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Abstract

Purpose. Vasodilators are considered effective in the treat-
ment of pulmonary hypertension if the vascular reactivity
remains reversible. This study was designed to investigate
the possibility that JTV-506, a new adenosine trisphoshate-
sensitive potassium channel opener, may serve as a useful
vasodilator in the treatment of pulmonary hypertension.
Methods. After approval by the animal care committee, with
the use of the isometric-force recording method, the effects
of JTV-506 (1nM-100uM) on the contractile response to
norepinephrine (0.1uM) were examined in pulmonary
arteries isolated from monocrotaline (MCT)-treated (i.e.,
presumed pulmonary hypertensive) and age-matched control
rats. The experiments were performed in the presence of en-
dothelium with or without treatment with NS-nitro-L-arginine
(L-NAME, 100uM), and in its absence.

Results. JTV-506 relaxed (P < 0.05) norepinephrine-
preconstricted, endothelium-intact arteries from MCT-
treated and control rats. However, the vasorelaxation was
greater (P < 0.05) in the arteries from MCT-treated rats than
in controls. L-NAME treatment attenuated (P < 0.05)
vasorelaxation in the arteries from both MCT-treated and
control rats. However, endothelial removal attenuated (P <
0.05) vasorelaxation only in the arteries from MCT-treated
rats and not in control arteries.

Conclusion. JTV-506 may possibly attenuate pulmonary
vascular tone through its direct action on vascular smooth
muscle cells. In the presence of MCT-induced pulmonary hy-
pertension, JTV-506 may further attenuate pulmonary vascu-
lar tone through its direct action on endothelial cells, possibly
by stimulating the endothelial release of NO.
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Introduction

There is growing evidence that adenosine triphosphate
(ATP)-sensitive potassium (K,1p) channel opener has a
vasodilating effect on multiple tissues [1-4]. K 1p chan-
nels are believed to play an important physiological role
in mediating vascular responses to a variety of endog-
enous vasodilators, such as calcitonin-gene related pep-
tide or NO, as well as to changes in metabolic activity
that can directly influence blood flow in various tissues.
In addition, activation of the K,p channels appears to
be responsible for vasodilation observed in some patho-
physiological states, such as shock or hypoxia. In con-
trast, inhibition of K,p channels may be involved in
vasoconstrictor responses to endothelin, vasopressin, or
angiotensin. Over the last two decades, a number of
pharmacological compounds have been found to acti-
vate the K1, channels in a variety of vascular beds, and
some of those K, channel openers have been sug-
gested to be effective in treating systemic hypertension,
angina pectoris, or cerebral ischemia. However, less in-
formation seems to be available regarding its potential
efficacy in pulmonary hypertension [2,5,6].
Monocrotaline (MCT) is a toxic pyrrolizidine alka-
loid extracted from the plant Crotalaria spectabilis [7].
A single administration of MCT to rats can induce
pulmonary edema, pulmonary arteritis, pulmonary
hypertension, and right ventricular hypertrophy similar
to that which occurs in response to chronic hypoxia.
MCT-treated rats have been widely used as experimen-
tal models of primary pulmonary hypertension [8-11].
In previous pathological studies, the pulmonary arterial
endothelial cells have been shown to be significantly
injured as early as 4 days after treatment with MCT,
and eventually exfoliated 4 weeks after the treat-
ment. Increases in interstitial cells and medial hyper-
trophy have been reported in vascular smooth muscle
[12]. JTV-506 ((-)-(3S,4R)-2.2-bis(methoxymethyl)-4-
[(1,6-dihydro-1-methyl-6-0x0-3-pyridazinyl)amino]-3-
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hydroxychroman+ + +-6-carbonitrile hemihydrate), a
newly synthesized benzopyran-derivative K, » channel
opener, has been shown to cause vasodilation in the
coronary circulation [13-15]. However, less information
is available regarding the effects of JTV-506 on vascular
reactivity in the pulmonary circulation. In this study, we
therefore examined the ability of JTV-506 to cause va-
sodilation in the pulmonary circulation. Specifically, we
tested the effects of JTV-506 on the contractile response
to norepinephrine in pulmonary arteries isolated from
MCT-treated (i.e., presumed pulmonary hypertensive)
and age-matched control rats. Since JTV-506 caused
pulmonary vasodilation in the presence of endothelium
in both MCT-treated and control rats, in order to gain
access to its underlying mechanisms, we further investi-
gated the effects of endothelial removal and inhibition
of NO synthesis on JTV-506-induced vasodilation.

Methods

The protocol for this study was approved by our institu-
tional animal care committee.

Treatment with monocrotaline

Forty-five male Wistar rats weighing 200-250g (7-8
weeks old) were anesthetized with an intraperitoneal
injection of sodium pentobarbital S0mg-kg~! and then
treated with a subcutaneous injection of a single dose
of either MCT [105mg-kg™! (= 1mlkg™') or saline
(1ml-kg=")] 3 weeks prior to the experiments. To deter-
mine the extent of MCT-induced right ventricular
hypertrophy, the ventricles were separated from the
vessels and atria. The right 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).

Isometric force recording experiments

After the Wistar rats pretreated with either MCT or
saline were anesthetized by intraperitoneal injection of
sodium pentobarbital 50mg-kg~!, a median sternotomy
was performed, and then heparin 100U was injected
directly into the right ventricle. After the rats were
exsanguinated, the extrahilar pulmonary artery was
isolated and then cut into two or three rings 2-3mm
in width. The pulmonary artery rings were set up for
the isometric recording of tension changes in Krebs-
Henseleit solution (pH 7.35-7.45) maintained at 37°C
and bubbled with 95% O, and 5% CO.,.

The resting tension of 750 mg defined by the prelimi-
nary study was progressively applied, and the rings were
allowed to equilibrate for 30 min.

The rings were exposed to 80mM KCl to confirm the
integrity of the smooth muscle cells. If the rings did not
constrict up to 750mg, they were discarded. The rings
were then washed with Krebs-Henseleit solution three
times followed by a second equilibration period of at
least 30 min. After the second equilibration period, the
rings were constricted with norepinephrine (NE) 0.1 uM
at a final concentration that caused a submaximal
contraction (75%-80% of the maximal constriction in-
duced by NE) in the preliminary study. Fifteen minutes
later, acetylcholine (ACh), 1uM, was added to confirm
the function of the endothelium pharmacologically. If
the rings were not dilated by ACh, they were discarded.
Then the rings were washed with Krebs-Henseleit solu-
tion several times, followed by a third equilibration
period of at least 90 min.

After the pulmonary artery rings had been precon-
tracted with NE 0.1uM, JTV-506 was added in a cumu-
lative fashion from 1nM to 100uM, and a cumulative
concentration-response curve was constructed.

Using the same protocol as that used in the above
series of experiments, we also examined the effects
of JTV-506 on the contractile response to NE in the
endothelium-intact rings treated with an NO synthesis
inhibitor, NS-nitro-L-arginine methyl ester (L-NAME),
100uM, or in the endothelium-denuded rings. The
endothelium was removed by inserting forceps into the
vessel lumen and rolling the ring over damp filter paper.
Endothelial removal was confirmed by the inability of
ACh 1uM to cause significant relaxation (>5%) during
contractions induced by NE 0.1 uM.

Drugs

The following drugs were used: monocrotaline, norepi-
nephrine, acetylcholine, and NS-nitro-L-arginine methyl
ester (Sigma Chemical, St. Louis, MO, USA). JTV-506
was a gift of the Japan Tobacco Central Pharmaceutical
Research Institute (Fig. 1).

We expressed the concentration of the drugs as the
final molar concentration in the bath solution. The stock
solution of JTV-506 was dissolved in ethanol and then
diluted in distilled water.

Monocrotaline was dissolved in HCI 1.0N, and the
pH was adjusted to 7.4 with NaOH 1.0N. The other
substances were prepared in distilled water. The final
concentration of the solvents in the organ bath was less
than 1.0%.

Data and statistical analysis

The relaxation caused by JTV-506 was expressed as the
percent decrease in the tension of the vessel rings
preconstricted by NE. All values were presented as
mean = SD. A two-way analysis of variance was used
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Fig. 1. Chemical structure of JTV-506

for intergroup comparisons. Intragroup comparisons
were evaluated using a repeated-measure analysis of
variance. When significance was found, Scheffé’s test
was used for post-hoc testing. Significant differences
were determined at P < 0.05. In each experiment, the
concentration of JTV-506 required to inhibit the NE
response by 50% (ICy, value) was calculated as the
mean * SD of the individual IC, values, using the
sigmoid equation of the GraphPad curve-fitting pro-
gram (GraphPad Software, San Diego, CA, USA). In
all experiments, n represents the number of rats from
which the vessel rings were obtained.

Results

The mean weight ratio of the right ventricle to the left
ventricle and septum (LV + S) was significantly greater
in MCT-treated rats (0.38 = 0.14, n = 25) than in rats
receiving saline (0.25 = 0.03, n = 20).

The KCl-induced contraction of pulmonary arteries
from MCT-treated and saline-treated rats was 0.61 =
0.56g and 0.95 = 0.63 g, respectively. The NE-induced
contraction of pulmonary arteries from MCT-treated
and saline-treated rats was 0.58 = 0.32g and 0.92 *
0.56¢, respectively. The mean ACh-induced dilation
of pulmonary arteries from MCT-treated rats was
significantly less than that of arteries from saline-
treated rats (saline-treated, 67.5% = 23.7%; n = 6;
MCT-treated, 25.4% = 22.8%,n = 8, P < 0.05).

JTV-506 significantly inhibited the contractile re-
sponse to NE in a concentration-dependent manner in
the endothelium-intact pulmonary artery rings from
either the saline-treated or the MCT-treated rats. The
inhibition was significantly enhanced between 10 and
100uM JTV-506 in the rings from MCT-treated rats
compared with those from saline-treated rats (saline-
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Fig. 2. Dose-response curve to JTV-506 in saline and
monocrotaline ( MCT)-treated rats. Relaxation is expressed as
the percent decrease in tension of the contraction induced by
norepinephrine

treated, IC5, = 0.164 = 0.022uM, n = 6; MCT-treated,
ICy, = 0.458 = 0.067uM, n = 8, P < 0.001), and the
maximal relaxation was significantly greater in the rings
from MCT-treated rats than in those from saline-
treated rats (saline-treated, 72.6% = 1.7%,n = 6; MCT-
treated, 52.6% * 1.0%, n = 8, P < 0.001) (Fig. 2).

The addition of L-NAME (100uM) led to a
significant enhancement of the NE response in both the
saline-treated and the MCT-treated pulmonary arteries
compared with the previous response obtained in the
absence of L-NAME (saline-treated arteries, 1.05 =
0.46g,n = 6,and 1.54 £ 0.56g, n = 8, P < 0.05, respec-
tively; MCT-treated arteries, 0.56 = 0.16g, n = 8, and
1.15 = 040g, n = 9, P < 0.01, respectively). The JTV-
506-induced relaxation was attenuated by L-NAME
treatment in both the saline- and the MCT-treated pul-
monary arteries [saline-treated arteries before exposure
to L-NAME, IC,, = 0.164 £ 0.022uM, n = 6, versus ICy,
= 0.253 £ 0.047uM, n = 8, after exposure to L-NAME,
P < 0.05 (Fig. 3); MCT-treated arteries before exposure
to L-NAME, ICy, = 0.458 £ 0.067uM, n = 8, versus ICy,
=0.279 £ 0.047uM, n = 9, after exposure to L-NAME,
P < 0.05 (Fig. 4)]. However, the JTV-506-induced relax-
ation was attenuated by the removal of endothelium in
the MCT-treated arteries but not in the saline-treated
arteries [saline-treated arteries in the presence of en-
dothelium, IC,; = 0.164 £ 0.022uM, n = 6, versus 1C;,
= (0.217 = 0.055uM, n = 6, in the absence of endothe-
lium P = 0.24 (Fig. 3); MCT-treated arteries in the
presence of endothelium, IC,, = 0.458 = 0.067uM, n =
8, versus IC,, = 0.372 = 0.084uM, n = 8, in the absence
of endothelium, P = 0.46 (Fig. 4)].

Discussion

The results of the contraction experiments indicate
that JTV-506 inhibits the contractile response to NE
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through its direct action on vascular smooth muscular
cells in both MCT-treated (i.e., presumed pulmonary
hypertensive) and saline-treated rats (age-matched con-
trol rats). The observed effects of L-NAME treatment
in the presence of endothelium indicated that JTV-506-
induced vasorelaxation is mediated, at least in part, by
NO. Since endothelial denudation significantly attenu-
ated JTV-506-induced vasorelaxation in MCT-treated
rats, endothelial NO appears to be involved in JTV-506-
induced vasorelaxation in the presence of MCT-treated
pulmonary  hypertension. However, endothelial
denudation had little influence on JTV-506-induced
vasorelaxation in saline-treated rats, suggesting that
nonendothelial NO may play a role in JTV-506-induced
vasorelaxation.

Barron et al. [16] previously reported sustained NO
production after removal of the endothelium in isolated
porcine carotid arteries, suggesting that NO can be con-
tinuously produced in the absence of endothelium.
Thus, JTV-506 might stimulate nonendothelial
NO release in the pulmonary arteries used in this
study. Barnes and Liu stated in their review that
nonadrenergic, noncholinergic (NANC) nerves are be-
lieved to play a role in the control of pulmonary vascu-

tension of the contraction induced by
norepinephrine

lar tone, and there is convincing evidence to indicate
involvement of NO in the vasodilator response medi-
ated by NANC nerves [17]. Since the neural form of NO
synthase has been shown to localize in the nerves inner-
vating the smooth muscle of the pulmonary vessels, NO
is probably released from the NANC nerve endings in
the pulmonary vascular bed. JTV-506 might stimulate
the release of NO from NANC nerve endings. It was
previously reported that, in the lung exposed to chronic
hypoxia or MCT, arterial endothelial NO synthesis and
endothelial NO-dependent arterial dilation were up-
regulated and augmented, respectively, presumably be-
cause of altered vascular mechanical forces associated
with pulmonary hypertension. Thus, it might be pos-
sible that JTV-506 exerts vasodilating action by stimu-
lating endothelial NO production only in the presence
of pulmonary hypertension. Further investigations
would be necessary to clarify the underlying mecha-
nisms behind JTV-506-induced, endothelial NO-
mediated vasorelaxtion.

Previous studies have reported the existence of K,p
channels in endothelial cells [18-21], suggesting that the
K, rp channel openers would hyperpolarize the endothe-
lial cell membrane as well. Because endothelial cells
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lack voltage-gated Ca* channels, the membrane poten-
tial is primarily involved in controlling Ca?>* movements
across the cellular membrane by adjusting the electro-
chemical gradient driving Ca?* entry [18,19]. In other
words, endothelial cell membrane hyperpolarization
would enhance the transmembrane Ca?* influx into
endothelial cells, which is considered essential for the
endothelial synthesis and release of various vasoactive
substances, including NO. Thus, the K, channel
opener might possibly enhance the vasodilator response
to receptor agonists that activate transmembrane Ca?*
influx into endothelial cells and thereby stimulate
endothelial release of NO [22,23].

Pulmonary arterial hypertension, or altered vascular
mechanical forces associated with hypertension, may
be responsible for the augmented endothelial NO-
dependent arterial dilation and up-regulation of arterial
endothelial NO synthase in lungs exposed to chronic
hypoxia or MCT [24]. Robert et al. [25] demonstrated
that endothelial NO synthase mRNA, but not endothe-
lial NO synthase protein or NO production, increased
in MCT-treated rat lungs. It has been reported that
patients with primary pulmonary hypertension have
an elevated level of NO in the breath, whereas
patients with pulmonary hypertension associated with
fenfluramine (an anorectic agent) do not [26,27].
Although we did not show either the expression of
endothelial NO synthase mRNA and endothelial NO
synthase protein or the level of NO in the pulmonary
arteries in this study, MCT might contribute to the
alteration of the NO pathway in the pulmonary
artery.

JTV-506 has a benzopyran skeleton. The benzopyran
skeleton of JTV-506 has two methoxymethyl groups
instead of methyl groups at position 2. It is speculated
that the two methoxymethyl groups play an important
role in coronary selective action [13]. Atwal et al.
[28] also reported a series of compounds with a ben-
zopyran ring that have cardioselective actions. The
benzopyranylcyanoguanidine type K, channel opener
has antiischemic efficacy in animal models of myocar-
dial ischemia without an effect on peripheral hemo-
dynamic variables. Atwal et al. speculate that receptor
subtypes exist in smooth muscle and cardiac tissue. We
also consider that some receptor subtypes might be
expressed in the pulmonary arteries under various
pathophysiological conditions. Whether K., channel
openers act solely by opening K, channels is still de-
batable [29]. Further investigation is required to iden-
tify the binding protein for K,;, channel openers and
probe their relation with K, channels in different vas-
cular tissues.

Neither pulmonary arterial nor right ventricular pres-
sure was measured in this study. Thus, it is not clear
whether pulmonary hypertension developed in the

MCT-treated rats used in this study. However, our com-
parison of the ventricular weight ratio [RV/(LV + S)]in
MCT-treated and saline-treated rats indicated that right
ventricular hypertrophy had indeed developed in our
MCT-treated rats. In addition, previous studies [7,12]
have demonstrated that pulmonary arterial hyperten-
sion occurs 3 weeks after treatment with MCT in rats.
Thus, we believe that pulmonary hypertension devel-
oped in our MCT-treated rats.

We did not examine the effects of glibenclamide on
JTV-506-induced vasodilation. Ando et al. [14] re-
ported that JTV-506 caused an inhibition of histamine-
induced contraction in guinea-pig isolated tracheal
smooth muscle, and was antagonized by glibenclamide.
Hirata et al. [15] found that glibenclamide caused a
rightward shift of the concentration-response curve for
JTV-506 in porcine isolated coronary arteries without
endothelium. Therefore, we postulate that, in this study,
JTV-506 caused pulmonary vasodilation mainly by
opening K, channels.

In conclusion, JTV-506 may possibly attenuate
pulmonary vascular tone through its direct action on
vascular smooth muscular cells. In the presence of
MCT-induced pulmonary hypertension, JTV-506 may
further attenuate pulmonary vascular tone through its
direct action on endothelial cells, possibly stimulating
the endothelial release of NO. It would be worthwhile
to further investigate the possible usefulness of JTV-506
in the treatment of pulmonary hypertension.

References

1. Gurney AM (1994) Mechanisms of drug-induced vasodilation.
J Pharm Pharmacol 46:242-251

2. Quast U, Cook NS (1989) Moving together: K* channel openers
and ATP-sensitive K* channels. Trends Pharmacol Sci 10:431-435

3. Longman SD, Hamilton TC (1992) Potassium channel activator
drugs: mechanism of action, pharmacological properties, and
therapeutic potential. Med Res Rev 12:73-148

4. Edward G, Weston AH (1993) The pharmacology of ATP-
sensitive potassium channels. Annu Rev Pharmacol Toxicol
33:597-637

5. Brayden JE (1996) Potassium channels in vascular smooth
muscle. Clin Exp Pharmacol Physiol 23:1069-1079

6. Clapp LH, Thinker A (1998) Potassium channels in the vascula-
ture. Curr Opin Nephro Hypertens 7:91-98

7. Tabrizchi R, MacNicol BJ, Lin BP (1995) Effects of calcium chan-
nel antagonists and pertussis toxin on noradrenaline-induced con-
tractions in pulmonary artery from pulmonary hypertensive rats.
Life Sci 56:1173-1185

8. Hill NS, Jederlinic P, Gagnon J (1989) Supplemental oxygen re-
duces right ventricular hypertrophy in monocrotaline-injected
rats. J Appl Physiol 66:1642-1648

9. Rabinovitch M, Gamble W, Nadas AS, Miettinen OS, Reid L
(1979) Rat pulmonary circulation after chronic hypoxia: hemody-
namic and structural features. Am J Physiol 236:H818-827

10. Resta TC, Russ RD, Doyle MP, Martinez JM, Walker BR (1994)

Cardiovascular responses to hemorrhage during acute and
chronic hypoxia. Am J Physiol 267:R619-627



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Meyrick B, Gamble W, Reid L (1980) Development of crotalaria
pulmonary hypertension: hemodynamic and structural study. Am
J Physiol 239:H692-702

Morita K, Ogawa Y, Tobise K (1996) Effect of endothelium of
pulmonary artery vasoreactivity in monocrotaline-induced pul-
monary hypertensive rats. Jpn Circ J 60:585-592

Hirata Y, Aisaka K (1997) Effect of JTV-506, a novel vasodilator,
on coronary blood flow in conscious dogs. J Cardiovasc
Pharmacol 29:397-405

Ando T, Kume H, Urata Y, Takagi K (1997) Effects of JTV-506,
anew K* channel activator, on airway smooth muscle contraction
and systemic blood pressure. Clin Exp Allergy 27:705-713
Hirata Y, Kanada A, Miyai H, Mabuchi Y, Aisaka K (1999)
Effects of the new potassium channel opener JTV-506 on coro-
nary vessels in vitro and in vivo. Drug Res 49:199-206

Barron JT, Gu L, Parrillo JE (2001) Endothelial- and nitric oxide-
dependent effects on oxidative metabolism of intact artery.
Biochim Biophys Acta 1506:204-211

Barnes PJ, Liu SF (1995) Regulation of pulmonary vascular tone.
Pharmacol Rev 47:87-131

Luckhoff A, Busse R (1990) Activators of potassium channels
enhance calcium influx into endothelial cells as a consequence of
potassium currents. Naunyn-Schmiedeberg’s Arch Pharmacol
342:94-99

Luckhoff A, Busse R (1990) Calcium influx into endothelial cells
and formation of endothelium-derived relaxing factor is con-
trolled by the membrane potential. Pflugers Arch 416:305-311
Graier WF, Kukovetz WR, Groschner K (1993) Cyclic AMP en-
hances agonist-induced Ca?* entry into endothelial cells by activa-
tion of potassium channels and membrane hyperpolarization.
Biochem J 291:263-267

. Tsutsumi et al.: JTV-506 produces relaxation of pulmonary artery in monocrotaline-treated rats

21

22.

23.

24.

25.

26.

27.

28.

29.

215

. Katnik C, Adams BJ (1995) An ATP-sensitive potassium conduc-
tance in rabbit arterial endothelial cells. J Physiol 485:595-606
Wang Y-X, Poon KS, Randall DJ, Pang CCY (1993) Endothe-
lium-derived nitric oxide partially mediates salbutamol-induced
vasodilatations. Eur J Pharmacol 250:335-340

Gray DW, Marshall I (1992) Novel signal transduction pathway
mediating endothelium-dependent [-adrenoceptor vasorelaxa-
tion in rat thoracic aorta. Br J Pharmacol 107:684-690

Resta TC, Gonzales RJ, Dail WG, Sanders TC, Walker BR (1997)
Selective upregulation of arterial endothelial nitric oxide synthase
in pulmonary hypertension. Am J Physiol 272: H806-H813
Tyler RC, Muramatsu M, Abman SH, Stelzner TJ, Rodman DM,
Bloch KD, McMurtry IF (1999) Variable expression of endothe-
lial NO synthase in three forms of rat pulmonary hypertension.
Am J Physiol 276: 1.297-1.303

Weir EK, Reeve HL, Johnson G, Michelakis ED, Nelson DP,
Archer SL (1998) A role for potassium channels in smooth muscle
cells and platelets in the etiology of primary pulmonary hyperten-
sion. Chest 114:200S-204S

Archer SL, Djaballah K, Humbert M, Weir EK, Fartoukh M,
Dall’ava-Santucci J, Mercier JC, Simonneau G, Dinh-Xuan
AT (1998) Nitric oxide deficiency in fenfluramine- and
dexfenfluramine-induced pulmonary hypertension. Am J Respir
Crit Care Med 158:1061-1067

Atwal KS, Grover GJ, Ferrar FN, Ahmed SZ, Sleph PG,
Dzwonczyk S, Normadin DE (1995) Cardioselective antiischemic
ATP-sensitive potassium channel openers. 2. Structure-activity
studies on benzopyranylcyanoguanidines: modification of the
benzopyran ring. ] Med Chem 38:1966-1973

Quast U (1993) Do the K* channel openers relax smooth muscle
by opening K* channels? Trends Pharmacol Sci 14:332-337



