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Introduction

Recently, angiotensin-converting enzyme
(ACE) inhibitors have been used in early
post-acute myocardial infarction (AMI) due
to their beneficial action on ventricular re-
modeling1-3. The activity of the renin-an-
giotensin-aldosterone system during the
acute and subacute phases of myocardial
infarction causes an increase in circulating
concentrations of norepinephrine and an-
giotensin II (AII). Furthermore, the effector
hormones of the renin-angiotensin-aldos-
terone system may also have direct conse-
quences for the heart, including an abnormal
accumulation of collagen that surrounds my-
ocytes4. Such a structural remodeling of the
myocardium can lead to deterioration in di-

astolic and systolic ventricular function5,6.
The principal manifestation of such a pro-
gression is a change in the left ventricular
geometry such that the chamber dilates, hy-
pertrophies, and becomes more spherical, a
process referred to as cardiac remodeling7-9.
There is substantial evidence that the acti-
vation of the endogenous neurohormonal
systems may play an important role in car-
diac remodeling and, thereby, in the pro-
gression of heart failure. Patients with heart
failure have elevated circulating or tissue
levels of norepinephrine, AII, aldosterone,
endothelin and vasopressin10,11 that can act
(alone or in combination) to adversely affect
the structure and function of the heart. These
neurohormonal factors not only increase the
hemodynamic stresses on the ventricle by
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Although results of randomized trials have demonstrated the beneficial effects of ACE-inhibitors,
mortality and morbidity remain high in patients with heart failure and myocardial infarction. In fact,
there are data suggesting that aldosterone production may occur despite ACE-inhibitor treatment. There
is recent evidence that aldosterone exerts a pro-fibrotic effect, via the mineralocorticoid receptors in
cardiovascular tissues resulting in partial aldosterone production during ACE-inhibitor treatment. Min-
eralocorticoids have also been identified within the cardiovascular system and they may determine in-
creased collagen synthesis which within fibroblasts is largely controlled by locally generated aldosterone.
Cardiovascular tissue also expresses genes which are responsible for the late stages of aldosterone and
corticosterone formation. Cardiac and vascular tissues elaborate the aforementioned steroids, with the
result that aldosterone is more concentrated in the cardiovascular tissue rather than in the circulation.
It is probable that locally, while not contributing to the coronary circulation, aldosterone plays an au-
tocrine and/or paracrine role within the tissue of origin. Such roles may relate to local modulation of
vessel tonicity and structure, with consequent effects on blood pressure, and repair of damaged tissue
through a possible up-regulation of collagen deposition. The ability of the cardiovascular system to elab-
orate aldosterone opens a vast new area of study since it is becoming increasingly apparent that this
local production of mineralocorticoids results in high levels of steroids within the cells of origin and
those in the immediate vicinity. The recent RALES trial has shown a significant reduction in mortal-
ity, non-fatal hospitalization and sudden death. The fact that patients were on ACE-inhibitors, and ac-
cordingly circulating aldosterone levels were presumably reduced, presents the intriguing possibility
that spironolactone may block the autocrine and paracrine effects of locally generated aldosterone. This
trial has contributed to better understand the pathophysiology of heart failure and its therapeutic strate-
gies. Further studies are required to address this treatment in patients with other heart diseases (hy-
pertension, post-myocardial infarction) and in lower heart failure classes.
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causing sodium retention and peripheral vasoconstric-
tion, but may also exert direct toxic effects on the
heart12,13. Both neurohormonal factors and cytokines
can stimulate myocardial fibrosis14-16 which can fur-
ther alter the architecture and depress the performance
of the failing heart. Experimental magnesium deple-
tion has also been shown to cause cytokine release ca-
pable of damaging myocardial function17,18. These ef-
fects may be mediated by changes in the genetic path-
way that regulate myocyte growth and death (apopto-
sis)19-21. Patients with heart failure also have increased
circulating and tissue cytokines (e.g. tumor necrosis
factor) that may impair the viability and function of
cardiac cells22-24. The purpose of this review was to
summarize the current knowledge about circulating
mineralocorticoids (MR) and fibrous tissue, and the ef-
fects of MR antagonists in cardiac disease. 

Apoptosis in heart failure

Regulation of apoptosis involves a variety of cy-
tokines, genes and growth factors expressed in the my-
ocardium and interstitial cells. In general, they can be clas-
sified into four categories. These include 1) genes that pri-
marily suppress apoptosis, 2) growth factors and cy-
tokines that initiate or prevent programmed cell death, 3)
genes that act as effectors of apoptosis, and 4) interme-
diate genes. There is also evidence that apoptosis is ac-
companied by oxidative stress25. Cheng et al.26 have
shown that stretching is coupled with oxidative stress, pro-
grammed cell death, architectural rearrangement of my-
ocytes, and impairment in the force development of the
myocardium. Protooncogens exist that promote cell sur-
vival by inhibiting adapters needed for activation of the
caspases that dismantle the cell. Chronic hypertrophy or
increased workload has been shown to result in apop-
tosis and to contribute to myocardial dysfunction and
heart failure27. It has been shown that apoptosis of car-
diomyocytes occurred in the decompensated human
heart in spite of enhanced expression of genes that pri-
marily suppress apoptosis in patients with heart failure
as compared to control subjects28. Therefore, the over-
expression of these genes may contribute to the pro-
gression of cardiac dysfunction. Left ventricular failure
imposes an elevated diastolic load on myocytes, result-
ing in the stretching of sarcomeres29 and stimulation of
multiple second messenger systems which have been
linked to the initiation of myocyte reactive hypertrophy
in the heart30-35. AII has been shown to stimulate apop-
tosis in vitro. Ligand binding of AII-AT1 receptors ini-
tiates apoptosis via an elevation in cytosolic Ca++ and the
stimulation of Ca++-dependent endogenous endonucle-
ase, producing DNA fragmentation followed by nu-
clear fragmentation, cellular shrinkage, and the forma-
tion of apoptotic bodies. AII-dependent apoptosis was
inhibited by the selective AT1 receptor blocker losartan,
whereas an AT2 receptor antagonist had no influence on

apoptosis36. In addition, AII stimulates the synthesis
and release of interleukin-6 in vitro, suggesting that AII
is a potential modulator of inflammatory processes37, and
activates circulating monocytes, adhesion molecules
and cytokines38. Interleukin-6 is involved in the stimu-
lation of matrix-degrading enzymes (metalloproteinas-
es), which are also activated by AT1 receptors. AT1 re-
ceptors determine multiple profibrotic actions in hu-
man cardiac fibroblasts and an enhancement of plas-
minogen activator inhibitor-1 production, which inhibits
metalloproteinases39,40. Moreover, AII promotes en-
dothelial dysfunction through AT1 receptor-mediated
generation of superoxide anions from smooth muscle and
endothelial membrane-bound cells. Stimulating AT1 re-
ceptors initiates a signaling cascade resulting in tissue fac-
tor expression41. On the contrary, spironolactone atten-
uates angiotensin I (AI) but not AII-induced vasocon-
striction, implying that spironolactone determines further
inhibition of vascular AI/AII conversion even in the
presence of ACE-inhibition42,43. Aldosterone also in-
hibits nitric oxide release (tissue culture) when stimulated
by cytokines44, and amplifies tissue ACE and AII re-
sponses45. In agreement with these reports it has been
shown that spironolactone improves endothelial dys-
function, increases nitric oxide bioactivity and vascular
AI/AII conversion in patients with heart failure42. In
these patients aldosterone upregulated vascular conver-
sion of AI into AII despite ACE-inhibition46. The results
of the above reports may represent a possible explana-
tion of the reduced apoptosis determined by spirono-
lactone in the RALES trial47. 

Interstitial space alterations in heart failure 

The currently accepted working definition that “heart
failure occurs when an abnormality of cardiac function
causes failure of the heart to pump blood at a rate required
by the metabolizing tissues or when the heart can do so
only with an elevated pressure”, will likely prove to be
partially correct. Indeed, the clinical observation that heart
failure may progress independently of the hemodynamic
status of the patient has focused interest on the potential
mechanisms responsible for disease progression in heart
failure. In addition to alterations in the volume and com-
position of cardiac myocytes, there are several important
changes that also occur within the extracellular matrix
component of the myocardium48-51. The most recog-
nized alteration is the development of perivascular fibrosis
around intramyocardial blood vessels, as well as re-
placement fibrosis, which is the term used to describe the
excessive deposition of fibrillar collagen that occurs
following myocyte death. Enthusiasm for the idea that
progressive fibrosis plays an important role in the pro-
gression of heart failure has been engendered by exper-
imental studies, which have shown that AII, endothelin
and aldosterone15,52,53 are sufficient to trigger excessive
fibrosis in myocardial tissue, thus providing a potential
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biochemical explanation for the development of the ex-
cessive fibrosis in heart failure. Chronic activation of the
renin-angiotensin-aldosterone system, with consequent
elevation of AII and aldosterone, is associated with
perivascular fibrosis of systemic and coronary arteries,
with extension into their contiguous interstitial space de-
termining an associated interstitial fibrosis4. Fibrosis of
the heart and other organs is apparent after 4 weeks or
more of aldosterone treatment in uninephrectomized
rats42. Such a remodeling was inhibited by the con-
comitant administration of pressor or subpressor doses
of spironolactone6. In high salt uninephrectomized rats
an 8-week treatment with aldosterone showed increased
mRNAs for type I and III collagen in the normotensive,
pressure overloaded, and hypertrophied left ventricle54.
These results suggest that aldosterone modifies collagen
gene expression, independently of hemodynamic varia-
tions55-57. In addition, it has been shown that aldosterone
has direct vasoconstriction effects58. Attempts to main-
tain the structural integrity and composition of the ex-
tracellular matrix will likely involve strategies designed
to prevent excessive degradation of the extracellular
matrix, as well as strategies designed to modulate ex-
cessive replacement fibrosis59.

Aldosterone, mineralocorticoid receptors 
and fibrosis

Weber60,61 has recently studied the intrinsic ability of
fibrous tissue to regulate its cellular composition and
structure. Integral to this system are MR, acting as stim-
ulators, and derived not only from adrenal glands but
probably also generated within the fibrous tissue57,62-64.
Aldosterone administration has been shown to induce vas-
cular remodeling and increase collagen deposition in
the rat myocardium62,65. This phenomenon was attributed
to a direct action of MR upon its receptors, since this ef-
fect is opposed by subpressor dose of spironolactone63.
There is increasing evidence of expression by cellular
components of the cardiovasculature and brain of genes
which control the formation of key steroids66-69. De-
tectable levels of aldosterone and corticosterone were re-
ported in non-classic tissue and cell preparations69,70, sug-
gesting that steroid production may occur in different en-
docrine organ tissues. It appears that locally produced al-
dosterone is retained within the myocardium and blood
vessels, where it exerts autocrine and paracrine effects.
There is ample evidence of MR within the cardiovascular
system71 and since the necessary components of MR ac-
tion are in place, collagen synthesis within fibroblasts
(and myofibroblasts at sites of injury) is largely controlled
by locally generated aldosterone72.

In the glomerulosa zone, corticosterone is converted
into 18-hydroxycorticosterone and then aldosterone by
aldosterone synthase. AII stimulates glomerulosa cells,
acting mainly via AT1 receptors and by the activation of
phosphatidylinositol to inositol-triphosphate and dia-

cylglycerol enhancing Ca++ release from intracellular
stores, thereby raising intracellular (cytosolic) Ca++ con-
centration73. Various studies have shown that the heart
possesses 11β-hydroxysteroid dehydrogenase (11β-
HSD)73-75, an enzyme which permits occupancy of MR
receptors by aldosterone. The production of aldosterone
by the heart precludes the need for physiologically rel-
evant levels of 11β-HSD, since cardiac MR receptors may
contain locally produced aldosterone. Several studies
showed that cardiac fibroblasts are a source of 11β-
HSD activity76, also observed in human skin fibrob-
lasts. In addition, it has been shown that aldosterone
stimulates the transcription of collagen I mRNA and
increases the levels of collagen I synthesis in rat cardiac
fibroblasts14,77. Using a rabbit model of balloon-induced
vascular injury Van Belle et al.78 found that aldosterone
administration enhanced subsequent thickening while
spironolactone inhibited the fibrointimal hyperplasia re-
sponsible for this thickening. Thus the pro-fibrotic effects
of aldosterone, presumably acting via MR in the car-
diovascular tissue were established. In this context, the
antifibrotic properties of the MR antagonist spironolac-
tone may be related to the inhibition of fibroblast colla-
gen turnover and of angiogenesis79. Other authors sug-
gested that aldosterone increases endothelin receptors,
which in turn results in an up-regulation of collagen
synthesis80. Release of endothelin from the endothelium
has been demonstrated to increase aldosterone levels81.
Takeda et al.70 showed that the rat mesenteric artery is
able to produce aldosterone and showed that vascular
smooth muscle and endothelial cells (rat and human ar-
teries) express genes responsible for steroidogenesis.
The above genes were demonstrated in the rat my-
ocardium and the perfused heart converted deoxycorti-
costerone to aldosterone and corticosterone66,67,70. The
importance of MR as mediators of vascular injury was
additionally underscored when tissue protective re-
sponses to ACE in spontaneously hypertensive stroke-
prone rats were abrogated by the concomitant adminis-
tration of either aldosterone or deoxycorticosterone82. It
would appear unlikely that cardiac and vascular-derived
aldosterone has an endocrine role per se, since locally
generated aldosterone most probably does not contribute
to circulating MR levels and consequently would appear
to play no role in sodium and water homeostasis in the
kidney83. Myocardial levels of aldosterone are much
higher than those in plasma, suggesting that the heart can
synthesize its own MR, but that retention within the
heart is important for local functions. It is likely that lo-
cally generated MR and glucocorticoids play an in-
tracrine as well as an autocrine and/or paracrine roles,
since vascular smooth muscle and endothelial cells,
which are a source of corticosterone and aldosterone, al-
so express corticoid receptors66. Indeed, arterial smooth
muscle cells bind aldosterone with high affinity and al-
so express 11β-HSD84,85. Aldosterone potentiates the
AII-induced increase in leucine incorporation into smooth
muscle cells, an effect which is inhibited by MR antag-
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onists66. Consequently, although aldosterone derived
from the cardiovascular tissue might not directly influ-
ence blood pressure, it may affect the chemical com-
position of vascular smooth muscle cells and the struc-
ture of arterial walls and thereby modulate blood pres-
sure via intracrine, autocrine and/or paracrine mecha-
nisms. It is likely that locally generated glucocorticoids
might remain within the tissue of origin, to provide an
opposing action to that of aldosterone. When a sodium
load is presented to a cell in the presence of aldos-
terone, there is recruitment and increased expression of
sodium pumps86,87. Alterations in the expression of sodi-
um pump isoforms may affect the excitability and con-
tractility of cardiac myocytes, the reactivity of vascular
smooth muscle cells, the growth of fibroblasts and col-
lagen turnover, the vasodilative and angiogenic poten-
tial of endothelial cells, and the exchange of sodium for
potassium and magnesium in epithelial cells. Antagonism
of aldosterone receptors could attenuate such changes
in cell function and improve the outcome of patients with
congestive heart failure86-89. This presents the possibil-
ity that locally generated aldosterone may contribute to
cardiac arrhythmias and altered cardiac myocyte func-
tion.

Angiotensin-converting enzyme system 
and aldosterone 

The ability of the cardiovascular system to produce
aldosterone opens a vast new area of study since it is be-
coming increasingly apparent that such a local MR pro-
duction causes high levels of steroids within the cells of
origin and those in the immediate vicinity90. Compared
with adrenocortical synthesis of aldosterone, levels
elaborated by the heart are extremely low and probably
do not affect circulating levels. However, the concen-
tration of myocardial aldosterone is approximately 17-
fold higher than plasma levels69 and it is likely that car-
diac aldosterone, while not contributing to the circula-
tion, plays an autocrine and/or paracrine role within
the heart. Such roles may relate to local modulation of
vessel tonicity and structure, with consequent effects on
blood pressure, and repair of damaged tissue through
possible up-regulation of collagen deposition and pro-
motion of angiogenesis at the site of injury90. Non-en-
dothelial ACE has been found in the matrix of heart
valves and in the fibrous tissue that forms at the site of
necrosis following coronary ligation. In studies using in
vitro autoradiography, Sun et al.91 found ACE binding
to be quite marked in the perivascular fibrosis of the in-
tramural coronary circulation that accompanies long-term
AII or aldosterone administration. Therefore, tissue
ACE represents a marker of fibrosis. These studies al-
so demonstrated differences in the time course up to the
appearance of fibrosis in these models91. Experiments
were performed on transgenic mice. Hypertension was
induced by chronic inhibition of nitric oxide synthesis
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(N-nitro-L-arginine methylester - L-NAME). Losartan
and L-NAME given simultaneously attenuated the de-
velopment of renal fibrosis without normalizing sys-
tolic blood pressure. During chronic inhibition of nitric
oxide, the collagen I gene becomes activated, leading to
the development of renal vascular fibrosis. AII plays a
major role in this fibrogenic process, and its effect on the
collagen I gene is independent of systemic hemody-
namics and is at least partly mediated by the profibro-
genic action of endothelin83. Recent interest has focused
on the role of the renin-angiotensin-aldosterone system
in mediating wound healing following myocyte necro-
sis associated with myocardial infarction. Myofibroblast
can persist for years in an infarct scar, having multiple
functions integral to local control of collagen turnover
and scar tissue contraction92. Collagen synthesis and
collagen accumulation, together with fibroblast prolif-
eration, occur at sites far from the infarction. For example,
following left coronary ligation in the rat, collagen
turnover and deposition occurred in the interventricular
septum and right ventricular free wall. These responses
were prevented by ACE-inhibitors and were partially at-
tenuated by losartan (AII-receptor blocker of the type I
subtype)93. Studies showed that patients who were re-
covering from AMI, not receiving diuretics, had in-
creased aldosterone levels. Patients with anterior AMI and
severe ventricular dysfunction showed higher aldos-
terone levels than those with a less severe myocardial in-
farction94. Accumulating evidence indicates that my-
ocardial AII generating pathway is also activated in
AMI. Indeed, increased cardiac expression of an-
giotensinogen, ACE and AT1 receptor proteins, as well
as ACE activity and AII content have been previously de-
scribed in infarcted hearts95-100. A selective activation of
cardiac AII generating pathway has been reported in
the rat model of chronic myocardial infarction95-97,101. In
fact, ACE-inhibitors, AII AT1 subtype receptor antago-
nists and their combination reduce post-AMI cardiac
remodeling97,101-103. AII is an important regulator of al-
dosterone biosynthesis and secretion in adrenal cortex as
in the heart70,75. Such a role of tissue AII on local al-
dosterone synthesis has previously been demonstrated in
adrenals104. As cardiac AII levels are enhanced, it is
likely that the AMI-induced increase in tissue AII lev-
els triggers the rise in cardiac aldosterone production and
the decrease in cardiac corticosterone synthesis, and
that the tissue aldosterone system may also be activat-
ed in AMI and may contribute to the pathophysiology of
this disease. Furthermore, this study provided evidence
that myocardial infarction is associated with an increase
in myocardial aldosterone production (3.7-fold), which
may be involved in post-infarction ventricular fibrosis and
in the control of tissue norepinephrine concentration105.
However, it was reported that aldosynthase mRNA and
aldosterone levels increased whereas 11β-OHase and cor-
ticosterone levels decreased in the non-infarcted area of
the left ventricle. Interestingly, patients receiving captopril
plus canreonate in the early phases of post-AMI showed
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an unexpected significant improvement in E/A ratio in
comparison with captopril alone, suggesting that the
addition of canreonate may determine a greater reduc-
tion in collagen aldosterone-mediated production in
post-AMI patients106.

Aldosterone antagonists and heart failure

Why patients with heart failure follow a progressive
clinical course, complicated by worsening symptomatic
failure and/or ventricular arrhythmias, has newer been
elucidated. Answers to this enigma appear to emerge
from continual structural remodeling of the heart, cou-
pled with the chronic activation of the renin-angiotensin-
aldosterone system. Heart failure is a serious clinical syn-
drome with high mortality and represents an important
public health problem107. There is increasing clinical ev-
idence suggesting that our current neurohormonal mod-
els fail to completely explain disease progression in
heart failure. In fact, the Kaplan-Meyer curves were
similar in lipid lowering trials for patients with coronary
artery disease and for neurohormonal antagonists in
patients with heart failure. The observation that the
event curves become parallel following neurohormon-
al antagonism suggests that there may be an attenuation
or loss of effectiveness of neurohormonal antagonism as
heart failure progresses108-110. One obvious explanation
is that complete inhibition of the renin-angiotensin sys-
tem or of the adrenergic system cannot be achieved in
heart failure because of dose-limiting side effects of
ACE-inhibitors and β-blockers. It is possible that there
may be alternative metabolic pathways for neurohor-
mones that are not antagonized by conventional treatment
strategies111,112. The currently available neurohormon-
al antagonists (ACE-inhibitors and β-blockers) cannot
antagonize all of the biologically active systems that be-
come activated in heart failure (endothelin, aldosterone,
and tumor necrosis factor). A critical loss of cardiac my-
ocytes is recognized as a necessary prerequisite. My-
ocytes are terminally differentiated. The number re-
mains the same throughout life. Myocyte growth is hy-
pertrophic in nature. An increase in AII and cate-
cholamines may lead to myocyte necrosis. At sites of
such cell loss, neighboring viable cells become hyper-
trophied to adapt their increased workload. It is there-
fore not uncommon to find a marked variability in my-
ocyte size with regional hypertrophy alternating with my-
ocyte atrophy sites. Chronic MR excess, with local my-
ocardial K+ efflux secondary to direct MR action on my-
ocytes will cause a reduction in myocardial K+ stores.
This can prove toxic to myocytes. The tissue fibrous re-
sponse is progressive, leading to an increase in my-
ocardial stiffness. When the fibrosis appears within the
endomyocardium, there is a further increase in diastolic
stiffness, and coupled with myocyte loss determining sys-
tolic dysfunction. Elevation of AII and aldosterone is as-
sociated with perivascular/interstitial fibrosis14,113. In-
creased aldosterone levels have been reported in animal

models to stimulate collagen synthesis by myocardial fi-
broblast leading to collagen accumulation and myocar-
dial fibrosis, and reduced diastolic compliance114. In a
study, using anti-basic fibroblast growth factor (bFGF)
antibody to determine whether the mitogenic effect of
AII could be blocked by neutralizing bFGF in the ves-
sel wall, it was found that vessel remodeling in the larg-
er AII-treated vessels involves DNA replication that is
dependent on the presence of bFGF65. The renin-an-
giotensin-aldosterone system and its effector hormones,
AII and aldosterone, may contribute to the develop-
ment of heart failure. Underperfused kidneys produce in-
creased quantities of renin, which lead to AI formation
and its subsequent conversion to AII by ACE. Increased
AII promotes vasoconstriction of systemic and renal
arterioles. In response to elevated levels of AII, adren-
al glands increase their secretion of aldosterone, which
promote sodium and water retention115. A large body of
evidence indicates that secondary aldosteronism in heart
failure has deleterious effects. Hypokaliemia and mag-
nesium depletion are involved in the pathogenesis of ar-
rhythmias, which may lead to sudden cardiac death.
Aldosterone-mediated sodium and water retention per-
petuates congestion. By inhibiting ACE conversion of
AI into AII, it is possible to prevent the formation of AII
and its stimulation of aldosterone. Not all patients tak-
ing an ACE-inhibitor remain asymptomatic. After an ini-
tial improvement, some will return with worse heart
failure. This suggests that a rise in plasma aldosterone
has occurred (aldosterone release), and this increase
was independent of plasma AII levels65,116,117. During
long-term AII suppression by ACE-inhibitors plasma lev-
els of aldosterone are initially suppressed. However,
after 3 months plasma concentrations of aldosterone
may gradually return to pre-treatment levels despite
continuing AII suppression to the same extent. This
late rise of aldosterone during ACE-inhibitor therapy did
not affect the hypotensive action of ACE-inhibitors118.
Other reports showed a partial release of aldosterone in
patients treated with ACE-inhibitors119-121. The brevity
of the aldosterone suppression may be accounted for in
several ways. Standard doses of ACE-inhibitors do not
fully suppress angiotensin-regulated adrenal produc-
tion of aldosterone. Potent stimuli of renin release may
counter the effects of ACE-inhibitors. Aldosterone se-
cretion also proceeds independently of angiotensin con-
centrations5,65,122-124. In patients with heart failure, al-
dosterone levels may reach 20 times the normal levels.
This elevation may be due to an increase in the rate of
aldosterone production (AII mediated by AT1 recep-
tors), and a decreased rate of hepatic aldosterone clear-
ance which causes aldosterone concentrations to triple
or quadruple125. Given the consequences of secondary
aldosteronism, it is important to understand the relative
effectiveness of ACE-inhibitors and aldosterone antag-
onists in the treatment of heart failure. Despite im-
provements in therapy, the rates of hospitalization and
readmission are high5. The CONSENSUS trial report-
ed that in patients with severe heart failure (NYHA
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functional class IV) who had elevated aldosterone lev-
els, a 6-month mortality was significantly higher than in
those who had below-median levels121,122. Another ap-
proach to inhibiting one of the actions of the renin-an-
giotensin system in patients with heart failure is to use
agents capable of blocking the effects of aldosterone. Al-
though short-term therapy with both ACE-inhibitors
and AII antagonists can lower circulating levels of al-
dosterone, it is not clear whether such a suppression is
sustained during long-term treatment116. The lack of
long-term suppression may be important in view of ex-
perimental data suggesting that aldosterone may exert
adverse effects on the structure and function of the heart
and peripheral vessels65,126,127 independent of and in
addition to the deleterious effects produced by AII. As
a result, blockade of the actions of aldosterone may not
exert favorable effects on sodium and potassium balance
but may decrease the risk of heart failure progression128.
In a 6-week study of 119 patients with chronic symp-
tomatic heart failure, combined therapy with losartan and
enalapril showed greater effects in terms of suppression
of aldosterone and norepinephrine compared to
monotherapy with enalapril129. Moreover, patients re-
ceiving ACE-inhibitors and AII receptor antagonists in
combination had a significant decrease in end-systolic
volume compared to those receiving ACE-inhibitors
alone130. The recent RALES trial has shown a signifi-
cant reduction in mortality, non-fatal hospitalization
and sudden cardiac death47. The fact that these patients
were receiving an ACE-inhibitor, and accordingly cir-
culating aldosterone levels were presumably reduced,
presents the intriguing possibility that spironolactone
may block the autocrine and paracrine effects of local-
ly generated aldosterone90. The authors showed that
ramipril and spironolactone (25 mg tid) had similar ef-
fects on ventricular remodeling after AMI131. On the oth-
er hand, the combination of aldosterone receptor block-
er with an ACE-inhibitor has been considered con-
traindicated because of potential hyperkaliemia132,133.
While low doses of spironolactone (12.5-25 mg) in
conjunction with standard ACE-inhibitor (loop diuret-
ic) treatment is effective and well tolerated, it reduces
atrial natriuretic peptide and does not determine hy-
perkaliemia47,125. In addition the RALES trial has sug-
gested that this contribution could be useful in patients
with hypertension and who have had a myocardial in-
farction47,90. Spironolactone and its metabolites compete
with aldosterone for receptor sites in target tissues.
Whether locally produced aldosterone plays a part in the
disease processes and whether aldosterone receptor an-
tagonists can modify the autocrine or paracrine effects
should be investigated125. Recent experimental data
suggest that spironolactone may have a protective effect
against ventricular arrhythmias due to ischemia134. This
antiarrhythmic effect appears to be independent of al-
dosterone antagonism, since aldosterone infusion did not
alter the incidence of ventricular tachycardia or fibril-
lation in isolated perfused rat hearts. Severe ventricular
arrhythmias have been reported in patients with no ma-

jor anatomic cardiac abnormality, and who showed in-
tramyocardial fibrosis135,136. Despite the increase in car-
diac AII and aldosterone levels, cardiac norepineph-
rine concentration was unchanged in untreated AMI.
Such a lack of variation in norepinephrine levels may be
related to structural changes and to the loss of neuronal
activity in the infarcted myocardium65. Nevertheless, the
aldosterone-induced regulation of cardiac norepineph-
rine levels may contribute to norepinephrine-related ar-
rhythmogenic effects. In view of this aldosterone an-
tagonists decreased ventricular arrhythmias in patients
with heart failure65. Recently, it has been shown that AII
generated in the interstitial fluid space of the dog heart
does not affect systemic hemodynamics or angiotensin
peptide levels in the coronary bed. AII formation in the
interstitial fluid space is a regulable process, supporting
the hypothesis that AII formed locally in the interstitial
fluid space of the heart can exert an important effect on
myocytes and fibroblasts independent of the circulating
renin-angiotensin system137. Thus, the question may be
raised as to whether aldosterone is blocked sufficient-
ly during ACE-inhibitor treatment and whether this
treatment could be improved. The RALES trial showed
that the addition of an aldosterone antagonist in heart fail-
ure patients was able to reduce mortality and hospital-
ization. Therefore, it is conceivable that treatment strate-
gies may involve a two-pronged approach, using both al-
dosterone antagonists to prevent myocardial fibrosis of
the vascular and myocardial tissues, and to strengthen
the effects of ACE-inhibitors.

Conclusions

Other studies on endothelin antagonism, dual ACE
and endopeptidase inhibition, and the combination of
ACE-inhibitors with AT1 antagonists, may provide fur-
ther knowledge. Data from the RALES show that
spironolactone determines beneficial effects in heart
failure patients (class III-IV), where myocardial damage
is extensive and hardly influenced by pharmacological
treatment. The experimental literature and molecular bi-
ology studies regarding the effects of MR inhibition
suggest that the prevention of heart failure should start
early. Is it correct to wait for symptomatic heart failure
before giving MR inhibitors or to try to prevent heart fail-
ure development with early treatment? This question
needs an answer, and studies addressing the use of this
combination in lower NYHA functional classes are re-
quired, as well as studies comparing the different com-
bination of drugs to achieve the best treatment and/or to
prevent heart failure development.
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