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Phosphodiesterase V Inhibitors Dilate the Pulmonary Artery of
Monocrotaline-Induced Pulmonary Hypertensive Rats
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Treatment of pulmonary hypertension has not yet been established and effective drug therapies are required. We hypothesized that inhibition
of cyclic guanosine monophoshate (cGMP)- phosphodiesterase (PDE) would result in specific vasodilation of the hypertensive pulmonary ar-
teries. This study was carried out to determine whether PDE V inhibitors could dilate pulmonary artery (PA) from monocrotaline-induced pulmo-
nary hypertensive rats. Thirty-six Wistar rats were given either monocrotaline (105 mg/kg) or normal saline (control) subcutaneously. Three
weeks later, the PA rings were isolated and mounted in 5-mL organ chambers. After precontraction with norepinephrine (0.1 pmM), one of two
PDE V inhibitors, zaprinast and dipyridamole, was added in a cumulative fashion. We also investigated whether nitric oxide synthetase (NOS)
inhibitor modifies the effects of the PDE V inhibitors on the PA. Zaprinast and dipyridamole dose-dependently dilated the PA from either saline-
or monocrotaline- treated rats. There was no difference in the dilatory effect between monocrotaline and saline rats. Pretreatment of a NOS in-
hibitor (N®-nitro-L-arginine methyl ester (0.1 mM)) reduced moderately the vasodilatory effect of zaprinast on the PA from monocrotaline-treated
but not saline-treated rats. The results suggest that PDE V inhibitors exert a strong vasodilating effect on PA of pulmonary hypertensive rats as well
as on that of normal rats, and that NO plays a role, at least in part, in the effect of PDE V inhibition on PA of pulmonary hypertensive rats.
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Introduction

Primary pulmonary hypertension is uncommon but has poor prog-
nosis. Secondary pulmonary hypertension is relatively common,
and leads to a significant reduction in life expectancy.' The treat-
ment of pulmonary hypertension has not yet been established and
effective drug therapies are needed.

It is known that the essential therapy for pulmonary hypertension
is to selectively dilate the pulmonary artery. One of the vasodilating
mechanism is the accumulation of cyclic 3'-5'-guanosine monophosphate
(cGMP), which inhibits calcium release from the sacroplasmic reticlum
in the smooth muscle cell.

There are at least seven isoforms of mammalian phosphodiesterase
(PDE) with varying specificity for hydrolysis of cyclic nucleotides.”
Human pulmonary arteries contain four PDE isozyme families (I,
I, IV, V) as identified by Fast protein liquid chromatography
(FPLC) and isozyme inhibition by specific inhibitors.’ It is known

that the inhibitors of PDE III, IV and V relax isolated normal human
pulmonary arteries.” PDE V hydrolyzes ¢cGMP specifically,”’ and
thus PDE V inhibitors increase intracellular cGMP, which subse-
quently decreases cytoplasmic Ca™ concentration and relaxes vas-
cular smooth muscle. Despite increased endogenous nitric oxide
(NO) and ¢cGMP production in the pulmonary hypertensive circula-
tion, additional vasodilation can be produced through further cGMP
accumulation in response to PDE V inhibition.

Recently PDE V inhibitors are used for the patients with erectile
dysfunction because of their selective penile vasodilating effects.®’
On the other hand, it was reported that a PDE V inhibitor markedly
attenuated the rebound pulmonary hypertension caused by with-
drawal of inhaled NO.* We therefore would like to know that the
administration of PDE V inhibitors alone could directly dilate pul-
monary hypertensive artery without co-administration of NO.

We hypothesized that inhibition of cGMP-PDE would result in
specific vasodilation of the hypertensive pulmonary arteries. It has
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been known that the administration of monocrotaline to rats leads to
the development of pulmonary hypertension and right ventricular hy-
pertrophy. Therefore we carried out this study to determine whether
PDE V inhibitors, zaprinast and dipyridamole, could dilate pulmo-
nary artery (PA) from monocrotaline-induced pulmonary hypertensive
rats. We also investigated the influence of a NOS inhibitor on the
effects of PDE V inhibitors to determine the role of NO on the pul-
monary vasodilating effects of zaprinast and dipyridamole.

Methods

The protocol of this study was approved by the Nagasaki University
Institutional Animal Care Committee.

Drugs

The following drugs were used: monocrotaline, norepinephrine,
acetylcholine, zaprinast, dipyridamole, and N°-nitro-L-arginine methyl
ester (Sigma Chemical, St. Louis, MO). The concentration of the
drugs were expressed as final molar concentration in the bath solu-
tion. The stock solution of zaprinast was dissolved in NaOH
(0.05N) and then diluted in distilled water. The stock solution of
dipyridamole was dissolved in ethanol and then diluted in distilled
water. Monocrotaline was dissolved in HCI (1.0N) and pH was ad-
justed to 7.4 with NaOH (1.0N). The other substances were pre-
pared in distilled water. The final concentration of the solvents in
the organ bath was less than 1.0%.

Monocrotaline-induced pulmonary hypertensive rats

Wistar rats weighing 200-250 g were anesthetized by intraperitoneal
injection of sodium pentobarbital (50 mg/kg), and then given
monocrotaline (105 mg/kg) or saline (1 mL/kg) subcutaneously 3 weeks
prior to the experiments.’ To determine the extent of monocrotaline-
induced right ventricular hypertrophy, the ventricular free wall (RV)
was cut from the left ventricle and septum (LV+S) and weighed
separately. The ventricular weight ratio was determined from RV/
(LV+S).

Tissue preparation

Three weeks later, 19 rats given monocrotaline and 17 rats given
saline were anesthetized by intraperitoneal injection of sodium
pentobarbital (50 mg/kg). The chest cavity was opened and 100 TU
of heparin was injected into the right ventricle. After the rats were
exsanguinated, the heart and lungs were removed. The trunk and
extrahilar PA were carefully dissected and cut into two or three
rings of 2-3 mm width. Care was taken during harvesting the blood
vessels not to touch the inner surface of the blood vessels.
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Organ bath technique

The rings were mounted horizontally in 5-mL Krebs-Henseleit
solution (composition in mmol/L: NaCl, 118; KCl, 4.69; CaCl, 3.35;
MgSO0., 1.18; KH,PO,, 1.04; NaHCO;, 25; D-Glucose, 11.1; pH,
7.40+0.05) aerated with 95% 0,-5% CO. at 37+0.5 °C. The one
side hook was connected to a force transducer (UFER, Kyoto,
Japan), and changes in isometric force were recorded and stored for
later analysis on a Macintosh (4400/200) computer using the MacLab
8 data collection system (AD Instruments Inc., Milford, MA).

The resting tensions (750 mg) defined by preliminary studies
were progressively applied, and the rings were allowed to equilibrate
for 30 minutes. The rings were exposed to 80 mM of KCI to con-
firm the integrity of smooth muscle cells. The rings which did not
constrict up to 750 mg were discarded. The remaining rings were
then washed with Krebs-Henseleit solution three times followed by
a second equilibration period of 30 minutes at the minimum. After
the second equilibration period, the rings were constricted with
norepinephrine (NE) of 0.1 uM at a final concentration which caused
a submaximal contraction (75-80 % of maximal constriction induced
by NE) in a preliminary study. Fifteen minutes later, acetylcholine
of 1 uM was added to confirm that muscarinic receptors were
functioning on the endothelium. The rings which did not dilate
with acetylcholine were discarded. Then the remaining rings were
washed with Krebs-Henseleit solution several times followed by a
third equilibration period of 90 minutes at the minimum. '

After the third equilibration period, NE of 0.1 pM was added to
induce a submaximal contraction and 15 minutes were allowed to
reach equilibrium. Thereafter, zaprinast of 10 nM to 0.1 mM at final
concentrations or dipyridamole of 10 nM to 0.1 mM at final con-
centrations was added to the bath in a cumulative fashion with at
least 5 minutes' interval, in which the relaxation reached plateau.
Each PDE V inhibitors has been studied from the other rats. The
effects of vehicle were also checked on the contraction and dilation
responses in three of the saline- or monocrotaline-treated rats, re-
spectively.

Influences of NOS inhibitor

After the third equilibration period, N°-nitro-L-arginine methyl
ester (L-NAME 0.1 pM) was added on PA rings from either sa-
line- or monocrotaline-treated group. Fifteen minutes later, NE of
0.1 mM was added to induce an optimal contraction followed by
an equilibration period of 15 minutes. Thereafter, zaprinast of 10
nM to 0.1 mM or dipyridamole of 10 nM to 0.1 mM was added to
the bath in a cumulative fashion.

Data and statistical analysis

In all experiments, n represented the number of rats from which
the vessel rings were obtained. The relaxation caused by PDE V
inhibitors was expressed as percent decrease in the tension of the
vessel rings preconstricted by NE. Data were summarized as mean
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+standard deviation (SD). Dose-dependency of dilatation of PA by
zaprinast or dipyridamole was analyzed by repeated measures analy-
sis of variance. When a significant dose-dependency was observed,
significance of dilatation of PA at each dose was tested against
baseline by t-test for zaprinast and dipyridamole; the significance
level of each test was set at 0.0056 by Bonferroni inequality to keep
the overall significance level at 0.05. Influence of NOS inhibitor was
examined by comparing dilation of PA between the two groups with
and without L-NAME by t-test. MEANS and GLM in the SAS®
system"' were used for the calculations.

Results

The weight ratio of RV/(LV+S) were significantly (p<0.0001)
greater in monocrotaline-treated group (0.41+0.1, n=19) compared
to saline-treated group (0.25+0.02, n=17).

Figure 1 shows a typical recording of the dilatory effect of PDE V
inhibitors on PA from monocrotaline-induced pulmonary hypertensive
rats. Vehicle of PDE V inhibitors produced no dilation.
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Figure 1. Original recording of response to zaprinast, dipyridamole or each
vehicle on norepinephrine (NE, 0.1 uM) -induced vasoconstriction of pul-
monary arteries from monocrotaline-treated rats. Vertical axis: constriction
(g); Horizontal axis: time (min)

Relaxation

Both of zaprinast and dipyridamole showed a significant (p<0.0001)
dose-dependency in dilation of PA from either monocrotaline or
saline group (Figure 2). Dilation by zaprinast was significant at re-
spective doses of 3.16 (p=0.0021), 10 (p=0.0005), 31.6 (p=0.0001)
and 100 pM (p<0.0001) for PA from saline group, while it was
significant at respective doses of 1 (p=0.0054), 3.16 (p=0.0002),
10 (p<0.0001), 31.6 (p<0.0001) and 100 uM (p<0.0001) for PA
from monocrotaline group. Dilation by dipyridamole zaprinast was
significant at respective doses of 31.6 (p=0.0032) and 100 uM (p
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Figure 2. Effects of PDE V inhibitors on pulmonary arteries from saline-
or monocrotaline-treated group. Each circle and each whisker denote mean
and standard deviation, respectively. Open circle: saline-treated group;
closed circle: monocrotaline-treated group. Relaxation is expressed as per-
cent decrease in tension of that contraction induced by norepinephrine.

<0.0001) for PA from saline group, while it was significant at re-
spective doses of 10 (p<0.0046), 31.6 (p=0.0010) and 100 uM (p
<0.0001) for PA from monocrotaline group. No significant differ-
ence was observed between the monocrotaline and saline groups in
the dilating effects of either zaprinast (p=0.7331) or dipyridamole
(p=0.4341) (Figure 2).

Influence of NOS inhibitor

Pretreatment with L-NAME (0.1 mM) caused no additional ef-
fects on the resting tension (date not shown). The pretreatment of
L-NAME significantly reduced the vasodilating effects of zaprinast,
of 10 (p=0.0007), 31.6 (p=0.0004) and 100 pM (p=0.0005) on the
PA from monocrotaline-treated group, while not on the PA from
saline-treated group (p=0.1869, p=0.2674 and p=0.1630, respec-
tively) (Figure 3). The pretreatment of L-NAME significantly re-
duced the vasodilating effects of dipyridamol of 100 uM (p=
0.0273), while not on the PA from saline-treated group (p=0.4009)
(Figure 3).
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Figure 3. Effects of PDE V inhibitors on pulmonary arteries from saline- or monocrotaline-treated
group with pretreatment of N°-nitro-L-arginine methyl ester (L-NAME, 0.1 mM). Each bar and each
whisker denote mean and standard deviation, respectively. Open bars: without L-NAME; closed
bars: with L-NAME. Relaxation is expressed as percent decrease in tension of that contraction in-

duced by norepinephrine.

Discussion

The results show that PDE V inhibitors exert the strong vasodilating
effect on PA of pulmonary hypertensive rats as well as on that of
normal rats. Since a NOS inhibitor reduced the vasodilating effect
of zaprinast, NO would play a role in the effect of zaprinast on
monocrotaline-induced pulmonary hypertensive rats.

The elevated pulmonary artery pressure reflects both pulmonary
vasoconstriction and vascular structural remodelling, and it gives rise
to right ventricular hypertrophy and right heart failure." Administration
of monocrotaline, a pyrrolizideine alkaloid found in the seeds and
foliage of Crotalaria Spectabilis, to rats leads to the development
of pulmonary hypertension and right ventricular hypertrophy.'”” The
hepatic metabolite, dehydromonocrotaline, may be the reactive in-
termediate which causes pulmonary damage in spite of the very
short half life.” It was shown that monocrotaline-induced pulmo-
nary hypertension was associated with a reduced smooth muscle
responsiveness to NO." We did not measure pulmonary artery pres-
sure or right ventricular pressure. However, our comparison of RV/
(LV+S) ratio between monocrotaline and saline groups indicated
that the right ventricular hypertrophy had indeed developed in
monocrotaline group, suggesting that pulmonary hypertension had
developed.

Regulation of cyclic nucleotide levels within a cell is the role of
a group of hydrolytic enzyme, termed cyclic nucleotide PDE, which
consists of several distinct isozymes.” Immunocytochemistry dem-
onstrated that PDE V protein was localized to vascular smooth mus-
cle.’ Human pulmonary arteries contain four (I, III, IV, V) PDE
isozyme families as identified by FPLC and isozyme inhibition by
specific inhibitors,’ and the inhibitors of PDE III, IV and V are
known to relax preconstricted human pulmonary arteries. Thus, PDE
I-V could play roles in the pulmonary arteries.

In the current study, we used zaprinast and dipyridamole as PDE
V inhibitors, though they are not truly specific for PDE V. Zaprinast
in micromolar concentrations also inhibits PDE I, PDE II and PDE
IV at ICss one to two orders of magnitude greater than the ICs, for
PDE V.? Zaprinast has also been used to enhance the vasodilator ef-
fect of inhaled nitric oxide in experimental pulmonary hypertension
in lambs.'" Dipyridamole attenuated increases in pulmonary artery
pressure after NO withdrawal during cardiac surgery."” In addition
to PDE V inhibition, dipyridamole is an adenosine reuptake inhibi-
tor in endothelial cells and erythrocytes. As adenosine may directly
and indirectly stimulate cyclic nucleotide production, this property
of dipyridamole may complicate interpretation of its effect.™

Jeffery and Wanstall” demonstrated that the removal of the en-
dothelium caused a shift of the concentration-response curve for
zaprinast to a higher concentration range. McMahon et al.*® demon-
strated that the treatment with L-NAME significantly reduced the
decrease in lobular arterial pressure caused by zaprinast in cat.
Similarly, the present study demonstrated that pretreatment with L-
NAME caused a significant reduction of vasodilation by zaprinast
in monocrotaline-treated group, while not in saline-treated group.
The reason of discrepancy in reduction between monocrotaline-
and saline-treated groups was considered that there might be an in-
crease in the tonic release of NO from the endothelium of the PA
from monocrotaline-treated group, and thus pretreatment with NOS
inhibitor in monocrotalone-treated group markedly exerted to reduce
vasodilating effect by zaprinast than in saline-treated group. This
suggests that NO would play a significant role in the vasodilating
effect of zaprinast on monocrotaline-induced pulmonary hyperten-
sion.

Recently Surks et al.”' have reported that cGMP-dependent pro-
tein kinase o mediates physiologic relaxation of vascular smooth
muscle in response to nitric oxide and cGMP. Cohen et al.’ found
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that the concentration of cGMP in isolated lung perfusate was ele-
vated nine-fold in hypertensive rats compared to normotensive
control rats; 98% of lung cGMP hydrolytic activity was ascribed to
c¢GMP-specific PDE V, without a significant decrease in PDE ac-
tivity in hypertensive lungs, suggesting that the elevation in cGMP
was due to accelerated production rather than reduced degradation.
On the other hand, Takahashi et al.”” found no difference in cGMP
level in homogenized lung between pulmonary hypertensive rats in-
duced by monocrotaline and control rats. Thus cGMP levels on PA
from pulmonary hypertensive models have not yet been established.

In summary, zaprinast and dipyridamole exert strong vasodilating
effect on PA of pulmonary hypertensive rats as well as that of nor-
mal rats, indicating that these compounds would be possible candi-
dates to treat refractory pulmonary hypertension. Since a NOS in-
hibitor reduced the vasodilating effect of zaprinast, NO would play
a role in the effect of zaprinast on monocrotaline-induced pulmo-
nary hypertensive rats.
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