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Role of endothelin- and the ETA receptor in the
maintenance of deoxycorticosterone acetate-salt-induced
hypertension
Katsuya Fujita, Yasuo Matsumura, Satomi Kita, Yohko Miyazaki, Kazuhiro Hisaki,
Masanori Takaoka & 'Shiro Morimoto

Department of Pharmacology, Osaka University of Pharmaceutical Sciences, 2-10-65 Kawai, Matsubara, Osaka 580,
Japan

1 To search for a possible role for endothelin-l (ET-1) in deoxycorticosterone acetate (DOCA)-salt-
induced hypertension, we examined changes in concentration of ET-1 in vascular and renal tissue in
DOCA-salt hypertensive rats and evaluated the antihypertensive effect of the ETA receptor antagonist,
FR139317.
2 There was an increase in aortic immunoreactive-ET (IR-ET) concentrations in association with
hypertension-induced treatment. There were no significant changes in ET-1 levels in the kidney with
DOCA-salt treatment.
3 In DOCA-salt hypertensive rats, a significant correlation (r=0.83, P<0.01) was found between
aortic IR-ET concentrations and systolic blood pressure.

4 High-performance liquid chromatography analysis of the aortic extract from DOCA-salt rats

revealed one major component corresponding to the elution position of synthetic ET-1.
5 The intravenous bolus injection of FR139317 (10mgkg-') produced a slight decrease in blood
pressure in the control rats and in the DOCA-salt hypertensive rat, FR139317 had a more pronounced
hypotensive effect.
6 We propose that ET-1 production in vascular tissues is increased in DOCA-salt hypertensive rats. In
addition, our study indicates the pathophysiological importance of increased endogenous ET-1 in the
maintenance of DOCA-salt-induced hypertension, through interaction of the peptide with ETA recep-

tors.
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Introduction

Endothelin-l (ET-1) is the most potent endogenous
vasoconstrictor substance so far identified (Yanagisawa et al.,
1988). This peptide possesses a wide variety of biological
actions (Rubanyi & Botelho, 1991) and may play a role in
the various cardiovascular disorders such as cerebral vaso-
spasm after subarachnoid haemorrhage (Matsumura et al.,
1991), acute renal failure (Kon & Badr 1991), heart failure
(Margulies et al., 1990), atherosclerosis (Lerman et al., 1991)
and hypertension (Vanhoutte, 1993; Liischer et al., 1993).
Circulating ET-1 concentrations are increased during
hypertension (Kohno et al., 1991; Widimsky et al., 1991).
However, circulating ET-1 levels do not reflect the local
production of the peptide. Indeed, the change in ET-1 con-
tent of tissues occurs without change in circulating ET-1
levels (Hughes et al., 1992; Lariviere et al., 1993).
One study found that there was an increased vascular

content of ET-1, with no change in circulating ET-1 concen-
trations in deoxycorticosterone acetate (DOCA)-salt hyper-
tensive rats (Lariviere et al., 1993). It has also been reported
that renal ET-1 production is altered in spontaneous
hypertensive rats (Kitamura et al., 1989; Hughes et al., 1992).
Thus, these changes in local ET-l production might par-
ticipate in the development and/or the maintenance of
hypertension in these models. However, the functional
significance of increased or decreased local ET-1 levels in
these hypertensive models remains obscure.

Several ET receptor antagonists have been developed and
may be useful for evaluating physiological or pathophysio-
logical roles of endogenous ET-1 and its receptor subtypes

' Author for correspondence.

(Ihara et al., 1992; Clozel et al., 1993; Sogabe et al., 1993).
FR139317 ((R)2-[(R)-2-[(S)-2-[[1-hexahydro-1H-azepinyl-1H-
indoyl)]propionyl]amino-3-(2-pyridyl)propionic acid) is an
ETA receptor antagonist which inhibits ET-l-induced vaso-
constrictor effects in vitro and in vivo (Sogabe et al., 1993).
To explore the contribution of ET-1 in DOCA-salt-induced
hypertension, we examined changes in ET-1 concentrations
of vascular and renal tissues in DOCA-salt hypertensive rats
and evaluated the antihypertensive effect of FR139317.

Methods

DOCA-salt treatment and blood pressure measurement

Male Sprague-Dawley rats, weighing 160-180 g were anaes-
thetized with sodium pentobarbitone (50 mg kg-', i.p.) and
the right kidney was removed via a right flank incision. After
a 1-week postsurgical recovery period, the rats were treated
twice weekly with deoxycorticosterone acetate (DOCA)
suspended in corn oil, which was administered sub-
cutaneously (15 mg kg-') and 1% NaCl added to their tap
water for drinking. Control rats were uninephrecotomized
but not given DOCA or salt. Systolic blood pressure was
monitored with a tail cuff and a pneumatic pulse transducer.
The rats were exsanguinated 1 or 4 weeks after treatment and
concentrations of ET-1 were measured.

Tissue extraction and ET-J measurement

ET-1 was extracted from the kidney, according to the
method of Fujita et al. (1994). Briefly, kidneys were weighed
and homogenized for 60 s in 8 vol ice-cold organic solution
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(chloroform/methanol, 2:1, including 1 mM N-ethylmale-
imide). The homogenates were left overnight at 4°C, then
0.4 vol distilled water was added to the homogenates. In case
of extraction from the aorta, thoracic aortae (4 cm) were
removed from animals, rapidly cleaned of fat and adherent
connective tissue, weighed and homogenized for 60 s in 4 ml
ice-cold organic solution, as described above. The
homogenates were left overnight at 4°C, then 0.4 ml of dis-
tilled water was added to the homogenate. Those aortic or
renal homogenates were then centrifuged at 3000 r.p.m. for
30 min and the supernatant was stored. Aliquots of the
supernatant were diluted 1/10 with a 0.09% trifluoroacetic
acid (TFA) solution and applied to Sep-Pak C1 8 cartridges.
The sample was eluted with 3 ml of 63.6% acetonitrile and
0.1% TFA. Eluates were dried in a centrifugal concentrator
and the dried residue was reconstituted in assay buffer for
radioimmunoassay (RIA). The clear solution was subjected
to RIA. Recoveries of ET-1 from aorta and renal tissues in
our extraction procedures were approximately 80%.
RIA for ET-1 was carried out as described elsewhere (Mat-

sumura et al., 1990b). The limit of detection of ET-1 in this
assay was 3 pg/tube. ET-1 antiserum (a generous gift from
Dr Marvin R. Brown, Department of Medicine, University
of California, San Diego, U.S.A.) did not cross-react with big
ET-1, as described (Hexum et al., 1990).

Reverse-phase high-performance liquid chromatography

After application of the tissue sample to a Sep-Pak C18
cartridge, the dried residue was dissolved in 0.5 ml of 0.02%
TFA instead of radioimmunoassay buffer and a 0.4 ml por-
tion was then applied to a Capcell-Pak C18-SG300 column
(4.6 x 250 mm, Shiseido, Tokyo, Japan), using a high-
performance liquid chromatography (h.p.l.c.) system (model
600E, Waters Chromatography Division). Elution was per-
formed with 0.02% TFA in water (solvent A) and 0.02%
TFA in acetonitrile (solvent B). The gradient was linear from
0% to 35% v/v solvent B for 15 min, followed by isocratic
elution at 35% v/v solvent B for 15 min and a linear gradient
from 35% to 63% v/v solvent B for 15 min. The flow rate
was 0.5 ml min-'. Each fraction was evaporated and assayed
for immunoreactive-ET (IR-ET) by RIA.

Effect ofFR139317 (ETA receptor antagonist)

Experiments were carried out on rats treated with DOCA-
salt for 4 weeks and on age-matched control rats. The
animals were anaesthetized with sodium thiobutabarbitone
(Inactin, 100 mg kg', i.p.) and placed on a heated surgical
tray that maintained the rectal temperature between 370 and
38°C. After tracheotomy, the right femoral vein was can-
nulated for bolus injection of the drug. The right femoral
artery was also cannulated for blood pressure measurement
with a pressure transducer. After a 90 min equilibration
period, FR139317 (10 mg kg-') or vehicle was administered
intravenously by slow bolus injection (2 min). The doses of
FR139317 used in this study have been shown to produce
complete inhibition of ET-1-induced pressor action (Sogabe
et al., 1993). Blood pressure was recorded continuously on a
polygraph (Nihon Koden, RM 6000G, Tokyo, Japan).

Statistical analysis

All values are expressed as mean ± s.e.mean and were
analyzed statistically by an unpaired t test. Aortic IR-ET
levels were correlated with systolic blood pressure by linear
regression analysis. P< 0.05 was considered significant.

Drugs

FR139317 was a kind gift from Fujisawa Pharmaceutical Co.
Ltd., Osaka, Japan. FR139317 was dissolved in 1 N NaOH

and diluted with saline. Other chemicals were purchased from
Nacalai Tesque, Inc (Kyoto, Japan).

Results

Table 1 summarizes the comparative data on groups of
animals treated with DOCA-salt for 7 or 28 days and of
age-matched controls. There were no differences in systolic
blood pressure of the control animals and those treated with
DOCA-salt for 7 days. After 28 days of DOCA-salt treat-
ment, systolic blood pressure was significantly elevated, com-
pared with control animals (116 vs 187 mmHg). The increase
in body weight of DOCA-salt rats was smaller than that in
control rats. A significant difference between control and
DOCA-salt rats with respect to aortic weight was seen at
28 days.

Figure la shows the change in aortic IR-ET concentrations
in control and DOCA-salt rats. After 7 days of DOCA-salt
treatment, a slight increase in aortic IR-ET content was
observed compared with age-matched control rats. However,
this increase was not statistically significant. After 28 days of
DOCA-salt treatment, aortic IR-ET content was significantly
higher than in the aged-matched control (2.23 ± 0.37 and
0.93 ± 0.10 ng g- aortic tissue). On the other hand, no
significant changes occurred in renal IR-ET contents of the
two experimental groups at 7 and 28 days (control rats;
0.20 ± 0.04 and 0.14 ± 0.01 ng g' tissue at 7 and 28 days,
respectively vs DOCA-salt rats; 0.17 ± 0.02 and 0.13
± 0.01 ng g' tissue at 7 and 28 days, respectively, Figure
lb). There was a positive correlation between systolic blood
pressure and aortic IR-ET content in the DOCA-salt animals
(Figure 2).
The dilution curve of aortic extract clearly revealed a

parallel displacement with the standard curve (Figure 3a). To
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Figure 1 (a) Aortic immunoreactive endothelin (IR-ET) concentra-
tions in rats 7 and 28 days after treatment with deoxycorticosterone
(DOCA)-salt (solid columns; n = 5-11) and age-matched controls
(open columns; n = 4-14). (b) Renal IR-ET levels in DOCA-salt
(n = 5-6) and age-matched controls (n = 4-6). Values are
mean ± s.e.mean. **P<0.01 compared with values of age-matched
controls.
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Table 1 Effects of deoxycorticosterone acetate (DOCA)-salt treatment of the rat

SBP
n (mmHg)

4 115±5
5 113±6

14 116±3
11 187±5**

Body weight Aorta weight
(g) (mg)

268 ± 7
257 ± 1

361 ± 6
322± 11**

40.5 ± 4.9
41.2 ± 5.2
42.4 ± 1.2
52.7 ± 1.9**

n indicates the number of the rats in each group. Values are means ± s.e.mean. **P<0.01, compared with values of control rats.
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Figure 2 Correlation between concentration of aortic immuno-
reactive-endothelin (IR-ET) and systolic blood pressure (SBP) in rats
28 days after treatment with deoxycorticosterone acetate (DOCA)-
salt. r=0.83; P<0.01.

characterize further the IR-ET in aorta of DOCA-salt treated
animals, we examined the elution profile of pooled aortic
extract on reverse-phase h.p.l.c. coupled with RIA. As shown
in Figure 3b, the elution profile revealed one major IR-ET
component corresponding to the elution position of synthetic
ET-1.
The time course of changes in mean arterial blood pressure

(MAP) in control and DOCA-salt treatment after intra-
venous administration of FR139317 are shown in Figure 4.
The average values for MAP after anaesthesia in DOCA-salt
rats were significantly higher (P<0.01) than in control rats
(n = 9; 146 + 6 mmHg vs n = 12; 111 ± 4 mmHg). In control
rats, MAP was slightly (by about 10-15 mmHg) decreased
after intravenous injection of 10mg kg- FR139317 com-

pared with vehicle treatment. A significant decrease in MAP
was observed 30-60 min after the injection. The MAP of
DOCA-salts rats was markedly reduced by FR139317, at the
same dose. Significant hypotensive effects were obtained at
15 min and lasted more than 90 min. Maximum responses
(about 35 mmHg decrease from basal values) were observed
45-60 min after injection of the antagonist.

Discussion

The results of the present study clearly demonstrated in-
creased vascular endothelin-I concentrations in DOCA-salt
hypertensive rat. The ETA receptor antagonist, FR139317,
produced a significant decrease in MAP in these DOCA-salt
hypertensive rats. As this hypotensive effect was greater than
that seen with control rats, the specificity of the finding in

DOCA-salt hypertensive rats seem clear. It is most likely that
ET-1 makes an important contribution to the maintenance of
DOCA-salt-induced hypertension through interaction of the
peptide with the ETA receptor.
We observed an increase aortic ET-1 concentration in

association with the hypertension induced by DOCA-salt
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Figure 3 Characterization of immunoreactive-endothelin (IR-ET) in
aortic extracts of deoxycorticosterone acetate (DOCA)-salt hyperten-
sive rats. (a) A typical standard curve of endothelin-l (ET-1) (@)
and a dilution curve of the aortic extract (0). (b) Reversed-phase
h.p.l.c. profile of IR-ET in aortic extracts from DOCA-salt hyperten-
sive rats. The arrow indicates the elution of synthetic ET-1.

treatment. Since circulation ET-1 concentrations were not
increased in DOCA-salt hypertensive rats, except for the
malignant model (Suzuki et al., 1990; Kohno et al., 1991), it
seems that the increase in aortic ET-1 is due to a local
increased production of the peptide in vascular tissue. We
found a significant correlation between the aortic ET-1 level
and the systolic blood pressure. These results suggest that
ET-l has a role in the regulation of blood pressure. On the
other hand, there were no significant changes in ET-1 levels
in the kidney, with DOCA-salt treatment. However, kidney is
heterogeneous organ and the homogenates include vascular
tissue, tubular epithelial cells and interstitial cells etc., so that
it is impossible to estimate the ET-1 content of the renal
vasculature from the whole kidney ET-l level. Therefore, our

results do not exclude the possibility that intrarenal vascular
ET-1 concentration is altered.
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group
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Control
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Figure 4 The effects of FR139317 (X; n = 5-6) or vehicle (0;
n = 4-6) on mean arterial pressure (MAP) in anaesthetized (a) con-
trol and (b) deoxycorticosterone acetate (DOCA)-salt hypertensive
rats. FR139317 was administered as an i.v. bolus injection
(10mg kg- ). Each point represents the mean ± s.e.mean. *P<0.05;

**P<0.01 compared with values of vehicle treatment at the same
time.

The question arises as to whether the increase in aortic
ET-1 levels in DOCA-salt hypertensive rats is merely the
result of hypertension. From our results, the possibility that
hypertension itself can induce the vascular ET-1 production
cannot be ruled out. However, Lariviere et al. (1993) noted
that vascular ET-1 was not increased in spontaneous
hypertensive rats, thereby suggesting that hypertension itself
does not enhance ET-1 production in vascular tissues.

There is considerable evidence that many factors, including
transforming growth factor-pi (TGF-p,), thrombin, and a
vasoactive agent such as angiotensin II and arginine-
vasopressin (AVP) can stimulate the expression of prepro
ET-1 mRNA in cultured endothelial cells (Kurihara et al.,
1989; Imai et al., 1992; Umekawa et al., 1994). It has been
reported that AVP plays an important role in DOCA-salt
hypertensive rats (Crofton et al., 1979). Mohring et al. (1977)
observed that plasma concentrations of AVP were elevated in
this model of hypertension. Thus, AVP may be one possible
candidate for the factor that enhances ET-1 production in
the vascular wall. In a study by Sarzani et al. (1989), aortic
TGF-P, mRNA levels were increased in DOCA-salt rats; this
growth factor may also be responsible for the increased
aortic ET-1 concentrations.

Several ET receptor antagonists have been developed and
these will be used to evaluate pathophysiological roles of
endogenous ET-1 and may provide a new therapeutic app-
roach for cardiovascular diseases. FR139317 is a selective
ETA receptor antagonist which inhibits ET-1-induced
vasoconstrictor effects in vitro and in vivo (Sagabe et al.,
1993). This antagonist ameliorates cerebral vasospasm after
subarachnoid haemorrhage (Nirei et al., 1993). It has also

been reported that FR139317 can protect against the injury
in rats with extensive renal mass reduction, a model of
progressive renal disease (Benigni et al., 1993). These results
demonstrate the efficacy of FR139317 as an ETA receptor
antagonist for investigating the pathophysiological role of
ET-1. In the present study, to clarify further the functional
significance of increased vascular ET-1 levels, we evaluated
the antihypertensive effect of FR139317 in DOCA-salt
hypertensive rats. The result clearly indicated that FR139317
produced a significant hypotensive effect in anaesthetized
DOCA-salt hypertensive rats. This hypotensive effect had a
slow-onset and was long lasting, a finding consistent with a
study which showed that the slow reversal of the vasocon-
strictor effects of ET-1 is caused by another ETA receptor
antagonist, BQ123, in vitro and in vivo (Warner et al., 1994).
These authors observed that it takes about 50min for the
antagonist to reverse the established pressor response to ET-1
in anaesthetized rats.
Our results obtained with anaesthetized DOCA-salt

hypertensive rats agreed with the finding that another ETA
receptor antagonist, BQ123, produces a small but significant
hypotensive effect in conscious DOCA-salt hypertensive rats
(Bazil et al., 1992). It has been reported that phos-
phoramidon, an endothelin converting enzyme inhibitor
(Matsumura et al., 1990a), produces a reduction of blood
pressure in DOCA-salt hypertensive rats, by inhibiting
endothelin bioconversion (Vemulapalli et al., 1993). Stein et
al (1994) reported that the orally active ETA receptor
antagonist, 5-(dimethylamino)-N-(3,4-dimethyl-5-isoxazolyl)-
1-naphthalenesulphonamide, produced a significant decrease
in blood pressure, in DOCA-sa4t hypertensive rats. These
results show the importance of ET-1 and the ETA receptor in
the maintenance of DOCA-salt induced-hypertension.

In the present study, we observed that FR139317 produced
a slight but significant decrease in MAP in control normoten-
sive rats. This would suggest a role of ET-1 and the ETA
receptor in the maintenance of normal blood pressure. How-
ever, a previous report indicated that an acute bolus injection
of FR139317 had no effect on blood pressure in conscious
normotensive rats (Sogabe et al., 1993). BQ123 also had no
significant effect of blood pressure in conscious normotensive
rats (Bazil et al., 1992; Nishikibe et al., 1993). One explana-
tion for this discrepancy may relate to the experimental
condition (anaesthetized rat vs conscious rat). It has been
reported that the standard experimental technique such as
surgery produces a significant increase in circulating ET-1
(Pollock et al., 1993). Therefore, circulating ET-1 may be
increased in anaesthetized rats. Other investigators reported
that BQ123 produced a significant decrease in blood pressure
in anaesthetized normotensive rats (Bigaud & Pelton 1992;
Pollock & Opgenorth, 1993).
Our conclusions regarding the involvement of ET-1 and

ETA receptor in DOCA-salt hypertension depend on the
specificity of FR139317 as an ETA receptor antagonist. In the
present study, FR139317 reduced MAP in normotensive rats
as well as DOCA-salt hypertensive rats, although the reduc-
tion of MAP in the former was small, compared with that in
the latter. Since any nonspecific depressor agent would be
expected to have a greater hypotensive effect in animals with
higher resting blood pressure, one may be doubtful of the
specificity of FR139317 for DOCA-salt hypertension. How-
ever, we noted that FR139317 treatment to anaesthetized
2K-1C renal hypertensive rats produces only a moderate
hypotensive effect to the same degree as that in anaesthetized
normotensive rats (unpublished observation).-Thus, it seems
likely that the greater responses of DOCA-salt hypertensive
rats are not due to a nonspecific depressor effect of the agent.
In addition, the dose of FR139317 used in our study has
been shown to have no effect on the initial depressor re-
sponse to ET-1, which is mainly mediated by the ETB recep-
tor (Sogabe et al., 1993). It is reasonable to consider that the
antihypertensive effect of FR139317 in DOCA-salt hyperten-
sive rat could be due to an ETA receptor antagonism.
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In conclusion, our results suggest that there is an increased
vascular production of ET-1 in DOCA-salt hypertensive rats.
In addition, our results indicate the pathophysiological
significance of increased endogenous ET-1 in the
maintenance of DOCA-salt induced hypertension, through
interaction of this peptide with the ETA receptor.

This study was supported in part by a Grant-in Aid for Scientific
Research on Priority Areas from the Ministry of Education, Science

and Culture of Japan; the Uehara Memorial Foundation; and the
Science Research Promotion Fund of Japan Private School Promo-
tion Foundation. We are grateful to Dr Marvin R. Brown, Depart-
ment of Medicine, University of California, San Diego, U.S.A. for
providing antiserum for ET-1, and to M. Ohara for critical com-
ments.

References

BAZIL., M.K., LAPPE, R.W. & WEBB, R.L. (1992). Pharmacological
characterization of an endothelinA (ETA) receptor antagonist in
conscious rats. J. Cardiovasc. Pharmacol., 20, 940-948.

BENIGNI, A., ZOJA, Z., CORNA, D., ORISO, S., LONGARETTI, L.,
BERTANI, T. & REMUZZI, G. (1993). A specific endothelin sub-
type A receptor antagonist protects against injury in renal disease
progression. Kidney Int., 44, 440-444.

BIGAUD, M. & PELTON, J.T. (1992). Discrimination between ETA-
and ETB- receptor-mediated effect of endothelin-l and [Ala' 3""1'5]
endothelin-I by BQ123 in the anaesthetized rat. Br. J. Phar-
macol., 107, 912-918.

CLOZEL, M., BREU, V., BURRI, K., CASSAL, J.M., FISCHLI, W.,
GRAY, G.A., HIRTH, G., LOFFLER, B.M., MOLLER, M., NEID-
HART, W. & RAMUZ, H. (1993). Pathophysiological role of
endothelin revealed by the first orally active endothelin receptor
antagonist. Nature, 365, 759-761.

CROFTON, J.T., SHARE, L., WANG, B.C. & SHADE, R.E. (1979). The
importance of vasopressin in the development and maintenance
of DOCA-salt hypertension in rat. Hypertension, 1, 31-38.

FUJITA, K., MATSUMURA, Y., KITA, S., HISAKI, K., TAKAOKA, M.
& MORIMOTO, S. (1994). Phosphoramidon-sensitive conversion of
big endothelin-l and degradation of endothelin-l in rat kidney.
Hypertension, 24, 227-233.

HEXUM, T.D., HOEGER, C., RIVER, J.E., BAIRD, A. & BROWN, M.R.
(1990). Characterization of endothelin secretion by vascular
endothelial cells. Biochem. Biophys. Res. Commun., 167, 294-
300.

HUGHES, A.K., CLINE, R.C. & KOHAN, D.E. (1992). Alteration of
renal endothelin-1 production in the spontaneous hypertensive
rat. Hypertension, 20, 666-673.

IMAI, T., HIRATA, Y., EMORI, T., YANAGISAWA, M., MASAKI, T. &
MARUMO, F. (1992). Induction of endothelin-1 gene by angioten-
sin and vasopressin in endothelial cells. Hypertension, 19,
753-757.

IHARA, M., NOGUCHI, K., SAEKI, T., FUKURODA, T., TSUCHIDA,
S., KIMURA, S., FUKAMI, T., ISHIKAWA, K. & YANO, M. (1992).
Biological profiles of highly potent novel endothelin antagonists
selective for ETA receptor. Life Sci., 50, 247-255.

KITAMURA, K., TANAKA, T., KATO, J., OGAWA, T., ETO, T. &
TANAKA, K. (1989). Immunoreactive endothelin in rat kidney
inner medulla: marked decrease in spontaneous hypertensive rats.
Biochem. Biophys. Res. Commun., 162, 38-44.

KOHNO, M., MURAKAWA, K., HORIO, T., YOKOKAWA, K.,
YASUNARI, K., FUKUI, T. & TAKEDA, T. (1991). Plasma
immunoreactive endothelin-1 in experimental malignant hyperten-
sion. Hypertension, 18, 93-100.

KON, V. & BADR, K.F. (1991). Biological actions and patho-
physiologic significance of endothelin in the kidney. Kidney Int.,
40, 1-12.

KURIHARA, H., YOSHIZUMI, M., SUGIYAMA, T., TAKAKU, F.,
YANAGISAWA, M., MASAKI, T., HAMAOKI, M., KATO, H. &
YAZAKI, Y. (1989). Transforming growth factor-a stimulates the
expression of endothelin mRNA by vascular endothelial cells.
Biochem. Biophys. Res. Commun., 159, 1435-1440.

LARIVIERE, R., THIBAULT, G. & SCHIFFRIN, E.L. (1993). Increased
endothelin-1 content in blood vessels of deoxycorticosterone
acetate-salt hypertensive but not spontaneous hypertensive rats.
Hypertension, 21, 294-300.

LERMAN, A., EDWARDS, B.S., HALLElT, J.W., HEUBLIN, D.M.,
SANDBERG, S.M. & BURNETT, M.D. (1991). Circulating and tis-
sue endothelin immunoreactivity in advanced atherosclerosis. N.
Engl. J. Med., 325, 997-1001.

LOSCHER, T.F., SEO, B. & BOHLER, F.R. (1993). Potential role of
endothelin in hypertension. Hypertension, 21, 752-757.

MARGULIES, K.B., HIDEBRAND, F.L., LERMAN, A., PERRELLA,
M.A. & BURNETT, J.C. (1990). Increased endothelin in experi-
mental heart failure. Circulation, 82, 2226-2230.

MATSUMURA, Y., HISAKI, K., TAKAOKA, M. & MORIMOTO, S.
(1990a). Phosphoramidon, a metalloproteinase inhibitor, supp-
resses the hypertensive effect of big endothelin-1. Eur. J. Phar-
macol., 185, 103-106.

MATSUMURA, Y., IKEGAWA, R., TAKAOKA, M. & MORIMOTO, S.
(1990b). Conversion of porcine big endothelin to endothelin by
an extract from the porcine aortic endothelial cells. Biochem.
Biophys. Res. Commun., 167, 203-210.

MATSUMURA, Y., IKEGAWA, R., SUZUKI, Y., TAKAOKA, M.,
UCHIDA, T., KIDO, H., SHINYAMA, H., HAYASHI, K.,
WATANABE, M. & MORIMOTO, S. (1991). Phosphoramidon
prevents cerebral vasospasm following subarachnoid hemorrhage
in dogs: the relationship to endothelin-1 levels in the cerebro-
spinal fluid. Life Sci., 49, 841-848.

MOHRING, J., MOHRING, B., PETRI, M. & HAACK, D. (1977).
Vasopressor role of ADH in the pathogenesis of malignant DOC
hypertension. Am. J. Physiol., 240, F260-F269.

NIREI, H., HAMADA, K., SHOUBO, M., SOGABE, K., NOTSU, Y. &
ONO, T. (1993). An endothelin ETA receptor antagonist,
FR139317, ameliorates cerebral vasospasm in dogs. Life Sci., 52,
1869-1874.

NISHIKIBE, M., TSUCHIDA, S., OKADA, M., FUKURODA, T.,
SHIMAMOTO, K., YANO, M., ISHIKAWA, K. & IKEMOTO, F.
(1993). Antihypertensive effect of a newly synthesized endothelin
antagonist, BQ123, in genetic hypertensive model. Life Sci., 52,
717-724.

POLLOCK, D.M., DIVISH, B.J. & OPGENORTH, T.J. (1993). Stimula-
tion of endogenous endothelin release in the anaesthetized rat. J.
Cardiovasc. Pharmacol., 22 (Suppl. 8), S295-S298.

POLLOCK, D.M. & OPGENORTH, T.J. (1993). Evidence for
endothelin-induced renal vasoconstriction independent of ETA
receptor activation. Am. J. Physiol., 264, R222-R226.

RUBANYI, G.M. & BOTELHO, L.H.P. (1991). Endothelins. Fed. Am.
Soc. Exp. Biol. J., 5, 2713-2720.

SARZANI, R., BRECHER, P. & CHOBANIAN, A.V. (1989). Growth
factor expression in aorta of normotensive and hypertensive rats.
J. Clin. Invest., 83, 1404-1408.

SOGABE- K., NIREI, H., SHOUBO, M., NOMOTO, A., SHIZUO, A.O.,
NOTSU, Y. & ONO, T. (1993). Pharmacological profile of
FR139317, a novel, potent endothelin ETA receptor antagonist. J.
Pharmacol. Exp. Ther., 264, 1040-1046.

STEIN, P.D., HUNT, J.T., FLOYD, D.M., MORELAND, S., DICKINSON,
K.E.J., MITCHELL, C., LIU, E.C.-K., WEBB, M.L., MURUGESAN,
N., DICKEY, J., MCMULLEN, D., ZHANG, R., LEE, V.G.,
SERAFINO, R., DELANEY, C., SCHAEFFER, T.R. & KOZLOWSKI,
M. (1994). The discovery of sulfonamide endothelin antagonists
and the development of the orally active ETA antagonist 5-
(Dimethylamino)-N-(3,4-dimethyl-5-isoxazolyl)-I-naphthalene sul-
fonamide. J. Med. Chem., 37, 329-331.

SUZUKI, N., MIYAUCHI, T., TOMOBE, Y., MATSUMOTO, H., GOTO,
K., MASAKI, T. & FUJINO, M. (1990). Plasma concentrations of
endothelin-1 in spontaneously hypertensive and DOCA-salt
hypertensive rats. Biochem. Biophys. Res. Commun., 167,
941-947.

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 phosphoramidon. J. Pharmacol. Exp. Ther.,
269, 860-866.

VANHOUTTE, P.M. (1993). Is endothelin involved in the pathogenesis
of hypertension? Hypertension, 21, 747-751.

VEMULAPALLI, S., WATKINS, R.W., BROWN, A., COOK, J., BERNAR-
DINO, V. & CHIU, P.J.S. (1993). Disparate effects of phos-
phoramidon on blood pressure in SHR and DOCA-salt hyperten-
sive rats. Life Sci., 53, 783-793.



930 K. Fujita et al Endothelin-1 and DOCA-salt hypertension

WARNER, T.D., ALLCOCK, G.H. & VANE, J.R. (1994). Reversal of
established responses to endothelin-l in vivo and in vitro by the
endothelin receptor antagonists, BQ123 and PD 145065. Br. J.
Pharmacol., 112, 207-213.

WIDIMSKY, J.J., HORKY, K. & DVORAKOVA, D. (1991). Plasma
endothelin-1,2 levels in mild and severe hypertension. J.
Hypertens., 9, S194-S195.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y.,
KOBAYASHI, M., MITUI, Y., GOTO, K. & MASAKI, T. (1988). A
novel potent vasoconstrictor peptide produced by vascular
endothelial cells. Nature, 332, 411-415.

(Received August 8, 1994
Revised September 30, 1994
Accepted October 27, 1994)


