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ABSTRACT.   We studied the effects of TAK-044, a nonselective endothelin (ET) receptor antagonist, on the indomethacin- or methylene
blue-induced constriction of the ductus arteriosus (DA) in rats and compared them with the effects on spontaneous DA constriction.
Injection of TAK-044 into 21-day-old fetuses in utero was performed through the uterine wall of laparotomized mother rats under light
ether anesthesia.  The fetuses were autopsied 3 hr after treatment with TAK-044 (10 mg/kg) in utero and simultaneous administration to the
laparotomized mother rats of indomethacin (3 mg/kg, po) or methylene blue (100 mg/kg, ip).  In the second experiment, pregnant rats were
decapitated on day 21 of gestation to obtain newborn rats by cesarean delivery.  Newborn rats which were given TAK-044 (2, 10 mg/kg)
immediately after or 1 hr before cesarean delivery were autopsied at various times after birth.  In both experiments, pups were rapidly
frozen in an acetone-dry ice mixture at autopsy to evaluate the DA constriction by the whole-body freezing and shaving method.  TAK-044
injection into the fetus 3 hr before autopsy completely inhibited the DA constriction induced by maternal treatment with indomethacin or
methylene blue. TAK-044 caused dose-dependent inhibition of the spontaneous closure of the DA after birth.  The inhibitory effect was
more pronounced in pups which were given TAK-044 in utero 1 hr before birth; however, the inhibitory effect was incomplete in newborn
pups.  These results, together with the previous finding that BQ-123, an ETA-specific receptor antagonist, inhibits the ductal constriction
induced by oxygen in vitro [Coceani et al., 1992], indicate that the ETA receptor plays a significant role in the indomethacin- or methylene
blue-induced DA constriction as well as in the spontaneous DA constriction after birth, and also indicate that the inhibition of ETA receptor
by TAK-044 was more easily achieved in fetuses than in neonates.—KEY WORDS: ductus arteriosus, endothelin receptor, indomethacin,
methylene blue, TAK-044.

The ductus arteriosus (DA) connects the main pulmonary 21, 23] or cGMP [12, 16, 20].  However, the role of the
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artery and the descending aorta during the fetal period,
allowing blood to flow from the right ventricle to bypass
the lungs.  Ductal patency in utero is an active state
principally maintained by the potent dilator effect of
prostaglandins, particularly PGE2 [9], and the nitric oxide-
cGMP system [15, 30].  Closure at birth occurs because of
contraction of the smooth muscle of the DA.  The major
factor actively stimulating contraction is probably the effect
of increasing oxygen tension.  After birth, the ductus is
exposed to arterial blood because of the reversal of the
direction of flow [14], and arterial oxygen tension rises
rapidly after delivery [17].

There is a large body of evidence obtained from studies
on the lamb ductus ar teriosus which supports the
cytochrome P450/endothelin (ET)-1 hypothesis [8].  In this
hypothesis, cytochrome P450 is the oxygen sensor, and its
activation promotes contraction.  The effect of oxygen on
the enzyme is proposed to lead to the release from
endothelial and smooth muscle cells of ET-1, which causes
contraction of the ductus arteriosus via the action of the ETA

receptor in the lamb’s ductal strips [11].  Indomethacin and
methylene blue are known to cause DA constriction [1, 24,
30] through the inhibition of the dilator effect of PGE2 [18,
endothelin receptor in the DA constriction induced by these
agents is still unknown.

The present study was designed to obtain information
about the effect of TAK-044 [3, 19], a nonselective
endothelin receptor antagonist, on the indomethacin- or
methylene blue- induced constriction of the fetal DA in
order to determine the physiological role of the ET receptor
in the DA constriction by these agents.  We also examined
the effects of TAK-044 on the spontaneous closure of the
DA in newborn pups as compared with those in fetuses.

MATERIALS AND METHODS

Animals:  Female Wistar rats (Charles River Japan Inc.,
Tokyo), 10–12 weeks old at the time of mating, were used.
They were maintained on a commercial diet (CE-2, Clea
Japan, Tokyo) and tap water ad libitum, and kept in a room
at 22 ± 3°C, with relative humidity of 55 ± 10%.  Three
females were placed with a male overnight and examined
the next morning for the presence of sperm in a vaginal
smear.  The day on which sperm were found was designated
as day 0 of gestation, and the females were caged
individually thereafter.
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Effects of TAK-044 on the indomethacin- or methylene
blue-induced constriction of the DA in utero:  The effects of
TAK-044 on the ductal constriction induced by maternal
treatment with indomethacin or methylene blue were
examined in 21-day-old fetuses.  The pregnant rats were
subjected to mid-ventral laparotomy under light ether
anesthesia on day 21 of gestation.  Three fetuses in a uterine
horn in each litter were given a subcutaneous injection of
10 mg/kg of TAK-044 (Takeda Chemical Ind., Ltd., Osaka,
Japan) dissolved in 50 µl of saline through the uterine wall,
while uninjected and saline-injected littermate fetuses in the
contralateral uterine horn in each litter served as controls.
Indomethacin (3 mg/kg, po) or methylene blue (100 mg/kg,
ip) was administered to the laparotomized pregnant rats just
after the operation.  Autopsy was performed 3 hr later.

Effects of TAK-044 on the spontaneous closure of the
DA:  The effects of TAK-044 on the spontaneous closure of
the DA were examined in newborn rats.  Pregnant rats from
day 21 of gestation were decapitated to obtain newborn rats
by cesarean section.  Then 2 or 3 newborn rats in each litter
were given a subcutaneous injection of 2 or 10 mg/kg of
TAK-044.  Pups injected with the same volume of saline
served as controls.  

In addition, because of the possible latent period of the
drug, the effects of TAK-044 on the spontaneous closure of
the DA were also examined in newborn rats which were
injected with 10 mg/kg of TAK-044 subcutaneously in
utero 1 hr before cesarean section.  In these experiments, 2
or 3 fetuses in a uterine horn in each litter were given a
subcutaneous injection of 10 mg/kg of TAK-044 as
described above, while uninjected and saline-injected
littermate fetuses in the contralateral uterine horn in each
litter served as controls.  Newborn pups were obtained by
cesarean section just after maternal decapitation.  The pups
were maintained in a humidified chamber at 37°C until
sampling.  Autopsy was performed at 0.5, 1, 1.5 and 3 hr
after cesarean delivery. 

Caliber determination:  In both the first and second
series of experiments, each pup was rapidly frozen in an
acetone-dry ice mixture at sampling.  The frozen pups were
weighed and stored for a few days at –20°C until caliber
determination.  The DAs and pulmonary arteries (PAs) of
the pups were calibrated by the whole-body freezing and
shaving method described elsewhere [1, 2], and the DA/PA
ratio was obtained by a previously described method [29].

Data analysis:  Results are expressed as the mean ±
S.E.M.  The differences among groups of pups were
assessed using analysis of variance (ANOVA).  If a
significant difference among the groups was demonstrated,
Scheffe's test was applied to assess the difference between
groups.  A p value of less than 0.05 was considered
statistically significant. 

RESULTS

Effects of TAK-044 on the constriction of the DA induced
by indomethacin or methylene blue in utero:  Indomethacin
or methylene blue caused significant constriction of the
fetal DA 3 hr after treatment when it was administered to
pregnant rats on day 21 of gestation.  Subcutaneous
injection of TAK-044 to fetuses at a dose of 10 mg/kg 3 hr
before autopsy completely inhibited the DA constriction
induced by maternal treatment with indomethacin (3 mg/
kg) or methylene blue (100 mg/kg) (Fig. 1A, B). 

Effects of TAK-044 on the spontaneous closure of the
DA:  TAK-044 injection of newborn pups just after
cesarean delivery at a dose of 2 mg/kg caused a slight but
significant inhibition of spontaneous closure of the DA at 3
hr after birth (p<0.05, Fig. 2A).  The inhibitory effect of
TAK-044 on the spontaneous closure of the DA was more
marked when the dose of TAK-044 was increased to 10 mg/
kg.  Injection of TAK-044 into fetuses in utero at a dose of
10 mg/kg 1 hr before birth did not cause any change of the
DA caliber in utero; however, it caused significant
inhibition of spontaneous closure of the DA at 1.0 and 1.5
hr after birth (p<0.05, Fig. 2B).  The littermate controls
were not affected in any case.

DISCUSSION

The present findings revealed that TAK-044 completely
inhibited the fetal DA constriction induced by maternal
treatment with indomethacin or methylene blue.  In
newborn pups, TAK-044 inhibited the spontaneous closure
of the DA in a dose-dependent manner.  The inhibitory
effect of TAK-044 on the DA was more pronounced in
newborn rats which were injected with TAK-044 1 hr
before birth in order to allow for a possible latent period of
the drug action.  However, the inhibitory effect was
incomplete. Considering the present findings together with
the report of Coceani et al. [11] showing that BQ-123, an
ETA-specific antagonist, inhibits the DA constriction
induced by increasing oxygen tension in vitro, we conclude
that the DA constriction induced by indomethacin or
methylene blue and increasing oxygen tension after birth
results from the actions of the ETA receptor, and that the
contractive effect results from the actions of the ETA

receptor exerted in the rat fetuses and neonates. 
It is known that the oxygen tension is low in fetuses but

rises rapidly after birth [17], whereas dilator prostaglandin
concentrations are high in fetuses but decline in neonates
[4, 6, 7, 22, 26].  Comparison of the present results in
fetuses and neonates clearly indicated that TAK-044 caused
complete inhibition of the DA constriction induced by
indomethacin or methylene blue in fetuses (low oxygen
tension) and incomplete inhibition of the DA constriction in
neonates (high oxygen tension) in vivo.  These findings are
consistent with the report of Coceani et al. [11] in which it
was shown that BQ-123 caused an inhibition of constriction
of the vessel that was inversely proportional to the neonatal
oxygen tension in vitro.

Ductal caliber is maintained by a balance of opposing
actions by oxygen and dilating effectors, especially
circulating PGE2 [5] and nitric oxide [15].  Indomethacin
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and methylene blue are known to cause DA constriction [1,
24, 30] via the inhibition of PGE2 [18, 21, 23] or cGMP [12,
16, 20] synthesis.  PGE2 elevates intracellular cAMP in the
lamb DA [32].  Increased levels of cAMP and cGMP dilate
the lamb DA [13].  Therefore, the present findings indicate
that the ETA receptor plays a significant role in the DA
constriction induced by decreased dilating actions of PGE2

or cGMP and increased contractile action of oxygen after
Fig. 1.   Changes in the DA/PA ratio of fetuses in which 10 mg/kg of TAK-044, a
nonselective endothelin receptor antagonist, was subcutaneously injected
through the uterine wall of laparotomized pregnant rats which were then
immediately administered (A) 3 mg/kg of indomethacin or (B) 100 mg/kg of
methylene blue. Open columns represent controls from intact pregnant mothers,
dotted and hatched columns represent the untreated and saline-injected littermate
controls, respectively, and shaded columns represent the TAK-044-injected
fetuses.  The columns with vertical bars represent the mean ± S.E.M (n=12
fetuses from 4 litters). Groups marked with the same letters had significantly
different DA/PA ratios (ex., a: p<0.001).   
Fig. 2.   Time-course of changes in the DA/PA ratio of the neonatal ductus arteriosus after
subcutaneous injection of TAK-044 (2, 10 mg/kg), a nonselective endothelin receptor
antagonist, to (A) newborn rats immediately after cesarean delivery or to (B) fetuses in utero
through the uterine wall of laparotomized pregnant rats 1 hr before cesarean delivery. Open
circles represent saline-injected pups and open and solid squares represent pups injected
with 2 and 10 mg/kg of TAK-044, respectively (Fig. 2A). Open and solid circles represent
uninjected and saline-injected littermates, respectively, and solid squares represent pups
injected with 10 mg/kg of TAK-044 (Fig. 2B). Each symbol with vertical bar represents the
mean ± S.E.M.  (n=6–19 pups from 4–8 litters for Fig. 2A and n=7–10 pups from 7–10 litters
for Fig. 2B). *, #: Significantly different from the saline control or intact control (*: p<0.05)
and the low-dose or saline control group (#: p<0.05).
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birth.
Recently, the EP4 receptor was proposed to mediate the

PGE2-induced dilation of the ductus arteriosus in rabbits on
the basis of the selectivity of several PGE analogues [28].
Nyugun et al. [25] reported that PGE2 receptor (EP4)-
lacking mice (EP4-/-) failed to constrict the DA after birth,
and they suggested that the EP4 receptor tr iggers
remodeling of the cardiovascular system at birth.  Similar
results were also reported in another type of EP4-lacking
mice [27].  Based on these reports, the present findings are
consistent with the hypothesis that the decline in the plasma
PGE2 concentration is a key factor in the spontaneous
constriction of the DA.  Other mechanisms may also be
involved in the spontaneous closure of the DA, such as
oxygen-sensitive delayed rectifier potassium channels [31].  

In conclusion, the ETA receptor plays a significant role in
the indomethacin- or methylene blue-induced and
spontaneous DA constriction after birth, and the inhibition
of the ETA receptor by TAK-044 was more easily achieved
in fetuses than in neonates.
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