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Sildenafil is a potent and selective inhibitor of the cyclic GMP-
specific phosphodiesterase (PDES5) that Is very effective in the
treatment of male Impotence. It Inhibits breakdown of cyclic
guanosine monophosphate (cGMP) formed in penile smooth
muscle cells in response to stimulation by nitric oxide resulting
in muscle relaxation. PDES Is widely distributed in the body,
belng present In the vasculature, platelets, and kidneys. In the
kidney, PDES is involved in the regulation of sodium excretion
and renin secretion. The aim of the present investigation was to
Investigate the effect of sildenatfil, in doses used ciinically, on
renin secretion In human subjects. The studies were performed
in two groups of healthy normotensive subjects: one in which
sodium Intake was unrestricted, and one in which sodium in-
take was restricted to 600 mg/day. Blood pressure and heart
rate were monitored throughout the study, and blood samples
for the measurement of plasma cGMP and cAMP concentra-
tions and plasma renin activity (PRA) were collected. After con-
trol measurements, the subjects ingested a capsule containing
slldenafil or placebo. Cardiovascular measurements and blood
sampling continued for the next 120 min. Sildenafil had only
minor cardiovascular effects. Diastolic pressure tended to be
lower and heart rate was generally higher after sildenafil than
after placebo, but the differences were small. Sildenafll caused
a prompt and sustalned Increase in plasma cGMP concentra-
tion and a more gradual Increase in plasma cAMP concentra-
tion. After the subjects received placebo, there was a progres-
sive decrease In PRA during the 2-hr observation period, pre-
sumably reflecting the circadian rhythm in renin secretion. In
contrast, PRA failed to decrease after the subjects received
siidenafil, thus Indicating that siidenafil exerts a stimulatory ac-
tion on renin secretion. This action on renin secretion may help
explain why sildenafil only has minor effect on blood pressure
despite the widespread distribution of PDES in vascular tissues.
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the cGMP-specific phosphodiesterase (PDES) that

has proven to be very effective in the treatment of
male impotence (1-3). Sildenafil blocks the breakdown of
¢GMP formed in response to nitric oxide released from the
nonadrenergic, noncholinergic parasympathetic innervation
of the corposa cavernosa during sexual stimulation. Cyclic
GMP in turn causes relaxation of penile smooth muscle
resulting in erection (4-6).

Cyclic GMP is distributed widely in the body and par-
ticipates in many physiological functions, including stimu-
lation of smooth muscle relaxation, inhibition of platelet
aggregation, and initiation of visual signal transduction.
These actions can account for some of the side effects of
sildenafil, including transient visual disturbances and a
slight lowering of arterial blood pressure.

Cyclic GMP has also been implicated in the control of
renin secretion by the kidneys. At the present time, the
effects of cGMP on renin secretion are incompletely under-
stood: both stimulatory and inhibitory effects have been
reported (7-11). There is preliminary evidence that PDES
inhibitors have a stimulatory effect on renin secretion. For
example, dipyridamole increases renin secretion in vivo
(12), and zaprinast potentiates the stimulation of renin se-
cretion by nitroprusside and 8-bromo-cGMP in vitro (13).

Based on these observations, it might be anticipated
that sildenafil would alter renin secretion. The aim of the
present investigation was to examine the effect of sildenafil
on renin secretion in healthy human subjects.

Methods

Subjects. The studies were performed in normoten-
sive subjects aged 20 to 55 years at the Y.J. Chiu General
Hospital (Kaohsiung, Taiwan). The subjects were in good
health and were not taking any medication. All gave their
fully informed consent for the procedures.

Procedures. Two studies were performed. In the
first study (n = 10), the sodium intake of the subjects was
unrestricted. In the second study (n = 10), sodium intake
was restricted to 600 mg/day starting 7 days before the
study began.

Each subject received sildenafil and placebo, given in
random order on successive days. The subjects did not know

S ildenafil is a potent and highly selective inhibitor of



which treatment they were receiving. The studies were per-
formed between 0800 and 1200 hr and were arranged so that
each subject received sildenafil or placebo at the same time
on the 2 days.

Unrestricted Sodium Intake. The study was per-
formed with subjects in the supine position. A catheter was
Placed in an anticubital vein for collection of blood samples
for analysis (volume = 3 ml). Blood pressure was measured
at frequent intervals with a sphygmomanometer. Studies
were commenced after the subjects had rested in the supine
position for 30-60 min.

The study began with a 15-min control period during
which blood pressure and heart rate were monitored. Blood
samples were collected at the end of the control period.
Immediately after the control period, the subjects swal-
lowed a capsule containing 50 mg of sildenafil citrate (Vi-
agra; Pfizer, New York, NY). Blood pressure and heart
rate were monitored during the following 120-min period
and additional blood samples were collected at 30, 60, and
120 min.

On a different day, the procedure just described was
repeated in the same subjects, but the capsules contained
dextrose instead of sildenafil.

Low Sodium Intake. For this study, the sodium in-
take of the subjects was restricted to 600 mg/day and the
dose of sildenafil was increased to 100 mg. The subjects
remained on the low-sodium diet until the study was com-
Dleted. In all other respects, the protocol was identical to
that described for unrestricted sodium intake.

Analytical Methods. Plasma renin activity (PRA)
was measured using a radioimmunoassay for angiotensin I,
and is expressed as nanograms of angiotensin I generated
per milliliter of plasma per hour of incubation at 37°C and
PH 6.5 (14). Under most circumstances, measurement of
PRA provides a reliable index of changes in renin secretion.
The major factor that influences PRA other than renin itself
is renin substrate concentration, but changes in substrate
concentration are slow to develop and are unlikely to be a
factor in the present study.

The concentrations of cCAMP and cGMP in plasma were
measured by ELISA using kits purchased from Linco Re-
search Inc. (St. Charles, MO). Plasma samples were pre-
cipitated with trichloroacetic acid, extracted with water-
Saturated ethyl ether, evaporated to dryness, and reconsti-
tuted in assay buffer. Standards and samples were acetylated
to allow detection of the nucleotides in the picomolar range.

Plasma sodium and potassium concentrations were
Mmeasured using standard techniques.

Data Analysis. Results are expressed as the mean +
SE. In general, data were analyzed using analysis of vari-
ance (ANOVA) for repeated measures (15). When signifi-
Cant changes were detected by ANOVA, the Dunnett’s test
(15) was used to compare experimental values with the
control value. Single comparisons within groups were made

using the paired ¢ test. Changes were considered to be sta-
tistically significant when P < 0.05.

Results

Unrestricted Sodium Intake. Sildenafil had only
minor effects on blood pressure and heart rate in subjects on
unrestricted sodium intake (Fig. 1). There were no signifi-
cant differences in systolic pressure after sildenafil or pla-
cebo. Diastolic pressure tended to be lower after sildenafil
than after placebo, but the differences were small. Heart rate
increased from 65 + 2 bpm to 72 + 2 bpm 105 min after
sildenafil (P < 0.05), but did not change after placebo.

The effects of sildenafil and placebo on plasma renin
activity are summarized in Figure 2. After placebo, plasma
renin activity decreased from 1.6 + 0.3 ng/ml/hr to 1.0 £ 0.2
ng/ml/hr at 120 min (P < 0.05). In contrast, plasma renin
activity did not change after sildenafil (1.5 % 0.3 ng/ml/hr to
1.5 £ 0.5 ng/ml/hr).
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Flgure 1. Effects of sildenalfil and placebo on blood pressure and
heart rate in subjects on unrestricted sodium intake. Sildenafil or
placebo was administered at 0 min as indicated by the arrow. Values
represent the mean =+ SE of observations made in 10 subjects. *P <
0.05 compared with the corresponding 0-min control value. *P < 0.05
sildenafil compared with placebo.

EFFECT OF SILDENAFIL ON RENIN SECRETION 621



—~ @~ Sildenafil —O— Placebo

g
@»

-
o
T

PRA (ng/mi/h)

o

o

¥
—

od
=)

TIME (min)

Figure 2. Effects of sildenafil and placebo on plasma renin activity in
subjects on unrestricted sodium intake. Sildenafil or placebo was
administered at 0 min as indicated by the arrow. *P < 0.05 compared
with the corresponding 0-min control value.

There were no significant changes in plasma sodium or
potassium concentrations after sildenafil or placebo (Table I).

Low Sodium Intake. In the subjects on a low-sodium
diet, resting systolic pressure was lower than in the unre-
stricted sodium group (104 + 3 mmHg vs 110 + 4 mmHg,
P < 0.05), but diastolic pressure was not significantly dif-
ferent (68 + 4 mmHg vs 71 + 4 mmHg; Figs. 1 and 3). Heart
rate was higher in the low-sodium group (74 + 3 bpm vs 65
+ 2 bpm, P < 0.05). Plasma renin activity was higher in the
sodium-restricted group than in the unrestricted sodium
group (3.8 + 1.1 ng/ml/hr vs 1.5 + 0.3 ng/ml/hr, P < 0.05;
Figs. 2 and 4). Plasma sodium concentration was lower in
the low sodium group, but plasma potassium concentration
was not significantly different (Table I).

The effects of sildenafil on arterial pressure and heart
rate in the low-sodium group are summarized in Figure 3.
Systolic and diastolic pressures were not significantly dif-
ferent after sildenafil than after placebo. Heart rate tended to
be higher after sildenafil than after placebo, but there was no
significant difference.

The effects of sildenafil and placebo on plasma renin
activity are summarized in Figure 4. As in the unrestricted
sodium group, plasma renin activity decreased progres-
sively after placebo (3.5 + 1.4 ng/ml/hr to 1.9 £ 0.7 ng/ml/hr
at 120 min, P < 0.05), but did not change significantly after
sildenafil (3.8 + 1.1 ng/ml/hr to 3.9 £ 1.4 ng/ml/hr).

The effects of sildenafil on plasma ¢cGMP and cAMP
concentrations are summarized in Figure 5. After sildenafil,
plasma cGMP concentration increased from 8.4 + 0.5 pmol/
ml to 10.3 + 0.8 pmol/ml at 60 min (P < 0.05) and to 10.6
+ 0.6 pmol/ml at 120 min (P < 0.05). There was a slower
increase in plasma cAMP concentration from 3.8 + 0.4
pmol/ml to 5.8 + 1.3 pmol/ml at 120 min (P < 0.05). There
were no significant changes in plasma cGMP or cAMP
concentrations after placebo (Fig. 5).

There were no significant changes in plasma sodium
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or potassium concentrations after sildenafil or placebo
(Table I).

Dicussion

Cardiovascular. In the present study, sildenafil had
only minor effects on blood pressure and heart rate. Dia-
stolic pressure was generally lower after sildenafil than after
placebo, but the difference averaged only 2-5 mmHg and
was generally not statistically significant. Sildenafil had
even less effect on systolic pressure. These results are simi-
lar to those reported by others (16-18).

In the present study, sildenafil caused a small increase
in heart rate in subjects on unrestricted sodium intake. Other
investigators have reported that sildenafil has negligible ef-
fects on heart rate (16-18).

Cyclic Nucleotides. In the present study, sildenafil
increased plasma ¢cGMP concentration in subjects on re-
stricted sodium intake. This agrees with the results of Jack-
son et al. (17) who observed increases in plasma cGMP
concentration following intravenous or oral sildenafil in hu-
man subjects. Sildenafil also increases plasma cGMP con-
centration in awake lambs (19). The site of origin of this
¢GMP cannot be determined from these data. However,
PDES is widely distributed in the body in the vasculature,
platelets, kidneys, and other tissues (20-22) and is subject to
inhibition by sildenafil. Thus, the increase in plasma cGMP
could have resulted from inhibition of PDES in any or all of
these tissues.

Sildenafil also increased plasma cAMP concentration.
The increase was slower to develop than the increase in
c¢GMP, reaching statistical significance only at 120 min.
Because sildenafil is highly selective for PDES (2, 20, 22),
it is unlikely that the increase in cAMP resulted from direct
inhibition of other phosphodiesterases. One possibility that
should be considered is that the increase in cGMP levels
inhibited PDE3, the cGMP-inhibited phosphodiesterase, re-

" sulting in decreased breakdown of cAMP (23). PDE3 iso-

enzymes are widely distributed in the heart, vasculature, and
kidneys (20-22).

Renin Secretion. In the present study, there were no
significant changes in plasma renin activity after sildenafil
in either the unrestricted or low-sodium groups. In contrast,
there was a progressive decrease in plasma renin activity
following placebo in both groups. This decrease presumably
reflects the circadian rhythm in renin secretion, which is
characterized by high plasma renin activity in the early
morning, decreasing progressively to the late afternoon (24—
26). The present study was performed during this time pe-
riod. Because there was no reduction in plasma renin activ-
ity after sildenafil, these data indicate that sildenafil exerts
a stimulatory effect on renin secretion.

PDES isoenzymes are present in the kidneys (27) and
may participate in the regulation of sodium excretion under
physiological conditions and in sodium retaining states in-



Table I. Effects of Sildenafil and Placebo on Plasma Sodium and Potassium Concentrations in Subjects on
Unrestricted or Low Sodium Intake

Sodium intake Concentration (mM) Control Placebo Control Sildenafil
Unrestricted Na* 141 +1 141 £1 143+ 1 141 £ 1
K* 3.7+0.1 3.8+0.1 35+0.1 3.7+0.1
Low Na* 138+ 1* 138 + 1* 137 £ 1* 138 + 1*
K* 3.5+0.1 3.8x0.1 3.5+0.1 38+0.1
Note. * P < 0.01 compared with unrestricted sodium intake.
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Flgure 4. Effects of sildenafil and placebo on plasma renin activity in
subjects on restricted sodium intake. Sildenafil or placebo was ad-
80 ministered at 0 min as indicated by the arrow. *P < 0.05 compared
with the corresponding 0-min control value. +P < 0.05 sildenafil com-
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T not known. Kurtz and Wagner (9) have proposed that cGMP
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Figure 3. Effects of sildenafil and placebo on blood pressure and
heart rate in subjects on restricted sodium intake. Sildenafil or pla-
cebo was administered at 0 min as indicated by the arrow.

16 0

cluding the nephrotic syndrome (21, 28). There is also evi-
dence that PDES participates in the control of renin secre-
tion. For example, we have observed that administration of
the PDES inhibitor dipyridamole increases renin secretion
in conscious rabbits (12). In addition, Noble ez al. (13) have
reported that the stimulation of renin secretion by nitroprus-
side and 8-bromo-cGMP in a dispersed rat kidney cortical
cell preparation is potentiated by another PDES5 inhibitor,
zaprinast. Thus, the present finding that sildenafil exerts a
stimulatory effect on renin secretion is consistent with a role
for PDES in the regulation of renin secretion in humans.
It seems reasonable to propose that the action of silde-

effect through inhibition of cAMP breakdown by PDE3,
and an inhibitory effect via activation of cGMP-dependent
protein kinase. The former action could account for the
effect on renin secretion observed in the present study.

Recent studies by Phillips et al. (29) suggest another
mechanism by which sildenafil could increase renin secre-
tion, They reported that after a 100-mg dose of sildenafil in
normal subjects, muscle sympathetic nerve activity in-
creased by 141%. Sympathetic nerve activity during mental,
physical, and cold stresses was also increased by sildenafil,
as was plasma norepinephrine concentration. If sildenafil
also increases renal sympathetic nerve activity, this could
account for the stimulatory effect on renin secretion ob-
served in the present study (30).

The significance of the action of sildenafil on renin
secretion is not clear. However, it is interesting to speculate
that the resultant increase in the activity of the renin-
angiotensin system could serve to counteract or minimize
the vasodilation resulting from increased cGMP (and
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Figure 5. Effects of sildenafil and placebo on plasma cGMP and
cAMP concentrations in subjects on restricted sodium intake. Silde-
nafil or placebo was administered at 0 min as indicated by the arrow.
*P < 0.05 compared with the corresponding 0-min control value.

cAMP) concentration in the vasculature. This could partly
account for the fact that sildenafil has such a minimal effect
on blood pressure (16-18). In this regard, it would be of
interest to determine if the mild hypotensive action of silde-
nafil would be amplified by inhibition of the renin-
angiotensin system with angiotensin receptor antagonists or
converting enzyme inhibitors.

In conclusion, the present results demonstrate that
sildenafil exerts a stimulatory effect on renin secretion in
humans. This action may help explain why sildenafil gen-
erally has only a small effect on arterial pressure.
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is gratefully acknowledged.
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