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Introduction 
Endogenous vasoactive peptides act through a variety 

of mechanisms to control vascular tone and peripheral 
blood flow.1-3 Some of these peptides, such as angiotensin 
II, vasopressin, neuropeptide Y (NPY), and endothelin are 
potent vasoconstrictors acting on smooth muscle and in 
the central nervous system (CNS).2"6 A wide range of 
endogenous peptidic vasodilators such as atrial natriuretic 
peptide (ANP), bradykinin and related neurokinins, sub
stance P (SP), and calcitonin-gene-related peptide 
(CGRP), presumably act in concert with the vasocon
strictor peptides to maintain homeostasis.6-8 It is inter
esting that the vasoconstrictor substances are usually 
mitogenic, while the vasodilatory peptides inhibit cell 
growth. Endothelial cells are known to be capable of re
leasing vasoactive substances that regulate smooth muscle 
tone and platelet function.9,10 Indeed many endotheli-
um-dependent vasodilators act by formation of endothe-
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(5) Doherty, A. M. Endogenous vasoactive peptides. Anna. Rep. 

Med. Chem. 1991,26, 83-92. 
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Brenner, B. M., Laragh, J. H., Eds.; Raven Press: New York, 
1989; Vol. 3. 

(8) Kramer, H. J. Atrial Natriuretic hormones. Am. J. Hyper-
tens. 1990,13, 747-753. 

(9) Luscher, T. F. Imbalance of endothelium-derived relaxing 
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Am. J. Hypertens. 1990, 3, 317-330. 

(10) Vanhoutte, P. M. Endothelium and control of vascular 
function. State of the Art lecture. Hypertension 1989,13, 
658-667. 

lium-derived relaxing factor (EDRF)11,12 and other en
dogenous vasodilators, such as prostanoids, particularly 
prostacyclin. There is considerable interest in vascular 
control mechanisms and especially in the vasomotor role 
of endogenous peptides. The endothelium has been pro
posed to mediate vasoconstriction via production of en
dothelium derived vasoconstrictor factor(s) (EDCF) in 
response to various chemical and physical stimuli. The 
nature of EDCF(s) is the subject of much current dis
cussion and research. The recent discovery of endothelin-1 
(ET-1), a potent vasoconstrictor peptide released from 
endothelial cells, has attracted great interest as one pos
sible candidate for EDCF.13-14 ET-1, now known to belong 
to a new peptide class, is some 10-fold more potent than 
the vasoconstrictor angiotensin II, and has extremely 
long-lasting pressor effects. There are differing opinions 
as to whether ET-1 may be secreted to fill some crucial 
physiological role, as either a short-term or a long-term 
regulator, or whether its actions are purely pathological 
in nature. It seems hard to believe that such a potent series 
of peptides synthesized in all endothelial and many other 
types of cells would not play some important physiological 
role. Indeed the expression of this peptide has been highly 
conserved during the course of vertebrate evolution and 
may perform similar homeostatic functions in a variety of 

(11) Whittle, B. J.; Lopez, B. J.; Rees, D. D. Modulation of the 
vasodepressor actions of acetylcholine, bradykinin, substance 
P and endothelin in the rat by a specific inhibitor of nitric 
oxide formation. Br. J. Pharmacol. 1989, 98, 646-652. 

(12) Moncada, S.; Palmer, R. M. J.; Higgs, E. A. The discovery of 
nitric oxide as the endogenous nitrovasodilator. Hyperten
sion 1988, 12, 365-372. 

(13) Yanagisawa, M.; Masaki, T. Endothelin, a novel endotheli
um-derived peptide. Pharmacological activities, regulation 
and possible roles in cardiovascular control. Biochem. 
Pharmacol. 1989, 38, 1877-1883. 

(14) Masaki, T.; Yanagisawa, M.; Inoue, A.; Takuwa, Y.; Goto, K.; 
Kimura, S. Biological activity of endothelin. J. Cell. Bio
chem. 1990,14E, 199. 
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Figure 1. Amino acid sequences of the endothelin peptide family. 
Filled circles: residues different from those in ET-1. 

mammalian and nonmammalian species. Over the last 3 
years this peptide has drawn the attention of many in
vestigators because of its unique structure (Figure 1) and 
numerous biological actions (Table I). 

In this Perspective some of the biological actions of the 
ET's (Table I) are described and the evidence for a possible 
involvement in a variety of diseases are discussed (Table 
II). The final sections of this article discusses two possible 
methods to mediate the effects of ET and its isopeptides. 
Clearly the development of selective receptor antagonists 
and/or processing inhibitors is eagerly awaited and may 
provide novel therapeutic agents for the treatment of a 
variety of human diseases. 

Identification and Characterization 
Endothelin is a 21-amino acid vasoconstrictor belonging 

to a new class of peptides. It was originally discovered in 
the supernatant of cultured bovine aortic endothelial cells, 
and subsequently isolated from cultured porcine aortic 
endothelial cells.15,16 The primary sequence of human 
endothelin has been deduced from a human placental 

(15) Hickey, K. A.; Rubanyi, G.; Paul, R. J.; Highsmith, R. F. 
Characterization of a coronary vasoconstrictor produced by 
endothelial cells in culture. Am. J. Physiol. 1985, 248, 
C550-C556. 

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

Figure 2. Amino acid sequences of the sarafotoxin peptide family. 
Filled circles: residues different from those in ET-1. 

cDNA library and found to be identical to that of porcine 
endothelin, now referred to as endothelin-1 (ET-1).17 

Since the initial identification of ET-1, two other related 
peptides have been reported and designated endothelin-2 
(ET-2) and endothelin-3 (ET-3), differing by 2 and 6 amino 
acid residues, respectively.18'19 All three forms appear to 
be distinct gene products.20 Two endothelin-related genes 

(17) Itoh, Y.; Yanagisawa, M.; Ohkubo, S.; Kimura, C; Kosaka, 
T.; Inoue, A.; Ishida, N.; Mitsui, Y.; Onda, H.; Fujino, M.; et 
al. Cloning and sequence analysis of cDNA encoding the 
precursor of a human endothelium-derived vasoconstrictor 
peptide, endothelin: Identity of human and porcine en
dothelin. FEBS Lett. 1988, 231, 440-444. 

(18) Inoue, A.; Yanagisawa, M.; Kimura, S.; Kasuya, Y.; Miyauchi, 
T.; Goto, K.; Masaki, T. The human endothelin family: three 
structurally and pharmacologically distinct isopeptides pre
dicted by three separate genes. Proc. Natl. Acad. Sci. U.S.A. 
1989, 86, 2863-2867. 

(19) Shinmi, O.; Kimura, S.; Sawamura, T.; Sugita, Y.; Yoshizawa, 
T.; Uchiyama, Y.; Yanagisawa, M.; Goto, K.; Masaki, T.; 
Kanazawa, I. Endothelin-3 is a novel neuropeptide: isolation 
and sequence determination of endothelin-1 and endothelin-3 
in porcine brain. Biochem. Biophys. Res. Commun. 1989, 
164, 587-593. 

(20) Yanagisawa, M.; Inoue, A.; Ishikawa, T.; Kasuya, Y.; Kimura, 
S.; Kumagaye, S,; Nakajima, K.; Watanabe, T. X.; Sakaki-
bara, S.; Goto, K.; et al. Primary structure, synthesis, and 
biological activity of rat endothelin, an endothelium-derived 
vasoconstrictor peptide. Proc. Natl. Acad. Sci. U.S.A. 1988, 
85, 6964-6967. 
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Figure 3. Biosynthesis of endothelin. 

were identified by cloning and sequence analysis of the 
mouse genome.21 One encoded the peptide ET-1, while 
the other encoded a new peptide differing by three amino 
acid residues. The gene for this novel peptide is only 
expressed in the intestine and has been referred to as 
"vasoactive intestinal contractor" (VIC).21 The structures 
of these peptides, endothelin-1, -2, and -3 and the related 
peptide, VIC, are shown in Figure 1. 

A related group of cardiotonic peptides, known as the 
sarafotoxins (SRTX's) isolated from the venom of the 
Israeli burrowing asp, Atractaspis engaddensis, show a 
remarkable sequence homology with the endothelin pep
tides, suggesting an ancient and common evolutionary 
origin (Figure 2).22-23 

Biosynthesis and Tissue Distribution of ET-1 and 
Related Peptides 

ET-1 is derived from a 203 amino acid peptide precursor 
known as preproendothelin, which is cleaved after trans
lation by endopeptidases specific for the paired dibasic 
residues to form a 38 (human) or 39 (porcine) amino acid 
peptide, proendothelin or big ET (Figure 3).24 The bio
logical significance of differences in the amino acid se
quence between the prepropeptides and the presence of 
an ET-like peptide within preproET are presently unclear. 
The identity of the dibasic endopeptidase is not currently 
known. Big ET is then converted to active ET by a pu-

(21) Saida, K.; Mitsui, Y.; Ishida, N. A novel peptide, vasoactive 
intestinal contractor, of a new (endothelin) peptide family. 
Molecular cloning, expression, and biological activity- </• Biol. 
Chem. 1989, 264, 14613-14616. 

(22) Kloog, Y.; Ambar, I.; Sokolovsky, M.; Kochva, E.; Wollberg, 
Z.; Bdolan, A. Sarafotoxin, a novel vasoconstrictor peptide: 
Phoephoinositide hydrolysis in rat heart and brain. Science 
1988, 242, 268-270. 

(23) Bdolah, A.; Wollberg, Z.; Fleminger, G.; Kochva, E. SRTX-d, 
a new native peptide of the endothelin/sarafotoxin family. 
FEBS Lett. 1989, 256, 1-3. 

(24) Watanabe, T.; Itoh, Y.; Ogi, K.; Kimura, C; Suzuki, N.; Onda, 
H. Synthesis of human endothelin-1 precursors in Escheric
hia coli. FEBS Lett. 1989, 251, 257-260. 

X&mXCti) Endottwlln.1 
(Human/Porcine/ 
Dog/Rat) 

tative endothelin converting enzyme (ECE) (Figure 3).16,25 

The physiological importance of cleavage of ET(l-39) is 
indicated by the reported 140-fold increase in vasocon
strictor activity upon cleavage to ET-1.26 There has been 
some speculation that the biosynthetic pathway may be 
tissue and possibly species specific. A further complication 
is the possibility that the endothelin isopeptides may be 
processed by different pathways27 although there is no 
conclusive evidence at the present time. 

ET-1 mRNA is widely expressed in rat, porcine, guinea 
pig, and human tissues.28 The distribution of the prop
eptide, big ET and immunoreactive (ir) ET-1, has been 
compared in porcine tissues.29 The concentration of ir big 
ET was highest in the aortic intima and lung, while the 
highest concentration of ir ET-1 was found in the kidney 
inner medulla.30 The broad range of binding sites indi
cates that ET may function in the regulation of a variety 
of organ systems. 

(25) Yanagisawa, M.; Masaki, T. Molecular biology and biochem
istry of the endothelins. Trends Pharmacol. Sci. 1989,10, 
374-378. 

(26) Kimura, S.; Kasuya, Y.; Sawamura, T.; Shinimi, O.; Sugita, 
Y.; Yanagisawa, M.; Goto, K.; Masaki, T. Conversion of big 
endothelin-1 to 21-residue endothelin-1 is essential for ex
pression of full vasoconstrictor activity: structure-activity 
relationships of big endothelin-1. J. Cardiovasc. Pharmacol. 
1989,13, S5-S7. 

(27) Okada, K.; Takada, J.; Arai, Y.; Matsuyama, K.; Yano, M. 
Importance of the C-terminal region of big endothelin-1 for 
specific conversion by phosphoramidon-sensitive endothelin-
converting enzyme. Biochem. Biophys. Res. Commun. 1991, 
180 (2), 1019-1023. 

(28) Nunez, D. J.; Brown, M. J.; Davenport, A. P.; Neylon, C. B.; 
Schofield, J. P.; Wyse, R. K. Endothelin-1 mRNA is widely 
expressed in porcine and human tissues. J. Clin. Invest. 
1990, 85, 1537-1541. 

(29) Kitamura, K.; Yukawa, T.; Morita, S.; Ichiki, Y.; Eto, T.; 
Tanaka, K. Distribution and molecular form of immuno
reactive big endothelin-1 in porcine tissue. Biochem. Bio
phys. Res. Commun. 1990, 170, 497-503. 

(30) Cornet, S.; Braillon, A.; Guilmard, C; Chabrier, P. E.; Pi-
rotzky, E.; Braquet, P. Involvement of endothelin in renal 
processes. Hypertension 1990,15, 724-728. 
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Figure 4. Pathways of intracellular transmembrane signalling. 

Table I. Biological Actions of Endothelin tissue/organ effect 
vascular smooth muscle long-lived constriction of isolated vascular muscle13'87,68 

mitogenic actions in cultured smooth muscle cells89 

release of endothelium-derived relaxing factor70 

coronary arterial vasoconstriction, increased perfusion pressure71 

nonvascular smooth muscle constriction of intestinal, tracheal and uterine smooth muscle72 

heart increased contractility73 

increased heart rate74 

stimulation of ANP release76 

nervous tissue enhanced neurotransmitter release78 

kidney inhibition of renin release77 

decrease in renal blood flow, decrease in glomerular filtration rate and urinary Na+ and K+ excretion30 

adrenal glands stimulation of aldosterone biosynthesis78 

release of catecholamines79 

In addition to endothelial cells, from which endothelin 
obviously derives its name, ET-1 is produced by mesangial, 
kidney, and epithelial cells and also by various human 
cancer cell lines and human macrophages.31-35 ET gene 
transcription occurs in a variety of functional regions in 
the human brain, especially the hypothalamus.36 Evidence 

(31) Sakamoto, H.; Sasaki, S.; Hirata, Y.; Imai, T.; Ando, K.; Ida, 
T.; Sakurai, T.; Yanagisawa, M.; Masaki, T.; Marumo, F. 
Production of endothelin-1 by rat cultured mesangial cells. 
Biochem. Biophys. Res. Commun. 1990,169, 462-468. 

(32) Kosaka, T.; Suzuki, N.; Matsumoto, H.; Itoh, Y.; Yasuhara, 
T.; Onda, H.; Fujino, M. Synthesis of the vasoconstrictor 
peptide endothelin in kidney cells. FEBS Lett. 1989, 249, 
42-46. 

(33) Marumo, F.; Tomita, K. Secretion of endothelin and related 
peptides from renal epithelial cell lines. Jpn. J. Physiol. 
1990, 40, S77. 

(34) Kusuhara, M.; Yamaguchi, K.; Nagasaki, K.; Hayashi, C; 
Suzaki, A.; Hori, S.; Handa, S.; Nakamura, Y.; Abe, K. Pro
duction of endothelin in human cancer cell lines. Cancer Res. 
1990, 50, 3257-3261. 

(35) Ehrenreich, H.; Anderson, R. W.; Fox, C. H.; Rieckmann, P.; 
Hoffman, G. S.; Travis, W. D.; Coligan, J. E.; Kehrl, J. H.; 
Fauci, A. S. Endothelins, peptides with potent vasoactive 
properties, are produced by human macrophages. J. Exp. 
Med. 1990,172, 1741-1748. 

(36) Lee, M. E.; de la Monte, S. M.; Ng, S.-C; Bloch, K. D.; 
Quertermous, T. Expression of the potent vasoconstrictor 
endothelin in the human central nervous system. J. Clin. 
Invest. 1990, 86, 141-147. 

for transcription and expression of the ET-3 gene in the 
human placenta and the ET-2 gene in human tumor cells 
has only recently been reported.37,38 

The expression of the preproendothelin gene in cultured 
cells is stimulated by thrombin, TGF-0, epinephrine, va
sopressin, phorbol esters, and the calcium ionophore 
A23187 (Figure 4).2S Other conditions that cause its re
lease include increased shear stress, hypoxia, oxy
hemoglobin, elevated glucose levels, and endogenous di
gitalis-like factor.39-43 In the intact circulation, thrombin 

(37) Onda, H.; Ohkubo, S.; Ogi, K.; Kosaka, T.; Kimura, C; 
Matsumoto, H.; Suzuki, N.; Fujino, M. One of the endothelin 
gene family, endothelin 3 gene, is expressed in the placenta. 
FEBS Lett. 1990, 261, 327-330. 

(38) Ohkubo, S.; Ogi, K.; Hosoya, M.; Matsumoto, H.; Suzuki, N.; 
Kimura, C; Ondo, H.; Fujino, M. Specific expression of hu
man endothelin-2 (ET-2) gene in a renal adenocarcinoma 
cell line. Molecular cloning of cDNA encoding the precursor 
of ET-2 and its characterization. FEBS Lett. 1990, 274, 
136-140. 

(39) Milner, P.; Bodin, P.; Loesch, A.; Burnstock, G. Rapid release 
of endothelin and ATP from isolated aortic endothelial cells 
exposed to increased flow. Biochem. Biophys. Res. Commun. 
1990,170,649-656. 

(40) Hieda, H. S.; Gomez-Sanchez, C. E. Hypoxia increases en
dothelin release in bovine endothelial cells in culture, but 
epinephrine, norepinephrine, serotonin, histamine and an
giotensin II do not. Life Sci. 1990, 47, 247-251. 



Perspective Journal of Medicinal Chemistry, 1992, Vol. 35, No. 9 1497 

Table II. Therapeutic Implications: Possible Physiological Roles and Beneficial Actions 

Cardiovascular diseases 
myocardial ischemia 
congestive heart failure 
arrhythmia 
unstable angina 
hypertension 

Bronchoconstriction 
pulmonary hypertension 
asthma 

Neuronal action 
cerebral vasospasm 
subarachnoid hemorrhage 

Endocrine 
pre-eclampsia 

Beneficial actions of ET? 
physiological regulation of blood pressure 
neuroendocrine regulation 
closure of umbilical vessels 
wound healing 
control of menstruation 

Renal disease 
acute/chronic renal failure 

Vascular disorders 
atherosclerosis 
other vascular disorders, e.g. Buergers disease, Takayasu's arteritis 
Raynaud's phenomenon 
complications in diabetes 

Cancer, esp. pulmonary carcinoma 

Gastric mucosal damage 
gastrointestinal disorders 

Other 
endotoxic shock, septicemia 

and A23187 have been demonstrated to enhance ET-1 
release, while EDRF inhibits its production.44 

An improved understanding of the regulation of ET 
secretion is likely to lead to novel pharmacological ap
proaches to diseases associated with altered production of 
ET. 

Cardiovascular Actions 
During the last 3 years the literature on the actions and 

possible physiological and pathological roles of the ET 
peptides has been expanding rapidly.45-47 

The ETs elicit a long-lasting vasoconstriction in almost 
all arteries and veins.48 Numerous reports have described 
the effects of ET on the cardiovascular system in vitro and 
in vivo. Some of these actions are summarized in Table 
I and have been reviewed recently.49 

Intravenous infusion to normotensive and spontaneously 
hypertensive rats causes a transient hypotensive effect, 

(41) Cocks, T. M.; Malta, E.; Woods, R. L.; King, S. J.; Angus, J. 
A. Ozyhaemoglobin increases the production of endothelin-1 
by endothelial cells in culture. Eur. J. Pharmacol. 1991,196, 
177-182. 

(42) Yamauchi, T.; Ohnaka, K.; Takayanagi, R.; Umeda, F.; Na-
wata, H. Enhanced secretion of endothelin-1 by elevated 
glucose levels from cultured bovine aortic endothelial cells. 
FEBS Lett. 1990, 267,16-18. 

(43) Yamada, K.; Goto, A.; Hui, C; Sugimoto, T. Endogenous 
digitalis-like factor as a stimulator of endothelin secretion 
from endothelial cells. Biochem. Biophys. Res. Commun. 
1990,172,178-183. 

(44) Boulanger, C; Luscher, T. F. Release of endothelin from the 
porcine aorta. Inhibition by endothelium-derived nitric ox
ide. J. Clin. Invest. 1990, 85, 587-590. 

(45) Lerman, A.; Hildebrand, F. L.; Margulies, K. B.; O'Murchu, 
B.; Perrella, M. A.; Heublein, D. M.; Schwab, T. R.j Burnett, 
J. C. Endothelin: A new cardiovascular regulatory peptide. 
Mayo Clin. Proc. 1990, 65,1441-1455. 

(46) Anggard, E. E.; Botting, R. M.; Vane, J. R. Endothelins. 
Blood Vessels 1990, 27, 269-281. 

(47) Lovenburg, W.; Miller, R. C. Endothelin: A review of its 
effects and possible mechanisms of action. Neurochem. Res. 
1990,14, 407-417. 

(48) Miyauchi, T.; Tomobe, Y.; Shiba, R.; Ishikawa, T.; Yanagi-
sawa, M.; Kimura, S.; Sugishita, Y.; Ito, I.; Goto, K.; Masaki, 
T. Involvement of endothelin in the regulation of human 
vascular tonus. Potent vasoconstrictor effect and existence 
in endothelial cells. Circulation 1990, 81, 1874-1880. 

(49) Masaki, T.; Yanagisawa, M. Cardiovascular effects of the 
endothelins. Cardiovasc. Drug Rev. 1990, 8, 373-385. 

followed by a sustained pressor response with a reduced 
cardiac output.50,61 The pressor responses of ET-1 are 
reduced by Ca2+ channel blockers and the K+ channel 
opener, cromakalim.51 Interestingly, low concentrations 
of ET-1 in mammary artery rings potentiated contractions 
to norepinephrine and serotonin, suggesting that ET may 
play an important role in acute ischemic disorders asso
ciated with platelet activation.82 The cardiovascular re
sponses to VIC, ET-2, and S6b are similar to those of ET-1, 
eliciting biphasic changes in arterial pressure and increased 
central venous pressure, cardiac output, and pulmonary 
arterial pressure.53'54 In addition, S6b and ET-1 are re
ported to have potent inotropic and negative chronotropic 
effects on isolated perfused hearts and to induce coronary 
vasospasm, severe arrythmia, atrioventricular block, and 
lethal ventricular fibrillation.55 

In contrast, low-dose infusions of ET-1 and -3 have 
elicited only a vasodilatory action.66 There have been 
several reports describing the initial transient but potent 
vasodilation of ET that appears to be selective for certain 
arterial beds.67,58 The effect has been observed to occur 

(50) Mortensen, L. H.; Pawloski, C. M.; Kanagy, N. L.; Fink, G. 
D. Chronic hypertension produced by infusion of endothelin 
in rats. Hypertension 1990,15, 729-733. 

(51) Le Monnier de Gouville, A. C; Mondot, S.; Lippton, H.; 
Hyman, A.; Cavero, I. Hemodynamic and pharmacological 
evaluation of the vasodilator and vasoconstrictor effects of 
endothelin-1 in rats. J. Pharmacol. Exp. Ther. 1990, 252, 
300-311. 

(52) Yang, Z. H.; Richard, V.; von Segesser, L.; Bauer, E.; Stulz, 
P.; Turina, M.; Luscher, T. F. Threshold concentrations of 
endothelin-1 potentiate contractions to norepinephrine and 
serotonin in human arteries. A new mechanism of vasos
pasm? Circulation 1990, 82,188-195. 

(53) Minkes, R. K.; Higuera, T. R.; Rogers, G. F.; Sheldon, E. A.; 
Langston, M. A.; Kadowitz, P. J. Cardiovascular responses to 
vasoactive intestinal contractor, a novel endothelin-like pep
tide. Am. J. Physiol. 1990, 259, H1152-H1160. 

(54) Minkes, R. K.; Kadowitz, P. J. Comparative responses to 
endothelin 2 and sarafotoxin 6b in systemic vascular bed of 
cats. Am. J. Physiol. 1990, 258, H1550-H1558. 

(55) Han, S.-P.; Knuepfer, M. M.; Trapani, A. J.; Fok, K. F.; 
Westfall, T. C. Cardiac and vascular actions of sarafotoxin 
S6b and endothelin-1. Life Sci. 1990, 46, 767-775. 

(56) Nakamoto, H.; Suzuki, H.; Murakami, M.; Kageyama, Y.; 
Naitoh, M.; Sakamaki, Y.; Ohishi, A.; Saruta, T. Different 
effects of low and high doses of endothelin on hemodynamics 
and hormones in the normotensive conscious dog. J. Hy
pertension 1991, 9, 337-344. 
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in vivo in ganglionic-blocked animals and therefore cannot 
be due to a reflex response to the vasoconstrictor compo
nent.67 Low doses of ET-3 have been reported to cause 
continuous vasodilation of mesenteric arteries precon-
stricted with norepinephrine and to be accompanied by 
elevation of cyclic nucleotides.59 It is possible that the 
vasodilation elicited by the ETs is mediated via a single 
receptor subtype60 in certain tissue beds, although defi
nitive proof for this is not available. If the two activities 
of ET can be separated pharmacologically, then selective 
agonists that mediate this vasodilator response might be 
of interest for the development of diseases associated with 
vascular dysfunction. 

Intravenous infusions of ET-1 to humans (1,2.5, and 5.0 
ng/kg per min) caused increases in mean blood pressure 
and serum potassium concentration,61 while plasma con
centrations of renin, ANP, and aldosterone were un
changed. ET monoclonal antibodies have been shown to 
attenuate ET-induced contraction of rat aortic rings and 
the pressor effects of ET-1 in pithed rats.62 

The many potent effects of the ET's on the cardiovas
cular system have implicated this peptide class in a variety 
of human diseases (Table II). There have been several 
reports implicating ET in the pathogenesis of congestive 
heart failure and myocardial ischemia.63-65 Left coro
nary-artery ligation and reperfusion to induce myocardial 
infarction in the rat heart caused a 4-7-fold increase in 
endogenous endothelin levels.64 Administration of ET-
antibody was reported to reduce the size of the infarction 
in a dose-dependent manner.64 

In the anesthetized dog with congestive heart failure, 
a significant 2-3-fold elevation of circulating ET levels has 
been reported,65 and studies in humans have shown similar 
increases.66 In hypertension the story is less clear re-

(57) Wright, C. E.; Fozard, J. R. Regional vasodilation is a prom
inent feature of the haemodynamic response to endothelin in 
anaesthetized, spontaneously hypertensive rats. Eur. J. 
Pharmacol. 1988, 255, 201-203. 

(58) Hoffman, A.; Grossman, E.; Ohman, K. P.; Marks, E.; Keiser, 
H. R. The initial vasodilation and the later vasoconstriction 
of endothelin-1 are selective to specific vascular beds. Am. 
J. Hypertension 1990, 3, 789-791. 

(59) Fukuda, N.; Soma, M.; Izumi, Y.; Minato, M.; Watanabe, M.; 
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garding levels of endothelin in the plasma and there really 
has been no consensus. Conclusions that ET is not in
volved in hypertension thus appear premature if one 
postulates a paracrine-like long-term regulation in the 
control of blood pressure. ET plasma levels may then be 
of no consequence. Studies with monoclonal antibodies 
may be a powerful preliminary tool to investigate a pa
thophysiological significance for ET in essential hyper
tension. 
Mechanism of Action 

A direct involvement of endothelin with the slow calcium 
channel was originally postulated by Yanagisawa and co
workers.16 However, subsequent studies have demon
strated that the vasoconstrictor response to endothelin can 
be observed in calcium-free conditions, and that in certain 
tissues calcium channel blockers have little effect on the 
response to endothelin.80,81 Thus although extracellular 
calcium appears to be important, direct activation of the 
voltage-sensitive Ca2+ channels does not seem to be in-
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volved. The response to endothelin is also not blocked by 
a variety of receptor antagonists and enzyme inhibitors, 
including phentolamine, nordihydroguaiaretic acid, atro
pine, methysergide, diphenhydramine, tetrodotoxin, and 
indomethacin.16 The sodium-calcium exchange inhibitor 
dichlorobenzamil totally blocked the constrictor response 
to ET in isolated rat aortic rings, suggesting that en
dothelin plays a role in stimulating sodium movement into 
the cell.82 

ET-1 binds to its G-protein coupled receptor to activate 
phospholipase C (PLC), resulting in increased formation 
of inositol tris- and bisphosphates (IP) and 1,2-O-diacyl-
glycerol (DAG), with subsequent stimulation of protein 
kinase C (PKC) (Figure 4).83'84 These events have been 
implicated in the initial rise in intracellular calcium 
([Ca^lint) and phosphorylation of myosin light chains 
leading to the vascular contractile responses of ET. Pre
liminary experiments suggest that a pertussis toxin sen
sitive G-protein couples ET receptors to PLC (Figure 4). 
Further work is needed to understand the pathways of 
calcium influx activated by ET. PKC appears to inhibit 
ET-induced Ca2+ signalling, thereby serving as a negative 
feedback signal. There is some evidence that ET activates 
phospholipase A2 (PLA2) in cultured smooth muscle and 
mesangial cells, causing stimulation of the arachidonic acid 
cascade.86 It is not known whether ET activates PLA2 
directly via a G protein or indirectly by increasing intra
cellular Ca2+. The initial transient vasodilator action of 
the ET's has been attributed to the release of PGI2 
(prostaglandin Lj and/or EDRF.9 As discussed previously, 
the vasodilator and vasoconstrictor effects may be medi
ated via different receptors. 

Clearly the study and elucidation of the signal trans
duction pathways involved in the biological actions of the 
ET's will be an area that continues to be studied intensely. 
Intervention at the ET receptor signalling level could 
provide novel therapeutic agents to study its role in the 
pathophysiology of various disease states. Conceptionally 
one might ask how would it be possible to develop agents 
acting at a stage beyond the receptor that might attain 
sufficient specificity? However, there are several possible 
ways in which this might be achieved. Molecular cloning 
has revealed the existence of isozymes of both PKC and 
PLC. In addition the heterogenous distribution, both 
tissue and intracellular localization, of IP3 receptors and 
PKC isozymes, offers an opportunity for development of 
selective therapeutic agents. Intervention of the PLA2/ 
arachadonic acid signalling pathway or in the modulation 
of cell responsiveness at the G-protein level are other 
possibilities. Finally there may be an excess or lack of 
second messengers associated with ET-derived disease 
states. 

The Control of Renal Function 
Several studies have shown that ET-1 has an important 

impact on the kidney, causing reduction in renal blood flow 
and urinary sodium excretion.86 Very low concentrations 
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of ET-1 cause intense long-lasting renal vasoconstriction. 
In contrast to ET-1, bolus injection of big ET to conscious 
rats did not change renal blood flow or renal resistance. 
Both peptides caused a dose-dependent diuretic and na
triuretic response. These effects seem to indicate different 
mechanisms of action for the two peptides.87 In DOCA-
salt hypertensive rats (treated with deoxycorticosterone 
acetate), ET clearance is reduced, resulting in a lower renal 
blood flow compared with normotensive controls.88 The 
reported inhibition of renin release both in vitro and in 
vivo is not antagonized by nicardipine or nifedipine; how
ever, the presence of extracellular calcium is clearly im
portant. Platelet activating factor antagonists have been 
reported to inhibit the effects of ET on renal function and 
mesangial cell contraction.89 

In the kidney, mRNA for ET has been detected in the 
cortical and medullary regions. Autoradiographic studies 
in rats have localized ET receptors in the renal artery and 
vein, glomerulus, arcuate artery, interlobular artery, vas
cular bundle, and renal papilla. The vasoconstrictor effects 
of ET on renal hemodynamics are significantly modified 
by its ability to enhance production of vasodilators, in
cluding prostacyclin.30 

ET-1 and -3 levels have been shown to be elevated in 
patients undergoing hemodialysis treatment, implicating 
their involvement in the pathogenesis of chronic renal 
failure. There is also evidence that ET participates in 
cyclosporine-induced renal failure since cyclosporine in
creases ET synthesis and release.90 Studies by Kon and 
colleagues using anti-ET antibodies in an ischemic kidney 
model to deactivate endogenous ET indicated the peptide's 
involvement in acute renal ischemic injury.91 

Mitogenic Actions. Involvement in Vascular 
Disorders 

ET-1 has been reported to be a potent mitogen in fi
broblasts and rat aortic smooth muscle cells and has been 
implicated in the pathophysiology of atherosclerosis.69,92 

Other studies have indicated that ET is in fact a co-mi-
togen in the presence of platelet derived growth factor.93 
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ET-1 has also been shown to stimulate mitogenesis in glial 
cells in the rat brain, and may play a role in wound healing 
after neuronal injury.94 In addition, ET stimulates hy
pertrophy of neonatal rat cardiac myocytes that can be 
reversed completely by the protein kinase C inhibitor H-7. 
The growth factor activity of ET-1 and ET-3 on vascular 
smooth muscle can be inhibited by atriopeptin III (ANP 
5-28).9S The broad spectrum neuropeptide antagonist 
[D-Arg1, D-Phe6, D-Trp7'9,Leu11]substance P previously 
reported as an ET/VIC antagonist blocking the binding 
of 125I-ET-1 (IC50 - 40 nM), and its Ca2+ mobilizing and 
autogenic effects in mouse 3T3 cells, appears not to be 
characterized as a competitive inhibitor.96 Several groups 
have found that ET-1 does not directly induce or modulate 
the aggregation of human platelets in vitro.97 However, 
ET can inhibit platelet aggregation in vivo, presumably 
via release of EDRF or prostacyclin.98 Interestingly, it 
has recently been reported that platelets can directly 
stimulate ET expression and biosynthesis in cultured bo
vine and human endothelial cells.99 Thus platelets appear 
to regulate endothelium-dependent constricting factors and 
indeed there may be a feedback mechanism that exists 
from endothelial cells to platelets. 

Abnormal proliferation of the vascular smooth muscle 
underlying endothelial cells is observed in a number of 
diseases including atherosclerosis. The co-mitogenic 
properties of ET have suggested an involvement in these 
vascular disorders. It is intriguing that EDRF inhibits 
mitogenesis in vascular smooth muscle cells while ET 
promotes growth. Thus a sensitive regulatory mechanism 
exists within the endothelial cell and imbalance of these 
factors may cause vascular dysfunction. Structural vas
cular changes may be of importance in the long-term de
termination of vascular resistance and of large artery 
compliance, both of which are important factors in hy
pertension. 

Chemotactic Effects. Involvement in Wound 
Healing? 

The ET's have been demonstrated to possess che-
moattractant activity for human neutrophils which was 
inhibited by the FMLP (formyl-Met-Leu-Phe) antagonist 
^oc-Phe-Leu-Phe-Leu-Phe.100 Interestingly, the mono
cyclic loop Ac-ET-l(3-ll)-NH2 was equipotent with ET-1. 
Since it has been shown that the loop region of ET exhibits 
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no binding to rat heart receptors,101 the chemotactic effects 
are clearly unrelated to receptor affinity in this tissue. 

There have been few reports that ET agonists may be 
beneficial, but its chemoattractant properties suggest a 
possible role in wound-healing processes. 
Bronchopulmonary Effects 

The effects of ET-1 on the bronchopulmonary system 
have been reviewed recently.102 ET-1 is one of the most 
potent contractile agonists known in human isolated 
bronchus (ECso = 18.3 nM) and pulmonary artery (EC50 
= 3.2 nM). A significant inhibitory effect of the platelet 
activating factor antagonist, BN 52021 (ginkgolide B), or 
specific thromboxane receptor antagonists on the bron
chopulmonary response induced by ET-1 has been re
ported in a variety of species, supporting a role for the 
involvement of cyclooxygenase products in its effects.103,104 

However, in the human lung these contractile effects do 
not seem to be effected by extracellular Ca2+ concentration 
nor to the release of prostaglandins or thromboxane A2. 
A recent report, demonstrating the vasodilatory properties 
of ET-1, -2, and -3 in vivo, indicates that the pulmonary 
vasodilation observed depends, in part, on the potassium 
channel activation.106 

Human bronchial smooth muscle cells possess specific 
binding sites for ET-1 and the human bronchial epithelial 
cells have been shown to secrete an ET-like material.106 

ET immunoreactivity has been localized to pulmonary 
endocrine cells, especially in the fetal lung and in non-small 
carcinomas of the lung. It is tempting to postulate that 
the mitogenic activity of ET may play a role in the em-
bryological development of the lung or in the pathology 
of pulmonary tumours. There appear to be significant 
interspecies differences in airway responsiveness of ET-1 
in a variety of smooth muscle preparations. 

The role of the lung in the clearance of ET is contro
versial. There have been suggestions of a clearance re
ceptor, similar to the well-known ANP clearance receptor; 
however, there is little evidence for this at present. 

Increased levels of ET-1 in bronchoalveolar lavage fluid 
during asthmatic attacks may suggest its involvement in 
the control of bronchial tone.107 

Gastrointestinal Effects 
In the gastrointestinal tract, autoradiographic studies 

have shown that ET receptors are present in the mucosal 
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layer of rat colon, intestine, and stomach.108 Both ET-1 
and ET-3 cause contraction of rat stomach strips, rat colon, 
and guinea pig ileum. Local intraarterial infusion of ET 
causes hemorrhagic and necrotic damage in rat mucosa, 
and thus ET has been implicated in the pathogenesis of 
ulcerative diseases of the stomach.109 However, there 
appear to be few binding sites for ET in the antrum of the 
stomach and duodenum of the rat, where ulcers are likely 
to occur. Further studies in the human gastrointestinal 
tract are required to elucidate whether ET has any 
physiological or pathological role in the control of gas
trointestinal function. 

Is ET a Neuroendocrine Modulator? 
There have been many studies indicating the widespread 

occurrence of ET receptors in the brain of both animals 
and humans.110 Immunoreactive ET-1 has been detected 
in cerebral cortex, cerebellum, brain stem, basal ganglia, 
and hypothalmus of the human brain, with a much lower 
abundance in the pituitary gland. Colocalization studies 
in the cortex have shown that ET-1 mRNA and immu-
noreactivity are present in cells that express NPY mRNA 
and immunoreactivity.111 Astrocytes from brain cortex 
have the ability to produce and release ET-3 and possess 
a single class of binding sites with comparable affinity for 
ET-1, -2, and -3.112 This ET receptor differs from that 
characterized from endothelial cells in brain microvessels 
that appears to be selective for ET-1, while recognizing 
ET-3 with only low affinity. ET peptides and their pre
cursors have been detected in the human cerebrospinal 
fluid in addition to big ET-1, -2, and -3. As a result ET-1 
and/or ET-3 have been suggested to act as neuropeptides, 
playing an important role in the control of neuronal 
function. 

ET-1 has been shown to release vasopressin from per
fused rat hypothalmus and SP from perfused rat hypo
thalmus and anterior pituitary gland.113 Intracerebro-
ventricular (icv) injection of ET-1 to conscious rats caused 
dose-dependent elevation of arterial pressure and increases 
in heart rate that could be significantly attenuated by the 
icv pretreatment with nicardipine and nicorandil. This 
indicates that ET may elevate [Ca2*]^ of sympathetic 
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nerve activity regulatory neurons of the brain.114 ET-1 
has been reported to stimulate gonadotropin release in 
perfused pituitary cells.116 ET-3 inhibits prolactin se
cretion and stimulates the release of luteinizing hormone, 
follicle stimulating hormone, and thyroid stimulating 
hormone from primary monolayer cultures of rat anterior 
pituitary cells.116 In fact, ET stimulates pituitary gona
dotropin release as efficiently as gonadotropin-releasing 
hormone. Thus both ET-1 and ET-3 are suggested to act 
as neuroendocrine modulators. 

The pathogenesis of cerebral ischemia, often observed 
following subarachnoid hemorrhage, is a subject of intense 
study. Endothelin levels in the cerebrospinal fluid of such 
patients (both ET-1 and ET-3) are indeed substantially 
elevated, indicating ET's possible involvement in cerebral 
vasospasm and the subsequent neurologic deterioration.117 

Diabetes 
ET is a potent agonist in the liver eliciting both a sus

tained vasoconstriction of the hepatic vasculature and a 
significant increase in hepatic glucose output.118 Moreo
ver, it has recently been reported that insulin stimulates 
ET-1 gene expression in endothelial cells.119 These results 
indicate that ET may be an important factor contributing 
to vascular complications associated with diabetes. 

Endocrinological Effects 
There have been some interesting theories that the ET 

peptides may be involved in the formation of life in ad
dition to its destruction although these seem a little dra
matic! An approximately 5-fold increase in amniotic fluid 
ET-like immunoreactivity was measured at term as com
pared to mid-trimester values, suggesting a possible in
volvement in the closure of the umbilical vessels occurring 
at delivery.120 Interestingly micro-autoradiography has 
revealed high densities of iodinated ET-1, -2, and -3 in the 
human uterus localized to glandular epithelial cells and 
blood vessels, leading the authors to suggest a possible role 
in the control of menstruation.121 Endothalin is also 
thought to play a role in pregnancy-induced hypertension. 

(114) Nishimura, M.; Takahashi, H.; Matsusawa, M.; Ikegaki, I.; 
Nakanishi, T.; Hirabayashi, M.; Yoshimura, M. Intracere-
broventricular injections of endothelin increase arterial 
pressure in conscious rats. Jpn Circ. J. 1990, 54, 662-670. 

(115) Stojilkovic, S. S.; Merelli, F.; Iida, T.; Krsmanovic, L. Z.; Catt, 
K. J. Endothelin stimulation of cytosolic calcium and gona
dotropin secretion in anterior pituitary cells. Science 1990, 
248, 1663-1666. 

(116) Kanyicska, B.; Burris, T. P.; Freeman, M. E. Endothelin-3 
inhibits prolactin and stimulates LH, FSH and TSH se
cretion from pituitary cell culture. Biochem. Biophys. Res. 
Commun. 1991,174, 338-343. 

(117) Suzuki, H.; Sato, S.; Suzuki, Y.; Takekoshi, K.; Ishihara, N.; 
Shimoda, S. Increased endothelin concentration in CSF from 
patients with subarachnoid hemorrhage. Acta Neurol. 
Scand. 1990, 81, 553-554. 

(118) Gandhi, C. R.; Stephenson, K.; Olson, M. S. Endothelin, a 
potent peptide agonist in the liver. J. Biol. Chem. 1990,265, 
17432-17435. 

(119) Oliver, F. J.; de la Rubia, G.; Feener, E. P.; Lee, M.-E.; 
Loeken, M.; Shiba, T.; Quertermous, T.; King, G. L. Stimu
lation of endothelin-1 expression by insulin in endothelial 
cells. J. Biol. Chem. 1991, 266, 23251-23256. 

(120) Benigni, A.; Gaspari, F.; Orisio, S.; Bellizzi, L.; Amuso, G.; 
Frusca, T.; Remuzzi, G. Human placenta expresses endothe
lin gene and corresponding protein is excreted in urine in 
increasing amounts during normal pregnancy. Am. J. Obstet. 
Gynecol. 1991, 164, 844-848. 

(121) Davenport, A. P.; Cameron, I. T.; Smith, S. K.; Brown, M. J. 
Binding sites for iodinated endothelin-1, endothelin-2 and 
endothelin-3 demonstrated on human uterine glandular ep
ithelial cells by quantitative high resolution autoradiography. 
J. Endocrinol. 1991, 129, 149-154. 
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Figure 5. Conversion of big ET-1 to ET-1. 

Therapeutic Implications 

Reading the literature on the ET peptide family over 
the last 3 years, might bring one to the conclusion that they 
are involved in every disease known to man! Plasma 
concentrations of ET have been reported to be elevated 
in many cardiovascular disorders and in an amazing variety 
of other diseases (Table II). The relevance of these data 
is unclear at present, since it is not known whether ET acts 
as a local regulatory peptide or as a circulating hormone. 
Indeed many of the reported elevations are marginal and 
there are several conflicting results from different groups. 
The levels of extraction of ET from the plasma have been 
found to be low and variable and thus the accuracy of 
plasma ET measurements reported may also be in ques
tion. If ET acts as a local regulator on the vascular smooth 
muscle (Figure 4), then measurement of ET blood levels 
may be a fruitless exercise. Alternatively, slight elevations 
of ET in the bloodstream may represent a "spill-over" that 
could be a marker for some disease states. Interestingly, 
Burnett and co-workers recently demonstrated that ex
ogenous infusion of ET (2.5 ng/kg per mL) to anesthetized 
dogs, producing a doubling of the circulating concentration, 
did have biological actions.122 Thus heart rate and cardiac 
output decreased in association with increased renal and 
systemic vascular resistances and antinatriuresis. These 
studies support a role for endothelin in the regulation of 
cardiovascular, renal, and endocrine function. There has 
been little attempt to study circulating ET-2 and -3 levels 
probably because plasma levels are so low, although the 
presence of ET-3 in the brain has suggested a role in 
neuronal function. 

The development of transgenic models expressing ele
vated quantities of ET would be of great interest but the 

(122) Lerman, A.; Hildebrand, F. L.; Aarhus, L. L.; Burnett, J. C. 
Endothelin has biological actions at pathophysiological con
centrations. Circulation 1991, 83, 1808-1814. 

-1 (Human) 

ECE • Endothelin Converting 
Enzyme(s) 

CTF • C-Terminal Fragment 

likelihood of success is questionable since such a model 
may not survive very long! 

ET may be involved in some of the diseases listed in 
Table II although it should be reemphasized that elevated 
circulating levels certainly do not prove a causal relation
ship. It would be premature to speculate in which disease 
states ET will eventually be proven to play an important 
role. Indeed there are different proponents according to 
the bias of individual research groups! I do believe however 
that ET modulators will find a central role in various 
cardiovascular diseases such as congestive heart failure and 
myocardial infarction. A list of possible other (beneficial) 
functions of the ETs is also included in Table II to indicate 
possible physiological roles of ET or potential uses for ET 
agonists. 

Endothelin Processing. Design of ECE Inhibitors 

Much effort has been expended over the last couple of 
years to identify ECE(s) (Figure 5). The main difficulty 
has been that several classes of enzymes appear to cleave 
big ET to ET in vitro. In many of the isolation procedures 
designed to elucidate ECE, several irrelevant enzymes may 
have been suggested. Initial reports from endothelial cell 
cultures implicated the involvement of an aspartic pro
teinase.123,124 Specifically, pepsin and cathepsin D were 
shown to cleave big ET to ET in vitro. However, it was 
subsequently shown that cathepsin D causes further rapid 
degradation of ET-1, and thus it seems unlikely to be 
involved in its formation in vivo.125126 Human cathepsin 

(123) Ikegawa, R.; Matsumura, Y.; Takaoka, M; Morimoto, S. Ev
idence for pepstatin-sensitive conversion of porcine big en
dothelin-1 to endothelin-1 by the endothelial cell extract. 
Biochem. Biophys. Res. Commun. 1990,167, 860-866. 

(124) Sawamura, T.; Kimura, S.; Shinmi, O.; Sugita, Y.; Kobayashi, 
M.; Mitsui, Y.; Yanagisawa, M.; Goto, K.; Masaki, T. Char
acterization of endothelin converting enzyme activities in 
soluble fraction of bovine cultured endothelial cells. Bio
chem. Biophys. Res. Commun. 1990, 169, 1138-1144. 
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E, a closely related aspartic proteinase, has been shown 
to specifically cleave big ET at the Trp21-Val22 bond in 
vitro to produce ET-1 with no further degradation.126 In 
addition, cathepsin E immunoreactivity has been detected 
in endothelial cells where ET is known to be synthesized. 
However there are no reports of studies with specific hu
man cathepsin E inhibitors in vivo to verify the significance 
of these data. Other reports of attempted isolation of ECE 
from cultured endothelial cells and vascular smooth muscle 
have implicated a phosphoramidon-sensitive neutral me-
talloprotease.127"129 It has recently been reported that 
ET-converting activity was detected in both the mem
branous and cytosolic fractions of cultured bovine en
dothelial cells.130 In addition, relatively high concentra
tions of phosphoramidon (1) have been shown to block the 

(1) Structure of phosphoramidon 

CH3 

'"OH 

AUH I I (1) 

\ 

C02H 

pressor response of big ET in vitro and in vivo.131-133 One 
might ask the question "what else is phosphoramidon 
affecting?" It is a potent neutral endopeptidase (NEP) 
inhibitor [EC 3.4.24.11] and would be expected to poten
tiate the actions of a number of other vasoactive peptides 
including ANP. However, kelatorphan, a specific NEP 
inhibitor did not inhibit the biological effect, indicating 
that this enzyme is not ECE.133 Indeed it is curious that 
the actions of ET were not potentiated by phosphor-

(125) Sawamura, T.; Shinmi, 0.; Kishi, N.; Sugita, Y.; Yanagisawa, 
M.; Goto, K.; Masaki, T.; Kimura, S. Analysis of big en-
dothelin-1 digestion by cathepsin D. Biochem. Biophys. Res. 
Commun. 1990,172, 883-889. 

(126) Lees, W. E.; Kalinka, S.j Meech, J.; Capper, S. J.; Cook, N. 
D.; Kay, J. Generation of human endothelin by cathepsin E. 
FEBS Lett. 1990, 273, 99-102. 

(127) Okada, K.; Miyazaki, Y.; Takada, J.; Matsuyama, K.; Ya-
maki, T.; Yano, M. Conversion of big endothelin-1 by mem
brane-bound metalloendopeptidase in cultured bovine en
dothelial cells. Biochem. Biophys. Res. Commun. 1990,171, 
1192-1198. 

(128) Ohnaka, K.; Takayanagi, R.; Yamauchi, T.; Okazaki, H.; 
Ohashi, M.; Umeda, F.; Nawata, H. Identification and char
acterization of endothelin converting activity in cultured bo
vine endothelial cells. Biochem. Biophys. Res. Commun. 
1990,168,1128-1136. 

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

(130) Takada, J.; Okada, K.; Ikenaga, T.; Matsuyama, K.; Yano, M. 
Phosphoramidon-sensitive endothelin-converting enzyme in 
the cytosol of cultured bovine endothelial cells. Biochem. 
Biophys. Res. Commun. 1991,176, 860-865. 

(131) Fukuroda, T.; Noguchi, K.; Tsuchida, S.; Nishikibe, M.; Ik-
emoto, F.; Okada, K.; Yano, M. Inhibition of biological ac
tions of big endothelin-1 by phosphoramidon. Biochem. 
Biophys. Res. Commun. 1990,172, 390-395. 

(132) Matsumura, Y.; Hisaki, K.; Takaoka, M.; Morimoto, S. 
Phosphoramidon, a metalloproteinase inhibitor, suppresses 
the hypertensive effect of big endothelin-1. Eur. J. Phar
macol. 1990, 185, 103-106. 

(133) McMahon, E. G.; Palomo, M. A.; Moore, W. M.; McDonald, 
J. F.; Stern, M. K. Phosphoramidon blocks the pressor ac
tivity of porcine big endothelin-l-(l-39) in vivo and conver
sion of big endothelin-l-(l-39) to endothelin-l-(l-21) in vitro. 
Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 703-707. 
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Figure 6. Enzymic hydrolysis of the P l - P l ' peptide bond. 

Table III. 
Tissues144 

ligand 
ET-1 
ET-3 
SRTX-6b 
SRTX-6C 

Receptor Subtype Selectivity in a Variety of Rat 

aorta 
0.11 
2.50 
0.24 
>5000 

receptor binding: Kit nM 
atrium 
0.034 
1.60 
0.087 
4200 

cerebellum hippocampus 
0.015 0.010 
0.021 0.036 
0.013 0.012 
0.016 0.023 

amidon, because NEP 24:11 has been shown to be involved 
in its degradation in vitro. As with many other endogenous 
peptides, neutral endopeptidase 24:11 (enkephalinase) is 
thought to be involved in the degradation of the ET's and 
sarafotoxins. Cleavage at the Ser5-Leu6 bond occurs first 
(in vitro), followed by rapid cleavage between Aspl8 and 
Ilel9.134 Phosphoramidon has been shown to potentiate 
the ET-1 induced bronchopulmonary response in guinea 
pigs, indicating the involvement of endopeptidase-like 
enzymes, present in airway tissue, in the modulation of 
ET-1.135 Interestingly it has recently been reported that 
phosphoramidon is able to inhibit vasoconstrictor effects 
evoked by intravenous injections of big ET-1 in anesthe
tized pigs, but did not have any effect on the plasma ET-1 
level.136 

Polymorphonuclear leukocytes also effect the conversion 
of big ET to ET that is inhibited by 1, but not by inhibitors 
of serine-, cysteine-, aspartate-, or leucine-specific pro
teases.137 Ultimately it may be difficult to identify the 
relevant ECE in vivo and will require the discovery of 
specific ECE inhibitors for verification. The design of 
substrate-based inhibitors, where the Pl-Pl ' peptide bond 
cleaved in the enzymic hydrolysis (Figure 6), is replaced 
by a noncleavable transition state isostere is one possible 

(134) Vijayaraghavan, J.; Scicli, A. G.; Carretero, O. A.; Slaughter, 
C; Moomaw, C; Hersh, L. B. The hydrolysis of endothelins 
by neutral endopeptidase 24.11 (enkephalinase). J. Biol. 
Chem. 1990, 265, 14150-14155. 

(135) Biochot, E.; Pons, F.; Lagente, V.; Touvay, C; Mencia-
Huerta, J.; Braquet, P. Phosphoramidon potentiates the en-
dothelin-1-induced bronchopulmonary response in guinea-
pigs. Neurochem. Int. 1991,18, 477-479. 

(136) Modin, A.; Pernow, J.; Lundberg, J. M. Phosphoramidon 
inhibits the vasoconstrictor effects evoked by big endothe
lin-1 but not the elevation of plasma endothelin-1 in vivo. 
Life Sci. 1991, 49, 1619-1625. 

(137) Sessa, W. C; Kaw, S.; Hecker, M.; Vane, J. R. The biosyn
thesis of endothelin-1 by human polymorphonuclear leuko
cytes. Biochem. Biophys. Res. Commun. 1991,174, 613-618. 
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approach to ECE inhibition. Another possible approach 
might be to modify phosphoramidon, in an attempt to 
increase its specificity for ECE over other metallo-
proteinases. 

Receptor Studies 
One of the most exciting advances in ET research in the 

last year has been the cloning and expression of two dis
tinct receptor subtypes.138,139 Both are G-protein coupled 
and belong to the rhodopsin family, with seven tran
smembrane domains. One, isolated from bovine lung, 
highly specific for ET-1 and ET-2 (MW = 48.5 kDa), is 
located in the periphery and CNS, and has been suggested 
to be the vascular smooth muscle (VSM) type.138,140 The 
proposed nomenclature, based on the relative affinity of 
the agonists for the receptors, has termed this receptor as 
the ETA type [the Second International Symposium Japan, 
December 1990]. The other is a "nonselective" subtype 
that binds ET-1, -2, and -3 with similar affinity139'141 and 
has been termed the ETB receptor. It was first thought 
not to be located in VSM, and reported to be localized in 
endothelial cells and in many rat tissues including brain, 
kidney, and liver.141 There is some further evidence for 
an ET-3 specific receptor subtype that is located primarily 
in brain and in endothelial cells although this putative 
subtype has not been cloned.142,143 

There are many studies ongoing in a variety of animal 
tissues attempting to elucidate the existence and distri
bution of ET receptor subtypes. Comparison of the re
ceptor affinities of various ETs and SRTX's in rat aorta 
and atria (ETA) or cerebellum and hippocampus (ETB) 
indicates that SRTX-c is a selective agonist for the cere
bellum/hippocampus receptor(s), i.e. an ETB selective 
ligand (Table III).144 A recent study indicated that this 
ligand exerted only vasodilation in the rat aortic ring, 
possibly through the release of EDRF from the endothe
lium.145 Other selective ETB ligands, for example, the 
linear analogue ET[1,3,11,15-Ala] and truncated analogues 
ET[6-21,1,3,11,15-Ala], ET[8-21,11,15-Ala] and N-
acetyl-ET[10-21], have been reported to cause vasorelax
ation in isolated, endothelium-intact porcine pulmonary 
arteries.146 However, we have found that some of these 

(138) Arai, H.; Hori, S.; Aramori, I.; Ohkubo, H.; Nakanishi, S. 
Cloning and expression of a cDNA encoding an endothelin 
receptor. Nature (London) 1990, 348, 730-732. 

(139) Sakurai, T.; Yanagisawa, M.; Takuwa, Y.; Miyazaki, H.; Ki-
mura, S.; Goto, K.; Masaki, T. Cloning of a cDNA encoding 
a non-isopeptide-selective subtype of the endothelin receptor. 
Nature (London) 1990, 348, 732-735. 

(140) Lin, H. Y.; Kaji, E. H.; Winkel, G. K.; Ives, H. E.; Lodish, H. 
F. Cloning and functional expression of a vascular smooth 
muscle endothelin 1 receptor. Proc. Natl. Acad. Sci. U.S.A. 
1991, 88, 3185-3189. 

(141) Gomez, S. C; Cozza, E. N.; Foecking, M. F.; Chiou, S.; Ferris, 
M. W. Endothelin receptor subtypes and stimulation of al
dosterone secretion. Hypertension 1990, 15, 744-747. 

(142) Nambi, P.; Pullen, M.; Feuerstein, G. Identification of en
dothelin receptors in various regions of rat brain. Neuro
peptides 1990,16, 195-199. 

(143) Emori, T.; Hirata, Y.; Marumo, F. Specific receptors for en-
dothelin-3 in cultured bovine endothelial cells and its cellular 
mechanism of action. FEBS Lett. 1990, 263, 261-264. 

(144) Williams, D. L.; Jones, K. L.; Pettibone, D. J.; Lis, E. V.; 
Clineschmidt, B. V. Sarafotoxin S6c: An agonist which dis
tinguishes between endothelin receptor subtypes. Biochem. 
Biophys. Res. Commun. 1991,175, 556-561. 

(145) Takayanagi, R.; Kitazumi, K.; Takasaki, C; Ohnaka, K.; 
Aimoto, S.; Tasaka, K.; Ohashi, M; Nawata, H. Presence of 
non-selective type of endothelin receptor on vascular en
dothelium and its linkage to vasodilation. FEBS Lett. 1991, 
282, 103-106. 

analogues, ET[1,3,11,15-Ala] and ET[8-21,11,15-Ala], are 
potent ETB agonists causing vasoconstriction in the rabbit 
pulmonary artery.147 We have found that this tissue ap
pears to possess an ETB nonselective type of receptor. 
Thus the present evidence available indicates that the 
physiological response mediated by the ETB receptor in 
certain tissue beds cannot be solely described by vasodi
lation. Indeed it appears that vascular smooth muscle can 
possess the an ETB-like or nonselective receptor subtype. 
It is possible that the situation will become more com
plicated in the future with the discovery of further receptor 
subtypes. 

Clearly, in view of the tissue and species differences 
observed to date, it will be important to determine the 
relevance of these reports to the distribution of receptor 
subtypes in the human. The use of specific antibodies to 
the ETA and ETB receptors should enable useful receptor 
localization studies to be performed. This may enable us 
to make a more informed decision on the most valuable 
therapeutic target for drug therapy. 

Structure-Activity Relationships (SAR). Design 
of ET Receptor Antagonists 

Initial attempts have been made to define the regions 
of the endothelins and sarafotoxins essential for receptor 
binding and vasoconstrictor activity. The discovery of 
selective ET receptor antagonists will facilitate identifi
cation of the physiological and pathological roles of the 
various ET isopeptides. To date many of the peptide 
structure-activity studies have been carried out in tissues 
and species that express unknown receptor subtype pop
ulations. Clearly, it will be important in future studies to 
profile these tissues and to evaluate compounds in specific 
receptor binding assays, a task that has been facilitated 
by the cloning and expression of two of the ET receptor 
subtypes. 

Obviously it would be highly desirable to discover se
lective, non-peptide ligands for the ET receptor subtypes. 
When one reviews the renin-angiotensin system and the 
methods that have been attempted to modulate the va
soactive properties of angiotensin II (All), it becomes clear 
that random screening followed by "rational design" played 
an important part in the discovery of lead structures that 
eventually led to the ACE (angiotensin converting enzyme) 
inhibitors and more recently to some non-peptidic All 
antagonists. The renin inhibitor problem has been much 
more difficult to solve, perhaps due to the size of the 
substrate and specificity of the enzyme. Clearly there are 
many examples of progress made in approaching pepti-
domimetic leads from peptides, but the transition from 
peptidomimetic structures to a truely non-peptide lead, 
using "rational design", is still difficult to solve, poorly 
understood and a time-consuming endeavour. 

Structural Studies. The 3-dimensional structure of 
ET has been studied by NMR, molecular dynamics sim
ulation (with energy minimization), and circular dichroism 
(CD)148"150 in an attempt to determine specific conforma-

(146) Saeki, T.; Ihara, M; Fukuroda, T.; Yamagiwa, M.; Yano, M. 
[Alal,3,ll,15]Endothelin-l analogs with ETB agonistic activ
ity. Biochem. Biophys. Res. Commun. 1991, 179, 286-292. 

(147) Panek, R. L.; Major, T. C; Hingorani, G. P.; Doherty, A. M.; 
Taylor, D. G.; Rapundalo, S. T. Endothelin and structurally 
related analogs distinguish between endothelin receptor 
subtypes. Biochem. Biophys. Res. Commun. 1992, in press. 

(148) Perkins, T. D.; Hider, R. C; Barlow, D. J. Proposed solution 
structure of endothelin. Int. J. Peptide Protein Res. 1990, 
36, 128-133. 

(149) Saudek, V.; Hoflack, J.; Pelton, J. T. 'H-NMR study of en
dothelin, sequence-specific assignment of the spectrum and 
a solution structure. FEBS Lett. 1989, 257, 145-148. 
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Figure 7. Ribbon diagrams of representative structures of ET-1 consistent with the NMR data.151 These were chosen to illustrate 
the range of possible conformers. The blue ribbons show residues 1-8, green ribbons are residues 9-15. The yellow is the transition 
from the helical area to the C-terminal residues 16-21 which are in red. 

tional features that may be important to receptor binding 
and vasoconstrictor activity. CD studies indicate that ET-1 
is about 30-35% helical, and although there are some 
variations, the helical region is generally considered to exist 
between residues Lys9 and Cysl5. The fully linear peptide 
ET-1 [1,3,11,15-Ala] shows no helical character and thus 
the disulfide arrangement seems to induce this helicity. 
There have been conflicting reports of the conformation 
of the biologically important C-terminal hexapeptide, but 
most studies are unable to define this apparently flexible 
region. Figure 7 provides an illustration of the backbone 
conformation of six low-energy structures of ET-1 derived 
from NOE constraints and molecular mechanics calcula
tions.151 Of course in the receptor environment the con
formation derived from solution structure, in a variety of 
different solvents, may not be relevant and the structural 
studies carried out by some research groups149 indicating 
that the C-terminal region is located close to the bicyclic 
portion of ET-1 may then become a reality. 

Structure-Activity Studies, (a) Full-Length Ana
logues. The different biological potencies of the en-
dothelins and sarafotoxins have largely been attributed to 
the sequence heterogeneity in the N-terminal region of the 
peptides, specifically between residues 4-7.152,153 The four 
cysteine residues at positions 1, 3, 11, and 15, the car-
boxyl-terminal hexapeptide region [16-21], the aromatic 
dipeptide at positions 13 and 14, and the charged loop 

(150) Endo, S.; Inooka, H.; Ishibashi, Y.; Kitada, C; Mizuta, E.; 
Fujino, M. Solution conformation of endothelin determined 
by nuclear magnetic resonance and distance geometry. FEBS 
Lett. 1989, 257, 149-154. 

(151) Reily, M. D.; Dunbar, J. B. The conformation of endothelin-1 
in aqueous solution. NMR-derived constraints combined 
with distance geometry and molecular mechanics calcula
tions. Biochem. Biophys. Res. Commun. 1991,178, 570-577. 

(152) Kloog, Y.; Sokolovsky, M. Similarities in mode and sites of 
action of sarafotoxins and endothelins. Trends Pharmacol. 
Sci. 1989, 10, 212-214. 

(153) Nakajima, K.; Kumagaye, S.; Nishio, H.; Kuroda, H.; Wa-
tanabe, T. X.; Kobayashi, Y.; Tamaoki, H.; Kimura, T.; Sa-
kakibara, S. Synthesis of endothelin-1 analogues, endothe-
lin-3, and sarafotoxin S6b: structure-activity relationships. 
J. Cardiovasc. Pharmacol. 1989,123 (Suppl. 5), S8-S12. 

region, Asp8-Lys9-Glul0, are highly conserved among the 
endothelins (Figure 1). 

ET-3 appears to be the weakest vasoconstrictor in the 
ET family and even acts as a vasodilator in some vascular 
beds. The substitution of serine with threonine at position 
2 in ET-3 is shared by two weak constrictor peptides in 
the sarafotoxin family, SRTX-c and SRTX-d, suggesting 
its importance. However structure-activity studies of 
various substituted sarafotoxins have indicated that the 
Lys9 to Glu9 substitution results in a much larger loss of 
biological activity than either the Ser2 to Thr2, Lys4 to 
Asn4, or Tyrl3 to Asnl3 substitutions.154 Thus, the low 
lethality and vasoconstrictor activity of SRTX-d is 
somewhat unexpected in view of its structure, which only 
has the Ser2 to Thr2 and Vall9 to Ilel9 differences from 
SRTX-b (Figure 2).23 It has been proposed that the net 
charge within the Cys3-Cysll loop may be important for 
biological activity, although SRTX-d, which possesses 
extremely low biological activity, indicates that this is not 
the case.152 

The cyclic structure of these peptides would appear to 
be essential for binding and functional activity only in 
certain tissues,155,156 for example, in the rat and porcine 
aorta (ETA), where the outer disulfide bond Cysl-Cysl5 
would appear to be much more important than the inner 
Cys3-Cysll bond.157 In other studies, reduction and 

(154) Takasaki, C; Aimoto, S.; Kitazumi, K.; Tasaka, K ; Shiba, T.; 
Nishiki, K.; Furukawa, Y.; Takayanagi, R.; Ohnaka, K.; Na-
wata, H. Structure-Activity relationships of sarafotoxins: 
chemical syntheses of chimera peptides of sarafotoxins S6b 
and S6c. Eur. J. Pharmacol. 1991, 198, 165-169. 

(155) Takayanagi, R.; Hashiguchi, T.; Ohashi, M.; Nawata, H. Re
gional distribution of endothelin receptor in porcine cardio
vascular tissues. Regul. Pept. 1990, 27, 247-255. 

(156) Hirata, Y.; Yoshimi, H.; Marumo, F.; Watanabe, T. X.; Ku
magaye, S.; Nakajima, K.; Kimura, T.; Sakakibara, S. Inter
action of synthetic sarafotoxin with rat vascular endothelin 
receptors. Biochem. Biophys. Res. Commun. 1989, 162, 
441-447. 

(157) Takasaki, C; Aimoto, S.; Takayanagi, R.; Ohashi, M.; Na
wata, H. Structure-receptor binding relationships of sarafo
toxin and endothelin in porcine cardiovascular tissues. Bio
chem. Int. 1990, 21, 1059-1064. 
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Table IV. C-Terminal-Containing ET Peptides167 

IC50, iM 

peptide binding affinity" IP3 accum* 
His-Leu-Asp-Ile-Ile-Trp 44 <50 
Ac-His-Leu-Asp-Ile-Ile-Trp 58 <50 
Ac-His-Leu-Asp-Ile-D-Ile-Trp 13 <50 
Ac-D-His-Leu-Asp-Ile-Ile-Trp 3/7 1.4 

0 Binding affinity in rat heart ventricle. b Inositol phosphate ac
cumulation in rat skin fibroblasts. 

carboxymethylation of the cysteine residues caused a 
complete loss of agonist activity in rat isolated perfused 
mesentery and also the tetraalanyl analogue ET-1-
[1,3,11,15-Ala] was functionally inactive in the rat mes
enteric bed and rat isolated aorta.158159 However, the 
structural requirements for binding to rat cerebellum 
(thought to contain the ETB receptor) do not require the 
presence of the disulfide linkages as illustrated by the 
equipotent binding of the tetraalanyl-substituted analogue 
ET-l[l,3,ll,15-Ala] and ET-1.159 These results in various 
tissues clearly indicate a different distribution of receptor 
subtypes in the brain (ETB) and in cardiac tissues (ETA) 
(also see Table III).159 

Removal of the C-terminal tryptophan residue reduces 
the vasoconstrictor potency in porcine coronary artery 
strips by 3 orders of magnitude, and in a rat pulmonary 
artery preparation substitution with other aromatic resi
dues such as Phe and Tyr is only poorly tolerated.160,161 

L-Stereochemistry of the C-terminal Trp is clearly im
portant.160 Progressive deletion of the C-terminal residues 
decreases receptor binding and vasoconstrictor activity, 
with ET[1-15] being essentially inactive.155'161 

Receptor binding results in cultured rat smooth muscle 
cells (presumably ETA) revealed that ET[l-23], ET[l-26], 
and ET-1 were equipotent, although functional studies 
demonstrated that these C-terminal elongated peptides 
were weaker agonists.162 This series could yield receptor 
antagonists. 

(b) Linear and Monocyclic Fragment Analogues. 
Several reports describing receptor binding and functional 
activities for the C-terminal hexapeptides,163"165 using a 

(158) Kitazumi, K.; Shiba, T.; Nishiki, K.; Furukawa, Y.; Takasaki, 
C; Tasaka, K. Structure-activity relationship in vasocon
strictor effects of sarafotoxins and endothelin-1. FEBS Lett. 
1990, 260, 269-272. 

(159) Randall, M. D.; Douglas, S. A.; Hiley, C. R. Vascular activities 
of endothelin-1 and some alanyl substituted analogues in 
resistance beds of the rat. Br. J. Pharmacol. 1989, 98, 
685-699. 

(160) Kimura, S.; Kasuya, Y.; Sawamura, T.; Shinmi, 0.; Sugita, Y.; 
Yanagisawa, M.; Goto, K.; Masaki, T. Structure-activity re
lationships of endothelin: importance of the C-terminal 
moiety. Biochem. Biophys. Res. Commun. 1988, 156, 
1182-1186. 

(161) Nakajima, K.; Kubo, S.; Kumagaye, S.; Nishio, H.; Tsunemi, 
M.; Inui, T.; Kuroda, H.; Chino, N.; Watanabe, T. X.; Ki
mura, T.; et al. Structure-activity relationships of endothelin: 
importance of charged groups. Biochem. Biophys. Res. 
Commun. 1989, 163, 424-429. 

(162) Watanabe, T. X.; Itahara, Y.; Nakajima, K.; Kumagaye, S. I.; 
Kimura, T.; Sakakibara, S. Receptor binding affinity and 
biological activity of varied length of peptides elongated from 
C-terminal of endothelin. Jpn. J. Pharmacol. 1990, 52, P-
O40. 

(163) Maggi, C. A.; Giuliani, S.; Patacchini, R.; Rovero, P.; Gia-
chetti, A.; Meli, A. The activity of peptides of the endothelin 
family in various mammalian smooth muscle preparations. 
Eur. J. Pharmacol. 1989,174, 23-31. 

(164) Rovero, P.; Patacchini, R.; Maggi, C. A. Structure-activity 
studies on endothelin (16-21), the C-terminal hexapeptide of 
the endothelins, in the guinea-pig bronchus. Br. J. Pharma
col. 1990,101, 232-234. 
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variety of tissue preparations for evaluation, have ap
peared. Maggi and co-workers have reported the ET[16-
21] is a full agonist on guinea pig bronchial tissue with 33 
times lower potency than ET-1.165 In contrast, ET[16-21] 
was devoid of any agonist or antagonistic activity in most 
other tissues.160,166 Functional studies in the guinea pig 
bronchus, indicate that the Trp21, Aspl8, Hisl6, and 
Leul7 residues are important for biological activity in this 
tissue. D-Amino acid substitutions at Hisl6 and Ile20 
resulted in increased binding affinity for rabbit aorta, 
pulmonary artery, and rat heart receptors165 compared with 
their corresponding L-amino acid containing analogues. In 
a functional biochemical assay measuring intracellular 
levels of second messengers (IP3 accumulation) we have 
found that compounds with D stereochemistry at position 
16 are indeed ET receptor antagonists (Table IV).167 In 
a binding assay to rabbit cardiac tissue, ET[l-20], ET[1-
15]-NH2, or the C-terminal hexapeptide ET[16-21] were 
completely inactive at concentrations up to 10 nM.m 

Binding (A10 vascular smooth muscle cell membranes, 
ETA) and vasoconstrictor activities (rabbit carotid rings) 
of a range of monocyclic analogues, ET-l[Ala3,ll,Nle7], 
containing Ala substitutions at each position, have indi
cated that GlulO, Phel4, Leul7, and Aspl8 may be im
portant for agonist activity, while Asp8, Tyrl3, Ile20, and 
Trp21 are important for binding.169 The residues Ser2, 
Vall2, Hisl6, and Ilel9 were less important for binding 
or agonist activity in this series. It is interesting to note 
that the SAR is clearly different for linear ET fragments 
and monocyclic or bicyclic analogues. The binding affinity 
of various monocyclic fragments of ET-1 in rabbit pul
monary artery (ETB like)147 and aorta (ETJ have indicated 
that the loop region 3-11 does not bind at concentrations 
up to 100 jiiM. A monocyclic analogue without the 3-11 
region (i.e. disulfide [Cys-Ser-Aoc-Val-Tyr-Phe-Cys]-His-
Leu-Asp-Ile-Ile-Trp where Aoc = 8-aminooctanoic acid) 
binds with juM affinity but shows no functional activity 
up to 30 jitM.101 However it should be pointed out that 
these monocyclic analogues have 1000:fold less binding 
affinity than ET-1 itself, clearly indicating the importance 
of the loop region.100,168 

A number of ET-1 analogues were synthesized to in
vestigate their effect on the pulmonary vasodilator re
sponse when compared to ET-1 itself.170 Intralobar in
jections of ET[16-21], big ET-1 [22-39], and ET-1-

(165) Doherty, A. M; Cody, W. L.; Leitz, N. L.; DePue, P. L.; 
Taylor, M. D.; Rapundalo, S. T.; Hingorani, G. P.; Major, T. 
C; Panek, R. L.; Taylor, D. G. Structure-activity studies of 
the C-terminal region of the endothelins and sarafotoxins. J. 
Cardiouasc. Pharmacol. 1991,17 (Suppl. 7), S59-561. 

(166) Maggi, C. A.; Giuliani, S.; Patacchini, R.; Santicioli, P.; 
Rovero, P.; Giachetti, A.; Meli, A. The C-terminal hexa
peptide, endothelin-(16-21), discriminates between different 
endothelin receptors. Eur. J. Pharmacol. 1989,166,121-122. 

(167) Doherty, A. M.; Cody, W. L.; He, X.; DePue, P. L.; Leonard, 
D. M.; Dudley, D. T.; Rapundalo, S. T.; Hingorani, G. P.; 
Panek, R. L.; Major, T. C; Hill, K. E.; Flynn, M. A.; Rey
nolds, E. E. Structure-activity relationships of endothelin 
receptor agonists and antagonists. 203rd National Meeting 
of the American Chemical Society, San Francisco, April 1992. 

(168) Johansen, N. L.; Lundt, B. F.; Madsen, K.; Olson, V. V.; 
Suzdak, P.; Thogerson, H.; Weiss, J. U. Structure-activity 
relationships of endothelin analogs. Peptides 1991, Pro
ceedings 21st European Peptide Symposium, pp 680-681. 

(169) Hunt, J. T.; Lee, V. G.; Stein, P. D.; Hedberg, A.; Liu, E. C; 
McMullen, D.; Moreland, S. Structure-activity relationships 
of monocyclic endothelin analogues. Bioorg. Med. Chem. 
Lett. 1991,1, 33-38. 

(170) Cohen, G.; Knight, M.; Lippton, H.; Hyman, A. Structural 
requirements for pulmonary vasodilation by endothelin. 
Circulation 1990, 82, III-227. 
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Table V. Endothelin Antagonists177 
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compound structure 

/ \ — HNCO-Leu-D-TrplMeJ-D-Pya-OH-HCF 

CI 

(Q\—CH2C0-l8u-D-Trp(Me)-D-Leu-OH 

[ NCO-leu-D-Trp(Me)-D-Pya-Sar-ONa 

binding:" 
ICso, nM 

2.3 

32 

7.6 

functional6 

ICso, nM 

230 

d 

d 

n NCO-Leu-D-Trp(Me)-D-Pya-Phe-ONa 21 

f NCOCHjCHICHjCHtMelzlCO-D-TrplMej-D-Pya-NHMe 7.6 

o ICO-Leu-D-Trp(Me)-D-Pya-OH 

(FR-139317) 

2.5e 

"Binding affinity in porcine aortic membranes. bInhibition of 
the contractile response of endothelin in rabbit thoracic aorta. 
CD-Pya = D-(2-pyridyl)alanine. d Not reported. e Human aorta. 

[1,3,11,15-Ala] to the intact cat did not alter arterial blood 
pressure while ET-1, ET[1-15], and big ET caused a de
crease in lobar arterial blood pressure.170 These results 
indicate that only the intact amino terminus and intra-
chain disulfide bridges are necessary for pulmonary va
sodilation. 

The first reports of a variety of receptor antagonists have 
appeared over the last few months. A full-length ET 
analogue, ET-l[Dprl-Aspl5] (2), has been reported as a 

(2) ET selective antagonist 

specific ET antagonist by Spinella and co-workers.171 This 
compound may be a nonselective ETA/ETB receptor an
tagonist; however, binding results were not reported at a 
known ETg tissue preparation (rat cerebellum). An ex
citing report of a cyclic pentapeptide ETA receptor an
tagonist discovered by random screening of fermentation 
products from Streptomyces misakiensis has recently 
appeared.172 Structure-activity studies around this pep
tide BE-18257B (3) have led to a more potent analogue 

(171) Spinella, M. J.; Malik, A. B.; Everitt, J.; Anderson, T. T. 
Design and synthesis of a specific endothelin 1 antagonist: 
Effects on pulmonary vasoconstriction. Proc. Natl. Acad. 
Sci. U.S.A. 1991, 88, 7443-7446. 

(172) Ihara, M.; Fukuroda, T.; Saeki, T.; Masaru, N.; Kojiri, K.; 
Suda, H.; Yano, M. An Endothelin Receptor Antagonist Iso
lated From Streptomyces Misakiensis. Biochem. Biophys. 
Res. Commun. 1991,178 (1), 132-137. 

(3) BE 18257B 

cyclo(-Q-Glu-L-Ala-allo-D-lle-L-Leu-Q-Trp-) 

fltffli 

ETA (porcine aortic smooth muscle) 

ETB (rat cerebellum) 

ICso - 1A 

IC50 = > 

uM 

00 nM 

- / C O l H o 

H V / Y 8 T H § \ / 

O H o V 

t [-TRP-J2-ASP-PRO-D-VAL-LEU 

BQ-123 

J 

BNDMG 

ETA (porcine aortic smooth muscle) 

ETB (porcine cerebellum) 

IC5o = 22nM 

ICso = 23uM 

(4) ETA selective cyclic pentapeptide receptor antagonist 

known as BQ-123 (4).173'174 Binding affinity in cardiac 
tissue (ETA) was reported as IC50 = 22 nM with a 1000-fold 
selectivity over binding to rat cerebellum (ETB). Pre
sumably studies of the conformation of this peptide should 
aid in the development of non-peptide antagonists and a 
better understanding of the structural requirements at the 
ETA receptor. Thus, by comparing biological activities 
within this series, with 3-dimensional conformation elu
cidated by NMR and molecular dynamics techniques, it 
may be possible to elucidate those interactions important 
for binding to the ETA receptor. 

A non-peptide series of ET receptor antagonists, dis
covered by random screening from a Streptomyces strain, 
have been disclosed in a recent patent from Fujisawa al
though the specificity of these compounds for the ET 
receptors is not known.175 The most potent compound 
reported (5), known as FR901367, possesses a binding 
affinity in porcine aorta of IC50 = 0.67 /JM (presumably 

(173) Fukami, T.; Hayama, T.; Niiyama, K.; Nagase, T.; Mase, T.; 
Fujita, K.; Kumagai, U.; Urakawa, Y.; Ihara, M.; Kimura, S.; 
Yano, M. Endothelin antagonistic cyclic pentapeptides with 
high selectivity for the ETA receptor. Twelfth American 
Peptide Symposium, Cambridge, MA, June 16-21,1991; 506. 

(174) Kiyofumi, I.; Takehiro, F.; Takashi, H.; Kenji, N.; Toshio, N.; 
Toshiaki, M.; Kagari, F.; Masaru, N.; Masaki, I.; Yano, M. 
EPA 0 436 189 Al; Endothelin antagonistic cyclic penta
peptides, Filed 20 December 1990. 

(175) Oohata, N.; Nishikawa, M.; Kiyoto, S.; Takase, S.; Hemmi, K.; 
Murai, H.; Okuhara, M. Anthraquinone derivatives and prep
aration thereof. European patent application 90112076.6, filed 
26 June 1990. 
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(5) Anthraquinone ET receptor antagonist from Streptomyces sp. No. 

89009. 

ETA) and inhibits the contractile responses of ET-1 in 
rabbit thoracic aorta only weakly (75% at 10"4 M). In
terestingly a very similar series of cyclic pentapeptide 
antagonists to those covered in the Banyu patent was very 
recently reported by this group.176 Smaller tripeptidic 
compounds are reported by the Fujisawa group to possess 
ET antagonist activity.177 Binding and functional data 
for the few examples are shown in Table V. Whether 
these compounds act selectively at the ETA receptor is not 
reported. 

It is clear from the results obtained to date that many 
of the analogues and fragments differentiate between 
tissues and species, and it will be important to define 
localization of receptor subtypes in order to develop spe
cific and hopefully non-peptidic receptor antagonists. 
However, it should be remembered that the physiological 
responsibilities of the two receptor subtypes (ETA and 
ETB) are not clear at present, and whether it will even
tually prove beneficial to block both ETA and ETB re-

(176) New peptide prepared by culturing Streptomyces spp.—used 
as endothelin antagonist. Hashimoto, M.; Nishikawa, M.; 
Esaki, M.; Kiyoto, S.; Okuhara, M.; Takase, S.; Henmi, K.; 
Neya, M.; Fukami, N.; Hashimoto, M. JO 3130-299-A, filed 
August 8, 1990. 

(177) Keiji, H.; Masahiro, N.; Naoki, F.; Masashi, H.; Tanaka, H.; 
Kayakiri, N. Peptides having endothelin antagonist activity, 
a process for the preparation thereof and pharmaceutical 
compositions comprising the same. EPA 0457 195 A2, 9 May 
1991. 
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ceptors, in certain pathological situations, is currently not 
known. 
Future Prospects 

Since its discovery, endothelin has attracted considerable 
interest because of its concerted actions on the heart, 
vascular smooth muscle, and kidney, as well as its ability 
to alter the release of other hormones and neurotran
smitters. Although much information has been obtained 
regarding the inotropic, vasoconstrictor, and mitogenic 
actions of endothelin, its involvement in modulating the 
activity of the cardiovascular system under normal con
ditions has not been elucidated. A better understanding 
of the role of endothelin isopeptides in the pathogenesis 
of a variety of diseases is required. Among the wealth of 
information that we have gained on the ET's over the last 
few years, there are still several key questions that need 
to be answered in order to understand how the ET pep
tides may regulate many diverse physiological and pa
thophysiological events. Is ET a circulating hormone or 
paracrine regulator? Can we develop in vivo models that 
relate to human diseases causing increased secretion of 
endothelin? Can we learn more about the control of 
preproET-1 gene expression? What physiological actions 
do the individual receptor subtypes mediate? Can we 
develop selective/nonselective agonists and antagonists to 
the ET receptor subtypes? Are there any further receptor 
subtypes yet undiscovered? What are the roles of ET-2 
and ET-3? What is the true identity of ECE and is there 
a single relevant ECE in vivo? The list of questions con
tinues and it is clear that ET will occupy the minds of 
many researchers worldwide for several years to come. 

The discovery of pharmacological agents which either 
block the generation of endothelin from its precursor or 
antagonize its binding to cellular receptors should provide 
a means to assess the physiological role for endothelin, and 
also provide useful therapy for conditions associated with 
altered production or responsiveness to endothelin. 
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