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Abstract
In dilated cardiomyopathy, a condition characterized by chamber enlargement and reduced
myocardial contractility, decreases in β-adrenergic receptor density and increases in Gαi and β-
adrenergic receptor kinase activities attenuate the stimulation of adenylyl cyclase in response to
catecholamines. PDE3 inhibitors have been used to ‘overcome’ the reduction in cAMP generation
by blocking cAMP hydrolysis. These drugs increase contractility in the short-term, but long-term
administration leads to an increase in mortality that correlates with an increase in sudden cardiac
death. Whether separate mechanisms account for these beneficial and harmful effects, and, if so,
whether PDE3 can be targeted so as to increase contractility without increasing mortality are
questions that remain unanswered.

Introduction
Dilated cardiomyopathy is a syndrome characterized by enlargement of cardiac chambers,
especially the left ventricle, and a reduction in myocardial contractility. Its primary causes
are diverse, including coronary artery disease, hypertensive vascular disease, diabetes, viral
illnesses, valvular heart disease, congenital abnormalities, amyloidosis and pregnancy. In
perhaps a third of cases, no underlying disease can be identified, and the disease is classified
as idiopathic, though genetic factors are increasingly recognized. Hemodynamic
consequences may include decreased cardiac output and decreased systemic blood pressure,
while a decreased ability of the ventricle to empty during systole can result in increased
filling pressures, pulmonary edema and pulmonary arterial hypertension. Dilated
cardiomyopathy is also characterized by ventricular arrhythmias that account for much of
the mortality in this syndrome.

From this perspective, dilated cardiomyopathy is not generally thought of as an endocrine
disease. Yet agents that modify endocrine signaling have proven useful in the treatment of
dilated cardiomyopathy, and the benefits of angiotensin-converting-enzyme inhibitors,
angiotensin-receptor antagonists and aldosterone antagonists in this syndrome extend
beyond what can be attributed to their vasodilatory and diuretic actions [1–5]. But perhaps
the most well-characterized endocrine abnormalities in the syndrome relate to cAMP-
mediated signaling, and agents that modify cAMP-mediated signaling – β-adrenergic
receptor agonists, which stimulate cAMP production, β-adrenergic receptor antagonists,
which do the opposite, and inhibitors of the cyclic nucleotide phosphodiesterase PDE3,
which block cAMP hydrolysis – are used at different stages in the treatment of this disease.
In this review, we have focused specifically on PDE3 inhibition and the challenges it has
posed in the treatment of dilated cardiomyopathy.
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The role of cAMP in myocardial contractility
Agents that increase intracellular cAMP content activate cAMP-dependent protein kinase
(PKA). As in other cells, many proteins in cardiac myocytes are phosphorylated by PKA.
Inotropic effects are likely to result from increases in the phosphorylation of several
membrane-bound PKA substrates involved in intracellular Ca2+ cycling. Phosphorylation of
L-type Ca2+ channels increases Ca2+ influx during systole [6]; phosphorylation of
ryanodine-sensitive Ca2+ channels increases Ca2+ release by the sarcoplasmic reticulum [7];
and phosphorylation of phospholamban blocks its inhibitory interaction with SERCA2, the
Ca2+-transporting ATPase of the sarcoplasmic reticulum, resulting in an increase in Ca2+

accumulation during diastole [8]. These actions increase the amplitude of intracellular Ca2+

transients, which are attenuated in dilated cardiomyopathy [9]. Studies in animal models
suggest that the phosphorylation of phospholamban may be the most therapeutically relevant
of these mechanisms. Depletion of phospholamban and expression of a non-functional
mutant form of the protein – which mimics the stimulation of SERCA2 activity seen with
phospholamban phosphorylation – increase contractility in cultured cardiac myocytes, while
germ-line ablation of phospholamban, knockdown with antisense RNA and expression of
anti-phospholamban antibody-derived proteins improve contractile function and prevent
pathologic remodeling [10–18].

Diminished cAMP generation in failing human myocardium
Comparative studies of tissue obtained from the explanted failing hearts of heart transplant
recipients with dilated cardiomyopathy and from presumably ‘normal’ hearts obtained from
organ donors that were not transplanted because a suitable recipient was not identified at the
time of organ procurement have identified several changes in the expression of proteins
involved in receptor-stimulated cAMP generation in this disease. Among these changes are a
reduction in β1-adrenergic receptor levels in failing hearts [19••,20]; an increase in the
expression and activity of β-adrenergic receptor kinase (phosphorylation of β-adrenergic
receptors leads to their binding to β-arrestins, which ‘uncouple’ them from G proteins)
[21••,22]; and an increase in the expression and activity of the inhibitory G protein Gαi
[23••,24]. These changes combine to reduce the stimulation of adenylyl cyclase activity in
response to β-adrenergic receptor agonists and intracellular cAMP content – in particular,
membrane-bound cAMP content – in failing hearts [25••,26,27•].

Given the role of cAMP in stimulating increasing contractility in cardiac myocytes, one
would expect agents that inhibit hydrolysis of cAMP by cyclic nucleotide
phosphodiesterases to bypass receptors, transducers and effectors and ‘overcome’ the
impairment in cAMP generation in dilated cardiomyopathy (Figure 1). Raising cAMP
content in this manner would, in turn, reverse the reduction in myocardial contractility.

cAMP phosphodiesterase activity in human myocardium
Eleven families of cyclic nucleotide phosphodiesterases have been described. Two seem
especially important with respect to regulating cAMP content in human myocardium. Most
of the membrane-associated cAMP-hydrolytic activity is attributable to enzymes in the
PDE3 family, which are characterized by their high affinity for both cAMP and cGMP, with
Km values of ≤100 nanomolar [28,29]. Owing to their much higher catalytic rates for cAMP
than for cGMP, PDE3 isoforms are generally regarded principally as cGMP-inhibited
cAMP-phosphodiesterases. Most of the cytoplasmic cAMP-hydrolytic activity in human is
attributable to PDE1C1, a Ca2+/calmodulin-activated enzyme that hydrolyses both cAMP
and cGMP with Km values in the micromolar range. Inasmuch as PDE1 inhibitors have, to
our knowledge, never been used as therapeutic agents in patients with dilated
cardiomyopathy, PDE1 is given no further attention in this review.

Movsesian et al. Page 2

Curr Opin Pharmacol. Author manuscript; available in PMC 2013 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(It is worth pointing out that the profile of phosphodiesterase activity in humans differs
significantly from that seen in animal models. Enzymes in the PDE4 family of
phosphodiesterases constitute a large fraction of the cAMP-hydrolytic activity in mouse
myocardium but a very small fraction of this activity in human myocardium [30]. Similarly,
PDE5 activity, which constitutes a large fraction of the cGMP-activity in mouse
myocardium, is present at very low levels in human myocardium [31]. And levels of cAMP-
hydrolytic activity in human myocardium are several-fold higher than in mouse myocardium
[30]. There is therefore reason for restraint in drawing inferences regarding dilated
cardiomyopathy and its treatment from findings involving the use of phosphodiesterase
inhibitors in mouse models.)

In the PDE3 family, two genes – PDE3A and PDE3B – are known to exist. Both are
expressed in cardiac muscle, but experiments in PDE3A-knockout and PDE3Bknockout
mice have shown that inotropic effects result specifically from inhibition of PDE3A [32].
Three isoforms are generated from the PDE3A gene through a combination of transcription
and translation from alternative initiation sites (Figure 2) [33•]. Their amino-acid sequences
are identical except for the presence of different lengths of N-terminal sequence, in which
membranelocalizing domains and phosphorylation sites are found. PDE3A1 contains NHR1,
which consists of hydrophobic loops that insert into intracellular membranes [34]. PDE3A1
also contains three sites – S293, S312 and S428 – that are phosphorylated by PKA, PKB and
PKC [35,36]. PDE3A2 lacks NHR1 and S293, while PDE3A3 lacks NHR1 and all three
phosphorylation sites. The three isoforms all contain the same C-terminal catalytic region,
and are identical with respect to catalytic activity and inhibitor sensitivity [29], but their N-
terminal differences lead to differences in their intracellular distribution. PDE3A1 is an
obligatory membrane protein recovered only in microsomal fractions of human
myocardium, while PDE3A2 and PDE3A3 are recovered in microsomal as well as cytosolic
fractions [33•]. Owing to these differences in intracellular localization, the three isoforms
are likely to have distinct roles in modulating cAMP-mediated signaling in cardiac
myocytes, though these roles have not been defined. Moreover, there are no agents available
that can selectively target either PDE3A versus PDE3B or PDE3A1 versus PDE3A2 or
PDE3A3.

Whether PDE3 levels are altered in patients with dilated cardiomyopathy is a matter of
controversy [31,37,38]. The high efficiency with which donors and recipients are matched
nowadays has meant that the availability of ‘normal’ hearts for comparative studies is
extremely low, making it difficult to achieve statistically significant results that can exclude
the possibility of small differences in protein expression between normal and failing hearts.

PDE3 inhibition in the treatment of heart failure
The use of PDE3 inhibitors to raise intracellular cAMP content appeared to be a promising
approach to the decrease in receptor-stimulated cAMP generation and intracellular cAMP
content in failing myocardium. The beneficial short-term effects of PDE3 inhibition were
readily apparent in early investigations, which showed inotropic, lusitropic and vasodilatory
responses that resulted in increased cardiac output, decreased left ventricular end-diastolic
pressures and decreased pulmonary artery pressures [39–45]. These changes were typically
observed within the first fifteen minutes of treatment and were sustained over at least 48 h.
PDE3 inhibition did not result in as large an increase in heart rate or myocardial oxygen
consumption as did treatment with the β-adrenergic receptor agonist dobutamine [46,47]. An
additive effect on cardiac performance, through cAMP augmentation by independent
mechanisms, was demonstrated with the combined use of PDE3 inhibitors and dobutamine
[48,49]. This would be of benefit in patients in whom responses to one agent alone were
inadequate; alternatively, combination therapy could be used to decrease the effective dose
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of both agents and to reduce dose-dependent side effects. Whether short-term PDE3
inhibition led to longer-term benefits was less obvious: a large trial of milrinone infused for
48 h in patients with advanced heart failure showed no reduction (versus placebo-treated
patients) with respect to rehospitalization from cardiovascular causes within 60 days of
randomization, while the incidence of atrial arrhythmias and hypotension was increased
[50].

A critical question was whether long-term PDE3 inhibition would have a favorable impact
on quality of life and survival. A large number of clinical trials were carried out, at great
expense, in the hope of demonstrating such a benefit. The results, which were examined in a
comprehensive meta-analysis, were immensely disappointing. No important quality-of-life
benefits were observed, and annual mortality, which was ~16% in the patients treated with
placebo, increased to ~19% in patients taking PDE3 inhibitors. This increase appeared to be
attributable to an increase in sudden cardiac death, which was ~6% per year in placebo-
treated patients and ~9% per year in patients taking PDE3 inhibitors [51••].

Mechanisms responsible for the adverse consequences of PDE3 inhibition
The mechanisms responsible for the increase in arrhythmias and sudden death observed in
clinical trials of PDE3 inhibitors have not been clearly defined. One possibility is that these
adverse outcomes are consequences of the same changes in intracellular Ca2+ handling that
result in increased contractility. A secondary effect attributable to a cAMP-mediated
acceleration of pathologic remodeling is also possible. The fact that reductions in sudden
death have been seen in clinical trials of ACE inhibitors and isosorbide dinitrate/hydralazine,
which act through separate molecular mechanisms, can be regarded as evidence for
secondary effects [51••]. Studies in rats have documented pro-apoptotic consequences of
PDE3 inhibition associated with an increase in the expression of inducible cAMP early
repressors (‘ICERs’), an effect THAT occurs via phosphorylation of the transcription factor
CREB by PKA (Figure 3) [37,52,53]. Inasmuch as pathologic remodeling has been
associated with an increase in apoptosis in human disease and in animal models [54], the
possibility that this mechanism is a proximal step in the pro-arrhythmic effects of PDE3
inhibition seems plausible. Another relevant question, in view of the different roles of
PDE3A and PDE3B in regulating myocardial contractility [32], is the extent to which
adverse effects may be attributable to PDE3B inhibition rather than PDE3A inhibition (as
noted earlier, existing therapeutic agents do not select for one or the other of these isoforms).

Prospects for long-term PDE3 inhibition in heart failure
At this time, American College of Cardiology/American Heart Association and Heart
Failure Society of America guidelines recommend against the long-term use of PDE3
inhibitors in patients with heart failure, except for continuous infusions used as palliative
long-term therapy and, in the acute setting, for patients with heart failure exacerbations and
low-output states [55]. There may, however, be situations in which the long-term use of
these agents is beneficial. Patients in whom PDE3 inhibitors are started because of
decompensated heart failure and in whom subsequent efforts to discontinue these drugs fail
because of hypotension, low cardiac output or pulmonary edema comprise a self-defined
subset in whom mortality without PDE3 inhibitors is so overwhelmingly high that their
long-term use is appropriate, regardless of the results of the large clinical trials.

Another situation involves chronic intermittent outpatient infusion of milrinone. In
nonrandomized trials with a limited number of subjects, patients treated with milrinone had
significant functional improvement, a reduced number of emergency room visits and
hospital admissions, and a marked reduction in hospitalization days, without evidence of
increased mortality [56,57]. In other studies, patients treated with intermittent infusions of
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inotropic agents while receiving continuous treatment with antiarrhythmic drugs had largely
favorable outcomes [58,59]. These latter results raise an important issue: Trials of PDE3
inhibitors were carried out before the implantation of cardiac defibrillators in patients with
advanced dilated cardiomyopathy became standard therapy [60]. Since the increased
mortality in patients treated with PDE3 inhibitors derived from an increase in sudden cardiac
death, it is possible that the implantation of defibrillators would have addressed this
problem. At this point, however, in view of the disappointing results of the many clinical
trials of PDE3 inhibitors, pharmaceutical companies are understandably reluctant to commit
more resources to clinical trials that would address this issue.

Conclusion
The inotropic consequences of PDE3 inhibition are helpful in the management of acutely
decompensated dilated cardiomyopathy. With long-term adminstration, however, these
agents have been found to increase mortality in this syndrome, owing to an increase in
sudden cardiac death, and their use is generally recommended only when withdrawal of
PDE3 inhibitors leads to levels of contractile dysfunction incompatible with life. Whether
the long-term adverse consequences of PDE3 inhibition can be mitigated through the
concomitant use of anti-arrhythmic drugs or implantable cardiac defibrillators is unknown.
The fact that several forms of PDE3 differing in their intracellular localization are found in
cardiac myocytes raises the possibility that agents that could target individual PDE3
isoforms selectively might produce inotropic responses without increasing mortality, but at
this writing this remains solely a theoretical consideration.
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Figure 1.
Effects of phosphodiesterase (specifically, PDE3) inhibition on cAMP content in cardiac
myocytes.
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Figure 2.
Generation of PDE3A isoforms in human cardiac myocytes.
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Figure 3.
Mechanisms of inotropic actions and adverse consequences of increasing intracellular
cAMP content in failing myocardium.

Movsesian et al. Page 12

Curr Opin Pharmacol. Author manuscript; available in PMC 2013 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


