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Role of endothelin-1 in hypertension induced by long-term inhibition of
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Abstract

We examined the effect of long-term nitric oxide (NO) synthase inhibition on vascular and renal endothelin-1 levels and
evaluated the antihypertensive effect of endothelin ET, receptor antagonist FR139317 ((R)2-{(R)-2-[($)-2-[[1-(hexahydro-1 H-
azepinyl)}-carbonyllamino-4-methyl-pentanoyl]lamino-3-[3-(1-methyl-1 H-indolyl)JpropionylJamino-3-(2-pyridyl) proprionic acid] on
rats in which NO synthase was blocked. Chronic NO blockade was produced by oral administration of the NO synthase inhibitor
N C-nitro-L-arginine for 4 weeks, which produced sustained hypertension. At the end of this time, there were no significant
changes in aortic and renal immunoreactive-endothelin levels between N C-nitro-L-arginine-treated hypertensive rats and
normotensive control rats. Intravenous injection of FR139317 (10 mg/kg), which had a sufficient hypotensive effect on
deoxycorticosterone acetate-salt hypertensive rats, to N S-nitro-L-arginine-treated hypertensive rats produced only a moderate
hypotensive effect, to the same degree as seen in normotensive rats. The results indicate that long-term NO synthase inhibition
did not affect vascular and renal endothelin-1 levels in these rats. It seems likely that endothelin-1 and ET, receptors do not

contribute to the sustained hypertension induced by NO synthesis blockade.
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1. Introduction

Vascular endothelial cells produce vasodilators such
as endothelium-derived relaxing factor (EDRF). These
cells synthesize and release vasoconstrictor endothelin-
1. Endothelin-1 is a 21 amino acid peptide isolated
from cultured supernatant of porcine vascular endothe-
lial cells (Yanagisawa et al., 1988). Since endothelin-1
is a most potent endogenous vasoconstrictor substance
and has unique pharmacological properties (Rubanyi
and Botelho, 1991), endothelin-1 may play a role in the
various cardiovascular related disorders such as acute
renal failure (Kon and Badr, 1991), cerebral vasospasm
(Matsumura et al., 1990a; Nirei et al., 1993) and hyper-
tension (Liischer et al., 1993; Vanhoutte, 1993).

The mRNA for prepro endothelin-1 is expressed in
cultured endothelial cells in vitro and in intact blood
vessels in vivo (Yanagisawa et al., 1988). Many factors
including transforming growth factor-g, thrombin and
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vasoactive agents such as angiotensin II and arginine-
vasopressin induce the expression of prepro endothe-
lin-1 mRNA in cultured endothelial cells (Imai et al.,
1992; Kurihara et al., 1989; Umekawa et al., 1994). In
addition, the production of endothelin-1 is regulated
by inhibitory stimuli. One potential inhibitory regulator
of endothelin-1 production in endothelial cells is nitric
oxide (NO). Several in vitro studies indicated that NO
reduces the formation of endothelin-1 via a cyclic
GMP-dependent mechanism (Boulanger and Liischer,
1990; Yokokawa et al., 1993). It has also been reported
that NO antagonizes vasoconstrictive effects of en-
dothelin-1 (Hirata et al., 1991; Lang and Lewis, 1991).

Although these findings suggest the pathophysiolog-
ical importance of NO and endothelin-1 interaction in
regulation of blood pressure, it is not clear whether
long-term NO synthase inhibition increases endothelin-
1 production in vivo and induces endothelin-1-depen-
dent hypertension. We examined the effect of long-term
NO synthase inhibition on vascular and renal endothe-
lin-1 levels in rats and also effects of blockade of the
endothelin-A (ET,) receptor on blood pressure on rats
in which NO synthase was blocked.
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2. Materials and methods

2.1. NY-Nitro-L-arginine treatment and blood pressure
measurement

Experiments were done on male Sprague-Dawley
rats, weighing 160-180 g. For NO synthase inhibition,
these rats were given drinking water containing N ©-
nitro-L-arginine at a concentration of 2.74 mM (Danan-
berg et al., 1993). Control animals received plain tap
water throughout the study. Systolic blood pressure
was monitored using a tail cuff and a pneumatic pulse
transducer. The rats were exsanguinated 4 weeks after
treatment and tissue concentrations of endothelin-1
were determined.

2.2. Tissue extraction and endothelin-1 measurement

Endothelin-1 was extracted from the kidney, accord-
ing to our method described elsewhere (Fujita et al.,
1994). Briefly, kidneys were weighed and homogenized
for 60 s in 8 vols. ice-cold organic solution (chloro-
form /methanol, 2:1, including 1 mM N-ethylmalei-
mide). The homogenates were left overnight at 4°C,
then 0.4 vol. distilled water was added to the ho-
mogenates. In case of extraction from the aorta, tho-
racic aortas (4 cm) were removed from animals, rapidly
cleaned of fat and adherent connective tissue, weighed
and homogenized for 60 s in the 4 ml ice-cold organic
solution described above. The homogenates were left
overnight at 4°C, then 0.4 ml of distilled water was
added. Those aortic or renal homogenates were then
centrifuged at 3000 rpm for 30 min and the super-
natant was stored. Aliquots of the supernatant were
diluted 1/10 with a 0.09% trifluoroacetic acid solution
and applied to Sep-Pak C18 cartridges. The sample
was eluted with 3 ml of 63.3% acetonitrile and 0.1%
trifluoroacetic acid. Eluates were dried in a centrifugal
concentrator and the dried residue was reconstituted
in buffer needed for radioimmunoassay. The clear so-
lution was subjected to radioimmunoassay. Recoveries
of endothelin-1 from aorta and renal tissues in our
extraction procedures were approximately 80%.

Radioimmunoassay for endothelin-1 was done as
described elsewhere (Matsumura et al., 1990b). The
limit of detection of endothelin-1 in this assay was 3
pg/tube. Endothelin-1 antiserum (a generous gift from
Dr. Marvin R. Brown, Department of Medicine, Uni-
versity of California, San Diego, CA, USA) did not

cross-react with big endothelin-1, as described (Hexum
et al., 1990).

2.3. Effect of FR139317, an ET, receptor antagonist

Experiments were done on rats treated with N©-
nitro-L-arginine for 4 weeks and on age-matched con-
trol rats. We also examined the effect of ET, receptor
blockade on other two experimental hypertensive mod-
els. To prepare 2-kidney 1-clip (2K1C) rats, a silver clip
(0.2 mm i.d.) was placed on the left renal artery of
male Sprague-Dawley rats weighing about 220 g, fol-
lowing anesthetization with pentobarbital. These 2K1C
rats were used 4 weeks after this procedure. Deoxycor-
ticosterone acetate (DOCA)-salt hypertensive rats were
prepared as described previously (Fujita et al., 1995).
Briefly, male uninephrectomized Sprague-Dawley rats
weighing about 220 g were treated twice weekly with
DOCA suspended in corn oil, administered subcuta-
neously (15 mg/kg) and 1% NaCl was added to their
tap water for drinking for 4 weeks.

These animals were anesthetized with sodium
thiobutabarbital (Inactin, 100 mg/kg i.p.) and placed
on a heated surgical tray that maintained the rectal
temperature between 37 and 38° C. After tracheotomy,
the right femoral vein was cannulated for bolus injec-
tion of the drug. The right femoral artery was also
cannulated for blood pressure measurement with a
pressure transducer. After a 90 min equilibration pe-
riod, FR139317 (10 mg/kg) or vehicle was adminis-
tered intravenously by slow bolus injection (2 min). The
dose of FR139317 used in this study have been shown
to produce complete inhibition of endothelin-1-in-
duced pressor action (Sogabe et al., 1993). Blood pres-
sure was recorded continuously on a polygraph (Nihon
Koden, RM 6000G, Tokyo, Japan).

2.4. Drugs

FR139317 ((R)2-[(R)-2-[(S)-2-[[1-(hexahydro-1 H-
azepinyl)]-carbonyllamino-4-methyl-pentanoyl]lamino-3-
[3-(1-methyl-1 H-indolyD]propionylJamino-3-(2-pyridyl)
was a kind gift from Fujisawa Pharmaceutical Co.,
Osaka, Japan. FR139317 was dissolved in 1 N NaOH
and diluted with saline. N ©-Nitro-L-arginine was pur-
chased from Peptide Institute, Osaka, Japan. Other
chemicals were purchased from Nacalai Tesque (Kyoto,
Japan).

Table 1

Effects of N C-nitro-L-arginine (NOARG) treatment of rats

Treatment group n SBP (mm Hg) Body weight (g) Aorta weight (mg) Kidney weight (g)
Contro}l 6 117 +4 321+6 403410 1.04 + 0.03
NOARG 5 173+9 2 304 +8 424+ 1.8 1.02 +0.03

n indicates the number of rats in each group. Values are means + S.E.M. ? P < 0,01, compared with the values of control rats.
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2.5. Statistical analysis

All values were expressed as mean + S.E.M. For
statistical analysis, we used the unpaired Student’s
t-test for two-group comparisons and one-way analysis
of variance combined with Dunnett’s multiple range
test for multiple comparisons. Differences were consid-
ered significant at P < 0.05.

3. Results

Table 1 summarizes the comparative data on groups
of rats treated with N C-nitro-L-arginine for 4 weeks
and of age-matched controls. The administration of
N Conitro-L-arginine induced a significant increase in
systolic blood pressure in the rats, averaging 148% of
control values. Two groups displayed an almost identi-
cal pattern of weight gain throughout the protocol.
There were no significant differences in aortic and
kidney weight of control animals and those treated
with N C-nitro-L-arginine for 4 weeks.
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Fig. 1. Bar graphs show (A) aortic and (B) renal immunoreactive
endothelin concentrations in rats treated with N CG-nitro-L-arginine
(NOARG) for 4 weeks (n=75) and age-matched controls (n = 6).
Each column and bar represents the mean + S.E.M.
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Fig. 2. The effects of FR139317 (n = 4-4) or vehicle (n=4-4) on
mean arterial pressure in anesthetized (A) control and (B) N C-nitro-
L-arginine (NOARG)-induced hypertensive rats. FR139317 was ad-
ministered as an i.v. bolus injection (10 mg/kg). Each point repre-
sents the mean+S.E.M. "P <0.05; " P < 0.01 compared with val-
ues of vehicle treatment at the same time.

Fig. 1A shows the change in aortic immunoreactive-
endothelin concentrations in control and N ©-nitro-L-
arginine-treated rats. No significant changes occurred
in aortic immunoreactive-endothelin contents of the
two experimental groups (control rats, 1.26 + 0.25 ng/g
tissue vs. N C-nitro-L-arginine-treated rats, 1.23 4 0.32
ng/g tissue, respectively). Similarly, there was no sig-
nificant difference in renal immunoreactive-endothelin
content of the two experimental groups (control rats,
0.32 + 0.02 ng /g tissue vs. N C-nitro-L-arginine-treated
rats, 0.30 + 0.02 ng /g tissue, respectively. Fig. 1B).

Time-course changes in mean arterial blood pres-
sure in control and N S-nitro-L-arginine-treated rats
after intravenous administration of FR139317 (10
mg /kg i.v.) are shown in Fig. 2. The average values for
mean arterial blood pressurc after anesthesia in N ©-
nitro-L-arginine-treated rats were significantly higher
(P <0.01) than that for control rats (n =8, 167+ 5
mm Hg vs. n =28, 116 + 2). In control rats, mean arte-
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Fig. 3. The hypotensive effects of FR139317 on anesthetized nor-
motensive rats and on three models of experimental hypertensive
rats. Normotensive (NOR) rats (# = 4), N S-nitro-L-arginine
(NOARG)-induced hypertensive rats (n = 4), 2-kidney 1-clip (2K1C)
renal hypertensive rats (n=4) and deoxycorticosterone acetate
(DOCA)-salt hypertensive rats (n = 5). FR139317 was administered
as an i.v. bolus injection (10 mg/kg). Results indicate values 60 min
after the FR139317 administration. Each column and bar represents
the mean+S.E.M. “P < 0.05 compared with values of NOR rats.

rial blood pressure was slightly (by about 10-15 mm
Hg) decreased after intravenous injection of FR139317
compared with vehicle treatment. A significant de-
crease in mean arterial blood pressure was observed
20-75 min after the injection. The mean arterial blood
pressure of N “-nitro-L-arginine-treated rat was also
reduced by FR139317 and the hypotensive effect was
to the same degree as that in normotensive rats.

Fig. 3 shows the comparative hypotensive effects of
FR139317 (10 mg/kg) on N S-nitro-L-arginine-treated
hypertensive rats and on other two experimental hyper-
tensive rats. The basal mean arterial blood pressure
before the administration of the drug was 163 + 4 mm
Hg and 146 + 6 mm Hg in 2K1C renal hypertensive
rats and DOCA-salt hypertensive rats, respectively. In
2K1C rats, the hypotensive effect of FR139317 was to
the same degree as that in normotensive rats. In
DOCA-salt rats, a potent hypotensive effect was ob-
served after injection of FR139317.

4. Discussion

Long-term inhibition of NO synthase has no appar-
ent effects on vascular and renal endothelin-1 levels in
the rat. In addition, intravenous injection of the ET,
receptor antagonist FR139317 to NO synthase-blocked
hypertensive rats produced only a moderate hypoten-
sive effect, to the same degree as that in normotensive
rats. These results suggest that endothelin-1 and the
ET, receptor do not contribute to the sustained hyper-
tension induced by blockade of NO synthesis.

Our study confirms several previous studies indicat-
ing that chronic NO synthase blockade produces sus-

tained systemic hypertension (Dananberg et al., 1993;
Riberio et al.,, 1992). It has been proposed that this
hypertension is due to an imbalance between endoge-
nous vasoconstrictors and the diminished vasodilating
effect of NO. Several candidates for endogenous vaso-
constrictors that may contribute to sustained hyper-
tension induced by NO blockade have been reported
(Matsuoka et al., 1994; Pollock et al., 1993; Qiu et al.,
1994). However, there is little information for endothe-
lin-1 and NO interaction in this model of hypertension.
Several in vitro studies provided evidence that NO is
probably an inhibitory modulator of endothelin-1 pro-
duction in vascular endothelial cells (Boulanger and
Liischer, 1990; Yokokawa et al., 1993). It has been also
reported that NO is an inhibitory modulator of en-
dothelin-1-induced vasoconstrictive action (Hirata et
al., 1991; Lang and Lewis, 1991). These findings sug-
gest that hypertension with impaired formation of NO
may be partly explained by the enhanced endothelin-1
production and /or action occurring under these condi-
tions.

Since the concentration of circulating endothelin-1
is low, and has little cardiovascular action, the peptide
has to be regarded as a local factor rather than a
circulating hormone. The change in endothelin-1 con-
tent in several tissues occurs without change in circu-
lating endothelin-1 levels (Hughes et al., 1992; Lariviére
et al., 1993). Therefore, tissue endothelin-1 levels rather
than circulating endothelin-1 levels are a more accu-
rate indicator for investigating changes in regional en-
dothelin-1 production in vivo. In the present study,
long-term NO synthase inhibition had no effect on
aortic immunoreactive-endothelin levels in rats. It is
unlikely that this lack of effect of NO synthase inhibi-
tion is due to an insufficient blockade of NO synthase,
since acute intraperitoneal injection of N C-nitro-L-
arginine did not add to the hypertensive effect in
animals pretreated with oral N S-nitro-L-arginine, at
the concentration used in this study (Dananberg et al.,
1993), thereby suggesting that NO synthase is com-
pletely inhibited. We verified the elution profile of one
major immunoreactive-endothelin component in aortic
extracts corresponding to the elution position of syn-
thetic endothelin-1 by HPLC analysis (Fujita et al.,
1995), hence, our result suggests that NO does not
have a major role in the regulation of aortic endothe-
lin-1 levels in vivo. However, since we did not examine
the effect on other resistance vessels, our results do not
exclude the possibility that endothelin-1 levels in other
resistance vessels are altered.

Recently, we noted that aortic endothelin-1 content
is significantly increased in DOCA-salt hypertensive
rats compared with that in age-matched control rats
(Fujita et al., 1995). The mechanism for increased
vascular endothelin-1 levels in this hypertensive rat is
unclear. Studies have demonstrated that endothelium-
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dependent relaxation is markedly attenuated in the
DOCA-salt hypertensive rat (DeVoorde and Leusen,
1986; Kirchner et al., 1993; Lockette et al.,, 1986;
Hayakawa et al., 1994). Impairment of the relaxation
response to EDRF in DOCA-salt hypertension could
occur through several mechanisms. This attenuated
EDREF response in DOCA-salt hypertensive rats may
reflect a decrease in NO production or release
(Kirchner et al., 1993; Hayakawa et al., 1994). All these
findings suggest that increased vascular endothelin-1
levels in DOCA-salt hypertensive rats may be due to
decreased NO production or release in vascular tis-
sues. However, this possibility can probably be ruled
out, since inhibition of long-term NO synthase does
not increase vascular endothelin-1 levels.

Endothelin-1 has diverse biological activities in the
kidney. Administration of endothelin-1 into the renal
artery in intact animals induces intense renal vasocon-
striction (Matsumura et al., 1989; Miura et al., 1991),
and endothelin-1 has a direct effect on renal tubules
(Zeidel et al., 1989; Oishi et al., 1991). Endothelin-1 is
produced in the kidney by both endothelial and non-
endothelial cells, including mesangial (Sakamoto et al.,
1990) and tubular epithelial cells (Shichiri et al., 1989;
Kohan, 1991). Therefore, we examined the effect of
long-term NO synthesis inhibition on levels of renal
tissue endothelin-1. The inhibition of long-term NO
synthesis had no effect on the renal immunoreactive-
endothelin content. We verified by HPLC analysis that
this immunoreactive-endothelin component eluted as
one major (endothelin-1) and another small (probably
the Met’ sulfoxide form of endothelin-1) peak. There-
fore, these results indicate that long-term NO synthesis
inhibition has no apparent effect on renal endothelin-1
levels. However, the kidney is a heterogeneous organ
with tissue homogenates including vascular tissue,
tubular epithelial cells and interstitial cells, etc. Thus it
is impossible to estimate endothelin-1 content in renal
vasculature based on whole kidney endothelin-1 levels.
In addition, endothelin-1 production in vascular en-
dothelial cells and tubular epithelial cells is differently
regulated (Kohan and Padilla, 1993). Therefore, we
cannot exclude the possibility that there are differen-
tial changes in endothelin-1 levels in the several pro-
duction sites of kidney.

The role of endothelin-1 in blood pressure regula-
tion is controversial (Liischer et al., 1993; Vanhoutte,
1993). Kurihara et al. (1994) reported that targeted
disruption of the mouse endothelin-1 gene, which re-
sults in the death of homozygotes, produced elevated
blood pressure in heterozygotes. They suggested that
endothelin-1 may play a role in the regulation of blood
pressure as a depressor rather than as a pressor in
mice. On the other hand, several studies using an
endothelin receptor antagonist revealed the impor-
tance of endothelin-1 in the pathogenesis of some

models of experimental hypertension (Nishikibe et al.,
1993; Crozel et al., 1993; Stein et al., 1994; Fujita et al.,
1995). Therefore, enhanced production and /or action
of endothelin-1 in blood vessel may produce hyper-
tension mediated by ET, or/and vasoconstrictive ETg
receptor under pathophysiological conditions.

FR139317 is a selective ET, receptor antagonist
which inhibits endothelin-1-induced vasoconstrictive
effects in vivo and in vitro (Sogabe et al., 1993). In the
present study, the intravenous injection of FR139317
produced a small but significant decrease in blood
pressure in NO-blocked hypertensive rats. However,
the extent of the hypotensive effect of FR139317 is the
same in normotensive control rats. It is unlikely that
this small hypotensive effect of FR139317 on NO-
blocked hypertensive rats is due to an insufficient dose
of the drug. Even with treatment of a much higher
dose of FR139317 (30 mg/kg), an additional hypoten-
sive effect was not observed in NO-blocked hyperten-
sive rats (data not shown). In addition, the dose of
FR139317 (10 mg/kg) used in this study had a suffi-
cient hypotensive effect in DOCA-salt hypertensive
rats. The finding that an ET, receptor antagonist has a
hypotensive effect in DOCA-salt rats is consistent with
recent reports (Okada et al., 1994; Stein et al., 1994;
Fujita et al., 1995). Our result suggests that endothelin-
1 and the ET, receptor may play a role in the mainte-
nance of blood pressure in rats, at least under the
condition of anesthesia. However, endothelin-1 and the
ET, receptor do not appear to play a role in the
sustained hypertension induced by NO synthesis block-
ade.

In conclusion, our results indicate that long-term
NO synthase inhibition does not affect vascular and
renal endothelin-1 levels in the rat. In addition, it
seems likely that endothelin-1 and the ET, receptor do
not contribute to the sustained hypertension induced
by the NO synthesis blockade.

References

Boulanger, C. and T.F. Lischer, 1990, Release of endothelin from
the porcine aorta: inhibition by endothelium-derived nitric oxide,
J. Clin. Invest. 85, 587.

Crozel, M., J.P. Crozel and P. Hess, 1993, Endothelin receptor
antagonism: a new therapeutic approach in experimental hyper-
tension, Circulation 88, I-316 (Abstract).

Dananberg, J., R.S. Sider and R.J. Grekin, 1993, Sustained hyper-
tension induced by orally administered nitro-L-arginine, Hyper-
tension 21, 359.

DeVoorde, J.V. and 1. Leusen, 1986, Endothelium-dependent and
independent relaxation of aortic rings from hypertensive rats,
Am. J. Physiol. 250, H711.

Fujita, K., Y. Matsumura, S. Kita, K. Hisaki, M. Takaoka and S.
Morimoto, 1994, Phosphoramidon-sensitive conversion of big en-
dothelin-1 and degradation of endothelin-1 in rat kidney, Hyper-
tension 24, 227.

Fuyjita, K., Y. Matsumura, S. Kita, Y. Miyazaki, K. Hisaki, M.



316 K. Fujita et al. / European Journal of Pharmacology 280 (1995) 311-316

Takaoka and S. Morimoto, 1995, Role of endothelin-1 and the
ET, receptor in the maintenance of deoxycorticosterone
acetate-salt induced hypertension, Br. J. Pharmacol. 114, 925.

Hayakawa, H., Y. Hirata, E. Suzuki, K. Kimura, K. Kikuchi, T.
Nagano, M. Hirobe and M. Omata, 1994, Long-term administra-
tion of L-arginine improves nitric oxide release from kidney in
deoxycorticosterone acetate-salt hypertensive rats, Hypertension
23 (Part 1), 752.

Hexum, T.D., C. Hoeger, J.LE. River, A. Baird and M.R. Brown,
1990, Characterization of endothelin secretion by vascular en-
dothelial cells, Biochem. Biophys. Res. Commun. 167, 294.

Hirata, Y., H. Matsuoka, K. Kimura, T. Sugimoto, H. Hayakawa, E.
Suzuki and T. Sugimoto, 1991, Role of endothelium-derived
relaxing factor in endothelin-induced renal vasoconstriction, J.
Cardiovasc. Pharmacol. 17 (Suppl. 7), S169.

Hughes, A K., R.C. Cline and D.E. Kohan, 1992, Alteration of renal
endothelin-1 production in the spontaneous hypertensive rat,
Hypertension, 20, 666.

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

Kirchner, K.A., P.H. Scanlon, Jr., D.J. Dzielak and R.L. Hester,
1993, Endothelium-derived relaxing factor responses in DOCA-
salt hypertensive rats, Am. J. Physiol. 265, R568.

Kohan, D.E., 1991, Endothelin synthesis by rabbit renal tubule cells,
Am. J. Physiol. 261, F221.

Kohan, D.E. and E. Padilla, 1993, Osmolar regulation of endothelin-1
production by rat inner collecting duct, J. Clin. Invest. 91, 1235.

Kon, V. and K.F. Badr, 1991, Biological actions and pathophysiologic
significance of endothelin on the kidney, Kidney Int. 40, 1.

Kurihara, H., M. Yoshizumi, T. Sugiyama, F. Takaku, M. Yanagi-
sawa, T. Masaki, T. Hamaoki, H. Kato and Y. Yazaki, 1989,
Transforming growth factor-8 stimulates the expression of en-
dothelin mRNA by vascular endothelial cells, Biochem. Biophys.
Res. Commun. 159, 1435.

Kurihara, Y., H. Kurihara, H. Suzuki, T. Kodama, K. Maekawa, R.
Nagai, H. Oda, T. Kuwaki, W. Cao, N. Kamada, K. Jishage, Y.
Ouchi, S. Azuma, Y. Toyoda, T. Ishikawa, M. Kumada and Y.
Yazaki, 1994, Elevated blood pressure and craniofacial abnormal-
ities in mice deficient in endothelin-1, Nature 368, 703.

Lang, D. and M. Lewis, 1991, Endothelium-derived relaxing factor
inhibits the endothelin-1-induced increase in protein kinase C
activity in rat aorta, Br. J. Pharmacol. 104, 139,

Lariviere, R., G. Thibault and E.L. Schiffrin, 1993, Increased en-
dothelin-1 content in blood vessels of deoxycorticosterone ac-
etate-salt hypertensive but not in spontaneous hypertensive rats,
Hypertension 21, 294.

Lockette, W., Y. Otsuka and O. Carretero, 1986, The loss of en-
dothelium-dependent vascular relaxation in hypertension, Hyper-
tension (Suppl. 11), 1161.

Lischer, T.F.,, B. Seo and F.R. Biihler, 1993, Potential role of
endothelin in hypertension, Hypertension 21, 752.

Matsumura, Y., K. Hisaki, T. Ohyama, K. Hayashi and S. Morimoto,
1989, Effects of endothelin on renal function and renin secretion
in anesthetized rats, Eur. J. Pharmacol. 166, 577.

Matsumura, Y., R. Ikegawa, Y. Suzuki, M. Takaoka, T. Uchida, H.
Kido, H. Shinyama, K. Hayashi, M. Watanabe and S. Morimoto,
1990a, Phosphoramidon prevents cerebral vasospasm following
subarachnoid hemorrhage in dogs: the relationship to endothelin-
1 levels in the cerebrospinal fluid, Life Sci. 49, 841.

Matsumura, Y., R. Ikegawa, M. Takaoka and S. Morimoto, 1990b,
Conversion of porcine big endothelin to endothelin by an extract
from the porcine aortic endothelial cells, Biochem. Biophys. Res.
Commun. 167, 203.

Matsuoka, H., H. Nishida, G. Nomura, B.N.V. Vliet and H. Toshima,
1994, Hypertension induced by nitric oxide synthesis inhibition is
renal nerve dependent, Hypertension 23 (Part 2), 971.

Miura, K., T. Yukimura, Y. Yamashita, T. Shimmen, M. Okumura,
S. Yamanaka, M. Imanashi and XK. Yamamoto, 1991, Renal and
femoral vascular responses to endothelin-1 in dog; role of prosta-
glandins, J. Pharmacol. Exp. Ther. 256, 11.

Nirei, H., K. Hamada, M. Shoubo, K. Sogabe, Y. Notsu and T. Ono,
1993, An endothelin ET, receptor antagonist, FR139317, amelio-
rates cerebral vasospasm in dogs, Life Sci. 52, 1869.

Nishikibe, M., S. Tsuchida, M. Okada, T. Fukuroda, K. Shimamoto,
M. Yano, K. Ishikawa and F. lIkemoto, 1993, Antihypertensive
effect of a newly synthesized endothelin antagonist, BQ123, in a
genetic hypertensive model, Life Sci. 52, 717.

Oishi, R., H. Nonoguchi, K. Tomita and F. Marumo, 1991, Endothe-
lin-1 inhibits AVP-stimulated osmotic permeability in rat inner
medullary collecting duct, Am. J. Physiol. 253, F951.

Okada, M., T. Fukuroda, K. Shimamoto, R. Takahashi, F. Ikemoto,
M. Yano and M. Nishikibe, 1994, Antihypertensive effects of
BQ123, a selective endothelin ET, receptor antagonist, in spon-
taneously hypertensive rats treated with DOCA-salt, Eur. J.
Pharmacol. 259, 339.

Pollock, D.M., J.S. Polakowski, B.J. Divish and T.J. Opgenorth,
1993, Angiotensin blockade reverses hypertension during long-
term nitric oxide synthase inhibition, Hypertension 21, 660.

Qiu, C,, K. Engels and C. Baylis, 1994, Angiotensin II and «,-adren-
ergic tone in chronic nitric oxide blockade-induced hypertension,
Am. J. Physiol. 266, R1470.

Riberio, M.O., E. Antunes, G. De Nucci, S.M. Lovisolo and R. Zatz,
1992, Chronic inhibition of nitric oxide synthesis: a new model of
arterial hypertension, Hypertension 20, 298.

Rubanyi, G.M. and L.H.P. Botelho, 1991, Endothelins, FASEB J. 5,
2713.

Sakamoto, H., S. Sasaki, Y. Hirata, T. Imai, K. Ando, T. Ida, T.
Sakurai, M. Yanagisawa, T. Masaki and F. Marumo, 1990, Pro-
duction of endothelin-1 by rat cultured mesangial cells, Biochem.
Biophys. Res. Commun, 169, 462.

Shichiri, M., Y. Hirata, T. Emori, K. Ohta, T. Nakajima, K. Sato and
F. Marumo, 1989, Secretion of endothelin and related peptides
from renal epithelial cell lines, FEBS Lett. 253, 202.

Sogabe, K., H. Nirei, M. Shoubo, A. Nomoto, S. Ao, Y. Notsu and T.
Ono, 1993, Pharmacological profile of FR139317, a novel, potent
endothelin ET, receptor antagonist, J. Pharmacol. Exp. Ther.
264, 1040.

Stein, P.D., J.T. Hunt, D.M. Floyd, S. Moreland, K.E.J. Dickinson,
C. Mitchell, E.C.-K. Liu, M.L. Webb, N. Murugesan, J. Dickey,
D. McMullen, R. Zang, V.G. Lee, R. Serafino, C. Delaney, T.R.
Schaeffer and M. Kozlowski, 1994, The discovery of sulfonamide
endothelin antagonists and the development of the orally active
ET, antagonist 5-(dimethylamino)-N-(3,4-dimethyl-5-isoxazolyl)-
1-naphthalene sulfonamide, J. Med. Chem. 37, 329.

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

Vanhoutte, P.M., 1993, Is endothelin involved in the pathogenesis of
hypertension?, Hypertension 21, 747.

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

Yokokawa, K., H. Tahara, M. Kohno, A K. Mandal, M. Yanagisawa
and T. Takeda, 1993, Heparin regulates endothelin production
through endothelium-derived nitric oxide in human endothelial
cells, I. Clin. Invest. 92, 2080.

Zeidel, M.L., H.R. Brady, B.C. Kone, S.R. Guilans and B.M. Bren-
ner, 1989, Endothelin, a peptide inhibitor of Na*-K*-ATPase in
intact renal tubular epithelial cells, Am. J. Physiol. 257, C1101.



