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ABSTRACT
In mouse models of cardiac disease, the type 5 (PDE5)-selec-
tive cyclic nucleotide phosphodiesterase inhibitor sildenafil has
antihypertrophic and cardioprotective effects attributable to the
inhibition of cGMP hydrolysis. To investigate the relevance of
these findings to humans, we quantified cGMP-hydrolytic ac-
tivity and its inhibition by sildenafil in cytosolic and microsomal
preparations from the left ventricular myocardium of normal
and failing human hearts. The vast majority of cGMP-hydrolytic
activity was attributable to PDE1 and PDE3. Sildenafil had no
measurable effect on cGMP hydrolysis at 10 nM, at which it is
selective for PDE5, but it had a marked effect on cGMP and

cAMP hydrolysis at 1 �M, at which it inhibits PDE1. In contrast,
in preparations from the left ventricles of normal mice and mice
with heart failure resulting from coronary artery ligation, the
effects of sildenafil on cGMP hydrolysis were attributable to
inhibition of both PDE5 and PDE1; PDE5 comprised �22 and
�43% of the cytosolic cGMP-hydrolytic activity in preparations
from normal and failing mouse hearts, respectively. These dif-
ferences in PDE5 activities in human and mouse hearts call into
question the extent to which the effects of sildenafil in mouse
models are likely to be applicable in humans and raise the
possibility of PDE1 as an alternative therapeutic target.

The PDE5-selective cyclic nucleotide phosphodiesterase in-
hibitor sildenafil is used in the treatment of erectile dysfunc-
tion and pulmonary hypertension. Its actions in these dis-
eases result from its inhibition of cGMP-hydrolytic activity in
vascular smooth muscle myocytes and the consequent in-
creases in intracellular cGMP content and the potentiation of
protein kinase G-mediated vasodilatory responses (Francis
and Corbin, 2005; Kass et al., 2007; Movsesian et al., 2008).

Studies in mouse models of cardiac disease suggest that
sildenafil may have additional beneficial effects in cardiac
disease, including antihypertrophic actions after transverse
aortic constriction and cardioprotective effects after ischemic
injury or exposure to doxorubicin, that result from inhibition
of myocardial cGMP-hydrolytic activity (Salloum et al., 2003;
Das et al., 2004, 2005, 2008; Fisher et al., 2005; Hassan and

Ketat, 2005; Takimoto et al., 2005; Salloum et al., 2008).
“Seminal studies in animal models of pressure overload” are
included in the rationale underlying a current clinical trial of
sildenafil in patients with diastolic heart failure sponsored
by the National Institutes of Health (https://www.hfnetwork.
org/hf-trials/relax-trial). In view of interspecies differences in
the phosphodiesterases that are expressed in individual tis-
sues, however, the relevance of these effects in mouse models
to the treatment of heart disease in humans is unknown. In
previous studies in normal human left ventricular myocar-
dium, we found that the vast majority of cGMP-hydrolytic
activity was attributable to enzymes in the PDE1 (Ca2�/
calmodulin-stimulated) and PDE3 families (Hambleton et
al., 2005; Vandeput et al., 2007). However, PDE5 expression
has been reported to be low in normal human right-ventric-
ular myocardium but increased in hypertrophic human right-
ventricular myocardium, and a recent study has shown an
increase in PDE5 activity in the explanted left ventricles of
heart transplant recipients with dilated cardiomyopathy
(Nagendran et al., 2007; Pokreisz et al., 2009). The issue is
further complicated because, at higher concentrations, the
selectivity of sildenafil for PDE5 is reduced (Bischoff, 2004),
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and the relatively high concentrations of sildenafil used in
some of the experiments in animal models raise the possibil-
ity that some of its myocardial effects may have been attrib-
utable to inhibition of PDE1 (Das et al., 2005; Fisher et al.,
2005; Nagendran et al., 2007; Pokreisz et al., 2009).

To gain insight into the contributions of different phos-
phodiesterases to cGMP-hydrolytic activity in failing human
left ventricular myocardium and to the potential actions of
sildenafil in this tissue, we characterized cGMP-hydrolytic
activity and its inhibition by sildenafil in subcellular prepa-
rations from nonfailing (referred to herein as “normal”) and
failing human left ventricular myocardium and in compara-
ble preparations from the left ventricles of normal mice and
of mice that had undergone coronary artery ligation 7 days
earlier.

Materials and Methods
Tissue Sources. Human myocardium was obtained from the left

ventricular free walls of the hearts of organ donors for whom no
suitable recipients were identified at the time of organ procurement
(normal hearts) and of the explanted hearts of patients with idio-
pathic dilated cardiomyopathy undergoing cardiac transplantation
(failing hearts) as described previously (Movsesian et al., 1989).
Tissue was immediately placed on ice for dissection and quick-frozen
in liquid nitrogen immediately thereafter.

The left ventricles of untreated (normal) mouse hearts were ob-
tained from 50 8-week-old male ICR mice. Twenty-five other male
ICR mice were anesthetized by injection of pentobarbital (70 mg/kg
i.p.), intubated orotracheally, and ventilated on positive pressure at
a tidal volume of 0.2 ml and a ventilatory rate of 133 cycles/min. A
left thoracotomy was performed at the fourth intercostal space, and
the heart was exposed by stripping the pericardium. The left de-
scending coronary artery was occluded by a 7.0 silk ligature. After
coronary artery ligation, air was expelled from the chest. Animals
were extubated and received doses of analgesia buprenorphine hy-
drochloride (Buprenex; Bedford Laboratories, Bedford, OH; 0.02
mg/kg i.m. every 12 h for 3 days) and antibiotic (gentamicin; 0.7
mg/kg i.m. for 3 days). Seven days later, after mice were anesthetized
with pentobarbital (100 mg/kg i.p.) and echocardiography was per-
formed, the hearts were excised, placed on ice for dissection, and
quick-frozen in liquid nitrogen immediately thereafter. All animal
studies were performed according to the guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals, the American Physiological Society, and Virginia Common-
wealth University.

Functional Characterization of Mouse Hearts. Doppler echo-
cardiography was performed under light anesthesia with pentobarbital
(30 mg/kg i.p.) by use of the Vevo770 imaging system (VisualSonics Inc.,
Toronto, Canada) before euthanizing the animal. A 30-MHz probe was
used to obtain two-dimensional, M-mode, and Doppler images from
parasternal short-axis views at the level of the papillary muscles.
M-mode images were used to measure systolic and diastolic wall thick-
ness (anterior and posterior) and left ventricular end-systolic and end-
diastolic diameters. Left ventricular fractional shortening was calcu-
lated as (left ventricular end-diastolic diameter minus left ventricular
end-systolic diameter)/(left ventricular end-diastolic diameter).

Preparation of Cytosolic and Microsomal Fractions of Left
Ventricular Myocardium. With use of samples from three to four
hearts for each preparation from human tissue and from 25 to 50
hearts for preparations from mouse tissue, cytosolic and microsomal
fractions were prepared by homogenization and differential sedimen-
tation by a protocol adapted from previously published methods
(Movsesian et al., 1989). Tissue was homogenized for two 10-s cycles
in a Kinematica homogenizer (setting 11; Kinematica GmbH, Littau-
Lucerne, Switzerland) in 5 volumes of 0.29 M sucrose, 3 mM NaN3,

and 10 mM 3-[N-morpholino]propanesulfonic acid, pH 7.0, at 4°C, to
which were added 1 mM dithiothreitol, 1 mM benzamidine, 2 mM
EGTA, 0.8 mM phenylmethylsulfonyl fluoride, and 1 �g/ml each of
pepstatin A, leupeptin, and antipain (sucrose buffer). After a 20-min
sedimentation at 7,740g to remove debris, the supernatant was
sedimented for 60 min at 40,445g. The resulting supernatant was
used as the “cytosolic” fraction. The pellet was resuspended by hand-
homogenization (glass-glass) in 2 volumes (relative to starting ma-
terial) of 0.6 M KCl, 3 mM NaN3, and 10 mM 3-[N-Morpholino]pro-
panesulfonic acid, pH 7.0, at 4°C, with 1 mM dithiothreitol, 1 mM
benzamidine, and 1 �g/ml each of pepstatin A, leupeptin, and anti-
pain. After resedimentation for 40 min at 153,376g, the pellet was
resuspended in sucrose buffer (without EGTA and phenylmethylsul-
fonyl fluoride) by use of a Teflon-glass hand homogenizer, quick-
frozen, and stored at �80°C until use as the “microsomal” fraction.
Protein was quantified by Bradford’s method with bovine serum
albumin fraction V as the standard.

Preparation of Recombinant Proteins. Full-length recombi-
nant human PDE1C1 and recombinant human PDE3A1 were ex-
pressed in Sf9 cells and prepared as described previously (Hamble-
ton et al., 2005; Vandeput et al., 2007). Recombinant human PDE5
was expressed in Sf9 cells with the baculovirus system and purified
to homogeneity as described previously (Zoraghi et al., 2007).

Immunodetection of PDE5 Protein. Subcellular preparations
from human and mouse left ventricular myocardium were subjected
to SDS-polyacrylamide gel electrophoresis and electrophoretic trans-
fer to nitrocellulose membranes (Vandeput et al., 2007). The latter
were incubated with anti-PDE5 antibody (number 2395, 1:1000; Cell
Signaling Technology Inc., Danvers, MA), and PDE5 protein was
visualized by use of horseradish peroxidase-conjugated anti-rabbit
antibody (1:10.000; Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) and enhanced chemiluminescence reagent (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). The density of
PDE5 bands was quantified by analyzing autoradiograms made over
a range of exposure times with use of the Image J Program (http://
rsbweb.nih.gov/ij/).

Cyclic Nucleotide-Hydrolytic Activity. Cyclic nucleotide-hy-
drolytic activity was quantified at 30°C by the two-step snake-venom
method with [3H]cAMP or [3H]cGMP as substrate (Kincaid and
Manganiello, 1988). The amount of protein used per assay and the
incubation times were adjusted to ensure that no more than 20% of
the total cyclic nucleotide was hydrolyzed during the assay. EGTA,
CaCl2, and calmodulin (provided by Donald K. Blumenthal, Univer-
sity of Utah) were included as indicated. Activity was measured at
0.1 �M cGMP or cAMP in the presence of 200 �M Ca2� and 50 nM
calmodulin or in the presence of 100 �M EGTA to determine Ca2�/
calmodulin-stimulated PDE1 activity; Ca2�/calmodulin-stimulated
PDE1 activity was quantified as the difference between cyclic nucle-
otide-hydrolytic activity measured under these conditions. PDE3 and
PDE5 activities were measured in the presence of 100 �M EGTA
with the PDE3-selective inhibitor cilostazol (Otsuka, Tokyo, Japan)
and the PDE5-selective inhibitor sildenafil (Francis et al., 2007;
Kambayashi et al., 2007; Vandeput et al., 2007). To minimize possi-
ble inhibition of other phosphodiesterase families, measurements
were made at concentrations of drug that inhibited the cyclic nucle-
otide-hydrolytic activity of the corresponding recombinant protein by
30 to 50%. PDE3 activity, for example, was calculated by dividing the
amount of activity inhibited by cilostazol in subcellular fractions by
the fractional inhibition of recombinant PDE3A1 (rtPDE3A1) activ-
ity at the same cilostazol concentration; thus, if the concentration of
cilostazol used in the experiment inhibited rtPDE3A1 activity by
50%, the activity inhibited by the drug in subcellular fractions was
divided by 0.50 to determine the amount of PDE3 in these fractions
(Hambleton et al., 2005; Vandeput et al., 2007).

Statistical Analysis. For comparison of two groups of samples
normally distributed, Student’s two-tailed t test was used. IC50 val-
ues were calculated with use of Prism software version 2.01 (Graph-
Pad Software Inc., San Diego, CA).
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Results
PDE1 and PDE3 Activity in Normal and Failing

Hearts. Previous studies demonstrated that PDE1 and
PDE3 constitute the majority of cGMP-hydrolytic activity in
subcellular fractions prepared from normal human left ven-
tricular myocardium (Hambleton et al., 2005; Vandeput et
al., 2007). To determine whether this pattern were changed
in patients with heart failure, we quantified Ca2�/calmodu-
lin-stimulated PDE1 and PDE3 activity in cytosolic and mi-
crosomal fractions of normal and failing human left ventric-
ular myocardium (Fig. 1). In preparations from both normal
and failing hearts, Ca2�/calmodulin-stimulated PDE1 activ-
ity accounted for 56 to 60% and for 32 to 34% of the cGMP-
hydrolytic activity in cytosolic and microsomal fractions, re-
spectively, whereas PDE3 activity accounted for 10 to 13%
and 23 to 25% of the cGMP-hydrolytic activity in cytosolic
and microsomal fractions, respectively. These findings dem-
onstrate that the relative levels of PDE1 and PDE3 activity
are comparable in normal and failing human left ventricular
myocardium.

Effects of Sildenafil on cGMP-Hydrolytic Activity in
Preparations from Normal and Failing Human Left
Ventricular Myocardium. These observations suggested
that the relative contribution of PDE5 to cGMP-hydrolytic
activity in human left ventricular myocardium is low. To test
this directly, we examined the effects of the PDE5-selective
inhibitor sildenafil on cGMP-hydrolytic activity in our prep-
arations. We first determined the potency of the inhibition by
sildenafil of recombinant forms of PDE1, PDE3, and PDE5 at
a cGMP concentration of 0.1 �M (Fig. 2). Under these condi-

tions, sildenafil inhibited purified recombinant PDE5 activ-
ity with an IC50 of 7.1 � 0.8 nM. This inhibition was �30-fold
more potent than its inhibition of rtPDE1C1 activity (IC50,
228 � 12 nM) and �4000-fold more potent than its inhibi-
tion of recombinant PDE3A1 (rtPDE3A1) activity (IC50, 30 �
3 �M).

The �30-fold difference in the sensitivity of PDE1 and
PDE5 to sildenafil made it possible to distinguish the activ-
ities of these two cGMP-hydrolytic activities in subcellular
preparations based on the concentration range of sildenafil at
which inhibition occurred. Results for a cytosolic preparation
from human myocardium are shown in Fig. 3. In either the
presence or absence of Ca2�/calmodulin, there was no quan-
tifiable inhibition of cGMP-hydrolytic activity at concentra-
tions of sildenafil (�10 nM) at which it is selective for PDE5.
In contrast, there was a marked inhibition of Ca2�/calmod-

Fig. 1. Cyclic GMP-hydrolytic activities in subcellular fractions of human
myocardium. Total phosphodiesterase activity was determined at 0.1 �M
cGMP in the presence of 200 �M Ca2� and 50 nM calmodulin (CaM).
Activity was also measured in the presence of 100 �M EGTA. The differ-
ence between total and Ca2�-independent activity was taken as Ca2�/
calmodulin-stimulated PDE1 activity. PDE3 activity was calculated
based on phosphodiesterase assays performed in the presence of EGTA
using the PDE3-selective inhibitor cilostazol (0.3 �M). Each value repre-
sents the average � S.D. of at least three determinations. Differences be-
tween normal and failing hearts with respect to Ca2�/calmodulin-dependent
PDE1 activity and PDE3 activity were not statistically significant.

Fig. 2. Inhibition of cGMP-hydrolytic activity of recombinant PDE1,
PDE3, and PDE5 by sildenafil. cGMP-hydrolytic activity was measured
at 0.1 �M cGMP in the presence of 100 �M EGTA. Each value represents
the average � S.D. of at least three determinations.

Fig. 3. Inhibition of the cGMP-hydrolytic activity in cytosolic fractions of
failing human left ventricular myocardium by sildenafil. cGMP-hydro-
lytic activity was measured at 0.1 �M cGMP in the presence of 200 �M
Ca2� and 50 nM calmodulin or in the presence of 100 �M EGTA. Each
value represents the average � S.D. of at least three determinations.
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ulin-stimulated and Ca2�/calmodulin-independent activity
at higher concentrations of sildenafil (�100 nM), at which it
inhibits PDE1 and PDE5.

We extended these studies to a comparison of the cGMP-
hydrolytic activities of cytosolic and microsomal fractions
from normal and failing hearts (Fig. 4). Measurements were
performed in the presence of 2.0 mM EGTA to minimize
Ca2�/calmodulin-stimulated PDE1 activity and thereby in-
crease our ability to detect PDE5 activity. Results in prepa-
rations from failing hearts were indistinguishable from those
in normal hearts. There was no quantifiable inhibition of
cGMP hydrolysis at 10 nM sildenafil, a concentration at
which it inhibits �60% of PDE5 activity with minimal inhi-
bition of PDE1. To ensure that there were no substances in
the cytosolic fraction that interfered with PDE5 activity or its
inhibition, we repeated the experiment in the presence of
added rtPDE5. The rtPDE5 activity was inhibited to the
same degree in the absence or presence of the cytosolic frac-
tion (data not shown). At 1 �M sildenafil, a concentration at
which it inhibits �75% of PDE1 activity without inhibiting
PDE3 activity, cGMP-hydrolytic activity was reduced by 65
and 68% in the cytosolic fractions and by 32 and 34% in the
microsomal fractions of normal and failing hearts, respec-
tively. These results are consistent with the interpretation
that PDE1 and PDE3 constitute the majority of cGMP-hy-
drolytic activity in normal and failing human left ventricular
myocardium, that the amount of PDE5 in these preparations
was, at best, very low, and that the principal effect of silde-
nafil on cGMP hydrolysis in these preparations was through
inhibition of PDE1.

Effects of Sildenafil on cGMP-Hydrolytic Activity in
Subcellular Preparations of Normal and Failing
Mouse Left Ventricular Myocardium. Because our re-
sults indicated that PDE5 constitutes at most a very small
fraction of the cGMP-hydrolytic activity in normal or failing
human left ventricular myocardium, we investigated its con-

tribution to cGMP-hydrolytic activity in the left ventricular
myocardium of mice, where the beneficial antihypertrophic
and cardioprotective effects of sildenafil have been demon-
strated (Salloum et al., 2003; Das et al., 2004, 2005, 2008;
Fisher et al., 2005; Hassan and Ketat, 2005; Takimoto et al.,
2005; Salloum et al., 2008). We quantified the effects of
sildenafil on cGMP hydrolysis in cytosolic and microsomal
preparations from the left ventricular myocardium of normal
mice and of mice in which the left anterior descending artery
had been ligated 7 days earlier. In the latter group, hearts
had developed left ventricular dilation with impaired con-
tractility and thinning of the left ventricular anterior wall
(Fig. 5). In contrast to our findings in humans, Ca2�/calmod-
ulin-independent cGMP-hydrolytic activity in cytosolic frac-
tions from normal mouse hearts was inhibited by �15% at 10
nM sildenafil (Fig. 6). In preparations from mice that had
undergone coronary ligation 7 days earlier, cGMP-hydrolytic
activity was inhibited �25% by 10 nM sildenafil. At 1 �M
sildenafil, cGMP-hydrolytic activity in cytosolic fractions was
reduced by �65% in both normal and failing hearts, consis-
tent with the conclusion that PDE1 constitutes the major
portion of the cGMP-hydrolytic activity in mouse and human
hearts. Because, at a concentration of 10 nM, sildenafil in-
hibits �60% of recombinant PDE5 activity (Fig. 2), we cal-
culated, based on the data represented in Fig. 6, that PDE5
constitutes �22% of the Ca2�/calmodulin-independent
cGMP-hydrolytic activity in cytosolic preparations from nor-
mal mouse left ventricles and �43% of this activity in cyto-
solic preparations from failing mouse left ventricles.

We prepared comparable experiments in microsomal prep-
arations from normal and failing mouse left ventricular myo-
cardium (Fig. 6). Although there seemed to be more inhibi-
tion of cGMP hydrolysis at 10 nM sildenafil than we observed
in humans (and therefore more PDE5 activity), we were not
confident that this difference could be quantified reliably.

To confirm that inhibition of cGMP-hydrolytic activity at

Fig. 4. Inhibition of cGMP-hydrolytic activity by sildenafil
in subcellular fractions of human myocardium. cGMP-hy-
drolytic activity was measured at 0.1 �M cGMP in the
presence of 100 �M EGTA and in the absence or presence
of 10 nM or 1000 nM (1 �M) sildenafil. Each value repre-
sents the average � S.D. of at least three determinations.
N.S., not significant. �, P � 0.05.
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10 nM sildenafil was due to inhibition of PDE5 and not
PDE1, we measured activity in the presence and absence of
Ca2�/calmodulin (Fig. 7). Consistent with this interpreta-
tion, Ca2�/calmodulin-stimulated cGMP-hydrolytic activity
(i.e., PDE1 activity) in normal and failing mouse hearts was
inhibited at 1 �M sildenafil but not at 10 nM sildenafil.
Because PDE1 is a dual-specificity phosphodiesterase, we
also examined the effect of sildenafil on Ca2�/calmodulin-
independent and Ca2�/calmodulin-stimulated cAMP-hydro-
lytic activity in cytosolic fractions of mouse hearts (Fig. 8).
cAMP-hydrolytic activity was inhibited at 1 �M sildenafil but
not at 10 nM sildenafil, consistent with the interpretation
that its effect was mediated through inhibition of PDE1. The
Km of Ca2�/calmodulin-stimulated cAMP-hydrolytic activity
for cAMP in cytosolic fractions of mouse hearts was 0.75 �

0.08 �M, consistent with PDE1C (rather than PDE1A or
PDE1B, whose affinity for cAMP is significantly lower) being
the principal PDE1 isoform in these preparations (Bender,
2007).

PDE5 Protein Content in Normal and Failing Left
Ventricular Myocardium. Our inability to detect an in-
crease in PDE5 activity relative to other cGMP-hydrolytic
activities in failing human left ventricular myocardium
seemed inconsistent with a report of an increase in PDE5
protein in this tissue (Pokreisz et al., 2009). However, the
fraction of total cGMP-hydrolytic activity attributable to
PDE5 in human myocardium was sufficiently low that a
change in its expression might have been difficult to detect by
our approach. For this reason, we examined PDE5 protein
content in cytosolic fractions prepared from mouse and hu-

Fig. 6. Contribution of PDE5 activity to total cGMP-hydro-
lytic activity in subcellular fractions of mouse myocardium.
cGMP-hydrolytic activity was measured at 0.1 �M cGMP
in the presence of 100 �M EGTA (Ca2�/CaM-independent
activity) and in the absence or presence of 10 or 1000 nM
(1 �M) sildenafil. Each value represents the average � S.D.
of at least three determinations. N.S., not significant. �,
P � 0.05.

Fig. 5. Functional characterization of mouse hearts. A, left
ventricular end-diastolic diameter (EDD), left ventricular
end-systolic diameter (ESD), and fractional shortening in
mice 7 days after ligation of the left anterior descending
artery compared with control mice. The ejection fraction
was 0.42 in control hearts and 0.13 in hearts after infrac-
tion. B, anterior wall diastolic thickness (AWDT), posterior
wall diastolic thickness (PWDT), anterior wall systolic
thickness (AWST), and posterior wall systolic thickness
(PSWT) in mice 7 days after ligation of the left anterior
descending artery compared with control mice. In the
former group, thickness was decreased in the infarcted
anterior walls but not in the posterior walls. N.S., not
significant; LAD, left anterior descending artery. �, P �
0.05.
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man left ventricular myocardium by Western blotting with
anti-PDE5 antibodies (Fig. 9). We noted a 6.1 � 1.0-fold
increase in the density of PDE5 bands (migrating at an
apparent molecular weight of �100,000) in failing mouse left
ventricle relative to normal tissue, but only a 2.3 � 0.3-fold
increase in the density of PDE5 bands in failing human left
ventricle. These findings leave open the possibility that
PDE5 protein content is increased in preparations from fail-
ing human hearts, although this increase would seem to have
a smaller magnitude than that seen in the mouse model.

Discussion
In a number of studies in mouse models of cardiac disease,

the PDE5-selective phosphodiesterase inhibitor sildenafil
has been shown to have impressive antihypertrophic and
cardioprotective actions (Salloum et al., 2003; Das et al.,
2004, 2005, 2008; Fisher et al., 2005; Hassan and Ketat,
2005; Takimoto et al., 2005; Salloum et al., 2008). The impli-
cations of these reports with respect to the treatment of
cardiac disease in humans depend on the accuracy with
which the alterations in the mouse models mimic the patho-
physiology that occurs in human disease and on PDE5 being
of comparable importance in the mouse and human myocar-
dium. With respect to the latter, our prior studies showing
that the great majority of cGMP-hydrolytic activity in normal
human left ventricular myocardium is attributable to the
activities of PDE1 and PDE3 were a cause for concern
(Hambleton et al., 2005; Vandeput et al., 2007). Other inves-
tigators, however, have reported an increase in the expres-
sion of PDE5 in hypertrophic human right ventricular myo-
cardium, and, more recently, in failing human left
ventricular myocardium (Nagendran et al., 2007; Pokreisz et
al., 2009). In view of these reports, it was important to
characterize cGMP-hydrolytic activity and its inhibition by
sildenafil in failing and normal human left ventricular myo-
cardium, and to compare the results with those made in
comparable preparations of normal and failing mouse hearts.
Our findings demonstrate that the levels of PDE5 activity

relative to those of other cGMP-hydrolytic activities are
much lower in normal and failing human left ventricular
myocardium than in normal and failing mouse left ventricu-
lar myocardium.

The large disparity in the relative level of PDE5, the pri-
mary target of sildenafil, in mouse and human myocardium
raises important questions as to whether PDE5 inhibition is
as likely to be beneficial in humans with cardiomyopathies as
in the mouse models that have been examined. Before reach-
ing a conclusion, several points need to be considered. First,
the relative amount of a particular cyclic nucleotide phospho-
diesterase may not be the ultimate indicator of its impor-
tance in intracellular signaling. Levels of cyclic nucleotides in
different spatial compartments of cardiac myocytes can be
regulated with considerable selectivity, owing to a large de-
gree to differences in the intracellular localization of cyclic
nucleotide phosphodiesterases (Fischmeister et al., 2006;
Zaccolo, 2006). Inhibition of a phosphodiesterase whose
abundance is low relative to other phosphodiesterases may
still have significant effects if the phosphodiesterase has an
important role in a particular intracellular compartment
(Mongillo et al., 2006). It is important to note as well that our
findings in preparations from normal human hearts and the
hearts of transplant recipients with end-stage dilated cardio-
myopathy may not apply to all forms of cardiac disease in
humans. We cannot exclude the possibility that PDE5 levels
may be elevated in other forms of cardiac disease, especially
those associated with acute myocardial infarctions and
postinfarction remodeling and hypertrophic cardiomyopathy;
decreases in the levels of nitric oxide synthase that have been
described in failing human myocardium may also affect re-
sponses to PDE5 inhibitors (Drexler et al., 1998; Heymes et
al., 1999). With these caveats in mind, we nevertheless be-
lieve our findings are evidence of the need for great caution in
extrapolating from the results of studies of phosphodiester-
ase inhibition in mouse models of cardiac pathophysiology to
predictions of beneficial therapeutic actions for phosphodies-
terase inhibitors in humans with cardiac disease.

Fig. 7. Effect of sildenafil on Ca2�/calmodulin-stimu-
lated cGMP-hydrolytic activity in cytosolic prepara-
tions from mouse myocardium. cGMP-hydrolytic activ-
ity was measured at 0.1 �M cGMP in the presence of
200 �M Ca2� and 50 nM calmodulin or in the presence
of 100 �M EGTA, and in the absence or presence of 10
or 1000 nM (1 �M) sildenafil. The difference was taken
as Ca2�/calmodulin-stimulated activity. Each value
represents the mean � S.D. of at least three determi-
nations. N.S., not significant. �, P � 0.05.

Fig. 8. Effect of sildenafil on cAMP-hydrolytic
activity in cytosolic fractions of mouse myocar-
dium. cAMP-hydrolytic activity was measured
at 0.1 �M cAMP in the presence of 200 �M Ca2�

and 50 nM calmodulin or in the presence of 100
�M EGTA, and 0, 10, or 1000 nM (1 �M) silde-
nafil. The difference was taken as Ca2�/calmod-
ulin-stimulated activity. Each value represents
the average � S.D. of at least three determina-
tions. N.S., not significant. �, P � 0.05.
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Our results raise several additional possibilities regarding
the mechanism of action of sildenafil in cardiac pathophysi-
ology. It is possible that the effects of sildenafil may be due
to inhibition of PDE1 and of PDE5 activity. The high abun-
dance of PDE1 in left ventricular myocardium and the fact
that the inhibitory potency of sildenafil is only �30-fold
higher for PDE5 than for PDE1 make this plausible. Al-
though the intracellular action of an inhibitor cannot be
predicted reliably based on its extracellular concentration, in
several studies the effects of sildenafil on myocardial cGMP-
hydrolytic activity were quantified at a sildenafil concentra-
tion of 1 to 10 �M (Das et al., 2005; Fisher et al., 2005;
Nagendran et al., 2007; Pokreisz et al., 2009). Our results
indicate that sildenafil at these concentrations inhibits PDE1
activity and PDE5 activity. As a corollary, because PDE1
isoenzymes are dual-specificity phosphodiesterases, it is pos-
sible that some of the effects of sildenafil in mouse myocar-
dium may be due to the inhibition of cAMP hydrolysis and
cGMP hydrolysis. Other studies have shown that the poten-
tiation of cAMP-mediated signaling may be part of the action
of sildenafil in cardiac muscle in hypertrophic rat right ven-
tricular myocardium, but the mechanism involved competi-
tive inhibition of cAMP-hydrolytic activity by a sildenafil-
induced increase in intracellular cGMP content (Nagendran
et al., 2007). Our results suggest that a direct potentiation of
cAMP-mediated signaling through inhibition of the cAMP-
hydrolytic activity of PDE1 might also occur.

Finally, our results raise the possibility that PDE1 may be
a useful target in the treatment of dilated cardiomyopathy in
humans. Drugs that elevate intracellular cAMP content in
cardiac myocytes by inhibiting the cAMP-hydrolytic activity
of PDE3 are frequently used as inotropic agents in the treat-
ment of heart failure, but with chronic administration at
higher doses, they have been found to increase mortality
(Movsesian et al., 2008). Proapoptotic actions may contribute
to these adverse responses (Ding et al., 2005a,b; Yan et al.,
2007). An agent that inhibits PDE1 may have a combination
of inotropic actions attributable to an increase in intracellu-
lar cAMP content and cardioprotective actions attributable to
an increase in intracellular cGMP content. The compartmen-
tation of cyclic nucleotide-mediated signaling in cardiac myo-
cytes is again an important consideration. With respect to
cAMP-mediated signaling, different cellular responses can be
elicited depending on the G-protein-coupled receptors
through which adenylyl cyclase activity is stimulated and
intracellular cAMP content is increased (Hayes et al., 1980;
Xiao et al., 1994; Kuschel et al., 1999; Xiao et al., 1999; Leroy
et al., 2008). There are also several examples of differences in
the potentiation of individual cAMP-mediated responses de-

pending on the particular phosphodiesterase that is inhibited
(Jurevicius et al., 2003; Mongillo et al., 2006; Nikolaev et al.,
2006; Rochais et al., 2006). cGMP-mediated signaling in car-
diac myocytes has been less thoroughly studied in this re-
gard, but different cellular responses are elicited depending
on whether intracellular cGMP levels are increased by stim-
ulating soluble or membrane-associated forms of guanylyl
cyclase and depending on which cGMP phosphodiesterases
are inhibited (Castro et al., 2006; Piggott et al., 2006). For
this reason, one cannot assume that raising intracellular
cAMP and/or cGMP levels by inhibiting PDE1 activity will
have the same effect as raising their levels by inhibiting
PDE3 and/or PDE5 activity. For these reasons, future exper-
iments through which the consequences of PDE1 inhibition
can be delineated and compared with those of PDE3 and
PDE5 inhibition will constitute an important step in evalu-
ating the potential of PDE1 as a therapeutic target.
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