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THE ENDOTHELIN ANTAGONIST BOSENTAN: HEMODYNAMIC EFFECTS DURING NORMOXIA
AND HYPOXIC PULMONARY HYPERTENSION IN PIGS
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In this study, we investigated the hemodynamic effects and receptor-
blocking properties of the nonselective endothelin antagonist bosentan in
pigs during normoxia and acute hypoxia. Hypoxic pulmonary hypertension
was induced by decreasing the fraction of inhaled oxygen to 0.1. In a control
group of pigs, hemodynamic parameters proved to be stable through 2
hours of hypoxia. Infusions of endothelin-1, endothelin-3, and sarafotoxin
6c into the pulmonary artery resulted in pulmonary and systemic vasocon-
striction during normoxia, whereas endothelin administration during
hypoxic pulmonary hypertension resulted in pulmonary vasodilation. After
administration of bosentan, the vasopressor effect of endothelin-1 during
normoxia was significantly attenuated and the pulmonary vasodilatory
effect of endothelin-1 during hypoxia was reduced. Furthermore, the
development of hypoxic pulmonary hypertension was significantly reduced
by bosentan. In contrast, bosentan did not influence the pulmonary
vasopressor response to the thromboxane mimic U-46619. We therefore
conclude that vasopressor endothelin receptors seem to be activated by
endogenous endothelin released during hypoxia, leading to an increase in
the pulmonary vascular tone. (J Thorac Cardiovasc Surg 1996;112:890-7)

Endothelins (ETs) are a group of isopeptides with
potent vasoactive properties.! Three isopeptides,
ET-1, ET-2, and ET-3, have been documented;
ET-1 is the main ET produced by the vascular
endothelium.” The vascular effects of ETs are me-
diated by at least two endothelin receptors, ET , and
ETg. The ET, receptor is selective for ET-1 and
causes vasoconstriction, whereas the ETy receptor is
nonselective and is considered to mediate endothe-
lium-dependent vasodilation.?

ET-1 elicits variable effects in different vascular
tissues. Studies on the pulmonary circulation have
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shown ET-1 to produce isolated vasoconstriction or
transient vasodilation followed by vasoconstric-
tion.*> The effects of ET-1 on the pulmonary
circulation vary depending on a number of factors,
including species studied, age of studied animals,
and vasomotor tonus of the pulmonary vascular bed;
effects are also, at least in part, dependent on mode
of administration.®> Several studies showed that low
doses of ET-1 may produce vasodilation when the
pulmonary vascular tone is increased by hypoxia or
vasoconstrictive agents.®” Various pathologic con-
ditions with pulmonary hypertension have been
found to be associated with elevated levels of ET-
1.3? In patients with congenital heart defects and
pulmonary hypertension, elevated plasma ET-1 lev-
els have been reported to correlate with both in-
creased pulmonary blood flow and pulmonary vaso-
reactivity during hypoxia.'”!* In addition, these
patients have been noted to have relatively greater
increase in plasma levels of ET-1 during and after
cardiopulmonary bypass, correlating with pulmo-
nary pressure and suggesting that high endothelin
levels may predispose patients toward pulmonary
hypertensive crisis during the postoperative peri-
od.’?

We recently reported that ET infusion reduces
pulmonary hypertension during acute hypoxia in
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pigs."”® To further investigate the role of ET-recep-
tor activity in pulmonary hypoxic hypertension, in
this study we evaluated the effects of combined
ET4- and ETg-receptor antagonism by means of
bosentan in pigs subjected to acute hypoxia. Bosen-
tan, an orally active, nonselective ET antagonist, was
developed for'* and used in evaluation of the role of
ETs in pathologic conditions in experimental ani-
mals and human beings.'® First, the stability of the
model was characterized by long-term hypoxia (2
hours). Hemodynamic parameters during long-term
infusion of ETs were evaluated during normoxia and
hypoxia, because ET infusion has been reported to
induce tachyphylaxis.'® The effects of bosentan ad-
ministration were then evaluated during normoxia
and hypoxia. The ET-blocking properties were fur-
ther studied by infusion of ET-1, ET-3, and sarafo-
toxin 6¢ (S6¢). S6c, a selective ETg-receptor ago-
nist,'’ was used to evaluate the ET-receptor
subgroups responsible for ET vasoactivity. To inves-
tigate the selectivity of the effects observed after
bosentan administration during hypoxia, the throm-
boxane mimetic U-46619 was used as an alternative
means of inducing pulmonary hypertension.

Methods

The ethics committee of the Karolinska Institute ap-
proved the experiments in this study. The investigation
conforms with the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Labo-
ratory Animal Resources and published by the National
Institutes of Health (NIH publication No. 86-23, revised
1985).

Experimental setup. Swedish farm pigs (32 = 1 kg,
approximately 4 months old) were premedicated intra-
muscularly with 20 mg/kg ketamine. After intravenous
anesthesia with 15 mg/kg sodium pentobarbital, the pigs
were intubated and mechanically ventilated (Engstrom
respirator system 3000, Dater-Engstrom, Bromma, Swe-
den). A continuous infusion of fentanyl (10
ug kg~ '-hour '), midazolam (100 pg-kg '-hour™?),
and pancuronium bromide (150 ug - kg™ ' - hour ') main-
tained anesthesia and provided skeletal muscle relaxation.
Inspired ventilatory volumes were adjusted to maintain a
carbon dioxide tension of 4.0 to 5.0 kPa. During normoxia,
the pigs were ventilated with room air; hypoxia was
created by switching to a gas mixture of 10% oxygen in
90% nitrogen to increase pulmonary vascular tone. The
fraction of inhaled oxygen was monitored (Serve gas
monitor; Siemens AG-Bereiche Medizinische Technik,
Erlangen, Germany) throughout the experiments. Ac-
etated Ringer’s solution (100 to 150 ml/hour) was admin-
istered intravenously, and body temperature was kept at
37°.C with a heating pad. Mean systemic artery pressure
(MAP) was measured through a catheter in the left
femoral artery. A Swan-Ganz catheter (Baxter Healthcare
Corp., Edwards Div., Irvine, Calif.) was introduced
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through the right jugular vein for measurement of mean
pulmonary artery pressure (MPAP), pulmonary capillary
wedge pressure (PCWP), and central venous pressure
(CVP). Hemodynamic measurements were momnitored
and recorded continuously (pressure transducer, Peter
von Berg Medizintechnik, GmbH, Eglharting, Germany;
pressure monitor, Hewlett-Packard 78342 A; Hewlett-
Packard GmbH (Peter von Berg Medizintechnik GmbH);
pressure recorder, Gould ES 1000, Gould Electronique,
Longjuneau, France). Cardiac output (CO) was measured
in duplicate by thermodilution by means of a cardiac
output computer (COM-2; Baxter). Pulmonary vascular
resistance (PVR) was calculated as (MPAP — PCWP)/
CO; systemic vascular resistance (SVR) was calculated as
(MAP — CVP)/CO. Arterial and mixed venous blood
samples were obtained simultancously for measurements
of blood gas tension and pH. ET-1, ET-3, S6¢ (Peninsula
Laboratories, Inc., Belmont, Calif.), dissolved in sterile
water, and the thromboxane mimic U-46619 (Sigma
Chemical Company, St. Louis, Mo.) were infused through
the Swan-Ganz catheter into the right ventricle. Bosentan
(Hoffmann-La Roche & Co. AG,; Basel, Switzerland)
dissolved in 2 ml dimethylsulfoxide and diluted with 48 m!
sterile water was infused through the left femoral vein.
Blood samples for measurement of circulating ET were
obtained simultaneously from the pulmonary artery and
descending aorta for determination of plasma conecentra-
tion of ET-1 by radioimmunoassay; details and character-
ization of this assay are published elsewhere.!®

Study protocol

Hemodynamic effects of 2 hours of hypoxia. A control
group of six pigs was subjected to hypoxia only for 2 hours.

Effects of 2-hour infusion of ET-1 and ET-3 during
normoxia and hypoxia. The effects of 2-hour infusion of
ET-1 and ET-3 (25 ng - kg~ ' - min ") were studied in two
separate groups of pigs (z = 4 in each group) during
normoxia. After cessation of the infusion, the pigs were
left to rest for 2 hours and thereafter subjected to hypoxia,
during which ET-1 or ET-3 was again infused for 2 hours
at 25 ng- kg™ - min~’. The dose of ET-1 was chosen on
the basis of our previous study, in which low-dose infusion
was found to decrease MPAP and PVR.'?

Effects of 86¢ infusion during normoxia and hypoxia. To
further evaluate the involvement of the ETy receptor in
the vasodilator response to ET-1 infusion during hypoxia,
Sé6c was infused at increasing doses (10, 25, 50, and 100
ng-kg™'-min~’, 10 minutes each dose, n = 6) during
normoxia and (after a resting period of 2 hours) during
hypoxia.

Effects of ET infusion after bosentan administration
during normoxia. The dose-response relationship of in-
fused ET-1 (10, 25, 50, and 100 ng-kg™'-min™%, 10
minutes each dose) was established, during normoxia in
control animals (n = §) and after intravenous bolus
injection of bosentan at 3 mg/kg (n = 4) or 10 (n = 4)
mg/kg, administered 30 minutes before ET infusion.

Effects of bosentan on pulmonary hypertension induced by
hypoxia or U-46619. In addition, the response to 15 min-
utes of hypoxia was evaluated before and 30 minutes after
bosentan administration in separate groups of experi-
ments (n = 4 for 3 mg/kg intravenous bosentan and n = 8
for 10 mg/kg intravenous bosentan). The effects of
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Table 1. Effects of continuous infusions of ET-1 (25 ng - kg™' ~ min™!) or ET-3 (25 ng - kg™ - min™%) in the
pulmonary artery on hemodynamic parameters during hypoxia

ET-1 ET-3
Hypoxia 30 min 60min  90min 120 min  Hypoxia 30 min 60 min 90 min 120 min
MAP (mm Hg) 1298 141=6 148+4 1468 137x15 115=10 1283 12113 12415 114=1
MPAP (mm Hg) 525  38%x3*  39+4  40%3 39x3 46+2  35x2* 35x1* 38x3 394
PCWP (mm Hg) 18+4 11=1 11=1 101 101 153 14=x3 2x2 12%1 13+1
CVP (mm Hg) 12+1 10=1 9=x1 9+1 71" 12=x1 12=3 0Wx2 11x2 12=x1
CO (IL/min) 4202 45202 38=x03 38=05 30x05 42x02 50=x08 41=02 4106 42=x0.

SVR (mmHg-min-LY) 293 29+2  37+x2 384
PVR (mm Hg - min - L™') 84=08 57+04* 77+09 82=10
125+18 135+26 130+28 130+7

HR (beats/min) 13526 12614

46 +8* 21=%3 24+x2 24*3 25+2 2+3
10+13 82+06 49x04* 53x04 57x05 57=0.
124+21 119*x14 13021 120x2

Hemodyhamic parameters were measured before infusion (control) and after 30, 60, 90, and 120 minutes of infusion. Data presented as mean =+ standard

error of the mean. HR, Heart rate.

*p < 0.05, Friedman test for several related samples, versus values before infusion.

U-46619 (250 ng- kg~ ' -min™ ") infused for 15 minutes
were evaluated in control pigs (n = 5) and in animals
receiving 10 mg/kg bosentan (n = 4). The dose of U-46619
was chosen on the basis of preliminary experiments (n =
2, not shown) in which U-46619 was found to yield an
increase in PVR in the range of that of hypoxia.'®

ET infusion during hypoxia after bosentan administration.
The effects of ET-1 infusion (25 and 100
ng - kg '+ min~’) during hypoxia were studied in a con-
trol group (n = 4) and a group of pigs receiving 10 mg/kg
bosentan intravenously (n = 4). After 5 minutes of
hypoxia, the hemodynamic parameters were stable and
baseline values during hypoxia were obtained. After 10
minutes of ET-1 infusion (25 ng - kg™’ - min~ '), hemody-
namic measurements were repeated. The ET-1 dose was
then increased (100 ng-kg~' - min~'), and an additional
hemodynamic recording was made after 10 minutes.
The time intervals and doses of ET-1 infusions were
based on results of the 2-hour infusions and of previous
work."?

Statistical analysis. Results are presented as mean (*
standard error of the mean). The Friedman test for
several related samples or the Mann Whitney U test was
used for statistical evaluation. A p value lower than 0.05
was considered significant.

Results

Hemodynamic effects of 2 hours of hypoxia. In-
duction of hypoxia resulted in prompt increases in
MPAP (from 25 *+ 2 to 35 = 1 mm Hg) and PVR
(from 3.0 = 0.1 to 5.4 = 0.3 mm Hg-min ' L7}
p < 0.01), a decrease in SVR, and an increase in
heart rate. No clear-cut effects on PCWP (12 = 1 to
13 = 1 mm Hg), CO (4.2 £ 0.3 t0 5.0 = 0.3 L/min),
and CVP (10 = 1 to 11 = 1 mm Hg) were observed.
The increases in MPAP and PVR remained un-
changed during prolonged hypoxia (after 2 hours,
MPAP 42 = 3 mm Hg, PVR 55 = 0.6 mm
Hg-min ' -L™!). Hypoxia decreased the arterial
oxygen tension to 3.4 = 0.3 kPa.

Effects of 2 hours of infusion of ET-1 and ET-3
during normoxia and hypoxia. Infusion of ET-1 (25
ng-kg™'-min~') for 2 hours during normoxia
evoked a gradual increase in PVR and SVR,
whereas CO decreased (MPAP 25 = 1t029 = 3 mm
Hg after 2 hours infusion and PCWP 12 = 1to 11 *
1 mm Hg, Fig. 1). ET-3 (25 ng-kg '-min})
evoked principally similar effects on SVR and CO,
whereas no increase in PVR was observed (MPAP
26 = 1to0 27 = 3 mm Hg after 2 hours infusion and
PCWP 11 = 1 to 13 = 1 mm Hg; Fig. 1). During
hypoxia, infusion of either ET-1 or ET-3 decreased
PVR (Table I). This response diminished after
prolonged infusion. No major effects on CO were
observed after 2 hours of infusion of ET-1 or ET-3
in the hypoxic pigs, whereas SVR increased after
120 minutes of ET-1 infusion (Table T). Infusion of
vehicle had no hemodynamic effects.'®

Effects of S6c¢ infusion during normoxia and
hypoxia. Sé6¢ infusion (10, 25, 50, and 100
ng - kg~ - min ') during normoxia evoked a dose-
dependent increase in PVR and SVR, whereas
CO decreased (MPAP 26 = 1 to 27 = 1 mm Hg
after 100 ng - kg~! - min ™' infusion and PCWP 12
* 1to 16 = 1 mm Hg; Fig. 2). When PVR was
increased by hypoxia, S6c¢ infusion at the lower
doses (10 to 50 ng - kg™ ' - min~") caused an atten-
uation of this PVR increase (MPAP 41 = 2 before
infusion to 32 * 1 mm Hg after 50
ng - kg~' - min~? infusion and PCWP 13 = 1 to 15
+ 1 mm Hg), whereas effects on SVR and CO
remained unchanged.

Effects of ET infusion after bosentan administra-
tion during normoxia. Intravenous administration
of bosentan (3 or 10 mg/kg) caused a decrease in
MAP and SVR but did not influence MPAP, PVR,



The Journal of Thoracic and
Cardiovascular Surgery
Volume 112, Number 4

*
A .
16 9
14
»
= 124
=
£
E 104
o
T e
£
c 1
=
e r__———r————-r/r_’*
21
0+ - T T T T
0 kL 60 90 120 min
B .
14ow
120
1 .
= 100
£
[
o 80
I
[5
E 60 * L]
s
“» 40
20 4
I — .
0 30 80 ®0 120 min
C .,
5
4 -
E
E
= 3} *
Q
Q
2
*
11 *
07 - T T T T
0 30 60 $0 120 min

Fig. 1. A, PVR; B, SVR; and C, CO during normoxia and
continuous infusion (25 ng - kg™ - min™') of ET-1 (M)
and ET-3 (A). Error bars represent standard error of the
mean. Asterisk indicates p < 0.05 and double asterisk
indicates p < 0.01, Friedman test for several related
samples, versus values before infusion.

CO, or heart rate (Table II). Bosentan inhibited the
increases in PVR and SVR evoked by ET-1 during
normoxia (Fig. 3). The vehicle for bosentan, tested
during normoxia and hypoxia (n = 2), was found to
have no hemodynamic effects.
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Fig. 2. Effects of S6c infusion (10, 25, 50, and 100 25
ng - kg~!-min~" infused for 10 minutes each) on A, PVR;
B, SVR; and C, CO in normoxic (B) and hypoxic (&)
animals. Error bars represent standard error of the mean.
Asterisk indicates p < 0.05 and double asterisk indicates
p < 0.01, Friedman test for several related samples, versus
values before infusion.

Effects of bosentan on pulmonary hypertension
induced by hypoxia or U-46619. When hypoxia was
established after bosentan administration, there was
a reduction of the vasopressor response in the
pulmonary circulation. At the higher dosage of
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Table . Influence of intravenous bosentan administration at 3 and 10 mglkg on hemodynamic parameters

during normoxia and hypoxia

Normoxia Hypoxia
Bosentan Bosentan

Control 3 mglkg 10 mglkg Control 3 mglkg 10 mglkg
MAP (mm Hg) 128 5 98 = 7* 95 = 6% 118 £5 88 = 4% 94 = 5%
MPAP (mm Hg) 202 2*1 17x1 43 =2 492 =2 26 = 2%
PCWP (mm Hg) 12+2 11+t 9=+1 13x1 12x1 9=x1
CVP (mm Hg) 8+1 72 6+1 10=1 10=1 8§x1
CO (L/min) 3.6 203 35204 3.6 204 42x02 49 +0.7 4405
SVR (mm Hg - min- L) 35=x2 274 27 = 3% 252 17 = 2% 21 = 2%
PVR (mm Hg-min-L™") 24 =03 31+0.1 22x03 7.6 = 0.5 6.4 = 0.6 43 £ 0.7t
HR (beats/min) 91 =4 82 %3 879 123+ 8 120 £ 12 108 + 12

Data presented as mean * standard error of the mean. HR, Heart rate.

*p < 0.01, Friedman test for several related samples, versus values before infusion.
ip < 0.05, Friedman test for several related samples, versus values before infusion.
ip < 0.001, Friedman test for several related samples, versus values before infusion.

bosentan (10 mg/kg), MPAP and PVR during hy-
poxia were significantly lower than in control ani-
mals (Table I1). U-46619 caused a rapid increase in
MPAP (26 + 1 to 54 £ § mm Hg) and PVR (3.9 *
0.4 to 12.2 + 2.8 mm Hg - min - L™!). Bosentan (10
mg/kg) did not influence the response to U-46619
(MPAP 52 = 2 mm Hg and PVR 9.5 = 1.2 mm
Hg-min LY.

ET infusion during hypoxia after bosentan admin-
istration. ET-1 infusion (25 or 100 ng - kg™ - min™*
for 10 minutes) caused a reduction of PVR during
hypoxia (Fig. 4). The increase in PVR during hy-
poxia was reduced after bosentan administration,
and subsequent infusion of ET-1 did not evoke any
further reduction of the PVR.

Plasma ET-1 levels and blood gas values. Neither
ET nor bosentan influenced arterial or venous blood
gas values (pH, oxygen tension, and carbon dioxide
tension) during normoxia or hypoxia (not shown).
Bosentan administration increased both the arterial
and venous circulating ET-1 levels (84 = 1.2 to
24.1 * 4.6 fmol/ml in the aorta and 8.1 = 1.8 to 21.1
*+ 2.5 fmol/ml in the pulmonary artery). The levels
of circulating ET-1 did not change significantly
during hypoxia (as long as 2 hours, not shown).

Discussion

In this study, we evaluated the involvement of ET
in hypoxic pulmonary hypertension by means of a
large-animal in vivo model. Previous work has
shown that repeated 15-minute periods of hypoxia
in pigs produce stable, reproducible hemodynamic
changes; namely, consistent increases in MPAP and
PVR." The main effect of ET-1, ET-3, and S6c on

the pulmonary and systemic vascular beds is vaso-
constriction during normoxic conditions. The con-
comitant decrease in CO could be related to the
increase in SVR, although coronary vasoconstric-
tion' or a direct negative inotropic effect®® cannot
be excluded. In contrast, when the PVR was in-
creased during hypoxia, exogenous ET-1, ET-3, and
Sé6c all reduced PVR. This effect (in the case of ET-1
and ET-3) lasted at least 30 minutes, suggesting that
tachyphylaxis does not occur during this time.'® The
observation that changes in PVR in all major as-
pects were accompanied by changes in MPAP sup-
ports the contention that this reflects active alter-
ations in the vasomotor tone of the pulmonary
vascular bed. In accord, a previous study demon-
strated pulmonary vasodilation without any evi-
dence of short-term tolerance during ET-1 admin-
istration after hypoxic pulmonary hypertension
when CO was kept constant.”!

This study demonstrated that ET antagonism with
bosentan reduces both the dose-dependent pressor
response to ET-l-infusion in the pulmonary and
systemic circulation during normoxia and the devel-
opment of pulmonary hypertension during hypoxia.
In addition, the vasodilator capacity of ET during
hypoxia-evoked increases in PVR is attenuated by
bosentan. The selectivity of bosentan for ET recep-
tors was supported by the finding that the pulmo-
nary vasopressor response to U-46619 remained
unchanged after bosentan administration.

Previous studies of the hemodynamic effects of
ET-1 on the pulmonary circulation demonstrated
inconsistent and partially conflicting results. Low
doses of ET-1 produced pulmonary vasodilation in
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Fig. 3. A, PVR; B, SVR; and C, CO during normoxia and
increasing doses of ET-1 (10, 25, 50, and 100
ng-kg~'-min~! infused for 10 minutes each) in control
animals (M) and after intravenous administration of 3
mg/kg () or 10 mg/kg (A) bosentan. Error bars represent
standard error of the mean. Asterisk indicates p < 0.05,
Mann-Whitney U test.

the newborn piglet, whereas higher doses elicited
vasoconstriction.” In intact newborn lambs, ET-1
produced pulmonary vasodilation during hypoxic
pulmonary hypertension, whereas in fetal sheep
ET-1 decreased the pulmonary vascular resistance
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absence (M) or presence (A) of bosentan (10 mg/kg). Error
bars represent standard error of the mean. Asterisk indi-
cates p < 0.05 versus hypoxia, Friedman test for several
related samples.

when infused into the pulmonary artery but pro-
duced vasoconstriction when infused into the supe-
rior vena cava.”® Furthermore, in older animals
(calves and adult pigs), ET-1 dilated the pulmonary
circulation during hypoxic pulmonary vasoconstric-
tion.”>* The heterogeneity of the ET-receptor
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population could explain some of the differences in
effects of ET-1 observed in the pulmonary circula-
tion. It has therefore been suggested that the pul-
monary vasodilator effect of ET-1 in low doses
during acute hypoxia is mediated by ETy receptors
Jocated on the endothelium.”'? Activation of ET
receptors could subsequently produce vasoconstric-
tion or vasodilation, depending on dose of ET
administered, mode of administration, species stud-
ied, and vascular bed studied. This study demon-
strates that the predominant response to activation
of ET receptors in the pulmonary circulation in pigs
during acute hypoxia is vasoconstriction, because
bosentan resulted in a reduction of the vasoconstric-
tor response. This suggests that vasocontractile ET
receptors on vascular smooth muscle are activated
by ET released during acute hypoxia, which is in
accord with the primarily abluminal release of en-
dogenous ET.** Conversely, the vasodilator re-
sponse to ET-1 administered in low doses during
acute hypoxia could be attributed to activation of
ETjy receptors on the vascular endothelium.'® Our
results with Séc also imply that the vasodilator effect
during hypoxia is indeed mediated by ETg-receptor
activation, although S6c has also been shown to
cause vasoconstriction of isolated blood vessels.*
Autoradiographic studies, however, have shown a
predominance of ET, receptors and a lack of ETg-
mediated vasoconstriction in human pulmonary arter-
ies. The attenuation of SVR during normoxia by
bosentan, independent of other influences, suggests
the existence of an endogenous vasocontractile “endo-
thelin tone” in the systemic circulation. It is generally
considered that the pulmonary circulation is dilated
during normoxia, a contention supported in this study
by the observation that PVR at normoxia remained
unchanged after bosentan administration.

ET antagonism with bosentan results in a clear-
cut increase in the levels of circulating ET-1, which
is in accord with previous findings.”® The absence of
increases in the levels of circulating ET during
hypoxia may be explained by abluminal release of
ET to the vascular smooth muscle cells,?* although
peripheral plasma concentration may not accurately
reflect the concentration of ET at local release sites.
Furthermore, prolonged hypoxia may be needed to
increase circulating levels of ET.?”>?® In human
beings, the circulating plasma levels of ET-1 are low
under normal conditions but elevated in a variety of
pathologic conditions, including pulmonary hyper-
tension.”3® The beneficial effects of combined
ET4- and ETg-receptor antagonism in clinical con-

The Journal of Thoracic and
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ditions associated with pulmonary hypertension
therefore remain to be established. Bosentan has
interesting properties in this context; bosentan is the
first orally active, nonselective, nonpeptide ET-re-
ceptor antagonist.
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