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Sildenafil Is a Pulmonary Vasodilator in Awake
Lambs with Acute Pulmonary Hypertension
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Background: Phosphodiesterase type 5 (PDE5) hydrolyzes
cyclic guanosine monophosphate in the lung, thereby mod-
ulating nitric oxide (NO)/cyclic guanosine monophosphate—
mediated pulmonary vasodilation. Inhibitors of PDE5 have
been proposed for the treatment of pulmonary hypertension.
In this study, we examined the pulmonary and systemic
vasodilator properties of sildenafil, a novel selective PDE5
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inhibitor, which has been approved for the treatment of
erectile dysfunction.

Methods: In an awake famb model of acute pulmonary hyper-
tension induced by an intravenous infusion of the thrombox-
ane analog U46619, we measured the effects of 12.5, 25, and 50
mg sildenafil administered via a nasogastric tube on pulmonary
and systemic hemodynamics (n = 5). We also compared the
effects of sildenafil (n = 7) and zaprinast (n = 5), a second PDE5
inhibitor, on the pulmmonary vasodilator effects of 2.5, 10, and
40 parts per million inhaled NO. Finally, we examined the effect
of infusing intravenous 1.-NAME (an inhibitor of endogenous NO
production) on pulmonary vasodilation induced by 50 mg sil-
denafil (n = 6).

Results: Camulative doses of sildenafil (12.5, 25, and 50 mg)
decreased the pulmonary artery pressure 21%, 28%, and 42%,
respectively, and the pulmonary vascular resistance 19%, 23%,
and 45%, respectively. Systemic arterial pressure decreased
12% only after the maximum cumulative sildenafil dose. Nei-
ther sildenafil nor zaprinast augmented the ability of inhaled
NO to dilate the pulmonary vasculature. Zaprinast, but not sil-
denafil, markedly prolonged the duration of pulmonary vaso-
dilation after NO inhalation was discontinued. Infusion of 1-
NAME abolished sildenafil-induced pulmonary vasodilation.

Conclusions: Sildenafil is a selective pulmonary vasodilator in
an ovine model of acute pulmonary hypertension. Sildenafil
induces pulmonary vasodilation via a NO-dependent mecha-
nism. In contrast to zaprinast, sildenafil did not prolong the
pulmonary vasodilator action of inhaled NO. (Key words: PDE5;
phosphodiesterase.)

NITRIC oxide (NO) is produced by NO synthase (NOS)
through the conversion of r-arginine to L-citulline in the
presence of oxygen."? NO rapidly diffuses into subja-
cent vascular smooth muscle cells, stimulating soluble
guanylate cyclase to produce guanosine-3’,5’-cyclic
monophosphate (cGMP).? cGMP causes smooth muscle
relaxation via several mechanisms such as activation of
c¢GMP-dependent protein kinase and calcium-gated po-
tassium channels.>* In the lung, five different phospho-
diesterase (PDE) isoforms can inactivate cGMP: PDE iso-
forms 1, 2, 3, and 5,>> as well as the recently discovered
PDE9.®”

Inhibitors of the cGMP-hydrolyzing PDE5, which is
abundantly expressed in the lungs, especially in vascular
smooth muscle cells,® have been shown to be potent
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pulmonary vasodilators in experimental pulmonary hy-
pertension.’ 1> Moreover, PDES inhibition augments the
pulmonary vascular response to administration of endo-
thelium-dependent vasodilators or nitrosovasodila-
tors.” ' 121417 [chinose et al. '® demonstrated that intra-
venous zaprinast infusion markedly prolonged the
pulmonary vasodilation induced by inhalation of gaseous
NO in awake sheep. Fullerton et al.'® and Ziegler et al.*°
teported that the combination of a dipyridamole infu-
sion and NO inhalation selectively dilated the pulmonary
vasculature of patients with pulmonary hypertension.
PDES5 inhibitors, alone or in combination with NO inha-
lation, have been proposed for the treatment of acute
and chronic pulmonary hypertension.

Until recently, only a single PDES5 inhibitor, dipyridam-
ole, was approved for clinical use. The clinical applica-
tion of dipyridamole as a PDES5 inhibitor for the treat-
ment of pulmonary hypertension is limited by
nonselective effects on other PDEs and on adenosine
metabolism.'31°-22

In 1996, Boolell et al.>>** described the use of the
novel and highly selective PDES inhibitor sildenafil for
the treatment of erectile dysfunction in men. Sildenafil
was approved for clinical use by the United States Food
and Drug Administration under the trade name Viagra.?®
In this study, we examined the ability of sildenafil ad-
ministered by gavage to dilate the pulmonary vascula-
ture. We report that, in awake lambs with acute pulmo-
naty hypertension, low doses of sildenafil can decrease
pulmonary artery pressure (PAP) and pulmonary vascu-
lar resistance (PVR) without reducing the systemic vas-
cular resistance (SVR). These pulmonary hemodynamic
effects of sildenafil were prevented by concomitant in-
fusion of the NOS inhibitor 1-NAME. Furthermore, we
demonstrate that, in contrast to zaprinast, sildenafil does
not prolong the vasodilatory effect of inhaled NO.

Materials and Methods

The investigations were approved by the Subcommit-
tee for Research Animal Care of the Massachusetts Gen-
eral Hospital.

Animal Preparation

Seventeen Suffolk lambs weighing 16-25 kg were
anesthetized by inhalation of halothane in 50% oxygen
and 50% nitrous oxide. Their tracheas were intubated
and their lungs mechanically ventilated at 15 breaths/
min and 15 ml/kg tidal volume with a large animal
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ventilator (Harvard Apparatus, Natick, MA). An 8-French
introducer (Cordis, Miami, FL) was placed in the right
external jugular vein for introduction of a 7-French ther-
modilution pulmonary artery catheter (Edwards Labora-
tories, Santa Anna, CA) on the following day. The left
carotid artery was cannulated with a polyvinyl chloride
catheter (2-mm ID) advanced 30 cm into the aorta for
continuous arterial pressure monitoring and sampling
arterial blood. A tracheotomy was performed. Lambs
were allowed to recover from anesthesia and cannula-
tion overnight. On the next day, a cuffed tracheotomy
tube (8-mm ID; Portex, Keene, NH) was inserted to
allow spontaneous ventilation. Catheters were aspirated
before the study and continuously flushed (2 ml/h) with
lactated Ringer’s solution without heparin during the
experiments. Lambs were housed in a Babraham cage
with free access to food and water. When experiments
involved administration of sildenafil, a nasogastric tube
was briefly introduced, and proper location of the tube
was confirmed by suctioning of gastric contents. Exper-
iments were performed if the animal met the following
criteria: body temperature (measured with the thermodi-
Iution catheter) less than 40°C and mean PAP less than
20 mmHg.

Hemodynamic Measurements

Systemic arterial pressure (SAP), PAP, and central ve-
nous pressure were measured continuously, and pulmo-
nary artery occlusion pressure was measured intermit-
tently using calibrated saline-filled membrane pressure
transducers (Argon, Athens, TX) zeroed at midchest
level. Pressure transducers were connected to a biomed-
ical amplifier (Hewlett Packard 7754B, Andover, MA),
and data were continuously recorded at 150 Hz on a
personal computer using an analog-to-digital interface
with a data acquisition system (DI-220; Dataq Instru-
ments, Akron, OH). Thermodilution cardiac output (CO)
was measured as the average of three determinations
after injection of 5 ml of 4°C Ringer’s lactate solution.
PVR and SVR were calculated using standard formulas.
After baseline measurements, an intravenous infusion of
the thromboxane A, analog U46619 (Cayman Chemicals,
Ann Arbor, MI) was administered at a rate of 1.0 to 2.0
pg - kg~ - min~ ' and was titrated to achieve a mean PAP
of 25-30 mmHg. The pulmonary vasodilator response
(APAP) to gavage administration of a PDES5 inhibitor or
to NO inhalation was measured as the vasodilator
induced reduction in PAP as a percent of the PAP during
steady state pulmonary hypertension induced by infu-
sion of U46619. The ratio of PVR to SVR (PVR/SVR) was
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calculated. A decrease in PVR/SVR ratio in response to a
vasodilator was interpreted as selective pulmonary vaso-
dilation.?%?7

Delivery of NO

During the study, the tracheotomy was connected to a
circuit consisting of a 5-1 reservoir bag and a two-way
nonrebreathing valve (Hans Rudolph, Kansas City, MO)
to separate inspired from expired gas. Oxygen and ni-
trogen were blended (Oxygen Blender; Bird Corpora-
tion, Palm Springs, CA) to produce an inspired oxygen
fraction of 0.5 delivered at a fresh gas flow rate of 10
I/min. NO gas (800 or 80 parts per million by volume
[ppm] NO in N,; Airco, Murray Hill, NJ) was introduced
into the inspiratory limb of the breathing circuit imme-
diately before the reservoir bag. Inspired oxygen fraction
(Oxygen Meter #5590; Hudson, Temecula, CA) and the
concentration of NO (CLD 700 AL, Eco Physics, Diirn-
ten, Switzerland) were monitored continuously.

Measurement of Plasma ¢cGMP Levels and Plasma

Sildenafil Concentrations

For each sample, 3-isobutyl-1-methylxanthine (IBMX;
Sigma Chemicals, St. Louis, MO; final concentration 0.5
mm) was added to 1 ml of citrated blood, and the mixture
was centrifuged at 3,000g at 4°C for 10 min. Plasma
cGMP concentrations were measured using a commer-
cial radioimmunoassay (Biomedical Technologies Inc.,
Stoughton, MA). Plasma ¢cGMP concentrations are ex-
pressed as picomoles cGMP per milliliter plasma.

The concentration of sildenafil in heparinized sheep
plasma was measured using the ASTED (automated se-
quential trace enrichment of dialysates) system followed
by high-performance liquid chromatography as de-
scribed by Cooper et al.*®

Experimental Protocols

Protocol 1: Dose—Response Study of Sildenafil Ad-
ministration during U46619-induced Pulmonary
Hypertension. Five lambs were studied while sponta-
neously breathing at and inspired oxygen fraction of 0.5.
After baseline measurements, an intravenous infusion of
U46619 (1.0-2.0 pg « kg™' - min~ ") was titrated to
achieve a stable elevation of PAP (25-30 mmHg), and
hemodynamic measurements were repeated after 10
min. A cumulative dose-response curve was obtained by
administering 12.5, 12.5, and 25 mg sildenafil via the
nasogastric tube at 15-min intervals. This time interval
was chosen based on pilot experiments showing that the
maximal sildenafilinduced pulmonary vasodilation oc-
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curs within 10-15 min after gastric administration, and
that this effect lasted for at least 1.5 h (data not shown).
At the end of each 15-min period, hemodynamic mea-
surements were obtained. In four lambs, arterial blood
was sampled for measurements of plasma cGMP and
sildenafil concentrations before sildenafil administration,
and 15 min after administration of 12.5, 25, and 50 mg
sildenafil.

Protocol 2: Effects of Sildenafil and Zaprinast Ad-
ministration on Pulmonary Vasodilation Produced
by Inhaled NO During U46619-induced Pulmonary
Hypertension. In 12 lambs, steady state pulmonary
hypertension was induced by the intravenous infusion of
U46619, and hemodynamic measurements were ob-
tained as described previously. The lambs then breathed
incremental concentrations of NO (2.5, 10, and 40 ppm
each administered for 5 min). After the inhalation at each
concentration of NO was terminated, PAP was allowed
to return to baseline (< 10 min). Hemodynamic mea-
surements were obtained immediately before and at the
end of each NO inhalation period. The duration of the
pulmonary vasodilator response to NO inhalation was
measured as the time required for PAP to return to the
pre-NO inhalation baseline value after the discontinua-
tion NO inhalation.

Thereafter, lambs received either 50 mg sildenafil via
the nasogastric tube (n = 7), or a loading dose of zapri-
nast (2 mg/kg over 5 min) was administered followed by
a zaprinast infusion (0.1 mg * kg ' * min"!; n = 5) as
previously reported.'® Twenty minutes later, hemody-
namic parameters were measured, and the U46619 infu-
sion was increased to obtain a PAP of 25-30 mmHg. The
doses of U46619 needed to maintain an elevated PAP
were greater (2.2-4.0 ug - kg™! - min~") after either
sildenafil or zaprinast administration but did not differ
between the two groups. Ten minutes after achieving a
stable elevated PAP, lambs breathed incremental concen-
trations of NO gas. Hemodynamic measurements were
repeated before and 5 min after inhaling each concen-
tration of NO. NO inhalation was then discontinued, and
the duration of the vasodilator response was recorded as
described previously.

In three lambs of the sildenafil group, plasma sildenafil
concentrations were measured before and 20 min after
administration of 50 mg sildenafil as well as after the last
NO inhalation period.

Protocol 3: Effect of .-NAME on Sildenafil-induced
Pulmonary Vasodilation. After obtaining baseline he-
modynhamic measurements, five lambs received an intra-
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venous dose of the NOS inhibitor i-NAME (N%-nitro-L-
arginine methyl ester; Sigma Chemical Co.) of 25 mg/kg
over 5 min, followed by a continuous infusion of 1 mg -
kg™' + h™'. Inhibition of endogenous NO production
was confirmed by comparing the systemic vasodilation
induced by an intravenous bolus of actelycholine (0.2
neg/kg) injected immediately before and 10 min after the
initial 1-NAME bolus.?? Acute pulmonary hypertension
was then produced by infusion of U46619, as described
previously. Doses of U46619 needed to achieve the same
level of pulmonary hypertension were reduced by ap-
proximately 50% during 1-NAME infusion as compared
with protocols 1 and 2. Hemodynamic measurements
were obtained before and 15 min after 50 mg sildenafil
was administered via the nasogastric tube.

Chemicals

Sildenafil citrate (Viagra, Pfizer Inc., New York, NY)
was obtained as tablets containing 50 mg sildenafil.
For administration via the nasogastric tube, one tablet
was dissolved in 20 ml water. Immediately before the
study, 10 mg U46619 was dissolved in 50 ml lactated
Ringer’s solution. Zaprinast (2-o-propoxyphenyl-8-aza-
purin-6-one) was a generous gift from Rhéne-Poulenc
Rorer (Dagenham, Essex, United Kingdom). The stock
solution of zaprinast was prepared in 0.1 N NaOH.
This stock solution was diluted with lactated Ringer’s
solution to a final concentration of 8 mg/ml before
use. .-NAME (40 mg) was dissolved in 40 ml lactated
Ringet’s solution.

Data Analysis

All data are expressed as mean *= SE. A one-way anal-
ysis of variance for repeated measurements followed by
a post boc Scheffé test was used to compare values
obtained from animals of the same group at different
times (protocols 1 and 3). For between-group compari-
sons, a two-way analysis of variance was performed.
When significant differences were detected by analysis
of variance, a post boc Scheffé test was used (protocol
2). We used a linear regression model to test for a
correlation between plasma sildenafil concentrations
and the pulmonary vasodilator response (APAP) and to
examine the correlation between plasma sildenafil levels
and plasma cGMP concentrations (Statistica for Win-
dows; StatSoft, Inc., Tulsa, OK). Statistical significance
was assumed at P < 0.05.
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Results

Effects of Sildenafil during U46619-induced

Pulmonary Hypertension

After administration of sildenafil via the nasogastric
tube, the onset of pulmonary vasodilation occurred
within 5 min and was maximal after 10 min. Pilot exper-
iments revealed that 50 mg sildenafil produced pulmo-
nary vasodilation for at least 1.5 h. Table 1 shows the
effects of sildenafil on PAP, SAP, central venous pres-
sure, pulmonary artery occlusion pressure, CO, PVR,
SVR, and the PVR/SVR ratio. Sildenafil after serial doses
of 12.5, 12.5, and 25 mg (cumulative dose 12.5, 25, and
50 mg) reduced PAP 21%, 28%, and 43% (fig. 1) and PVR
by 18%, 23%, and 45%, respectively. There was a 12%
decrease in SAP at a cumulative dose of 50 mg sildenafil
(fig. 1). SVR and CO did not change after administration
of any dose of sildenafil. The PVR/SVR ratio decreased by
10%, 22%, and 31% at 12.5, 25, and 50 mg sildenafil,
respectively, suggesting that the vasodilator effect of
sildenafil was relatively selective for the pulmonary vas-
culature (table 1).

Sildenafil administered at cumulative doses of 12.5, 25,
and 50 mg increased plasma ¢cGMP concentrations by
54%, 77%, and 154%, respectively (fig. 2A). Plasma silde-
nafil concentrations were less than the detectable level
of 2.17 ng/ml before sildenafil administration and in-
creased to 3.3 + 2.6, 18.1 * 4.9, and 28.8 £ 9.9 ng/ml
15 min after the cumulative administration of 12.5, 25,
and 50 mg sildenafil, respectively (fig. 2B). Plasma silde-
nafil concentrations correlated with the sildenafil-in-
duced decrease in PVR (r = 0.73; P < 0.05) and the
increase of plasma cGMP concentrations (r = 0.79; P <
0.05) measured at the same time.

Comparison of the Effects of Sildenafil and

Zaprinast on Pulmonary Vasodilation Induced by

Inbaled NO

At baseline and after U46619 infusion, lambs in the
sildenafil and zaprinast groups did not differ in hemody-
namic response to NO inhalation before PDES inhibitor
administration (table 2). Twenty minutes after adminis-
tration of 50 mg sildenafil via nasogastric tube, the PVR
decreased 42 * 3%, whereas infusion of zaprinast (2
mg/kg as a bolus over 5 min, followed by continuous
infusion of 0.1 mg - kg~ ' * min~") reduced the PVR by
63 * 3% measured at 20 min after starting the infusion.
At this time, both sildenafil and zaprinast induced a small
but significant decrease of SAP (18 £ 2% and 17 % 3%,
respectively) and SVR (23 = 6% and 32 *= 6%, respec-
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Table 1. Effects of Sildenafil on Hemodynamic Parameters

Sildenafil

Parameter Baseline PHTN 12.5 mg 25 mg 50 mg
PAP (mmHg) 13 =1 27 = 2 22 + 2% 19 + 2°% 15+ 1%
SAP (mmHg) 94 +6 111 = 5§ 106 = 3 108 = 3 97 + 5#
CVP (mmHg) 2+2 3x2 3x3 2+3 0x2
PAOP (mmHq) 5=*1 9+ 2§ 6+1 6*1 5x2
CO (I/min) 3.3+06 2.1 £ 0.6 2103 2.2 £ 04§ 24 * 04§
PVR (mmHg - I”" - min™") 3+1 10 = 2* 8+ 1* 7+ 11 5+ 1%
SVR (mmHg - 17" - min™") 315 60 £ 10 527 52+8 46 =9
PVR/SVR 0.09 = 0.01 0.17 * 0.02* 0.15 x 0.02 0.13 = 0.018# 0.12 = 0.021

Data are expressed as mean + SE; n = 5.
* P < 0.001 versus baseline.

1P < 0.01.

1 P < 0.001 versus PHTN.

§ P < 0.05.

1P < 0.01.

#P < 0.05.

PHTN = acute pulmonary hypertension induced by infusion of U46619 (all pressures are mean values); PAP = pulmonary artery pressure; SAP = systemic arterial
pressure; CVP = central venous pressure; PAOP = pulmonary artery occlusion pressure; CO = cardiac output; PVR = pulmonary vascular resistance; SVR =

systemic vascular resistance.

tively) (P < 0.05; all values differ from predrug values).
The PVR/SVR ratio was decreased at 20 min after initia-
tion of sildenafil or zaprinast administration (0.21 = 0.02
to 0.16 = 0.01 and 0.23 = 0.03 to 0.12 * 0.02, respec-
tively; P < 0.01, both values differ from predrug values).

There was no difference in the quantity of U46619

Sildenafil [mg]

"

- -10W
[v5]
= 20 4
2
g 307
o
g
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@]
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S 50
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_60_ .SAP

Fig. 1. Percent change of pulmonary arterial pressure (PAP) and
systemic arterial pressure (SAP) after administration of increas-
ing doses of sildenafil. Cumulative doses of 12.5, 25, and 50 mg
sildenafil caused a significant reduction in PAP. Systemic hemo-
dynamics were not altered, except for a 12% decrease of SAP at
a dose of 50 mg sildenafil. *P < 0.05, *P < 0.01, and **P < 0.001
versus baseline values during U46619-induced acute pulmonary
hypertension (n = 5). Data are expressed as mean *+ SE.
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infusion needed to reestablish pulmonary hypertension
between the two drug groups. However, the increase of
U46619 dose needed to reestablish the same magnitude
of pulmonary hypertension as before PDE5 inhibition
caused an additional decrease in CO and, thereby, an
additional increase in SVR in both groups (table 2).

In three sheep that received sildenafil, plasma drug
levels were measured before (below detection limit in all
animals) and 20 min after administration of 50 mg silde-
nafil (37 * 24 ng/ml), as well as at the end of the last NO
inhalation period (12 * 1 ng/ml) approximately 30 min
later, confirming that sildenafil remained detectable in
the blood at the end of the experiment.

The magnitude of the pulmonary vasodilator response
to inhalation of 2.5, 10, and 40 ppm NO was unaffected
by either sildenafil administration (APAP —11 * 1%,
—17 = 2%, and —29 * 3%, respectively) or zaprinast
infusion (APAP —13 * 3%, —23 = 3%, and —28 * 3%,
respectively) and did not differ between the groups (fig.
3A). Systemic hemodynamic parameters during NO in-
halation before and after sildenafil or zaprinast did not
differ within or between drug groups (table 2).

The duration of the vasodilatory response to inhaled
NO was markedly prolonged by zaprinast (P < 0.001
postdrug vs. control at each NO dose), but not by silde-
nafil (fig. 3B). The vasodilatory response to 2.5, 10, and
40 ppm inhaled NO lasted 18, 11, and 10 times longer,
respectively, after zaprinast administration than after sil-
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denafil administration (P < 0.01, groups differ at each
NO dose; fig. 3B).

Effects of NO Synthbase Inbibition on Sildenafil-

induced Pulmonary Vasodilation

Infusion of 1-NAME (25 mg/kg as a bolus, followed by
continuous infusion of 1 mg * kg™ * h™Y reduced the
transient acetylcholine-induced systemic hypotension by
approximately 40% (data not shown).

Prior infusion of -NAME completely prevented the
pulmonary vasodilation induced by 50 mg sildenafil (PAP
27 = 2 mmHg before and 28 + 3 mmHg after sildenafil;
P = NS). There was no change in PVR, SVR, CO, or
PVR/SVR after sildenafil administration during i-NAME
infusion. To evaluate the effects of 1-NAME infusion on
sildenafil-induced hemodynamic changes, these data
were compared with data from protocol 2 (before and
after administration of 50 mg sildenafil) without an
LNAME infusion. Sildenafil decreased PAP less in
L-NAME-treated sheep than in those not receiving :-NAME
(4 = 5% vs. —40 = 1%; P < 0.001; fig. 4). Similarly, PVR
decreased less in sheep that received -NAME and sildenafil
than in those that received sildenafil alone (9 * 12% vs.
—42 > 3%; P < 0.05). Sildenafil decreased SAP less in
sheep that received 1-NAME than in those that did not
receive IXNAME (10 * 3% vs. 18 £ 2%; P < 0.05).

Discussion

The main finding of our study is that enteral adminis-
tration of sildenafil, a new PDES inhibitor, causes selec-
tive pulmonary vasodilation in awake sheep with
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Sildenafil [mg] Sildenafil [mg]

U46619-induced acute pulmonary hypertension (fig. 1).
The pulmonary hemodynamic effects of sildenafil are
likely to be mediated by augmentation of the endoge-
nous NO/cGMP-dependent pathway of vasodilation. Sur-
prisingly, and in contrast to other PDES5 inhibi-
tors,131618-20 enteral administration of sildenafil to
sheep did not augment or prolong the pulmonary vaso-
dilator effects of inhaled NO.

Sildenafil Induces Pulmonary Vasodilation

Nitric oxide, endogenously produced in pulmonary
vascular endothelial cells or exogenously administered
as an intravenous nitrovasodilator or as inhaled gaseous
NO, reduces pulmonary vascular tone, at least in part,
via stimulation of cGMP synthesis by soluble guanylate
cyclase in pulmonary vascular smooth muscle cells.!>*
cGMP-mediated vasodilation is limited by the cGMP-me-
tabolizing action of certain PDEs.? Five different isoforms
of PDEs that can metabolize cGMP (PDE 1, 2, 3, 5, and 9)
are reported present in lung tissue.>° Several studies
have demonstrated pulmonary vasodilation in response
to PDES inhibitors such as zaprinast, dipyridamole,
DMPPO, and E4021 both in vitro''>'*'> and in
Uivo.9’12’17

In this study, we have demonstrated that gavage ad-
ministration of sildenafil alone, a new PDE5 inhibi-
tor,”>?* causes pulmonary vasodilation in awake sheep
with thromboxane analog-induced acute pulmonary hy-
pertension (fig. 1). Plasma sildenafil levels increased
with increasing sildenafil doses (fig. 2B) and correlated
with the percent reduction in PVR, suggesting a dose-
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Table 2. Effects of Sildenafil and Zaprinast on Hemodynamic Parameters during NO Inhalation

Inhaled NO
Parameter Drug Baseline PHTN 2.5 ppm 10 ppm 4% ppm
PAP (mmHg) before SIL 14 =1 28 = 1* 24 =1t 22 + 1% 19 = 1%
before ZAP 14 +1 27 = 1* 24 + 2# 21 £ 1% 17 = 1%
+ SIL — 29 1 26 = 1% 23 £ 1t 20 = 1%
+ ZAP — 27 =1 23 1% 21 £ 1% 19 + 1%
SAP (mmHg) before SIL 86+ 4 101 = 3§ 101 =3 99+ 3 96 = 2
before ZAP 794 07 93 +6 93 x5 895
+ SIL —-— 108 £ 6 105 £ 7 105 =7 105+ 8
+ ZAP —_— 96 * 12 94 = 11 73 £ 18 95+ 6
CVP {(mmHg) before SIL 31 62§ 5x2 6+2 625
before ZAP 4 =1 5+1 4 =1 2+1 31
+ SIL — 82 72 71 5=+1
+ ZAP — 6+2 6=*1 3+2 31
PAOP (mmHg) before SIL 4 =1 8 + 2§ 72 8+x2 7x2
before ZAP 5=1 8 +1§ 7=1 7*1 7*1
+ SIL — 9=x2 10x2 9+2 81
+ ZAP — 101 11 =1 9+1 9=+1
CO (//min) before SIL 3.2+03 25*x04 27+08 25 =05 2706
before ZAP 27*05 20x0.2 22*+03 2303 2203
+ SiL — 1.5 0.2 1.6 03 17204 2006
+ ZAP — 1904 19+03 22x05 24 *+04
PVR (mmHg « 7' - min~") before SIL 31 9=x2¢% 8§+2 72" 6 * 2t
before ZAP 4 +1 10 = 1* 8§+ 2™ 617 5=+ 1%
+ SIL — 14 +2 11x2 g+ 2 7 *1t
+ ZAP — 10x2 72 72" 5=+ 1t
SVR (mmHg - 171 - min~") before SIL 28+3 46 = 8 49 = 11 49 = 10 47 =10
before ZAP 32=*6 43 =5 43 = 6 43 =6 41 x5
+ SIL — 72 = 9| 69 =10 68 = 11 65 =13
+ ZAP — 59 17 54 + 14 34 =13 44 =10

Data are mean * standard error. Sildenafil group, n = 7; zaprinast group, n = 5.

* P < 0.001 versus baseline.
1 P < 0.01 versus PHTN.

¥ P < 0.001 versus PHTN.
§ P < 0.05.

IP < 0.05 versus — drug.
#P < 0.01.

** P < 0.05 versus PHTN.

PHTN = pulmonary hypertension induced by infusion of U46619; PAP = pulmonary artery pressure; SIL = sildenafil; ZAP = zaprinast; SAP = arterial pressure;
CVP = central venous pressure; PAOP = pulmonary artery occlusion pressure; CO = cardiac output; PVYR = pulmonary vascular resistance; SVR = systemic

vascular resistance.

response relationship between sildenafil and pulmonary
vasodilation. Sildenafil doses used in this study (0.625,
1.25, and 2.5 mg/kg) are comparable to those given to
humans (25-100 mg).?>?*3! However, the plasma silde-
nafil concentrations measured in our study were lower
than the maximal sildenafil plasma concentrations re-
ported after oral administration in humans.?*>> One rea-
son for this may be a lower bioavailability in sheep than
in humans since sheep are ruminators. Alternatively, at
the time when hemodynamic measurements were ob-
tained (15 min after sildenafil administration), maximal
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sildenafil plasma concentrations may not have been at-
tained, although the maximal pulmonary vasodilator ef-
fect was observed. Moreover, we observed a significant
decrease in PAP that reached its maximum within 15
min after enteral administration of 50 mg sildenafil and
remained stable for at least 1.5 h.

Our data support the concept of using inhibitors of
cGMP-metabolizing PDEs in the treatment of patients
with pulmonary hypertension. Further studies examin-
ing the clinical effects and toxicity of inhibitors of this
PDE class are warranted. As a clinically available agent,
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sildenafil may be a useful agent for the treatment of
pulmonary hypertension.

Hemodynamic Effects of Sildenafil Require

Endogenous NO-stimulated cGMP Production

In the present study, prior blockade of endogenous
NO production by infusion of the NOS inhibitor -NAME
abolished subsequent pulmonary vasodilation induced
by sildenafil (fig. 4). Braner et al’ reported that pulmo-
nary vasodilation in response to zaprinast was blocked
by infusion of the NOS inhibitor Nnitro-i-arginine in
newborn lambs,” and Ziegler et al'® noted, in fetal
lambs, a diminished pulmonary vasodilator response to
dipyridamole after administration of nitro-i-arginine, an-
other NOS inhibitor. These data suggest that pulmonary
vasodilation induced by sildenafil was caused by aug-
mentation of endogenous NO signaling. It is likely that
sildenafil augments the vasodilation mediated by endog-
enous NO by impairing the PDES-mediated metabolism
of cGMP. Similarly, sildenafil-mediated vasorelaxation of
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the corpus cavernosum requires stimulation of cGMP
production by NO released from nonadrenergic, non-
cholinergic nerves.>*™3® Activation of the NO-cGMP
pathway is supported by the observation that the mag-
nitude of the sildenafil-mediated decrease in PVR corre-
lated with the increase in plasma ¢cGMP levels.

There are several limitations to the correlation of cir-
culating plasma cGMP levels with plasma sildenafil levels
and with the sildenafil-induced reduction of PVR. First,
Hamet et al.>” noted that extracellular cGMP concentra-
tions incompletely correlated with intracellular cGMP
concentrations after stimulation of rat mesenteric
smooth muscle cells by atrial natriuretic peptide. They
showed that cGMP egression into the extracellular space
involves an adenosine triphosphate-dependent active
transporter system that may be modulated by tempera-
ture and intracellular cyclic adenosine monophosphate
levels. Second, the ¢cGMP released into the circulation
after sildenafil administration is likely to be derived from
the systemic as well as the pulmonary circulation. Fi-
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Fig. 4. The pulmonary vasodilation produced by sildenafil (50
mg) is abolished by concomitant infusion of L-NAME. PHTN =
pulmonary hypertension induced by U46619 infusion. Open
circles = the group of animals not receiving L-NAME infusion
(n = 7, data from protocol 2); closed circles = the group of
animals receiving I-NAME infusion (n = 6). *P < 0.01 versus
group without L-NAME infusion; P < 0.001 versus PHIN. Data
are expressed as mean * SE.

nally, in our study, the increase of plasma cGMP levels in
response to cumulative doses of sildenafil may reflect
c¢GMP accumulation, as well as decreased metabolism.

Pulmonary Selectivity of Sildenafil-induced

Vasodilation

In our ovine model of acute pulmonary hypertension,
PDES5 inhibition by sildenafil predominantly caused va-
sodilation of the pulmonary vasculature (fig. 1 and table
1). These results are consistent with other reports dem-
onstrating selective pulmonary vasodilation by PDES5 in-
hibitors in experimental models of acute”'>'® and
chronic pulmonary hypertension.!*?

Acute pulmonary vasoconstriction seems to be accom-
panied by activation of the NO-cGMP vasodilator path-
way as a key physiologic compensatory mecha-
nism.>® 4 Because, in the present study, as in previous
studies from our laboratory, 4142 infusion of U46619
caused greater vasoconstriction of the pulmonary than
the systemic vasculature (table 1), it is possible that
compensatory activation of NO and cGMP production
was more pronounced in the pulmonary vasculature,
favoring pulmonary over systemic vasodilation in re-
sponse to PDE5 inhibition. Alternatively, it is possible
that PDE5 enzyme activity may be greater in pulmonary
rather than systemic vascular smooth muscle, contribut-
ing to a greater impact of sildenafil on the former.

Nonetheless, we noted a significant reduction of SAP at
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the 50-mg sildenafil level (tables 1 and 2). Thus, our
observations warn that administration of PDES5 inhibitors
may cause marked systemic hypotension under condi-
tions associated with increased cGMP production, in-
cluding treatment with nitrovasodilators®”> or in patho-
logic states associated with abundant NO production,
such as sepsis.*?

Effects of Sildenafil on Inbaled NO-induced

Pulmonary Vasodilation

Inhaled NO decreases the PVR and improves arterial
oxygenation in patients with pulmonary hypertension of
various causes.**"*¢ Fullerton et al'® reported 10 pa-
tients with pulmonary hypertension after cardiac surgery
who failed to respond with a decrease in PAP and PVR to
40 ppm inhaled NO or to 0.2 mg/kg intravenous dipy-
ridamole but who had a marked pulmonary vasodilator
response to their combination. Similarly, dipyridamole'?
or zaprinast'®'® augmented the pulmonary vasodilation
induced by NO inhalation in fetal lambs. In contrast, in
this study of older lambs, neither zaprinast nor sildenafil
increased the magnitude of the pulmonary vasodilator
response to inhaled NO (table 2). Our data are supported
by a study by McMahon et al,'” who reported that
zaprinast did not enhance the ability of acetylcholine,
substance P, or nitrovasodilators to cause pulmonary
vasodilation in an in situ perfused lung lobe model in
adult cats.

In the current study, as well as in a previous study,'®
we observed that zaprinast markedly prolonged the pul-
monary vasodilator action of inhaled NO after NO inha-
lation was discontinued (fig. 3B). These observations are
in agreement with those of McMahon et al.,'® who also
reported that zaprinast prolonged the duration of NO-
induced pulmonary vasodilation. In contrast, sildenafil
did not augment the duration of pulmonary vasodilation
after discontinuing NO inhalation (fig. 3B). The reason
for this difference in the ability of zaprinast and silde-
nafil, both selective inhibitors of PDE5, to modulate
NO-dependent pulmonary vasodilation is unknown and
merits further investigation. One possible explanation is
that zaprinast inhibits cGMP-metabolizing phosphodies-
terases that are not inhibited by sildenafil. For example,
zaprinast has been reported to inhibit human PDE1 iso-
forms Hcaml and Hcam3A, both of which are expressed
in the lung,*” whereas only very high concentrations of
sildenafil inhibit PDE1.>* Moreover, high concentrations
of zaprinast, but not sildenafil, have been reported to
inhibit the recently described PDE9, a phosphodiester-
ase isoform that is detected in pulmonary tissues.’
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Conclusion

At low doses, the new PDES5 inhibitor sildenafil is a
selective pulmonary vasodilator in awake lambs with
U46619-induced acute pulmonary hypertension. Silde-
nafil-induced vasodilation seems to be mediated by aug-
mentation of the endogenous NO-cGMP signal trans-
duction system. Sildenafil did not improve the efficacy of
inhaled NO-induced pulmonary vasodilation and, in con-
trast to zaprinast, did not prolong the duration of action
of inhaled NO.

The authors thank YuChiao Chang, Ph.D., Medical Practice Evalua-
tion Center, Massachusetts General Hospital, Boston, Massachusetts,
for statistical advice.

References

1. Knowles RG, Moncada §: Nitric oxide synthases in mammals.
Biochem J 1994; 298:249-58

2. Moncada S, Palmer RM, Higgs EA: Nitric oxide: Physiology, patho-
physiology, and pharmacology. Pharmacol Rev 1991; 43:109 - 42

3. Schmidt HH, Lohmann $SM, Walter U: The nitric oxide and cGMP
signal transduction system: Regulation and mechanism of action. Bio-
chim Biophys Acta 1993; 1178:153-75

4. Lincoln TM, Cornwell TL: Intracellular cyclic GMP receptor pro-
teins. FASEB J 1993; 7:328 -38

5. Beavo JA: Cyclic nucleotide phosphodiesterases: Functional im-
plications of multiple isoforms. Physiol Rev 1995; 75:725-48

6. Soderling SH, Bayuga SJ, Beavo JA: Identification and character-
ization of a novel family of cyclic nucleotide phosphodiesterases. J Biol
Chem 1998; 273:15553-8

7. Fisher D, Smith J, Pillar J, Denis SS, Cheng J: Isolation and char-
acterization of PDE9A, a novel human cGMP-specific phosphodiester-
ase. J Biol Chem 1998; 273:15559 - 64

8. Ahn HS, Foster M, Cable M, Pitts BJR, Sybertz EJ: Ca/CaM-stimu-
lated and cGMP-specific phosphodiesterases in vascular and non-vas-
cular tissues. Adv Exp Med Biol 1991; 308:191-7

9. Braner DA, Fineman JR, Chang R, Soifer §J: M&B 22948, a cGMP
phosphodiesterase inhibitor, is a pulmonary vasodilator in lambs. Am ]
Physiol 1993; 264:H252-8

10. McMahon TJ, Ignarro 1J, Kadowitz PJ: Influence of zaprinast on
vascular tone and vasodilator responses in the cat pulmonary vascular
bed. J Appl Physiol 1993; 74:1704-11

11. Eddahibi S, Raffestin B, Le Monnier de Gouville AC, Adnot S:
Effect of DMPPO, a phosphodiesterase type 5 inhibitor, on hypoxic
pulmonary hypertension in rats. Br J Pharmacol 1998; 125:681-8

12. Cohen AH, Hanson K, Morris K, Fouty B, McMurtry IF, Clarke W,
Rodman DM: Inhibition of cyclic 3'-5'-guanosine monophosphate-spe-
cific phosphodiesterase selectively vasodilates the pulmonary circula-
tion in chronically hypoxic rats. J Clin Invest 1996; 97:172-9

13. Ziegler JW, Ivy DD, Fox JJ, Kinsella JP, Clarke WR, Abman SH:
Dipyridamole potentiates pulmonary vasodilation induced by acetyl-
choline and nitric oxide in the ovine fetus. Am J Respir Crit Care Med
1998; 157:1104-10

14. Clarke WR, Uezono S, Chambers A, Doering EB: The type III
phosphodiesterase inhibitor milrinone and type V PDE inhibitor dipy-
ridamole individually and synergistically reduce elevated pulmonary
vascular resistance. Pulm Pharmacol 1994; 7:81-9

Anesthesiology, V 92, No 6, Jun 2000

Downloaded from anesthesiology.pubs.asahq.org by guest on 07/02/2019

15. Delpy E, Le Monnier de Gouville AC: Cardiovascular effects of a
novel, potent and selective phosphodiesterase 5 inhibitor, DMPPO: In
vitro and in vivo characterization. Br ] Pharmacol 1996; 118:1377-84

16. Thusu KG, Morin FC3, Russell JA, Steinhorn RH: The ¢GMP
phosphodiesterase inhibitor zaprinast enhances the effect of nitric
oxide. Am J Respir Crit Care Med 1995; 152:1605-10

17. Ziegler JW, Ivy DD, Fox JJ, Kinsella JP, Clarke WR, Abman SH:
Dipyridamole, a cGMP phosphodiesterase inhibitor, causes pulmonary
vasodilation in the ovine fetus. Am J Physiol 1995; 269:H473-9

18. Ichinose F, Adrie C, Hurford WE, Zapol WM: Prolonged pulmo-
nary vasodilator action of inhaled nitric oxide by zaprinast in awake
lambs. J Appl Physiol 1995; 78:1288-95

19. Fullerton DA, Jaggers ], Piedalue F, Grover FL, McIntyre RC Jr:
Effective control of refractory pulmonary hypertension after cardiac
operations. J Thorac Cardiovasc Surg 1997; 113:363-70

20. Ziegler JW, Ivy DD, Wiggins JW, Kinsella JP, Clarke WR, Abman
SH: Effects of dipyridamole and inhaled nitric oxide in pediatric pa-
tients with pulmonary hypertension. Am J Respir Crit Care Med 1998;
158:1388-95

21. Fitzgerald GA: Dipyridamole. N Engl ] Med 1987; 316:1247-57

22. Gresele P, Arnout J, Deckmyn H, Vermylen J: Mechanisms of the
antiplatelet action of dipyridamole in whole blood: Modulation of
adenosine concentration and activity. Thromb Haemost 1986; 55:12-8

23. Boolell M, Gepi-Attee S, Gingell JC, Allen M]J: Sildenafil, a novel
effective oral therapy for male erectile dysfunction. Br J Urol 1996;
78:257-61

24. Boolell M, Allen MJ, Ballard SA, Gepi-Attee S, Muirhead GJ,
Naylor AM, Osterloh IH, Gingell C: Sildenafil: An orally active type 5
cyclic GMP-specific phosphodiesterase inhibitor for the treatment of
penile erectile dysfunction. Int J Impot Res 1996; 8:47-52

25. Cheitlin MD, Hutter AM, Brindis RG, Ganz P, Kaul 8, Russell RO,
Zusman RM: Use of sildenafil (Viagra) in patients with cardiovascular
disease. Circulation 1999; 99:168-77

26. McLean RF, Prielipp RC, Rosenthal MH, Pearl RG: Vasodilator
therapy in microembolic porcine pulmonary hypertension. Anesth
Analg 1990; 71:35-41

27. Prielipp RC, McLean R, Rosenthal MH, Pearl RG: Hemodynamic
profiles of prostaglandin E1, isoproterenol, prostacyclin, and nifedi-
pine in experimental porcine pulmonary hypertension. Crit Care Med
1991; 19:60-7

28. Cooper JD, Muirhead DC, Taylor JE, Baker PR: Development of
an assay for the simultaneous determination of sildenafil (Viagra) and
its metabolite (UK-103,320) using automated sequential trace enrich-
ment of dialysates and high-performance liquid chromatography.
J Chromatogr B 1997; 701:87-95

29. Rovira I, Chen TY, Winkler M, Kawai N, Bloch KD, Zapol WM:
Effects of inbaled nitric oxide on pulmonary hemodynamics and gas
exchange in an ovine model of ARDS. J Appl Physiol 1994; 76:345-55

30. Dent G, Magnussen H, Rabe KR: Cyclic nucleotide phosphodi-
esterases in the human lung. Lung 1994; 172:129 - 46

31. Goldstein I, Lue TF, Padma-Nathan H, Rosen RC, Steers WD,
Wicker PA: Oral sildenafil in the treatment of erectile dysfunction.
N Engl J] Med 1998; 338:1397-404

32. Barry EA, DeFelice AF, Papoian T: Viagra Tablets. NDA #20-895.
Review and evaluation of pharmacology and toxicology data. Center
for Drug Evaluation and Research of the US Food and Drug Adminis-
tration 1998; http://www fda.gov/cder/news/viagra.htm

33. Jackson G, Benjamin N, Jackson N, Allen MJ: Effects of sildenafil
citrate on human hemodynamics. Am J Cardiol 1999; 83:13C-20C



1712

WEIMANN ET AL.

34. Ballard SA, Gingell JC, Tang K, Turner LA, Price ME, Naylor AM:
Effects of sildenafil on the relaxation of human corpus cavernosum
tissue in vitro and the activities of cyclic nucleotide phosphodiesterase
isozymes. J Urol 1998; 159:2164-71

35. Naylor AM: Endogenous neurotransmitters mediating penile er-
rection. Br J Urol 1998; 81:424 -31

36. Rajfer J, Aronson WJ, Bush PA, Dorey FJ, Ignarro LJ: Nitric oxide as a
mediator of relaxation of the corpus cavernosum in response to nonadrener-
gic, noncholinergic neurotransmission. N Engl ] Med 1992; 326:90 - 4

37. Hamet P, Pang SC, Tremblay J: Atrial natriuretic factor-induced
egression of cyclic guanosine 3':5'-monophosphate in cultured vascu-
lar smooth muscle and endothelial cells. J Biol Chem 1989; 264:
12364 -9

38. Archer SL, Tolins JP, Raij L, Weir EK: Hypoxic pulmonary vaso-
constriction is enhanced by inhibition of the synthesis of an endothe-
lium derived relaxing factor. Biochem Biophys Res Commun 1989;
164:1198-205

39. Brashers VL, Peach MJ, Rose CE Jr: Augmentation of hypoxic
pulmonary vasoconstriction in the isolated perfused rat lung by in vitro
antagonists of endothelium-dependent relaxation. J Clin Invest 1988;
82:1495-502

40. Liu S, Crawley DE, Barnes PJ, Evans TW: Endothelium-derived
relaxing factor inhibits hypoxic pulmonary vasoconstriction in rats.Am
Rev Respir Dis 1991; 143:32-7

Anesthesiology, V 92, No 6, Jun 2000

Downloaded from anesthesiology.pubs.asahq.org by guest on 07/02/2019

41. Ichinose F, Adrie C, Hurford WE, Bloch KD, Zapol WM: Selec-
tive pulmonary vasodilation induced by aerosolized zaprinast. ANESTHE-
SIOLOGY 1998; 88:410-6

42, Adrie C, Hirani WM, Holzmann A, Keefer L, Zapol WM, Hurford
WE: Selective pulmonary vasodilation by intravenous infusion of an
ultrashort halflife nucleophile/nitric oxide adduct. ANESTHESIOLOGY
1998; 88:190-5

43. Petros A, Bennett D, Vallance P: Effect of nitric oxide synthase inhib-
itors on hypotension in patients with septic shock. Lancet 1991; 338:1557-8

44. Dellinger RP, Zimmerman JL, Taylor RW, Straube RC, Hauser
DL, Criner GJ, Davis KJ, Hyers TM, Papadakos P: Effects of inhaled
nitric oxide in patients with acute respiratory distress syndrome: Re-
sults of a randomized phase II trial. Crit Care Med 1998; 26:15-23

45. Roberts JD Jr, Fineman JR, Morin FC 3, Shaul PW, Rimar S,
Schreiber MD, Polin RA, Zwass MS, Zayek MM, Gross I, Heymann MA,
Zapol WM: Inhaled nitric oxide and persistent pulmonary hypertension
of the newborn. N Engl J Med 1997; 336:605-10

46. Rossaint R, Falke KJ, Lopez F, Slama K, Pison U, Zapol WM:
Inhaled nitric oxide for the adult respiratory distress syndrome. N Engl
J Med 1993; 328:399-405

47. Loughney K, Martins J, Harris EA, Sadhu K, Hicks JB, Sonnen-
burg WK, Beavo JA: Isolation and characterization of ¢cDNAs corre-
sponding to two human calcium, calmodulin-regulated, 3’,5'-cyclic
nucleotide phosphodiesterases. ] Biol Chem 1996; 271:796 - 806





