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Objectives This study sought to test the functional exercise capacity and endothelial function in a cohort of chronic heart
failure (CHF) patients treated with chronic type 5 phosphodiesterase (PDE5) inhibitor.

Background In CHF, endothelial dysfunction is involved in muscle underperfusion, ergoreflex oversignaling, and exercise venti-
lation inefficiency. Inhibition of PDE5 by improving endothelial dysfunction might be beneficial.

Methods Stable CHF patients were randomly assigned to placebo (23 patients) or sildenafil at the dose of 50 mg twice
per day (23 patients) in addition to their current drug treatment for 6 months, with assessments (at 3 and 6
months) of endothelial function by brachial artery flow-mediated dilatation (FMD), cardiopulmonary exercise test-
ing, and ergoreflex response.

Results In the sildenafil group only, at 3 and 6 months we observed reduction of systolic pulmonary artery pressure
(from 33.7 to 25.2 mm Hg and 23.9 mm Hg), ergoreflex effect on ventilation (from 6.9 to 2.3 l·min�1 and 1.9
l·min�1), ventilation to CO2 production slope (VE/VCO2, from 35.5 to 32.1 and 29.8), and breathlessness (score)
(from 23.6 to 16.6 and 17.2), and an increase of FMD (from 8.5% to 13.4% and 14.2%), peak VO2 (from 14.8 to
18.5 ml·min�1·kg�1 and 18.7 ml·min�1·kg�1), and ratio of VO2 to work rate changes (from 7.7 to 9.3 and 10.1).
All changes were significant at p � 0.01. In the sildenafil group, a significant correlation was found at 3 and 6
months between changes in FMD and those in ergoreflex. Changes in ergoreflex correlated with those in peak
VO2 and VE/VCO2 slope. No adverse effects were noted except for flushing in 3 patients.

Conclusions In CHF, improvement in exercise ventilation and aerobic efficiency with sildenafil is sustained and is significantly
related with an endothelium-mediated attenuation of exercising muscle oversignaling. Chronic sildenafil seems
to be a remedy based on CHF pathophysiology and devoid of remarkable adverse effects. (J Am Coll Cardiol
2007;50:2136–44) © 2007 by the American College of Cardiology Foundation

In chronic heart failure (CHF), much attention has lately
been focused on the skeletal muscle as an elicitor of
autonomic outflow, a mediator of fatigue, and a source of
excessive ventilatory stimulus (1,2), which is subjectively
interpreted as breathlessness sensation. Abnormal skeletal
muscle signaling (3) due to stimulation by muscle metabolic
byproducts (ergoreflex) is becoming a prominent concept in
our quest to understand and treat this disease, and inter-
ventions effective in reducing the peripheral stimulus have
been repeatedly advocated (2–5).

It is conceivable that muscle reflex contribution to ven-
tilation can be reduced by improving endothelial function
and up-regulating muscle perfusion because: 1) during
exercise an endothelium-mediated vasodilation modulates
neurogenic vasoconstriction and up-regulates muscle perfu-
sion (6–8); 2) agonist-induced and shear-stress nitric oxide–
mediated vasodilation are decreased in skeletal muscle
circulation of patients with CHF compared with age-
matched normal subjects (9 –11); and 3) there is a link
between endothelial function and ergoreflex activity
(12,13).

See page 2145

Sildenafil is a specific inhibitor of type 5 phosphodiester-
ase (PDE5) that increases nitric oxide availability and nitric
oxide-mediated vasodilation in CHF patients (9). Interest
has therefore been focused on the potential of sildenafil to
be beneficial in CHF (14). In acute studies, sildenafil

From the *Cardiopulmonary Unit, Cardiology Division, and the †Biochemistry
Department, University of Milan, San Paolo Hospital, Milan, Italy; ‡Virginia
Commonwealth University, Richmond, Virginia; and the §Institute of Cardiology,
University of Milan, Milan, Italy. Supported by a grant from the University of Milan
(FIRST 2005) to Dr. Marco Guazzi, a grant from the Monzino Foundation, and a
grant from Mrs. Piera Almini Radice in memory of Mr. Bruno Rinaldo Radice.
Presented in part at the 79th American Heart Association Scientific Session, Chicago,
Illinois, November 12–15, 2006. See accompanying online Cardiosource Slide Set.

Manuscript received April 16, 2007; revised manuscript received July 6, 2007,
accepted July 23, 2007.

Journal of the American College of Cardiology Vol. 50, No. 22, 2007
© 2007 by the American College of Cardiology Foundation ISSN 0735-1097/07/$34.00
Published by Elsevier Inc. doi:10.1016/j.jacc.2007.07.078



increased myocardial contractility (15), blunted adrenergic
stimulation (16), reduced left ventricular afterload (15), and
improved lung diffusion capacity (17), pulmonary hemody-
namics at rest (17) and on exertion (18), and exercise
ventilation efficiency and aerobic performance (17,18).

We investigated whether: 1) an endothelium-mediated
modulation of muscle oversignaling is a mechanism whereby
sildenafil can reduce exercise hyperventilation and heighten
exercise capacity (19); and 2) the compound maintains this
ability during chronic use without adverse effects, and if so,
whether there is a rational basis for larger, long-term thera-
peutic trials with PDE5 inhibition in CHF.

Methods

Study and control patients. The trial included 46 male
patients, whose age was younger than 65 years to minimize
the influence of age on endothelial function (20), and who
were referred to the outpatient Cardiopulmonary Unit at
San Paolo Hospital, Milan, and to the Department of
Physical Therapy at Virginia Commonwealth University for
evaluation of CHF. They were in stable clinical condition
compatible with New York Heart Association functional
class II to III. The CHF was caused by ischemic or
idiopathic cardiomyopathy. Eligibility criteria were consent
to participate in the study after receiving detailed informa-
tion about procedures, possible clinical benefits, and risks;
negative exercise stress test prior to study initiation; forced

expiratory volume in 1 s/forced
vital capacity ratio �70%; left
ventricular ejection fraction
�45%, determined by echocardi-
ography. Patients were not re-
cruited if they were not able to
complete a maximal exercise test
or if they had systolic blood pres-
sure �140 and �110 mm Hg,
diabetes mellitus, therapy with ni-
trate preparations, history of silde-
nafil intolerance, significant lung
or valvular diseases, neuromuscular
disorders, atrial fibrillation (12),
claudication, or peripheral vascular
disease. Participants were not in-
volved in any physical training
program and were not receiving
agents that could affect endothelial function (statins, antioxi-
dant vitamins, xanthine oxidase inhibitors) or ergoreflex (aspi-
rin) (21). They had never smoked or were ex-smokers of at
least 8 months (22), with a pack-year index of smoking of �10.
Their carboxyhemoglobin was �2%. All were symptomatic
during exercise and limited by breathlessness and muscle
fatigue. Current drug treatment of heart failure was stable and
was that prescribed by the referring physician, including
diuretics, ACE inhibitors, digoxin, beta-blockers, angiotensin

Clinical Characteristics of the Study Participants

Table 1 Clinical Characteristics of the Study Participants

Placebo Group Sildenafil Group

n 23 23

Age, yrs 63 � 4 62 � 3

Gender, male/female 23/0 23/0

Body mass index, kg/m2 27 � 2 26 � 1

Etiology, IHD/DCM 10/13 11/12

Quality of life

Breathlessness 21.4 � 4.3 23.6 � 5.2

Fatigue 22.1 � 6.4 19.6 � 5.0

Emotional function 30.8 � 7.1 32.6 � 8.4

Blood tests

Total cholesterol, mmol·l�1 5.5 � 0.3 5.7 � 0.5

Triglycerides, mmol·l�1 1.9 � 0.2 2.0 � 0.3

Drug Therapy
Average Daily

Dose (mg)

Digoxin 0.25 7 5

Furosemide 50 15 16

Aldactone 25 12 12

ACE inhibitors

Enalapril 10 10 12

Ramipril 5 8 7

Angiotensin-1 receptor blockers

Losartan 75 4 4

Beta-blockers

Metoprolol 83 6 6

Carvedilol 16 10 8

ACE � angiotensin-converting enzyme; DCM � dilated cardiomyopathy; IHD � ischemic heart disease.

Abbreviations
and Acronyms

CHF � chronic heart failure

CPET � cardiopulmonary
exercise testing

FMD � flow-mediated
dilation

PDE5 � type 5
phosphodiesterase

VCO2 � carbon dioxide
production

VD/VT � dead space/tidal
volume ratio

VE � ventilation

VO2 � oxygen uptake

WR � work rate
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receptor blockers, or aldactone (Table 1). All subjects gave their
written consent to the study, and none was excluded after study
inclusion. The trial was approved by the local ethics commit-
tees and conformed to the Declaration of Helsinki. These
patients’ data have not appeared in any previous publication
from our groups.
Cardiopulmonary exercise testing (CPET). Patients per-
formed a standard, progressively increasing (personalized
ramp protocol) work rate (WR) CPET to maximum toler-
ance on a cycle ergometer in the upright position. Gas
exchange measurements (Cardiopulmonary Metabolic Cart,
Sensormedics Vmax Spectra, Yorba Linda, California) were
obtained at rest (2 min) and during 2 min of unloaded leg
cycling at 60 rpm, followed by a progressively increasing
WR exercise. Heart rate, electrocardiogram (ECG), and
cuff blood pressure were measured and recorded. Minute
ventilation (VE), oxygen uptake (VO2), carbon dioxide
output (VCO2), dead space/tidal volume ratio (VD/VT) and
other exercise variables were computer-calculated breath-
by-breath, interpolated second-by-second, and averaged at
10-s intervals. The V-slope analysis method was used to
measure the anaerobic threshold (AT). Patients were en-
couraged to exercise to exhaustion (VCO2/VO2 �1.1) and
stopped exercise as a result of breathlessness and/or fatigue.
The slope of the relationship between VE and VCO2
(VE/VCO2) was calculated, by simple regression of data
collected throughout exercise, as an established index of
ventilatory efficiency (23). We also assessed the VO2 at AT
and the rate at which VO2 increased per WR (�VO2/�WR)
as an indicator of aerobic efficiency (24). Peak VO2 was
computed as the average VO2 values measured in the last
30 s of exercise.
Vascular studies. Brachial artery flow-mediated vasodila-
tion (FMD) was investigated as previously reported (13). In
brief, images were obtained by the same investigator
throughout the study with a high-resolution ultrasound
11-MHz linear-array transducer (Philips Medical Systems,
DA, Best, the Netherlands). After obtaining the clearest
artery view, the transducer was held in position by a
stereotactic clamp. Vasodilation was measured as the max-
imal change in brachial artery diameter during hyperemia
after release of a cuff inflated (50 mm Hg greater than
systolic pressure for 5 min) on the forearm. Diameter was
measured in millimeters, coincident with the R waves on the
ECG for 6 cardiac cycles, and the 6 measurements were
averaged. The vasodilator response from repeated studies
was evaluated by a technician who was blinded to the
patient treatment and time sequence; images were stored on
a video format and were then analyzed with image analysis
software.

Flow velocity was measured by pulsed Doppler with
range gate (1.5 mm) in the artery center. The cuff was
inflated for 5 min and then rapidly deflated. A 90-s scan was
taken immediately after deflation. Blood flow was calculated
by multiplying the velocity time integral of the Doppler
signal by the cross-sectional area of the vessel and the heart

rate. Reactive hyperemia was calculated as absolute maximal
change in flow during reactive hyperemia compared with
baseline. The FMD was calculated as percent (reactive hyper-
emia � baseline/baseline � 100) maximal increase in diameter
reached in 90 s after cuff release compared with baseline.
Ergoreflex assessment. The ergoreflex was evaluated using
the method described by Scott et al. (25). A maximal
voluntary handgrip test was measured as the greatest of the
peak forces produced by 3 brief maximal handgrip contrac-
tions preliminarily performed before the test. Ergoreceptor
stimulation consisted of a 2-min VE recording during rest,
followed by a handgrip session that was performed twice in
random order, according to the following protocol: 1) a
5-min session of rhythmic handgrip achieved by squeezing
the balloon of a sphygmomanometer (30 squeezes/min) at
50% of the predetermined capacity, followed by a 3-min
control recovery; and 2) the same protocol was followed
soon after interruption of exercise by 3 min of blood stasis
on the exercise arm by inflating an upper arm biceps
tourniquet to 30 mm Hg greater than systolic blood pressure
at the beginning of recovery. The difference of the changes
in VE between the mean resting values and the average of
the second and third minute recovery with and without
post-handgrip circulatory occlusion represented the ergore-
flex component of the ventilatory response to exercise.
Quality of life (QOL). Quality of life was assessed using a
CHF questionnaire (26) that has a total of 16 questions: 5
to assess breathlessness, 4 to assess fatigue, and 7 to assess
emotional function of daily living. The answers may be
scored from 1 (worst function) to 7 (best function), with a
maximum score of 112 (best QOL) and a minimum score of
16 (worst QOL).
Study protocol. The 46 enrolled patients were randomized
to receive placebo or oral sildenafil 50 mg 3 times per day
(27) in addition to their baseline pharmacological treatment.
The trial duration was 6 months, and the study design is
shown in Figure 1. Patients were admitted to the hospital
and were maintained on their current therapy prescribed by
the referring physician. After routine laboratory work,
cardiac and pulmonary function evaluation, and ECG
Holter monitoring, they performed a preliminary familiar-
ization with the procedures for evaluation of brachial FMD
and of the ergoreflex and with a graded CPET to determine
peak VO2. On the next day, in each patient these tests were
repeated, left ventricular ejection fraction and pulmonary
artery systolic pressure (by recording tricuspid jet velocity)
were measured, and results were taken as the reference ones.
On the next morning the response to sildenafil was assessed
in all participants to verify whether the agent was similarly
effective in patients randomized to placebo as in candidates
to the active preparation treatment. Patients’ morning doses
of their usual medications were withheld. After an overnight
fast, in a quiet room, after 15 min rest, 50 mg sildenafil was
administered orally. Two hours later, to coincide with the
expected peak in the hemodynamic response (28), ejection
fraction, pulmonary systolic pressure, brachial artery FMD,
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ergoreflex, and CPET were reevaluated in that order. Then,
patients were discharged and a 6-month double-blind trial
of sildenafil (23 patients) versus placebo (23 patients) was
begun with pulmonary systolic pressure, FMD, ergoreflex
activation and exercise performance, echocardiography, and
ECG Holter monitoring reassessed at 3 and 6 months in
both groups (Fig. 1). Physical examination and ECG were
performed, symptoms were recorded, and QOL was evalu-
ated. For each patient, compliance was assessed by the pill
count method at monthly return visits.
Statistical analysis. Randomization was performed on
the basis of computer-generated random numbers. As-
suming a 10% decrease of VE/VCO2 slope and a 20%
increase in peak VO2 (16), a test with an alpha of 0.05 and
a power of 0.90 would require a sample size of 19
patients. Including a 20% safety margin for patients lost
to follow-up, we aimed at the recruitment of 23 study
patients. An equal number of similar patients were enrolled
as control patients. Values are expressed as mean � SD.
Patient characteristics at baseline were compared using
chi-square analysis.

The acute incremental changes from baseline with silde-
nafil were analyzed using a paired t test. Repeated-measures
analysis of variance and the Neuman-Keuls multiple com-
parison procedure were used to test differences between pre-
and post-treatment evaluations. The relationship of changes
in FMD versus those in ergoreflex, as well as those between
ergoreflex and VE/VCO2 slope and peak VO2, were assessed
using the Pearson correlation coefficient. Comparisons of
the various phases of the ergoreflex test (resting phase,
handgrip exercise, recovery) between the 2 groups, and
within the same group between with and without circulatory
occlusion, were performed using the paired and unpaired
t test as appropriate.

A value of p � 0.05 was considered significant. Statistical
analyses were performed by the STATA 7.0 package (Stata
Corp., College Station, Texas).

Results

None of the patients was withdrawn for major adverse
events. Twenty patients in the placebo group and 21 in the
sildenafil group completed the trial (Fig. 1). Three and 2
patients in group 1 and group 2, respectively, were lost to
follow-up during the last 3 months (Fig. 1), for family
reasons or because they moved from the town. The 2 cohorts
were similar regarding age, gender, body mass index, drug
therapies, cholesterol and triglyceride plasma concentra-
tions, and QOL (Table 1). Cohorts were also homogeneous
with respect to left ventricular ejection fraction, systemic
and pulmonary artery pressures, and brachial artery FMD.
No significant difference was evidenced in exercise perfor-
mance (VO2 at AT and peak VO2), ventilatory efficiency
(VE/VCO2 slope), VD/VT, aerobic efficiency (�VO2/�WR),
brachial artery FMD, and ergoreflex effect on VE. Values of
these functions are reported in Table 2.

After randomization, the acute responses to sildenafil
were evaluated in all participants to test sensitivity to the
drug. The responsiveness was comparable between the 2
cohorts (Table 2), and consisted of a similar significant
increase in ventilation efficiency, brachial artery FMD, peak
VO2 and VO2 at AT, and aerobic efficiency, and of a
significant decrease of the pulmonary artery systolic pressure
(SPP), ergoreflex effect on VE, and VD/VT. Heart rate,
systemic arterial pressure, left ventricular ejection fraction,
and reactive hyperemia to brachial artery occlusion were not
significantly affected.

Table 3 reports values of the aforementioned variables
and QOL score at baseline and with the active drug and
placebo, at 3 and 6 months of follow-up. Compared with
baseline, measurements performed after 3 months of active
treatment showed a significant reduction of SPP (�25.2%),
ergoreflex (�66.6%), VE/VCO2 slope (�14.0%), peak
VD/VT (�17.3%), breathlessness (�29.6%), and emo-
tional function (�19.3%). A parallel increase of brachial

Figure 1 Study Design

Measurements at day �2 were performed at baseline, and those at day �1 were performed after a single oral
dose of sildenafil (50 mg) in all participants. CHF � chronic heart failure; CPET � cardiopulmonary exercise testing.
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artery FMD (�57.6%), peak VO2 (�25.0%), VO2 at AT
(�38.1%), and �VO2/�WR (�20.7%) was observed. Ab-
solute values at 3 months were similar to those achieved in
the acute study after a single oral dose of sildenafil (Table 2).
In the group receiving placebo, no significant change from
baseline was observed in any of these functions after 3
months.

At 6 months, compared with the 3-month assessments,
there were no variations with placebo, and a trend of SPP,
ergoreflex, VE/VCO2 slope, FMD, peak VO2, and �VO2/
�WR toward a further improvement with sildenafil. Vari-
ations observed at 6 months did not reach statistical signif-
icance when compared with those at 3 months; however,
when compared with acute sildenafil, SPP, brachial artery
FMD, VE/VCO2 slope, and �VO2/�WR were consistently
better (p � 0.01). Heart rate and systemic arterial pressure
did not vary significantly during the trial in the 2 groups.

Figure 2 is a graphic expression of VE in both the study
patients and control patients, at rest, during handgrip and
metaboreflex test, in the baseline and during follow-up.

Baseline brachial artery FMD, in patients in the active
treatment group as well as in those in the placebo group, was
inversely related with the baseline ergoreflex component of
the ventilatory response to handgrip (Fig. 3). On the
contrary, FMD changes at 3 and 6 months were inversely
related with changes in ergoreflex in the sildenafil group
only (Fig. 3). In this group, and not in that receiving
placebo, changes in ergoreflex were inversely related with
those in peak VO2 and positively related with those in
VE/VCO2 slope, at 3 and 6 months (Fig. 4).

In 7 patients at the end of the 6-month sildenafil
prescription, withdrawal assessments at 24 h did not docu-
ment significant differences in any variable from values
while on treatment. The exact durability of effect, however,
remains to be defined.

We did not observe any major adverse effect attributable
to the research procedures or to sildenafil. In particular,
Holter monitoring ruled out development of hyperkinetic
arrhythmias in patients receiving the PDE5 inhibitor, no
visual abnormalities (blurred vision or color vision abnor-
malities) were reported during follow-up, and liver enzymes
and creatinine levels remained unchanged for the duration
of the study. Minor adverse reactions consisted of flushing
in 3 patients in group 1 and in 4 patients in group 2. No
patient developed initial dose hypotension or headache or
showed sexual disturbances. During the trial there were no
deaths in either group; there were 2 hospitalizations in the
placebo group, both because of atrial fibrillation, and no
hospitalizations in the active treatment arm.

Discussion

The aims of the present investigation were: 1) to give
evidence that the ability of sildenafil to improve CHF
symptoms and exercise performance (17–19) is persistent
during chronic utilization; 2) to probe whether modulation
of exercising muscle oversignaling (ergoreflex) may be a
mechanism; and 3) to provide a rational basis for larger
long-term therapeutic trials with PDE5 inhibitors in CHF
patients.

Circulatory and Respiratory Variables at Baseline and After Acute Sildenafilin Patients Randomized to Placebo and in Patients Randomized to Sildenafil

Table 2 Circulatory and Respiratory Variables at Baseline and After Acute Sildenafil
in Patients Randomized to Placebo and in Patients Randomized to Sildenafil

Placebo Group Sildenafil Group

Baseline Sildenafil Baseline Sildenafil

Hemodynamics

Heart rate, beats/min 71.9 � 2.6 72.7 � 4.6 73.2 � 2.1 72.1 � 5.5

LV ejection fraction, % 31.9 � 3.3 33.0 � 2.5 30.6 � 3.0 32.8 � 2.7

Systemic arterial pressure, mm Hg

Systolic 124.8 � 6.2 121.4 � 7.0 126.7 � 5.4 121.3 � 7.6

Diastolic 75.2 � 2.8 72.8 � 4.0 76.7 � 3.3 73.2 � 5.7

Pulmonary artery systolic pressure, mm Hg 31.9 � 2.7 25.4 � 3.0* 33.7 � 3.1 26.8 � 3.2*

Vascular assessment

Brachial artery FMD, % 7.8 � 0.7 11.6 � 0.8* 8.5 � 0.6 12.7 � 0.7*

Brachial artery reactive hyperemia, ml·min�1 261.0 � 18.0 273.0 � 15.0 272.0 � 16.0 284.0 � 12.0

CPET variables

Peak VO2, ml·min�1·kg�1 15.3 � 1.8 19.2 � 1.4* 14.8 � 1.5 18.3 � 1.7*

VO2 at AT, ml·min�1·kg�1 8.9 � 3.1 12.5 � 3.7* 9.2 � 3.3 13.3 � 2.9*

VE/VCO2 slope 34.4 � 2.7 31.0 � 3.9* 35.5 � 4.7 32.3 � 3.6*

Peak RER 1.16 � 0.09 1.15 � 0.07 1.14 � 0.07 1.15 � 0.08

Peak VD/VT 0.22 � 0.03 0.19 � 0.01* 0.23 � 0.01 0.20 � 0.02*

�VO2�WR 7.9 � 2.0 9.4 � 1.8* 7.7 � 1.8 9.1 � 1.9*

Arterial O2 saturation, % 97.8 � 0.6 98.3 � 0.5 98.1 � 0.4 98.0 � 0.5

Ergoreflex effect on VE, l·min�1 7.3 � 1.4 2.4 � 0.5* 6.9 � 1.2 2.2 � 0.6*

*p � 0.01 versus baseline.
AT � anaerobic threshold; CPET � cardiopulmonary exercise testing; FMD � flow-mediated dilation; LV � left ventricular; RER � respiratory exchange ratio; VD/VT � dead space to tidal volume ratio;

VO2 � oxygen uptake; WR � work rate.
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In the active treatment arm, breathlessness and pulmo-
nary artery pressure were attenuated and exercise perfor-
mance and ventilatory efficiency were improved both at 3
and at 6 months. Compared with baseline, these variables
were steady in the placebo arm, and this discrepancy was not
explained by different drug responsiveness. Group assign-
ment was performed randomly, the trial was double blind,
and the cohorts were fairly homogeneous with respect to
age, gender, somatic characteristics, and current drug ther-
apy. The evidence is convincing that improvement of CHF
symptoms and of the underlying pathophysiology in the
sildenafil group is attributable to the drug, and that such an
ability persists during chronic treatment. This is consonant
with results of PDE5 inhibition in pulmonary hypertension,
showing that efficacy persists as long as the application is
continued (27–31). At 6 months, compared with 3 months,
the trend of symptoms and physiological variables was
toward further improvement, without reaching statistical
significance. Nonetheless, the trend was uniform, and no-
tably, improvement was significant when values at 6 months
were compared with those in the acute study, suggesting
that the responsiveness to PDE5 inhibition may become
greater with continuous application.
PDE5 inhibition and exercise ventilatory efficiency. An
excessive ventilatory response to exercise is objectively de-
tected by an increase in the VE/VCO2 slope and is perceived
as breathlessness. Increased VE might help to keep normal

O2 alveolar tension, at the price, however, of premature
exhaustion of the ventilatory reserve. The pathogenesis of
inefficient VE may be: reduced perfusion of ventilated lung,
early acidosis, lung interstitial space distension and
J-receptor activation, abnormal chemoreflex and baroreflex
control, overactive skeletal muscle signaling, excessive pul-
monary capillary pressure increase, and interstitial fluid
transition on exercise (1,2,32,33). It can be inferred that
improved pulmonary hemodynamics and cardiac output
could amend many of these disorders, thus augmenting
exercise capacity and reducing ventilation.

A hallmark of CHF is an increase in impedance to right
and left ventricular ejection due to increased pulmonary and
systemic vascular resistances. A therapeutic goal in CHF to
improve overall cardiac performance is reduction in pulmo-
nary vascular resistance (34). Sildenafil in CHF acts pre-
dominantly as a pulmonary vasodilator during exercise (21).
Reduction in pulmonary vascular resistance leads to im-
proved ventricular ejection fraction, cardiac output, exercise
performance (18), and diminished fluid flux transition to the
alveolar interstitium (17). On the other hand, heightened
systemic vascular tone contributes to diminished skeletal
muscle perfusion that facilitates early anaerobic metabolism
on exercise (5).

We explored the hypothesis that endothelial dysfunction
in CHF may promote muscle oversignaling and PDE5
inhibition may temper breathlessness not only by improving

Circulatory and Respiratory Variables and Quality of Lifeat Baseline and After 3 and 6 Months of Treatment With Placebo or Active Drug

Table 3 Circulatory and Respiratory Variables and Quality of Life
at Baseline and After 3 and 6 Months of Treatment With Placebo or Active Drug

Placebo Group Sildenafil Group

Baseline 3 Months 6 Months Baseline 3 Months 6 Months

Hemodynamics

Heart rate, beats/min 71.9 � 2.6 71.5 � 2.9 73.8 � 3.1 73.2 � 2.1 74.3 � 4.2 72.4 � 3.8

LV ejection fraction, % 31.9 � 3.3 30.8 � 2.6 30.4 � 3.6 30.6 � 3.0 33.6 � 3.2 34.7 � 2.8

Systemic arterial pressure, mm Hg

Systolic 124.8 � 6.2 123.1 � 4.2 122.2 � 5.8 126.7 � 5.4 122.3 � 5.6 124.4 � 4.5

Diastolic 75.2 � 2.8 74.0 � 3.2 74.1 � 3.7 76.7 � 3.3 74.7 � 3.2 75.2 � 3.0*

Pulmonary artery systolic pressure, mm Hg 31.9 � 2.7 34.5 � 2.8 33.7 � 3.1 33.7 � 3.1 25.2 � 2.4*† 23.9 � 3.1*†

Vascular assessment

Brachial artery FMD, % 7.8 � 0.7 7.6 � 0.6 8.1 � 0.8 8.5 � 0.6 13.4 � 0.7*† 14.2 � 0.5*†

Brachial artery reactive hyperemia, ml·min�1 261.0 � 18.0 274 � 31.0 269 � 26.0 272.0 � 16.0 286 � 21.0 291.0 � 18.0

CPET variables

Peak VO2, ml·min�1·kg�1 15.3 � 1.8 14.9 � 1.8 15.1 � 1.5 14.8 � 1.5 18.5 � 1.6*† 18.7 � 1.7*†

VO2 at AT, ml·min�1·kg�1 8.9 � 3.1 9.0 � 2.8 8.8 � 3.1 9.2 � 3.3 12.9 � 2.8 13.1 � 3.2

VE/VCO2 slope 34.4 � 2.7 34.2 � 2.6 34.5 � 3.7 35.5 � 4.7 32.1 � 3.5 29.8 � 2.7*

Peak RER 1.16 � 0.09 1.14 � 0.09 1.15 � 0.07 1.14 � 0.07 1.15 � 0.06 1.16 � 0.08

Peak VD/VT 0.22 � 0.03 0.23 � 0.01 0.22 � 0.01 0.23 � 0.01 0.19 � 0.02*† 0.20 � 0.01*

�VO2�WR 7.9 � 2.0 7.7 � 2.0 7.8 � 1.9 7.7 � 1.8 9.3 � 1.9*† 10.1 � 1.8*†

Arterial O2 saturation, % 97.8 � 0.6 97.9 � 0.5 98.1 � 0.6 98.1 � 0.4 98.4 � 0.3 98.2 � 0.4

Ergoreflex effect on VE, l·min�1 7.3 � 1.4 7.2 � 1.2 7.5 � 0.9 6.9 � 1.2 2.3 � 1.3*† 1.9 � 1.5*†

Quality of life

Breathlessness 21.4 � 4.3 22.2 � 5.0 24.1 � 5.2 23.6 � 5.2 16.6 � 5.3*† 17.2 � 4.5*†

Fatigue 22.1 � 6.4 22.8 � 6.0 21.5 � 5.4 19.6 � 5.0 18.6 � 4.8 20.7 � 6.2

Emotional function 30.8 � 7.1 32.1 � 6.9 34.1 � 7.8 32.6 � 8.4 26.3 � 7.7*† 25.0 � 8.4*†

*p � 0.01 versus baseline value. †p � 0.01 versus corresponding value in the placebo group.
VCO2 � carbon dioxide production; VE � ventilation; other abbreviations as in Table 2.
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cardiac and pulmonary hemodynamics, but also by influenc-
ing signaling from the periphery. Several facts strengthen
this hypothesis: 1) Baseline FMD in the study patients was
lower than values recorded by the same methods in normal
subjects (35), and was similar to that observed in hyperten-
sion and diabetes (13), diseases with well-established endo-
thelial dysfunction. 2) Brachial artery endothelial function
was persistently increased with sildenafil (FMD was in-
creased by more than 50% and 60% at 3 and 6 months,
respectively). 3) The ergoreflex effect on VE was decreased
by more than 80%. 4) The amount of O2 utilized per unit
increase in work rate (�VO2/�WR) was increased, suggest-
ing an improved O2 diffusion from the capillary to mito-
chondria or a facilitated working muscle perfusion. 5) There
was an inverse baseline correlation of brachial artery FMD
with the ergoreflex component of the ventilatory response to
exercise, as well as of changes of the former with changes of
the latter after sildenafil. 6) The variations in the ergoreflex
ventilatory component significantly correlated with those in
the VE/VCO2 slope.

This interpretation provides a reasonable explanation for
the enduring efficacy of the compound on breathlessness,
the dominant symptom in patients with CHF. It is con-
ceivable, but so far unproven, that other basic mechanisms
evidenced in acute studies, such as increased myocardial
contractility (15), improved pulmonary hemodynamics and
right ventricular function (18), enhanced alveolar gas dif-
fusing capacity (17), and beta-adrenergic modulation (36),
may also be involved in benefits of chronic PDE5 inhibition.
Confirmatory studies, however, are needed.

A better exercising muscle perfusion, a delayed exhaus-
tion of the ventilatory reserve that postpones exercise
interruption, and a reduced impedance to left ventricular
ejection (16) may well explain the correlation observed, both
at 3 and 6 months, between changes in the ergoreflex
component of VE to exercise and those in peak VO2.

Another aim of this study was to define whether a
prolonged use of sildenafil produces adverse effects. The
possibility of an inadequate gas exchange and arterial oxygen
desaturation with PDE5 inhibition (37), an event that
might be undesired in CHF patients, has been reported.
Our results, however, are not consistent with the occurrence
of some oxygen desaturation (38). Sildenafil was well
tolerated, and development of hyperkinetic arrhythmias, or
significant changes in heart rate and blood pressure, were
not observed. The more frequently reported side effect was
flushing, and its incidence was similar to that reported in
other controlled trials (9).
Study limitations. Some limitations should be critically
discussed. Cardiovascular drugs were not titrated during
the study, and maximal tolerated doses of beta-receptor
blockers or renin-angiotensin system inhibitors were
possibly not achieved. The study, however, was not aimed
at providing patients with the best medical treatment, but
at probing whether sildenafil adds benefits when com-
bined with the current drug treatment, and an endothelial
dysfunction modulating effect may be a mechanism. All
investigated patients were men. This may represent an
additional shortcoming. Another issue was the exclusion
of patients taking statins or aspirin, drugs that are known

Figure 2 Ergoreflex Assessment

Graphic expression of ventilation (VE) at rest (2 min), during handgrip (5 min), and during recovery (3 min) of metaboreflex test, in the baseline and after 3- and
6-month treatment in patients receiving placebo and in patients receiving sildenafil. *p � 0.01 versus no occlusion. §p � 0.01 versus patients receiving placebo.
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to reduce mortality in ischemic cardiomyopathy. Because
they can affect endothelium or the ergoreflex, and possi-
bly conceal the effects of sildenafil, we judged it ethically

more acceptable to enroll patients whose current treat-
ment did not include these compounds rather than to
withdraw them for the trial.

Figure 3 Correlation Analyses

Correlation analyses between brachial artery flow-mediated dilatation (FMD) and the ergoreflex component of the ventilatory response to handgrip at baseline in the placebo group
(solid triangles) and in the sildenafil group (open triangles) as well as between changes of the 2 variables at 3- (open circles) and 6-month (solid circles) treatment.
VE � ventilation.
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Figure 4 Correlation Analyses

Correlation analyses between changes from baseline in the ergoreflex component of the ventilatory response to handgrip and those in VE/VCO2 slope and peak
oxygen uptake (VO2) in the placebo and sildenafil groups at 3- (open circles) and 6-month (solid circles) treatment. VCO2 � carbon dioxide production; VE � ventilation.

2143JACC Vol. 50, No. 22, 2007 Guazzi et al.
November 27, 2007:2136–44 Sildenafil in CHF



Conclusions

In CHF, prolonged use of sildenafil improved the nitric
oxide-mediated vasodilation, tempered the peripheral stim-
ulus to hyperventilation, heightened ventilatory efficiency
and exercise performance, and was associated with the
aforementioned side effects. These results, along with the
work of several other investigators (39), suggest that larger
long-term trials in CHF patients with utilization of PDE5
inhibition should be considered.

Reprint requests and correspondence: Dr. Marco Guazzi, Car-
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EDITORIAL COMMENT

Type 5 Phosphodiesterase
Inhibition in Heart Failure
The Next Step*

Steven R. Goldsmith, MD, FACC

Minneapolis, Minnesota

Those who cannot remember the past are condemned to repeat it.
—George Santayana (1)

The possibility that selective inhibition of type 5 phospho-
diesterase (PDE5) might be helpful in heart failure (HF) is
currently receiving attention. This approach consistently and
significantly reduces pulmonary vascular resistance (PVR) by
inhibiting the hydrolysis of cyclic guanosine monophosphate in
the pulmonary vasculature (2). As a result, right ventricular
(RV) function and exercise capacity improve in patients with
pulmonary hypertension (3,4). Based on the efficacy and
safety of these compounds in that setting, several investiga-
tors have begun to study this class of therapy in patients
with HF caused by left ventricular (LV) systolic heart failure
(SHF). The creative and well-conducted study by Guazzi et
al. (5) in this issue of the Journal represents the latest of
these investigations. The purpose of this Editorial Com-
ment is to review this study, place it in the context of current
knowledge, and suggest a possible next step in the investi-
gation of the therapeutic potential of these interesting
compounds for SHF.

See page 2136

Guazzi et al. (5) studied the effects of sildenafil in patients
with chronic stable SHF on contemporary neurohormonal
inhibitory therapy and diuretics. They set out 3 goals for
their study: 1) to show that acute effects of sildenafil on a
number of physiological parameters could be safely main-
tained with up to 6 months of treatment; 2) to investigate
the possibility that a novel mechanism, namely improving
the sensitivity of the ergo-ventilatory reflex, might contrib-
ute to any benefits seen; and 3) to establish a rational basis
for further study of this compound in heart failure. How
well did they succeed?

In my opinion, the first goal was clearly met. Compared
with placebo, 6 months of administration of sildenafil (50
mg twice daily) reduced pulmonary artery pressure (esti-
mated from echocardiographic Doppler study), improved
ventilatory efficiency and peak oxygen consumption, im-
proved flow-mediated vasodilation in the brachial artery,
and improved the sensitivity of the ergo-ventilatory reflex (a
reflex that couples mechanoreceptors and/or chemorecep-
tors in exercising skeletal muscle to the control of ventila-
tion) (6,7). Findings present in acute experiments were
reproduced at 3 and 6 months in the active treatment group.
In addition, one component of an unspecified quality-of-life
questionnaire, breathlessness, was improved with active
treatment. There were no untoward effects of therapy.

These findings are impressive. The acute experiments
confirm results from other acute studies in SHF (8,9). An
important feature of the current study design was the
assessment of the response of all variables (other than those
assessed on the heart failure questionnaire) to active therapy
in all subjects before randomization to minimize the chance
that differences in response between groups could have been
caused by intrinsic differences in responsiveness. In fact,
both groups responded identically to acute therapy, whereas
only the sildenafil-treated group showed similar responses at
3 and 6 months. Interestingly, there was little difference in
the magnitude of the response of any variable between acute
administration and 3 months of therapy with sildenafil, and
only trends toward any additional improvement at 6 months.
The implication of the time course of these responses is clearly
that whatever the mechanism responsible for the improve-
ments, the effect is likely to be pharmacological rather than
biological because the results of major changes in gene
expression or structure would presumably take longer to
become evident.

Sildenafil therefore may be an effective agent in patients
with chronic SHF by reducing pulmonary artery pressure
and by improving ventilatory efficiency and exercise capacity
and the associated symptom of breathlessness. The next
issue is the nature of the mechanism producing these effects
and the implications of this mechanism or mechanisms for
further investigation. This leads to the examination of how
well the investigators succeeded in meeting their second
goal, namely investigating the possibility that improvements
in ergo-ventilatory reflex function contribute significantly to
the hemodynamic and ventilatory effects seen. In my opin-
ion, although the study shows a clear effect of sildenafil on
this reflex, any speculation about cause and effect is prema-
ture. This is an interesting reflex that has been shown to be
abnormal in patients with HF (6,7), but little is known
about factors influencing its function. It is tempting to
assume that improved nitric oxide donation (presumptively
the mechanism of the improved flow-mediated vasodilation
shown in the forearm circulation) also improved the func-
tion of this reflex. Proof would require future experiments
with an inhibitor of nitric oxide generation or effect. But
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whatever the mechanism by which the reflex function
improved, it is entirely plausible that the improvement
occurred in parallel with the other responses shown. Noth-
ing in the data allows any conclusion about causality in
either direction (i.e., from the reflex to the ventilatory and
hemodynamic responses, or vice versa). Therefore, although
these data are novel and intriguing, the most that can really
be said is that improvements in this reflex represent another
possible mechanism by which this class of agents might
improve exercise capacity and ventilatory function in pa-
tients with SHF. Simply improving pulmonary perfusion as
a result of lowered pulmonary vascular resistance could have
had a major effect on physiological dead space and possibly
on other receptors and reflexes originating within the
pulmonary circulation. These effects could also have led to
improvements in ventilatory efficiency, exercise capacity,
and the sensation of breathlessness.

What then should we do in view of this study, which
nicely extends acute experiments by their own group and
those of others working in this field (8,9)? This question
relates to their third goal, that of providing a rational basis
for further study. Here, in my opinion, although providing
important data that may be useful in future studies, they
have not made a compelling case showing that such study is
yet warranted. My concern follows from important mecha-
nistic questions that are not yet resolved, and that I think
need to be resolved if we are not to find ourselves ruefully
pondering Santayana several years hence. Should we pro-
ceed without more and crucial information about how these
drugs work in SHF?

The most consistent effect of these drugs is to lower PVR.
Little if any effect is seen on systemic vascular tone (al-
though the observation on improved flow-mediated vasodi-
lation certainly suggests activity in the peripheral circula-
tion). Cardiac output, however, frequently increases, both in
patients with primary pulmonary hypertension and in those
with SHF (4,8–10). Furthermore, in patients with predom-
inantly RV dysfunction, cardiac output increases with sil-
denafil but not the inhalation of nitric oxide at comparable
reductions in the pulmonary vascular resistance (10). These
observations, of course, strongly suggest an inotropic effect
of inhibiting PDE5. Yet it has been difficult to demonstrate
PDE5 in human myocardium (11), and cardiac output does
not increase when PDE5 is inhibited in normal humans or
those with coronary disease (12,13). Other experiments in
normal myocardium have shown that PDE5 inhibition
actually blunts the inotropic response to adrenergic agonists
(14). At a minimum, one would have to conclude that the
actions of PDE5 and its inhibition in normal myocardium
are unclear, and may depend on whether effects are assessed
under basal conditions or with adrenergic stimulation.

A recent and important investigation by Nagendran et al.
(15), however, extends our knowledge of this physiology by
studying PDE5 effects in abnormal human myocardium.
These investigators confirmed that although PDE5 was not
found in normal human RV myocardium, it was found in

diseased, hypertrophied RV myocardium, and it was possi-
ble to show an inotropic effect of PDE5 inhibition in this
tissue. The proposed mechanism is indirect inhibition of
PDE3 as a result of increased guanosine monophosphate
signaling, with subsequent cyclic adenosine monophosphate-
mediated effects as would be expected. In the accompanying
editorial, Kass (16) notes that although these findings
conflict to some extent with other reported data and will
require confirmation, the data are intriguing and may help
to reconcile the apparent paradox of an inotropic effect of
PDE5 inhibition in patients with RV dysfunction, but not
in normal subjects. Nagendran et al. (15) laud this finding as
yet another reason that this type of therapy might be
effective in primary pulmonary hypertension with abnormal
RV function. However, if the same type of response were to
be demonstrable in diseased, hypertrophied left ventricular
tissue (and as Kass [16] notes, this seems more likely than
not), there would be significant cause for concern about the
safety of long-term administration of these agents in pa-
tients with SHF. We have learned, painfully and repeatedly,
that inotropic intervention in HF, including that based on
PDE3 inhibition, is dangerous (17).

In view of these considerations, I believe the next step in
the development of PDE5 inhibitory therapy for SHF
should be to repeat the experiments of Nagendran et al. (15)
in human LV myocardial tissue. If the results are negative,
in view of the promising signals from the small clinical series
reported to date, a larger outcomes trial would be reason-
able. However, if PDE5 is found in LV tissue, and if an
inotropic effect is shown as a result of its inhibition, then a
very hard look would have to be taken at the possible clinical
relevance of such findings. A possible increase in mortality
caused by chronic inotropic stimulation would have to be set
against the likelihood of symptomatic improvement from
the effects of PDE5 inhibition in the lung. It is true, of
course, that the use of angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, aldosterone antag-
onists, adrenergic antagonists, and defibrillators might di-
minish the risks of chronic low-dose PDE3 inhibition in
SHF. But we do not know that, whereas we do have the
tools and techniques at our disposal to learn whether such
concerns should enter into consideration of future develop-
ment of these compounds. In other words, we have the
ability not only to remember our past history with other
agents that inhibit phosphodiesterase in chronic SHF, but
also to avoid repeating previous mistakes. I believe we
should make every attempt to do so before embarking on
larger trials in SHF with these interesting and potentially
useful compounds.
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