. Com-
pensatory mechanisms may, however, become
exhausted, and many patients ultimately
develop symptoms of heart failure. At this
stage, activation of the sympathetic nervous
system and the renin-angiotensin system seems
to be maladaptive and may cause further harm
to the myocardium, leading to progression
of the disorder.9 10 Furthermore, baroreflex
responses are not able to limit the magnitude
of activation of the vasoconstrictor hormones
as baroreceptor function may be impaired." 12
Thus, sustained neurohormonal activation is
partly maintained by altered baroreceptor
function, which may reduce inhibitory signals
to the vasomotor centre and thereby diminish
the inhibition of sympathetic outflow.
The time course of neurohormonal acti-

vation, from the onset of myocardial injury to
the development of chronic heart failure, has
never been studied in detail in the same
population of patients. Several studies have,
however, investigated neurohormonal acti-
vation in patients with acute myocardial
infarction, asymptomatic left ventricular dys-
function, or chronic heart failure.

Neurohormonal activation in acute
myocardial infarction
Neurohormonal systems are activated in the
early phase of acute myocardial infarction. 13-15
High plasma concentrations of catechol-
amines, angiotensin II, and atrial natriuretic
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peptide occur during the first few hours after
the onset of infarction.'6 17 This activation
subsides over the subsequent days, and at
hospital discharge neurohormonal activation is
present predominantly among patients with
heart failure.'4 '7 In the SAVE trial neuro-
hormonal activation was related to the degree
of left ventricular dysfunction among asymp-
tomatic patients with reduced left ventricular
ejection fraction after a recent myocardial
infarction.'8 Sustained neurohormonal acti-
vation is also related to the extent of myo-
cardial damage among patients with a first
myocardial infarction and without signs of heart
failure. ' Thus, prolonged neurohormonal
activation after myocardial infarction is
confined to patients with clinical signs of heart
failure and to those with extensive myocardial
damage. Activation of neurohormonal systems
during the early phase after myocardial
infarction is associated with early com-
plications and subsequent mortality. `9-2
Recently, plasma concentrations of atrial
natriuretic peptide and noradrenaline and
plasma renin activities on days 3 to 16 after
the onset of infarction were found to be
related to long term mortality.22 The conse-
quences of prolonged neurohormonal activa-
tion after myocardial infarction have yet to be
determined. In one small study patients with
the highest plasma noradrenaline concen-
trations one week after myocardial infarction
also had the greatest increase in left ventricular
size during subsequent follow up for 4-6
months.23 This may indicate a relation
between neurohormonal activation and left
ventricular dilatation after myocardial
infarction.

Neurohormonal activation in
asymptomatic left ventricular dysfunction
In a substudy of the SOLVD trial plasma con-
centrations of noradrenaline, atrial natriuretic
peptide, and arginine vasopressin and plasma
renin activity were raised in patients with a left
ventricular ejection fraction lower than 35%/o
when compared with a group of healthy
subjects.24 Patients with symptomatic heart
failure had the highest hormone concen-
trations, but asymptomatic patients still had
significantly higher concentrations than con-
trol subjects. In asymptomatic patients raised
plasma renin activity was confined to patients
who were taking diuretics for treatment of
hypertension. These results show that neuro-
hormonal systems are activated in patients
with reduced ejection fractions but no
symptoms of heart failure and that activation
is more pronounced in patients with symptoms
of heart failure who are taking diuretics than it
is in those without symptoms.

Neurohormonal activation in chronic
heart failure
Neurohormonal activation frequently occurs
in chronic heart failure25-30 and is most pro-
nounced among patients with severe symptoms,
though the degree of activation varies

widely.3' 32 Factors other than the disease itself
such as diuretic treatment may influence
neurohormonal mechanisms.3334 A strong
connection has been found between mortality
and plasma noradrenaline, atrial natriuretic
peptide, and angiotensin II concentrations and
renin activity in both moderate and severe
chronic heart failure.35-38 Recently, by using a
multivariate model which included left ven-
tricular ejection fraction, peak oxygen con-
sumption, and cardiothoracic ratio, plasma
noradrenaline concentration was found to be a
significant predictor of prognosis among
patients with mild or moderate congestive
heart failure.38

INFLUENCE OF ACE INHIBITORS ON

NEUROHORMONAL ACTIVATION

The actions of ACE inhibitors differ from
those of other vasodilators mainly because of
their effects on endogenous neurohormonal
systems. Aside from the humoral effects, the
regional conversion of angiotensin I to angio-
tensin II in many tissues is affected, including
in the heart and kidneys.39 40 41 Plasma ACE
activity is suppressed by ACE inhibitors in
patients with acute myocardial infarction and
chronic heart failure.23 32 42 In several studies
ACE inhibitors have reduced circulating
concentrations of angiotensin II in patients
with heart failure.4346 This may not be the
case in all patients during long term treatment,
possibly because angiotensin II may be
generated by enzyme systems that are not
dependent on ACE.39 4 An alternative path-
way, via cardiac chymase, has been suggested
for the formation of angiotensin JII,3 48 with
only 10% of the total angiotensin II formed by
cardiac membranes being blocked by captopril.
Human chymase converts angiotensin I to
angiotensin II but is not affected by ACE
inhibition.39 4 In most studies a reduction in
aldosterone concentrations and a rise in
plasma renin activity has been found during
treatment with ACE inhibitors in patients with
heart failure.44 46 50 51
The effects ofACE inhibitors on the activity

of the sympathetic nervous system are less
clear. Experimentally, angiotensin II may
facilitate the release of noradrenaline from
sympathetic nerve endings.52 53 However, no
change in plasma noradrenaline concentration
or systemic venous spillover of noradrenaline
was found in patients with heart failure who
were treated with intravenous infusion of
angiotensin II or enalaprilat.54 In some small
studies in patients with heart failure plasma
noradrenaline concentration was reduced by
treatment with ACE inhibitors.43 5 In larger
clinical studies a reduction in plasma nor-
adrenaline concentration has mainly been
found among patients with high plasma values
at the start of treatment.56 ACE inhibitors
lower arterial blood pressure and ventricular
filling pressures without inducing reflex tachy-
cardia. Baroreflex sensitivity may also be
improved by treatment with these drugs.57
Plasma concentrations of atrial natriuretic
peptide among patients with moderate or
severe heart failure are also reduced by ACE
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inhibitors,32 42 46 possibly reflecting haemo-
dynamic changes, including a reduction in
atrial wall stress. It has not been proved that
the ACE inhibitors directly influence the
secretion or clearance of atrial natriuretic
peptide in humans, although angiotensin II
may directly stimulate the secretion of atrial
natriuretic peptide in isolated rabbit hearts.58
ACE inhibitors also increase the con-

centration of circulating bradykinins, as ACE
and kininase II are one and the same. Brady-
kinin may in turn release vasodilating
prostaglandins.59 This may be important
therapeutically as the haemodynamic effects of
ACE inhibition may be inhibited by a brady-
kinin antagonist as well as by inhibitors of
prostaglandin synthesis.60 61 Furthermore,
increased bradykinin in tissues may augment
production of endothelium derived relaxing
factor.62

NEUROHORMONAL ACTIVATION AND CLINICAL

EFFICACY OF ACE INHIBITORS

Several clinical trials suggest that the
beneficial effects of ACE inhibitors in patients
with left ventricular dysfunction or heart
failure relate mainly to their effects on neuro-

hormonal mechanisms.

Trials with ACE inhibitors in survivors
of acute myocardial infarction
The table shows an overview of trials investi-
gating the effects on mortality of ACE
inhibitors after myocardial infarction. In the
CONSENSUS II trial 6090 patients with
acute myocardial infarction were randomly
allocated to treatment with enalapril or

placebo at 103 Scandinavian centres.63 Treat-
ment was initiated intravenously within 24
hours after the onset of infarction. The
duration of treatment varied between 41 and
180 days because the study was stopped
prematurely. Patients were eligible for inclusion
if they presented within 24 hours after the
onset of chest pain that was likely to be due to
an acute myocardial infarction and showed
either electrocardiographic changes or raised
plasma concentrations of enzymes indicating
myocardial damage. Mortality in the groups
given enalapril and placebo was respectively
7.2% and 6-3% after the first month and
11*0% and 10-2% after six months. The
differences between the groups were not
significant. Heart failure was associated with
the index infarction among 1109 patients
(18%). There was no difference in survival
between the two treatment groups in the sub-
group of patients with heart failure.

In the SAVE trial 2231 patients with

ejection fractions of 40% or less but without
overt heart failure or symptoms of myocardial
ischaemia were randomly assigned to treat-
ment with captopril or placebo within 3 to 16
days after myocardial infarction.67 At the time
of randomisation 35% of the patients were

taking diuretics, but patients whose symptoms
of heart failure were not readily controlled
were excluded from the trial. Thus, the SAVE
trial studied a mixed population of patients
with mild symptomatic heart failure and
asymptomatic left ventricular dysfunction.
The patients were followed up for an average
of 42 months. Mortality from all causes was

20% in the group given captopril and 25% in
the group given placebo. This corresponds to
a risk reduction of 19% (P = 0 0 19). The pro-

portion of patients who needed to be admitted
to hospital for congestive heart failure was

higher in the placebo group (17%) than in the
captopril group (14%) (risk reduction 22%;
P = 0.019). Furthermore, the risk of developing
a fatal or non-fatal myocardial infarction was

reduced by 25% (P = 0-0 15) in the captopril
group compared with the placebo group.

In the AIRE study 2006 patients with
clinical evidence of heart failure at any time
after the index infarction were randomly
allocated to treatment with ramipril or placebo
on the third to tenth day after the onset of
infarction.65 Clinical evidence of heart failure
was defined as at least one of the following:
signs of left ventricular failure in a chest radio-
graph, bilateral auscultatory crackles extending
at least one third of the way up the lung fields
in the absence of chronic pulmonary disease,
or auscultatory evidence of a third heart sound
with persistent tachycardia. The average time
of follow up was 15 months with a minimum
of six months. Mortality from all causes at the
end of the study was 17% in the ramipril
group and 23% in the placebo group (risk
reduction 27%; P = 0 002).

In the large ISIS-4 study 58 000 patients
were randomly assigned treatment with
captopril or placebo within 24 hours after the
onset of a suspected or definite acute myo-
cardial infarction. Mortality after five weeks
was compared between the treatment groups.
When data from 54 824 patients had been
analysed, mortality was 7.33% in the placebo
group and 6.87% in the captopril group
(relative risk reduction 6%). Although the
absolute risk reduction was small (<05%), it
was significant (P = 0 04). Fourteen per cent
of the patients had heart failure at the time of
inclusion.66

In the GISSI-3 study 18 895 patients were

randomly allocated to treatment with lisinopril
or open controls within 24 hours of the onset

Trials investigating the effects ofACE inhibition on survival of patients with acute or suspected myocardial infarction

Study ACE inhibitor No of patients Duration offollow up Risk reduction for Relative reduction of risk (%)
primary end point (95% confidence interval)
(mortality, %o)

CONSENSUS II"' Enalapril 6090 41-180 Days -0-8 -10 (-29 to 7)
SAVE 4 Captopril 2231 42 Months* 5 0 19 (3 to 32)
AIRE" Ramipril 2006 15 Months* 6-0 27 (11 to 40)
ISIS-4°" Captopril 54 824 5 Weeks 0-5 6 (0-4 to 12)
GISSI-36' Lisinopril 18 895 6 Weeks 0-8 11 (1 to 21)

*Mean value.
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of acute myocardial infarction. After six weeks
of treatment, mortality was 7 10% among
controls and 6-3% among patients receiving
lisinopril, a relative risk reduction of 1 1%,
which was significant (P = 0-03).67
There are some major differences between

these five large clinical trials: different patient
populations were selected, the duration of
treatment and follow up was different, the
time at which treatment was started varied,
and different ACE inhibitors were used. These
differences must be considered when the
results of these trials are compared. Given that
only patients with sustained neurohormonal
activation will benefit from treatment with
ACE inhibitors after myocardial infarction,
however, some of the results may be
explained. As previously mentioned, patients
with sustained neurohormonal activation are
those with clinical symptoms of heart failure
and those with reduced ejection fractions or
extensive myocardial damage, even in the
absence of overt heart failure. These patients
benefited from treatment in the AIRE and
SAVE trials. Only a fraction of the patients
included in the CONSENSUS II trial, how-
ever, can be presumed to have had prolonged
neurohormonal activation, and the study
would not have had statistical power to detect
possible differences in survival, even if such
differences existed in this subgroup. In the
ISIS-4 and GISSI-3 studies a small difference
in mortality was observed. This effect may
have been confined to patients with clinical
characteristics similar to those of patients in
the AIRE trial. Although this may be an
attractive hypothesis, it is not supported by
recent data from the SAVE trial showing that
the clinical benefits produced by captopril
were not limited to the group with neuro-
hormonal activation at inclusion into the
study.22 Thus, the importance of neuro-
hormonal activation for the effects of ACE
inhibition after acute myocardial infarction is
still uncertain.

Trials with ACE inhibitors in patients
with chronic heart failure
The CONSENSUS trial showed convincingly
that survival may be improved by treatment
with an ACE inhibitor in patients with severe
heart failure.3 Blood samples for hormone
analyses were drawn at baseline from 239
patients who were randomly allocated to treat-
ment with enalapril or placebo in this trial.32 A
significant reduction in mortality in the group
of patients treated with enalapril, compared
with patients receiving placebo, was
consistently found among patients with plasma
concentrations of noradrenaline, adrenaline,
angiotensin II, aldosterone, or atrial natriuretic
peptide above the median. No significant
differences in survival between the treatment
groups were found among patients with
hormone concentrations below the median.
However, the few patients studied demands
caution in interpretation.

In the V-HeFT II trial 804 men receiving
digoxin and diuretics for heart failure were

randomly allocated to treatment with enalapril
or a combination of hydralazine and iso-
sorbide dinitrate.4 Mortality after two years
was significantly lower in the enalapril arm
than in the hydralazine-isosorbide dinitrate
arm. Plasma noradrenaline concentration and
renin activity at baseline were analysed in 743
and 737 patients respectively.38 The survival
benefit of enalapril compared with
hydralazine-isosorbide dinitrate was most
evident in patients with a plasma nor-
adrenaline value higher than 900 pg/ml and
among patients with a plasma renin activity
higher than 4-4 ng/(l s).

Together the results of these studies indicate
that neurohormonal activation is a major
determinant of the clinical efficacy of treat-
ment with ACE inhibitors in chronic heart
failure. Furthermore, the importance of neuro-
hormonal activation in the progression of this
disorder and its high mortality is
underscored.

Neurohormonal activation: therapeutic
target in patients with left ventricular
dysfunction or chronic heart failure
In patients with left ventricular dysfunction
but no overt heart failure the actions of the
vasoconstrictor systems seem to be adequately
counterbalanced by endogenous vasodilator
factors. Increased secretion of atrial and brain
natriuretic peptides from the atria and
ventricles may antagonise many of the effects
of the vasoconstrictor systems.6869 Although
these patients are asymptomatic and haemo-
dynamically stable, some neurohormonal
mechanisms may have already become mal-
adaptive. High circulating concentrations of
noradrenaline and angiotensin II may cause
necrosis of myocardial cells, and angiotensin II
may induce hypertrophy in cardiac myo-
cytes.7072 In symptomatic heart failure the
activation of counter-regulatory vasodilator
systems seems to be overwhelmed by acti-
vation of vasoconstrictor mechanisms such as
the renin-angiotensin system and the sym-
pathetic nervous system. Release of
endothelium derived relaxing factor may be
attenuated in patients with heart failure.73 In
addition, the haemodynamic and hormonal
response to atrial natriuretic peptide may
become blunted.7F76 The haemodynamic
consequences of this shift of balance is
increased peripheral resistance and sodium
retention, which will add further to the
haemodynamic burden of the heart.

Optimally, treatment with an ACE inhibitor
after an acute myocardial infarction should
begin before neurohormonal activation becomes
maladaptive. The time for maladaption to
develop cannot be defined accurately, how-
ever, because the interactions between myo-
cardial, haemodynamic, and neurohormonal
mechanisms are too complex. The positive
effects ofACE inhibitors in patients with myo-
cardial infarction are probably confined to
certain subgroups, and therefore, despite the
results from the ISIS-4 and GISSI-3 trials,
treatment of all patients with an acute myo-
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cardial infarction cannot be generally recom-
mended. An interesting question is whether
biochemical markers, such as plasma neuro-
hormone concentrations, may be used to
select patients for ACE inhibition after
myocardial infarction. Measurements of
catecholamines and plasma components of the
renin-angiotensin system may have limited
value for individual patients as there are large
individual variations in the results. Measure-
ments of plasma atrial natriuretic peptide or
brain natriuretic peptide may be more

helpful.77 78

Plasma noradrenaline concentration increases
over time in patients with chronic heart
failure.79 Although it was lower among

patients treated with enalapril compared with
those treated with isosorbide dinitrate-
hydralazine in the V-HeFT II trial, nor-

adrenaline concentrations still increased over

time among patients taking enalapril.38 These
findings are important because, although
survival is improved by ACE inhibitors in
heart failure, mortality among patients treated
with diuretics and ACE inhibitors remains
high.80 Moreover, many patients with left
ventricular dysfunction will develop pro-

gressive heart failure despite treatment with an
ACE inhibitor. An important question is
whether the progressive nature of heart failure
may be affected and mortality reduced by
further modulation of neurohormonal mech-
anisms by agents other than ACE inhibitors.
Of special interest in this respect is treatment
with P adrenergic blockers with or without
ot blocking activity, angiotensin II receptor
antagonists, renal endopeptidase inhibitors,
and dopamine receptor agonists. We hope that
the clinical efficacy of these drugs will be
determined in future clinical trials.

Conclusions
Neurohormonal activation in chronic heart
failure is associated with the clinical pro-
gression of the disorder. Patients with pro-
nounced activation of neurohormonal systems
have the highest mortality, independent of
other clinical variables such as symptoms and
left ventricular ejection fraction. The ben-
eficial effects of ACE inhibition on survival in
heart failure are determined by the extent of
neurohormonal activation. Prolonged neuro-

hormonal activation after acute myocardial
infarction is confined to patients with clinical
signs of heart failure or patients with extensive
myocardial damage. The same groups of
patients benefit from treatment with ACE
inhibitors. Thus, neurohormonal activation
is a major determinant of the response to
ACE inhibition after myocardial infarction,
although this is less certain than its part in
chronic heart failure.

1 Packer M. Pathophysiology of chronic heart failure. Lancet
1 992;340:88-92.

2 Francis GS, McDonald KM, Cohn JN. Neurohormonal
activation in preclinical heart failure. Remodeling and the
potential for intervention. Circulation 1 993;87(suppl IV):
90-6.

3 CONSENSUS Trial Study Group. Effects of enalapril on

mortality in severe congestive heart failure: results of the

cooperative north Scandinavian enalapril survival study
(CONSENSUS). N Engl Jf Med 1987;316:1429-35.

4 Cohn JN, Johnson G, Ziesche S, et al. A comparison of
enalapril with hydralazine-isosorbide dinitrate in the
treatment of congestive heart failure. N Engl J Med
1991;325:303-10.

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

6 Chadda K, Goldstein S, Byington R, Curb JD. Effect of
propranolol after acute myocardial infartion in patients
with congestive heart failure. Circulation 1986;73:
503-10.

7 Waagstein F, Bristow MR, Swedberg K, et al. Beneficial
effects of metoprolol in idiopathic dilated cardio-
myopathy. Lancet 1993;342:1411.

8 Packer M. Abnormalities of diastolic function as a potential
cause of exercise intolerance in chronic heart failure.
Circulation 1990;81 (suppl III):78-86.

9 Francis GS. Neurohumoral mechanisms involved in
congestive heart failure. Am J Cardiol 1985;55: 15-21A.

10 Packer M. The neurohormonal hypothesis: a theory to
explain the mechanism of disease progression in heart
failure. _J Am Coll Cardiol 1992;20:248-54.

11 Hirsch AT, Dzau VJ, Creager MA. Baroreceptor function
in congestive heart failure: effect on neurohormonal
activation and regional vascular resistance. Circulation
1987;75(suppl IV):36-48.

12 Ferguson DW. Baroreflex-mediated circulatory control in
human heart failure. Heart Failure 1990;1:3-1 1.

13 Michorowski B, Ceremuzinsky L. The renin-angiotensin-
aldosterone system and the clinical course of acute myo-
cardial infarction. Eur Heart _J 1983;4:259-64.

14 McAlpine H, Morton J, Leckie B, Rumley A, Gillen G,
Dargie H. Neuroendocrine activation after myocardial
infarction. Br Heart J 1988;60: 117-24.

15 McMurray J, Lang C, MacLean D, McDevitt D,
Struthers A. Neuroendocrine changes post myocardial
infarction: effects of xamoterol. Am Heart Jf 1990;120:
56-62.

16 Nabel E, Topol E, Galeana A, et al. A randomized placebo-
controlled trial of combined early intravenous captopril
and recombinant tissue-type plasminogen activator
therapy in acute myocardial infarction. JAm Coll Cardiol
1991 ;17:467-73.

17 Sigurdsson A, Held P, Swedberg K. Short and long term
neurohormonal activation following acute myocardial
infarction. Am HeartJ 1993;126:1068-76.

18 Rouleau JL, de Champlain J, Klein M, et al. Activation of
neurohumoral systems in postinfarction left ventricular
dysfunction. J7 Am Coll Cardiol 1993;22:390-8.

19 Karlsberg RP, Cryer PE, Roberts R. Serial plasma
catechoalamines early in the course of acute myocardial
infarction: relationship to infarct extent and mortality.
Am Heart J 1981;302:24-9.

20 Svanegaard J, Angelo-Nielsen K, Pindbord T. Plasma
concentration of atrial natriuretic peptide at admission
and risk of cardiac death in patients with acute myo-
cardial infarction. Br Heart J 1992;68:38-42.

21 Omland T, Aarsland T, Aakvaag A, Lie RT, Dickstein K.
Prognostic value of plasma atrial natriuretic factor,
norepinephrine and epinephrine in acute myocardial
infarction. Am J Cardiol 1993;72:255-9.

22 Rouleau JL, Packer M, de Champlain J, et al. Prognostic
value of postinfarction neurohormonal activation: effect
of captopril. Circulation 1993;88:I-394.

23 Sigurdsson A, Held P, Swedberg K, Wall B. Neuro-
hormonal effects of early treatment with enalapril
after acute myocardial infarction and the impact on
left ventricular remodelling. Eur Heart J 1993;14:
1110-8.

24 Francis GS, Benedict C, Johnstone DE, et al. Comparison
of neuroendocrine activation in patients with left
ventricular dysfunction with and without congestive heart
failure. Circulation 1990;82: 1724-9.

25 Curtiss C, Cohn JN, Vrobel T, Franciosa JA. Role of the
renin-angiotensin system in the systemic vasoconstriction
of chronic congestive heart failure. Circulation 1978;58:
763-70.

26 Thomas JA, Marks BH. Plasma norepinephrine in
congestive heart failure. Am J Cardiol 1978;41:233-43.

27 Levine TB, Francis GS, Goldsmith SR, Simon AB,
Cohn JN. Activity of the sympathetic nervous system and
renin-angiotensin system assessed by plasma hormone
levels and their relation to hemodynamic abnormalities
in congestive heart failure. Am J Cardiol 1982;49:
1659-66.

28 Remes J, Tikkanen I, Fyhrquist F, Pyorala K. Neuro-
endocrine activity in untreated heart failure. Br Heart J
1991;65:249-55.

29 Goldsmith SR, Fracis GS, Cowley A, Levine TB, Cohn JN.
Increased plasma arginine vasopressin levels in patients
with congestive heart failure. J Am Coll Cardiol 1983;1:
1385-90.

30 Anand IS, Ferrari R, Kalra GS, Wahi PL, Poole-Wilson PA,
Harris PC. Edema of cardiac origin. Studies of body
water and sodium, renal function, hemodynamic indexes,
and plasma hormones in untreated congestive cardiac
failure. Circulation 1989;80:299-305.

31 Brown J, Davies J, Johnson V, Lever F. Renin relationships
in congestive heart failure, treated and untreated. Am
Heart J 1970;80:329-42.

32 Swedberg K, Eneroth P, Kjekshus J, Wilhelmsren L, for the
CONSENSUS Trial Study Group. Hormones regulating

S 79

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.72.3_S
uppl.S

75 on 1 S
eptem

ber 1994. D
ow

nloaded from
 

http://heart.bmj.com/


Sigurdsson, Swedberg

cardiovascular function in patients with severe congestive
heart failure and their relation to mortality. Circulation
1990;82: 1730-6.

33 Bayliss J, Norell M, Canepa-Anson R. Untreated heart
failure: clinical and neuroendocrine effects of introducing
diuretics. BrHeartJ 1987;57:17-22.

34 Broqvist M, Dahlstrom U, Karlberg BE, Karlsson E,
Marklund T. Neuroendocrine response in acute heart
failure and the influence of treatment. Eur Heart
1989;10: 1075-83.

35 Cohn JN, Levine TB, Olivari MT, et al. Plasma nor-
epinephrine as a guide to prognosis in patients with
chronic congestive heart failure. N Engl Jf Med 1984;
311:819-23.

36 Gottlieb S, Kukin M, Ahem D, Packer M. Prognostic
importance of atrial natriuretic peptide in patients with
chronic heart failure. Amn Coll Cardiol 1989;13:
1534-9.

37 Swedberg K, Kjekshus J. Cardiovascular hormones in
relation to mortality in severe heart failure. Am Coll
Cardiol 1989;13:246A.

38 Francis GS, Cohn JN, Johnson G, Rector TS, Goldman S,
Simon A for the V-HeFT VA Cooperative Studies
Group. Plasma norepinephrine, plasma renin activity and
congestive heart failure. Relations to survival and the
effects of therapy in V-HeFT II. Circulation 1993;
87(suppl VI):40-8.

39 Morgan K, Wharton J, Webb J, et al. Co-expression of
renin-angiotensin system component genes in human
atrial tissue. Hypertens 12(suppl 4) (in press).

40 Dzau V. Autocrine and paracrine mechanisms in the
patophysiology of heart failure. Am Cardiol 1992;70:
4-11 C.

41 Hirsch A, Talsness C, Smith A, Schunkert H, Ingelfinger J,
Dzau V. Differential effects of captopril and enalapril on
tissue renin-angiotensin systems in experimental heart
failure. Circulation 1992;86: 1566-74.

42 Sigurdsson A, Swedberg K, Ullman B. Effects of ramipril
on the neurohormonal response to exercise in patients
with mild or moderate congestive heart failure. Eur
HeartJ 1994;15:247-54.

43 Cleland JGF, Dargie HJ, Hodsman GP, et al. Captopril in
heart failure. A double-blind controlled trial. Br Heart
1984;52:530-5.

44 Cleland JGF, Dargie HJ, Ball SG, et al. Effects of enalapril
in heart failure: a double blind study of the effects on
exercise performance, renal function, hormones, and
metabolic state. Br Heart _J 1985;54:305-12.

45 Crozier I, Ikram H, Nicholls G, Jans S. Acute hemo-
dynamic, hormonal and electrolyte effects of ramipril in
severe congestive heart failure. Ain Jf Cardiol 1987;59:
155-63D.

46 Cleland J, Dilip S, Krikler S, Frost G, Oakley C.
Angiotensin-converting enzyme inhibitors, left ven-
tricular dysfunction and early heart failure. Am I Cardiol
1992;70:55-61 C.

47 Lanzillo J, Dasarathy Y, Stevens J, Fanburg B. Conversion
of angiotensin I to angiotensin II by a latent endothelial
cell peptidyl dispeptidase that is not angiotensin
converting enzyme. Biochem Biophys Res Commun 1986;
134:770-6.

48 Urata H, Healy B, Stewart R, Bumpus F, Husain A.
Angiotensin II-forming pathways in normal and failing
human hearts. Circ Res 1990;66:883-90.

49 Husain A. The chymase angiotensin system in humans.
Hypertens 1993;11:1155-9.

50 Bayliss J, Canepa-Anson R, Norell M, Poole-Wilson P,
Sutton G. Vasodilatation with captopril and prazosin in
chronic heart failure: double blind study at rest and on
exercise. Br Heart Jf 1986;55:265-73.

51 Schofer J, Hobuss M, Aschenberg W, Tews A. Acute and
long-term haemodynamic and neurohormonal response
to nisoldipine vs captopril in patients with heart failure:
a randomized double blind study. Eur Heart 7 1990;
11:712-21.

52 Zimmerman B. Actions of angiotensin in adrenergic nerve

endings. Fed Proc 1976;37:199-202.
53 Zimmerman B. Adrenergic facilitation by angiotensin: does

it serve a physiological function? Clin Sci 1981 ;60:
343-8.

54 Goldsmith S, Hasking G, Miller E. Angiotensin II and
sympathetic activity in patients with congestive heart
failure. _J Am Coll Cardiol 1993;21:1107-13.

55 Wenting G, Man in 't Veld A, Woittiez A, et al. Effects of
captopril in acute and chronic heart failure. Correlations
with plasma levels of noradrenaline, renin and
aldosterone. Br Heart

_ 1983;49:65-76.
56 Benedict CR, Francis G, Johnstone D, et al. Effect of

enalapril on plasma norepinephrine in patients with
congestive heart failure. _J Am Coll Cardiol 1993;21:
314A.

57 Cody JR, Franklin KW, Kluger J, Laragh JH. Mechanisms
governing the postural response and baroreceptor

abnormalities in chronic congestive heart failure: effects
of acute and long term converting enzyme inhibition.
Circulation 1982;66: 135-42.

58 Focaccio A, Volpe M, Ambrosio G, et al. Angiotensin II
directly stimulates release of atrial natriuretic factor in
isolated rabbit hearts. Circulation 1993;87: 192-8.

59 van Wijngaarden J, Tio RA, van Gilst H, de Graeff PA,
de Langen CDJ, Wesseling H. Basic pharmacology of
ACE-inhibitors with respect to ischaemic heart disease:
prostaglarldins and bradykinin. Eur Heart 1990;
11(suppl B):84-93.

60 Scholkens BA, Linz W, Konig W. Effects of the angiotensin
converting enzyme inhibitor, ramipril, in isolated
ischemic rat heart are abolished by a bradykinin
antagonist. Hypertens 1988;6(suppl 4):525-8.

61 Moore T, Crantz F, Hollenberg N. Contribution of
prostaglandins to the antihypertensive action of captopril
in essential hypertension. Hypertensioni 1981 ;3: 168-73.

62 Vanhoutte PM, Auch-Schwelk W, Biondi ML, Lorenz RR,
Schini VB, Vidal M. Why are converting enzyme
inhibitors vasodilators? Br _7 Clin Pharmnacol 1989;
28(suppl) :95-104.

63 Swedberg K, Held P, Kjekshus J, et al. Effects of the early
administration of enalapril on mortality in patients with
acute myocardial infarction: results of the cooperative
new Scandinavian survival study II (CONSENSUS II).
N Engl 3 Med 1992;327:678-84.

64 Pfeffer M, Braunwald E, Moye L, et al. Effect of captopril
on mortality and morbidity in patients with left
ventricular dysfunction after myocardial infarction.
N Engl _J Med 1992;327:669-77.

65 AIRE Study Investigators. Effect of ramipril on mortality
and morbidity of survivors of acute myocardial infarction
with clinical evidence of heart failure. Lancet 1993;342:
821-8.

66 ISIS Collaborative Group, Oxford, UK. ISIS-4:
Randomised study of oral captopril in over 50 000
patients with suspected acute myocardial infarction.
Circulation 1993;88:394.

67 Gruppo Italiano per lo Studio della Sopravvivenza
nell'Infarto Miocardico. GISSI-3: effects of lisinopril and
transdermal glyceryl trinitrate singly and together on
6-week mortality and ventricular function after acute
myocardial infarction. Lancet 1994;343:1115-22.

68 Fyhrquist F, Tikkanen I. Atrial natriuretic peptide in
congestive heart failure. An _7 Cardiol 1988;62:20-4A.

69 Lang C, Choy A, Struthers A. Atrial and brain natriuretic
peptides-a dual natriuretic peptide system potentially
involved in circulatory homeostasis. Clin Sci 1992;83:
519-27.

70 Gavras H, Kremer D, Brown JJ, et al. Angiotensin- and
norepinephrine-induced myocardial lesions: experi-
mental and clinical studies in rabbits and man. Am
Heart 7 1975;89:321-32.

71 Kremer D, Lindop G, Brown WCB, Morton JJ,
Robertson JIS. Angiotensin-induced myocardial necrosis
and renal failure in the rabbit: distribution of lesions and
severity in relation to plasma angiotensin II concentration
and arterial pressure. Cardiovasc Res 1981;15:43-6.

72 Dzau V. Short- and long-term determinants of cardio-
vascular function and therapy: contributions of circu-
lating and tissue renin-angiotensin systems. _7 Cardiovasc
Pharmiacol 1989;14(suppl 4):Sl-5.

73 Kubo SH, Rector T, Bank AJ, Williams RE, Heifetz S.
Endothelium-dependent vasodilatation is attenuated
in patients with heart failure. Circulation 1991 ;84:
1589-96.

74 Cody RJ, Atlas A, Laragh JH. Renal responses to atrial
natriuretic factor in patients with congestive heart failure.
Eur Heart _7 1988;9:29-33.

75 Hirooka Y, Takeshita A, Imaizumi T, Suzuki S, Yoshida M,
Nakamura M. Attenuated forearm vasodilative response
to intraarterial atrial natriuretic peptide in patients with
heart failure. Circulation 1990;82: 147-53.

76 Tsutamoto T, Kanamori T, Morigami N, Sugimoto Y,
Yamaoka 0, Kinoshita M. Possibility of downregulation
of atrial natriuretic peptide receptor coupled to guanylate
cyclase in peripheral vascular beds of patients with
chronic severe heart failure. Circulation 1993;87:70-5.

77 Lerman A, Gibbons R, Rodeheffer R, et al. Circulating
N-terminal atrial natriuretic peptide as a marker for

symptomless left-ventricular dysfunction. Lancet 1993;
341:1105-9.

78 Motwani J, McAlpine H, Kennedy N, Struthers A. Plasma
brain natriuretic peptide as an indicator for angiotensin-
converting-enzyme inhibition after myocardial infarction.
Lancet 1993;341:1109-13.

79 Francis GS, Rector TS, Cohn JN. Sequential neuro-
hormonal measurements in patients with congestive heart
failure. Am Heart3 1988;116:1464-68.

80 Swedberg K. Reduction in mortality by pharmacological
therapy in congestive heart failure. Circulation 1993;
87(suppl IV): 126-9.

S 80

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.72.3_S
uppl.S

75 on 1 S
eptem

ber 1994. D
ow

nloaded from
 

http://heart.bmj.com/

