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Involvement of endothelin-1
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Abstract

We investigated the effects of platelet supernatant on pressor responses to norepinephrine in isolated perfused rat mesenteric arteries.
Perfusion of the arteries with platelet supernatant for 2 h markedly enhanced the pressor responses to norepinephrine (10~° and 3 x 10~°
M). This enhancement was significantly inhibited by phosphoramidon (10~4 M), an endothelin converting enzyme inhibitor. Both BQ788
[ N-cis-2,6-dimethy! pi peridinocarbonyl-L-y-methylleucyl-p-1-methoxycarbonyltryptophanyl-p-norleucing] (10*6, M), an endothelin ETg
receptor antagonist, and bosentan (Ro47-0203, 4-tert-butyl-N-[6-(2-hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-2,2-bipyrimidin-4-yl]-
benzenesulfonamide) (10~° M), a nonselective endothelin receptor antagonist, also prevented the potentiation of responses to
norepinephrine evoked by platelet supernatant, but FR139317 (( R)2-[( R)-2-[(S)-2-[[ 1-(hexahydro-1H-azepiny]carbonyl]amino-4-methyl-
pentanoyl] amino-3-[3-(1-methyl-1H-indoyl)]propionyl]Jamino-3-(2-pyridyl) propionic acid) (10~® M), an endothelin ET, receptor
antagonist, had little effect. Suppressor doses of endothelin-1 (3x 1072 M) or sarafotoxin S6¢c (S6c) (3x 107 M) potentiated
significantly the norepinephrine-induced vasoconstriction, in the same preparation. Moreover, supernatant-induced enhancement of
pressor responses to norepinephrine was markedly suppressed by TGF-B1 neutralizing antibody. Transforming growth factor-g1
(TGF-B1) (40 pM) aso significantly enhanced the pressor responses to norepinephrine (10~° M) and this enhancement was significantly
inhibited by phosphoramidon. These results suggest that platelet-derived TGF-B1 stimulates the vascular production of endothelin-1 and
thereby enhances vasoconstrictor responses to norepinephrine. Platelet-induced enhancement of vasoconstrictor responses to norepineph-

rine seems to be mainly mediated by endothelin ETg receptor, in rat mesenteric arteries. © 1997 Elsevier Science B.V.
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1. Introduction

Endothelin-1, a highly potent vasoconstrictor peptide
with 21 amino acid residues, was identified in the culture
supernatant of porcine aortic endothelial cells (Y anagisawa
et a., 1988). Its wide variety of actions have been studied
and this peptide was considered to participate in pathologi-
cal states such as cerebral vasospasm after subarachnoid
hemorrhage (Matsumura et al., 1991a), pulmonary hyper-
tension (Stewart et al., 1991) and myocardia infarction
(Watanabe et a., 1991). Angiotensin II, thrombin, argi-
nine—vasopressin and transforming growth factor-g1
(TGF-B81) have been reported to regulate endothelin-1
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gene expression at the transcriptional level (Y anagisawa et
al., 1988; Kurihara et a., 1989; Imai et a., 1992; Tomobe
et al., 1993). These agents also enhance endothelin-1
secretion from endothelial cells.

In endothelia cells, endothelin-1 is synthesized from a
203-amino acid prepro endothelin-1 cleaved by a dibasic
pair-specific endopeptidase to a 39 amino acid peptide big
endothelin-1 (Y anagisawa et al., 1988). Big endothelin-1 is
then converted to mature endothelin-1 by an endopepti-
dase, termed endothelin converting enzyme. The most
relevant candidate for physiological endothelin converting
enzyme is membrane-bound neutral metalloprotease, which
is phosphoramidon-sensitive (Matsumura et al., 1990a,b,
1991b; Pollock and Opgenorth, 1991). It has been found
that phosphoramidon inhibits the pressor effect of big
endothelin-1, without affecting that of endothelin-1
(Matsumura et al., 1990a; Pollock and Opgenorth, 1991).
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Ohlstein et a. (1991) demonstrated that platelets aug-
ment endothelin-1 secretion from cultured endothelia cells
by stimulating the expression of prepro endothelin-1
MRNA. Because platelets can release TGF-81 during de-
granulation, TGF-B1 may be a potential mediator of
platelet-induced stimulation of endothelin-1 production.
More recent studies from our laboratory indicated that
platelets stimulate endothelial endothelin-1 production
mainly through the release of TGF-B1, since the effect of
platelets was significantly suppressed by treatment with
TGF-B1-neutralizing antibody (Matsumura et al., 1994).
Such a phenomenon might have pathological and/or
physiological importance, especialy if it is involved in
vascular diseases. Although platelets-induced stimulation
of endothelin-1 production has been well studied, little is
known of the pathological or physiological role of this
phenomenon.

In the present study, we observed that platelet super-
natant enhances pressor responses to norepinephrine in
perfused rat mesenteric arteries. We asked whether en-
dothelin-1 contributes to the enhancement induced by
platelet supernatant, using phosphoramidon and endothelin
receptor antagonists, FR139317, bosentan and BQ788. To
date, several endothelin receptor antagonists have been
used to characterize the physiological roles of endothelin-1
and its receptor subtypes. Among them, FR139317 is a
selective endothelin ET, receptor antagonist which inhibits
endothelin-1-induced vasoconstrictor effects, in vitro and
in vivo (Sogabe et a., 1993). Bosentan is a nonselective
endothelin receptor antagonist which competitively inhibits
contractions induced by endothelin-1 in the isolated rat
aorta (ET,) and by the selective endothelin ETg agonist
sarafotoxin S6c (S6¢) in the rat trachea (Clozel et al.,
1994). BQ788 is a selective endothelin ET receptor an-
tagonist which competitively antagonizes the vasoconstric-
tion induced by a selective endothelin ET 5 agonist BQ3020
(Ishikawa et al., 1994). We report here that platelet super-
natant enhances pressor responses to norepinephrine in
perfused rat mesenteric arteries and that this enhancement
is apparently mediated by the action of endothelin-1, mainly
via the endothelin ET, receptor.

2. Materials and methods
2.1. Isolated perfused rat mesenteric artery

Experiments were performed using male Sprague—Daw-
ley rats, weighing 300-350 g. The animals were anes-
thetized with pentobarbital sodium (40 mg/kg, i.p.) and
the abdomen was opened by a midline incision. The
superior mesenteric artery was cannulated with a poly-
ethylene catheter and perfused at a constant flow rate of 3
ml /min with Dulbecco’'s modified Eagle’'s medium
(DMEM) containing penicillin (100 U/ml) and strepto-
mycin (0.1 mg,/ml). The perfusate was constantly bubbled
with 95% O,—5% CO,, to adjust the pH at 7.4-7.6 and for

oxygenation. The mesentery was placed in a siliconized 30
ml organ bath maintained at 37—38°C and perfused in the
open system for 20 min to avoid contamination by plasma
components, thereafter the perfusion system was changed
to the closed system. Changes in perfusion pressure were
measured at a point close to the mesentery by means of a
pressure transducer (AP 601G, Nihonkohden, Osaka) and
recorded on a polygraph (RM 6000G, Nihonkohden, Os-
aka).

2.2. Preparation of platelet supernatant

Rat platelet-rich plasma was centrifuged at 750 X g for
15 min and the pellet was suspended in 12 mmol /I
Tris—HCI buffer containing 139 mmol /I NaCl (pH 7.4).
The suspension was centrifuged at 600 X g for 10 min and
the pellet finaly resuspended in DMEM, with care taken
to prevent aggregation. The preparations resulted in a cell
population of > 98% platelets. To obtain the supernatant
of platelets, the final suspension in DMEM was adjusted to
6 x 108 cells/ml and the preparation was incubated at
37°C for 4 h with thrombin (0.1 U/ml), in a CO, incuba-
tor. After the incubation, the suspension was centrifuged at
1700 x g for 10 min and the resulting supernatant was
used for experiments.

2.3. Experimental protocols

Following an equilibration period of 20 min, pressor
responses to three concentrations of norepinephrine (10°,
3%x107° and 10°° M) was obtained as basal control
responses. After this control experiments, platelet super-
natant was perfused for 2 h and then the same experiments
were repeated. In some experiments, phosphoramidon
(107* M), FR139317 (10~® M), bosentan (10~° M) and
BQ788 (10~°% M) were treated 15 min prior to the start of
perfusion with platelet supernatant. To study the effects of
TGF-B1 neutraizing antibody on platelet supernatant-in-
duced action, platelet supernatant was preincubated with
the antibody (10 wg/ml) for 2 h at 37°C and then the
arteries were perfused with this preparation for 2 h. The
appropriate time control experiments were carried out in
the absence of platelet supernatant.

To study the effects of synthetic endothelin-1 and S6¢
on norepinephrine-induced contractions, the arteries were
perfused with a suppressor dose of endothelin-1 (3 x 10710
M) or S6¢ (3 x 10~1% M) for 15 min. Cumulative response
to norepinephrine were obtained before and after perfusion
with endothelin-1 or Séc.

In a different series of experiments, to examine the
effects of TGF-B1 on pressor responses to norepinephrine,
the arteries were perfused with TGF-81 for 2 h.

2.4. Drugs

Endothelin-1, S6c and phosphoramidon were purchased
from Peptide Institute (Osaka). Endothelin-1 and S6¢ were
dissolved in sdine solution containing 0.1% heat-in-
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activated bovine serum albumin, and phosphoramidon was
dissolved in saline. Human TGF-B1 and its antibody were
obtained from R& D Systems (Minneapolis, MN).
FR139317 ((R)2-[(R)-2-[(S)-2-[[1-(hexahydro-1H-
azepinyl)]carbonyl]amino-4-methylpentanoyl] amino-3-3-
(1-methyl-1H-indoyl)]propionylJamino-3-(2-pyridyl) propi-
onic acid), a kind gift from Fujisawa Pharmaceutical,
Osaka, was dissolved in 1 N NaOH and then diluted with
sdline. BQ788 [ N-cis-2,6-dimethylpiperidinocarbonyl-L-
v-methylleucyl-b-1-methoxycarbonyltryptophanyl-b-nor-
leucinel, a kind gift from Banyu Pharmaceutical, Tsukuba,
was dissolved in dimethyl sulfoxide and then diluted with
sdline. Bosentan (Ro47-0203, 4-tert-butyl-N-[6-(2-hy-
droxyethoxy)-5-(2-methoxy-phenoxy)-2,2-bipyrimidin-4-
yl]-benzene-sulfonamide), a kind gift from Hoffmann-La
Roche, Basel, was dissolved in dimethyl sulfoxide and
then diluted with saline. Other chemicals were purchased
from Wako Pure Chemical Industries (Osaka).

2.5. Satistical analysis

All values were expressed as mean + SE.M. For statis-
tical analysis, we used the paired Student’s t-test for
two-sample comparisons and one-way analysis of variance
combined with Duncan’s new multiple range test for multi-
ple comparisons. Differences were considered significant
at P <0.05.

3. Reaults

3.1. Contractile responses of perfused rat mesenteric arter-
ies to norepinephrine

As shown in Table 1, norepinephrine (10-°-10"° M)
elicited a concentration-related contraction in perfused rat
mesenteric arteries. Pressor responses to norepinephrine
(3x107% and 10~ ° M) were significantly increased com-
pared with the basal control responses (135.7 + 37.7 and
203.6 + 57.7% increase, respectively).

Table 1
Pressor responses (in mm Hg) to norepinephrine in perfused rat mesen-
teric arteries

NE (M)

1076 3x10°8 10-°
First (basal) 3.1+09 8.0+15 31.3+9.1
Second 43+11 18.1+3.22 81.0+12.32

NE (1075-10"% M) were cumulatively added to perfusate as basal
control experiment (first). After the first experiment, the arteries were
perfused for 2 h and then the same dose-response experiments were
repeated (second). Each vaue represents the mean+S.E.M. from 5
separate experiments. Time-dependent changes of perfusion pressure
were examined by Student’s paired t-test.

#p < 0.01 compared with the basal control value (first).
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Fig. 1. Effects of platelet supernatant on pressor responses to norepineph-
rine in perfused rat mesenteric arteries. The arteries were perfused with
platelet supernatant for 2 h with or without phosphoramidon (A) or
endothelin receptor antagonists (B) pretreatment. Responses are expressed
as percent increase of basal control responses before perfusion with
platelet supernatant. The basal control responses of each experimental
group are shown below the columns. Columns and bars represent the
mean+ S.EM. * * P < 0.01, compared with the value in the time control
experiment. P < 0.05, TP < 0.01, compared with the value observed
with platelet supernatant.

3.2. Effects of platelet supernatant on norepinephrine-
induced contractions

Fig. 1 shows the basal control responses to norepineph-
rine before various treatments and the change of contractil-
ity to norepinephrine after each treatment. When the arter-
ies were perfused with platelet supernatant for 2 h, the
contractile responses to norepinephrine at concentrations
of 10°® and 3x10°® M were markedly potentiated
(1311.2 + 4385 and 779.9 4+ 223.8% increase, respec-
tively, compared with the basal control values) and these
aterations were statistically significant, compared with
those obtained in the time control experiments (51.0 +
28.1%, 107 M; 135.7 + 37.7% increase, 3 X 107 ¢ M)
(Fig. 1A). No significant alterations were observed at 10°
M (210.5 + 38.7%, platelet supernatant; 203.6 + 57.7%
increase, time control). Thrombin (0.1 U /ml), which was
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utilized to obtain the platelet supernatant (see Section 2),
did not affect the contractility to norepinephrine. When
phosphoramidon (10~4 M), an endothelin converting en-
zyme inhibitor, was pretreated, platelet-induced enhance-
ment of pressor responses to norepinephrine was signifi-
cantly attenuated. No significant differences were observed
in basal control responses of all experimental groups.

3.3. Effects of endothelin receptor antagonists on enhance-
ment of contractile responses to norepinephrine, as in-
duced by platelet supernatant

When bosentan was added to the perfusate 15 min prior
to perfusion with platelet supernatant, platelet-induced en-
hancement of contractile responses to norepinephrine were
significantly attenuated (from 1311.2 + 438.5 to 232.9 +
45.1% increase for 107% M and from 779.9 + 223.8 to
291.7 + 141.0% increase for 3 1075 M of norepineph-
rine, respectively) (Fig. 1B). Similar significant suppres-
sive effects were observed using BQ788, but no significant
alteration was seen in case of FR139317.

3.4. Effects of endothelin-1 and sarafotoxin S6¢ on nor-
epinephrine-induced contractions

In time control experiments, the increase in contractility
was 31.6 + 11.1, 21.0 + 12.1 and 70.6 + 11.3% for 10~ ¢,
3X107° and 10°°> M of norepinephrine, respectively.
When the arteries were perfused with a suppressor dose of
endothelin-1 (3x 1071° M) for 15 min, there was a
significant potentiation of the contraction induced by nor-

300

[ control (n=4)

ET-1 (n=6)

B sec(n=6)

200

% increase

100

21.0 186 1438
6.4 +6.4 3.1

basal value
(mmHg)

6 55 5
NE (-log M)

Fig. 2. Effects of endothelin-1 and sarafotoxin S6¢ (S6c) on pressor
responses to norepinephrine in perfused rat mesenteric arteries. The
arteries were perfused with endothelin-1 or S6c for 15 min. Responses are
expressed as percent increase of basal control responses before the
addition of endothelin-1 or S6c. The basal control responses of each
experimental group are shown below the columns. Columns and bars
represent the mean+S.EM. “P < 0.05, * “P < 0.01, compared with the
value in time control experiment.
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Fig. 3. Effects of TGF-B1 neutralizing antibody on platelet supernatant-
induced enhancement of pressor responses to norepinephrine in perfused
rat mesenteric arteries. The supernatant was preincubated with the anti-
body (10 wg/mb) for 2 h at 37°C, and the arteries were perfused with this
preparation for 2 h. Responses are expressed as percent increase of basal
control responses before perfusion with supernatant or antibody-treated
supernatant. The basal control responses of each experimental group are
shown below the columns. Columns and bars represent the mean+ S.E.M.
" “P <0.01, compared with the value in the time control experiment.
P <0.05 P <001, compared with the value observed with platelet
supernatant.

epinephrine at a concentration of 107 M (Fig. 2). The
increase in contractility was 232.0 + 40.0% for 107¢ M of
norepinephrine. Pressor responses to 3x 1078 M of nor-
epinephrine tended to be potentiated by endothelin-1, but
this effect was not statistically significant. Similarly, S6¢c
(3x 1071 M) potentiated the contractile responses to
norepinephrine (201.4 + 55.8% increase at 10°° M and
233.3 + 56.5% increase at 3 X 107 M of norepinephring,
respectively).

3.5. Effects of TGF-B1 neutralizing antibody on enhance-
ment of contractile responses to norepinephrine, as in-
duced by platelet supernatant

When TGF-81 neutralizing antibody (10 ng/ml) was
pretreated to the platelet supernatant, platelet-induced en-
hancement of contractile responses to norepinephrine were
markedly attenuated (200.0 + 19.2 and 175.5 + 24.8% in-
crease for 107 and 3 x 10~° M of norepinephrine) (Fig.
3.

3.6. Effects of TGF-B1 on norepinephrine-induced con-
tractions

Perfusion of the arteries with TGF-81 (40 pM) for 2 h
significantly potentiated the contraction induced by 10~°
M of norepinephrine (Fig. 4). The increase in contractility
was 202.3 + 29.4% for norepinephrine at a concentration
of 107 M (51.0 + 28.1% increase in time control experi-
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Fig. 4. Effects of transforming growth factor-81 (TGF-81) on pressor
responses to norepinephrine in perfused rat mesenteric arteries. The
arteries were perfused with TGF-B1 for 2 h with or without phospho-
ramidon pretreatment. Responses are expressed as percent increase of
basal control responses before perfusion with TGF-B1. The basal control
responses of each experimental group are shown below the columns.
Columns and bars represent the mean+S.E.M. “P <0.05, compared
with the value in time control experiment. TP < 0.05, compared with the
value observed with platelet supernatant.

ment). Pretreatment of the arteries with phosphoramidon
significantly inhibited the potentiating effect of TGF-81 to
the basal level.

4, Discussion

The present study demonstrated that perfusion of rat
mesenteric arteries with platelet supernatant markedly en-
hanced the norepinephrine-induced contraction. Although
the norepinephrine-induced contraction increased with the
time of perfusion (see Table 1, time control experiments),
the increase was significantly greater in the presence of
platelet supernatant. Thrombin, which was used to obtain
the platelet supernatant, by itself had no apparent effect on
contractile responses to norepinephrine, which suggests
that platelets-derived substance directly or indirectly poten-
tiates the norepinephrine-induced contraction. We used
low concentrations of thrombin (0.1 U,/ml) which had no
significant effects on endothelin-1 production in bovine
pulmonary artery endothelial cells, but was effective for
producing platelet aggregation (Ohlstein et al., 1991).

Recent studies have demonstrated that platelets stimu-
late the endothelin-1 release in endothelia cells by stimu-
lating endothelin-1 gene expression (Ohlstein et al., 1991;
Mikkola et al., 1993; Umekawa et al., 1993) and that this
release is inhibited by phosphoramidon (Umekawa et al.,
1994). In the present study, phosphoramidon inhibited the
platelet-induced enhancement of contractions induced by
norepinephrine in rat mesenteric arteries. Thus, local pro-
duction of endothelin-1 in these arteries may mediate the

potentiation of the contractile responses to norepinephrine,
as evoked by platelet supernatant. To gain support for this
hypothesis, we determined whether the suppressor dose of
exogenous endothelin-1 would potentiate contractions in-
duced by norepinephrine, and found that endothelin-1 po-
tentiates the contractile responses to norepinephrine. Sev-
eral groups of workers have demonstrated that a subthresh-
old concentration of endothelin-1 potentiates the vasocon-
strictor effects of norepinephrine (Yang et al., 1990; Hen-
rion and Laher, 1993) and serotonin (Yang et a., 1990;
Wong-Dusting et a., 1991), in the rabbit aorta and ear
artery and human left anterior descending coronary artery.
Taken together, it is reasonable to consider that platelet
supernatant-induced potentiation of the contractile re-
sponses to norepinephrine in rat mesenteric arteries is due
to endothelin-1, the production of which is enhanced by
the platel et-derived substances.

In this study, we found that both platelet supernatant
and endothelin-1 potentiated the contraction induced by
lower concentrations of norepinephrine (10°°% and 3 X
107° M), but not by a high concentration of norepineph-
rine (10~° M), while the increase in contraction observed
in time control experiments was higher when the concen-
tration of norepinephrine was high. This may explain the
lack of the potentiating effect on a high dose of nor-
epinephrine, in that the responses to this dose of nor-
epinephrine are submaximal and not potentiated.

Two distinct subtypes of endothelin receptors, ET, and
ETg, have been characterized and cloned from bovine and
rat lung, respectively (Ara et al., 1990; Sakurai et al.,
1990). Endothelin ET, receptors, which occur mainly on
vascular smooth muscle cells, mediate vasoconstriction
(Luscher et a., 1993), and endothelin ET receptors,
which locate predominantly on endothelial cells, mediate
vasodilation by generation of endothelium-derived relaxing
factor and prostacyclin (Warner et al., 1989; Luscher et al.,
1993). However, it became apparent that non-ET, recep-
tors mediate some of the vasoconstrictor actions of en-
dothelin-1. The renal vasculature and several other arteria
and venous vascular beds appear to carry endothelin ETg
receptor-mediated constrictor elements in vitro (Clozel et
al., 1992; Cristol et al., 1993). In the present study, BQ788
and bosentan effectively prevented the potentiation of con-
tractile responses to norepinephrine, as evoked by platelet
supernatant. Furthermore, S6¢ significantly potentiated the
contractions induced by norepinephrine, thereby suggest-
ing the involvement of endothelin ET, receptor-mediated
events. However, the possibility that the effects of en-
dothelin-1 through endothelin ET, receptor might partly
contribute to platelet-induced potentiation of contractile
responses to norepinephrine would need to be excluded,
since the effect of platelet supernatant at a low dose of
norepinephrine tended to be attenuated by FR139317.

Platelets release various bioactive substances such as
serotonin and TGF-B1. Severa studies have demonstrated
that TGF-B1 effectively stimulates prepro endothelin-1
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MRNA expression and increases the release of endothelin-1
(Kurihara et da., 1989; Wargner et al., 1992). We found
that platelets stimulate endothelial endothelin-1 production
mainly by releasing TGF-81 (Matsumura et al., 1994).
Therefore, we evaluated the effects of TGF-B1 neutraliz-
ing antibody on platelet supernatant-induced actions. As a
result, platelet supernatant-induced enhancement of con-
tractile responses to norepinephrine was markedly attenu-
ated by TGF-B1 neutralizing antibody. Furthermore, TGF-
B1 significantly potentiated the contractions induced by
norepinephrine. Our results clearly indicated that TGF-81
potentiates significantly the contractility to norepinephrine.
Although the concentration of TGF-81 we used was
equivalent to that in the platelet supernatant, the effect of
TGF-B1 was considerably less compared with that seen
with platelet supernatant. The reason for this discrepancy
between platelet supernatant- and TGF-8 1-induced actions
is unclear. One possibility is that active TGF-81 concen-
tration in platelet supernatant may be gradually increased
by activation of its latent form during the perfusion period.

Taken together, we conclude that platelet-derived TGF-
B1 stimulates the local production of endothelin-1 in rat
mesenteric arteries and enhances the vasoconstrictor re-
sponses to norepinephrine, mainly via endothelin ET,
receptor. Endothelin-1 may have a role to play in vascular
diseases associated with platelet activation such as dissem-
inated intravascular coagulation (Asakura et al., 1992) and
atherosclerosis (Boulanger et a., 1992), in which interac-
tion between platelets and endothelial cells has a key role
(Ware and Heistad, 1993). Further studies are under way
to examine the pathophysiological role of interactions be-
tween platelets and endothelin-1.

Acknowledgements

S. Kita is a Research Fellow of the Japan Society for
the Promotion of Science. This study was supported in part
by a Grant-in-Aid for Scientific Research from the Min-
istry of Education, Science, Sports and Culture of Japan,
the Science Research Promotion Fund of Japan Private
School Promotion Foundation, the Naito Foundation and
Ciba—Geigy Foundation for the Promotion of Science. The
authors are grateful to M. Ohara for critical comments.

References

Arai, H., Hori, S., Aramori, |., Ohkubo, H., Nakanishi, S., 1990. Cloning
and expression of a cDNA encoding an endothelin receptor. Nature
348, 730-732.

Asakura, H., Jokaji, H., Sato, M., Uotani, C., Kumabayashi, |., Morishita,
E., Yamazaki, M., Matsuda, T., 1992. Role of endothelin in dissemi-
nated intravascular coagulation. Am. J. Hematol. 41, 71-75.

Boulanger, C.M., Tanner, F.C., Béa, M.-L., Hahn, A.W.A., Werner, A,
Luscher, T., 1992. Oxidized low density lipoproteins induce mRNA
expression and release of endothelin from human and porcine en-
dothelium. Circ. Res. 70, 1191-1197.

Clozdl, M., Gray, G.A., Breu, V., Loffler, B.-M., Osterwalder, R., 1992.
The endothelin ET receptor mediates both vasodilation and vasocon-
striction in vivo. Biochem. Biophys. Res. Commun. 186, 867—873.

Clozel, M., Breu, V., Gray, G.A., Kdlina, B., Loffler, B.-M., Burri, K.,
Cassd, J-M., Hirth, G., Muller, M., Neidhart, W., Ramuz, H., 1994.
Pharmacological characterization of bosentan, a new potent oraly
active nonpeptide endothelin receptor antagonist. J. Pharmacol. Exp.
Ther. 270, 228-235.

Cristal, J-P., Warner, T.D., Thiemermann, C., Vane, JR., 1993. Media-
tion via different receptors of the vasoconstrictor effects of endothe-
lins and sarafotoxins in the systemic circulation and renal vasculature
of the anaesthetized rat. Br. J. Pharmacol. 108, 776—779.

Henrion, D., Laher, ., 1993. Potentiation of norepinephrine-induced
contractions by endothelin-1 in the rabbit aorta. Hypertension 22,
78-83.

Imai, T., Hirata, Y., Emori, T., Yanagisawa, M., Masaki, T., Marumo, F.,
1992. Induction of endothelin-1 gene by angiotensin and vasopressin
in endothelia cells. Hypertension 19, 753-757.

Ishikawa, K., lhara, M., Noguchi, K., Mase, T., Mino, N., Saeki, T.,
Fukuroda, T., Fukami, T., Ozaki, S., Nagase, T., Nishikibe, M., Y ano,
M., 1994. Biochemical and pharmacologica profile of a potent and
selective endothelin B-receptor antagonist, BQ-788. Proc. Natl. Acad.
Sci. USA 91, 4892-4896.

Kurihara, H., Yoshizumi, M., Sugiyama, T., Takaku, F., Yanagisawa, M.,
Masaki, T., Hamaoki, M., Kato, H., Yazaki, Y., 1989. Transforming
growth factor-gB stimulates the expression of endothelin mRNA by
vascular endothelial cells. Biochem. Biophys. Res. Commun. 159,
1435-1440.

Luscher, T.F., Oemar, B.S., Boulanger, C.M., Hahn, AW.A., 1993.
Molecular and cellular biology of endothelin and its receptors. Part I1.
J. Hypertens. 11, 121-126.

Matsumura, Y., Hisaki, K., Takaoka, M., Morimoto, S., 1990a. Phospho-
ramidon, a metalloproteinase inhibitor, suppress the hypertensive
effect of big endothelin-1. Eur. J. Pharmacol. 185, 103—106.

Matsumura, Y., Ikegawa, R., Tsukahara, Y., Takaoka, M., Morimoto, S.,
1990b. Conversion of big endothelin-1 to endothelin-1 by two types
of metalloproteinases derived from porcine aortic endothelial cells.
FEBS Lett. 272, 166—170.

Matsumura, Y., Ikegawa, R., Suzuki, Y., Takaoka, M., Uchida, T., Kido,
H., Shinyama, H., Hayashi, K., Watanabe, M., Morimoto, S., 1991a.
Phosphoramidon prevents cerebral vasospasm following subarachnoid
hemorrhage in dogs: The relationship to endothelin-1 levels in the
cerebrospinal fluid. Life Sci. 49, 841-848.

Matsumura, Y., Ikegawa, R., Tsukahara, Y., Takaoka, M., Morimoto, S.,
1991b. Conversion of big endothelin-1 to endothelin-1 by two types
of metalloproteinases of cultured porcine vascular smooth muscle
cells. Biochem. Biophys. Res. Commun. 178, 899—905.

Matsumura, Y., Murata, S., Takada, K., Takaoka, M., Morimoto, S.,
1994. Involvement of transforming growth factor-B1 for platelets-in-
duced stimulation of endothelin-1 production. Clin. Exp. Pharmacol.
Physiol. 21, 991-996.

Mikkola, T., Ristimaki, A., Viinikka, L., Ylikorkala, O., 1993. Human
serum, plasma and platelets stimulate prostacyclin and endothelin-1
synthesis in human vascular endothelia cells. Life Sci. 53, 283—289.

Ohlstein, E.H., Storer, B.L., Butcher, JA., Debouck, C., Feuerstein, G.Z.,
1991. Platelets stimulate expression of endothelin mRNA and en-
dothelin biosynthesis in cultured endothelial cells. Circ. Res. 69,
832-841.

Pollock, D.M., Opgenorth, T.J.,, 1991. Evidence for metalloproteinase
involvement in the in vivo effects of big endothelin-1. Am. J. Physiol.
261, R257-R263.

Sakurai, T., Yanagisawa, M., Takuwa, Y., Miyazaki, H., Kimura, S,
Goto, K., Masaki, T., 1990. Cloning of a cDNA encoding a non-iso-
peptide-selective subtype of the endothelin receptor. Nature 348,
732-735.

Sogabe, K., Nirei, H., Shoubo, M., Nomoato, A., Shizuo, A.O., Notsu, Y.,
Ono, T., 1993. Pharmacological profile of FR139317, a novel potent



S Kita et al. / European Journal of Pharmacology 340 (1997) 209-215 215

endothelin ET, receptor antagonist. J. Pharmacol. Exp. Ther. 264,
1040-1046.

Stewart, D.J., Levy, R.D., Cernacek, P., Langleben, D., 1991. Increased
plasma endothelin-1 in pulmonary hypertension: Marker or mediator
of disease?. Ann. Int. Med. 114, 464—469.

Tomobe, Y., Yanagisawa, M., Fujimori, A., Masaki, T., Goto, K., 1993.
Arginine—vasopressin increases the release of ET-1 into perfusate of
rat mesenteric artery. Biochem. Biophys. Res. Commun. 191, 654—
661.

Umekawa, T., Matsumura, Y., Yoshimura, N., Tsukahara, Y., Takaoka,
M., Morimoto, S., 1993. Stimulatory effects of platelets on endothe-
lin-1 production in cultured bovine vascular endothelial cells. Jpn. J.
Pharmacol. 61, 70.

Umekawa, T., Matsumura, Y., Yoshimura, N., Murata, S., Takada, K.,
Tsukahara, Y., Takaoka, M., Morimoto, S., 1994. Platelets-induced
stimulation of endothelin-1 production and inhibition by phospho-
ramidon. J. Pharmacol. Exp. Ther. 269, 860—866.

Ware, JA., Heistad, D.D., 1993. Platelet-endothelium interactions. N.
Engl. J. Med. 328, 628—635.

Wargner, O.F., Chirst, G., Vierhapper, H., 1992. Polar secretion of

endothelin-1 by cultured endothelia cells. J. Biol. Chem. 267,
16066—16068.

Warner, T.D., Nucci, G.D., Vane, JR., 1989. Rat endothelin is a va
sodilator in the isolated perfused mesentery of the rat. Eur. J. Pharma-
col. 159, 325-326.

Watanabe, T., Suzuki, N., Shimamoato, N., Fujino, M., Imada, A., 1991.
Contribution of endogenous endothelin to the extension of myocardial
infarcted size in rats. Circ. Res. 69, 370-377.

Wong-Dusting, H.K., La, M., Rand, M.J.,, 1991. Effect of endothelin-1 on
responses of isolated blood vessels to vasoconstrictor agents. J.
Cardiovasc. Pharmacol. 17, S236-238.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M.,
Mitsui, Y., Yazaki, Y., Goto, K., Masaki, T., 1988. A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature
332, 411-415.

Yang, Z., Richard, V., Segesser, L.V., Bauer, E., Stulz, P., Turina, M.,
Luscher, T.F., 1990. Threshold concentration of endothelin-1 potenti-
ate contractions to norepinephrine and serotonin in human arteries: A
new mechanism of vasospasm?. Circulation 82, 188—195.



