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Preface

Since the demonstration by Furchgott and Zawadzki in 1980 that the vascu-
lar endothelium formed a potent vasodilator (now known to be nitric oxide),
tens of thousands of researchers have been drawn to the study of endothelial
cells and thousands of papers have been published. Of all these publications,
however, that by Yanagisawa and coworkers in 1988 reporting the discovery
of endothelin must rank as one of the very best. It demonstrated the gene
and peptide sequences, the synthetic pathway, and the biological effects of
endothelin-1. Many researchers realized the significance of the findings and
there was an explosion of endothelin research. Almost immediately it was
demonstrated, again by Dr. Masashi Yanagisawa and colleagues in the
research team of Prof. Tomoh Masaki, that there are in fact three members of
the endothelin family. Others used the few pharmacological tools available to
characterize endothelin receptors; but as always in this field, molecular biology
quickly supplied definitive results with, in 1990, the isolation and cloning of
two endothelin receptors. The pharmacological effort picked up speed as
endothelin was implicated in diseases as varied as hypertension, asthma,
inflammatory bowel disease, and stroke. The pharmaceutical industry pro-
duced first peptide and then non-peptide antagonists of the endothelin recep-
tors, while efforts continued to understand the synthetic enzymes underlying
endothelin production. Once again molecular biology supplied many interest-
ing answers as well as provocative results: who would have imagined that
endothelin-1 was so important for brachial arch development, or that
endothelin-3 and ETg receptors were involved in Hirschsprung’s disease?
Then, as we reached the end of the 1990s, endothelin antagonists and inhibitors
became available for testing in disease states, and their efficacy was demon-
strated, for instance, in congestive heart failure.

Now seems a good time to review this field of research. Molecular bio-
logical tools have supplied a wealth of information about the roles of the
endothelins in development and in the healthy animal. Pharmacology has
exhaustively studied endothelin receptors in every imaginable tissue. Endothe-
lin expression and levels have been characterized in dozens of disease states.
Potent, orally active drugs are available for clinical testing. A little over 10
years of research has produced the most dramatic developments.



VI Preface

What of the researchers involved in this field? Not all, but many, were
young post-doctoral research fellows, junior academic staff, or low-ranking
employees in pharmaceutical companies. One of the pleasures of research in
this friendly field has been watching the progression of these individuals in
parallel with our gaining of knowledge about endothelin. Many of those young
researchers are now professors or directors of large academic or commercial
research teams. However, the same friendliness remains and our regular inter-
national conferences on endothelin are always a great pleasure. The present
volume collects reviews from representatives of this research community. They
cover, systematically, every area of our knowledge of endothelins. Hopefully
they will also convey at least some of the pleasure that we as scientists have
derived from exploring this most interesting of peptides.

London, Great Britain T.D. WARNER
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CHAPTER 1
Historical Perspective and Introduction
to the Endothelin Family of Peptides

T. MASAKI

It is generally accepted that endothelial cells play a critical role in the regula-
tion of vascular tone. This concept initially emerged after the discovery of
endothelium-derived relaxing factor (EDRF) (FURCHGOTT and ZAWADZKI
1980). EDRF was later proved to be a simple substance, nitric oxide (PALMER
et al. 1987). At that time, numerous studies provided evidence of a role for
arachidonic acid and its metabolites in the endothelium-dependent responses.
Prostacyclin, a potent relaxing factor, was shown to be produced and released
from endothelial cells in response to endothelium-dependent agonists. How-
ever, EDRF was not prostacyclin. Obviously, the regulatory mechanism of
vascular tone involved several chemical substances, which are produced and
released from endothelial cells in response to various physical and chemical
stimuli and act on the underlying smooth muscle cells to elicit relaxation.
Numerous papers regarding the EDRF appeared in the early 1980s, and
the number of publications increased thereafter. However, less attention was
paid to endothelium-derived constricting factors until the mid-1980s. Endothe-
lium was known to be a source of constricting factors as from the late 1970s
into the 1980s papers were published describing endothelium-derived con-
stricting factors. Since, in a variety of blood vessels, endothelium-dependent
contraction was found to be blocked by inhibitors of cyclooxygenase, an
arachidonic metabolite was suggested to be an endothelium-derived constric-
tor. For example, thromboxane A,, a potent vasoconstrictor, was such a can-
didate. In the meantime, in 1985, Highsmith and his colleagues published a
paper that described the existence of a constricting factor in the conditioned
medium of cultured bovine endothelial cells (Hickey et al. 1985). They sug-
gested that this factor was a peptide because it was sensitive to trypsin.
However, they did not succeed in purifying it. This report evoked a worldwide
competition for the identification of the peptide with several laboratories
trying to isolate it quietly. In May 1987 we also began our attempts to identify
the peptide. We collected from cultured bovine endothelial cells a large
amount of conditioned medium that contained the peptide. We had an excel-
lent team for this project at the University of Tsukuba, and quickly succeeded
in purifying and identifying the peptide. Fortunately, in the early 1980s,
techniques for the culture of endothelial cells and high performance liquid
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chromatography had become available. Also new methods of molecular
biology were rapidly being developed at that time. Such advances expedited
our success. We had finished the purification of the substance by the end of
July, and started to identify the amino acid sequence of the peptide using a
high performance auto-peptide sequencer, which had also just become avail-
able. Fortunately the substance that we had isolated was a peptide. We iden-
tified the whole amino acid sequence very quickly then conducted cloning and
sequence analysis of the cDNA for the peptide. Results of the analyses of
peptide and cDNA accorded exactly. Then we asked Dr. Fujino of the Takeda
pharmaceutical company to synthesize this peptide. The contractile activity of
the synthetic and native peptide on the rat aortic strip matched exactly. We
named this new peptide endothelin (ET). Our first report was published in
Nature in early spring 1988 (YaNAGIsawa et al. 1988).

The first report stimulated worldwide interest particularly among cardi-
ologists and endocrinologists, because the peptide had a unique sequence and
interesting pharmacological properties. An amino acid sequence like this was
unknown in higher animals. Furthermore, ET proved a most potent vasocon-
strictive peptide. Following intravenous administration of ET into animals,
blood pressure was elevated and remained so for some time. This finding sug-
gested a role for the peptide in maintenance of blood pressure, or in the gen-
eration of hypertension. Thereafter, an enormous number of reports regarding
this peptide appeared within a short period. The first conference on ET was
held in London in December 1988, the year of its discovery. Ever since, similar
international meetings have been held every other year.

ET is a 21 amino acid residue peptide with free amino and carboxy termini
including four cysteine residues, which form two intramolecular disulfide
bonds (Fig. 1) (YaNacisawa et al. 1988). The calculated molecular weight of
porcine ET-1 is 2492. Interestingly, the two disulfide bonds between the amino
acids in position 1-15 and 3-11 are important for the biological activity of
ET. For example, native ET shows the most potent vasoconstrictive activity
whereas ETs with two different disulfide bonds have low biological activity.

Perhaps the most remarkable progress to be made in ET research, fol-
lowing the initial discovery, was the identification of three isopeptides of ET
(INouE et al. 1989). Analysis of the ET gene revealed two other ET-like
peptide genes with the existence of these gene products in vivo being demon-
strated soon after. Accordingly, we named these related peptides ET-1
(endothelin-1), ET-2, and ET-3. They are produced by both endothelial
cells and non-endothelial cells, with endothelial cells producing predominantly
ET-1. In general terms, however, these endogenous ETs are expressed with
different patterns in a wide variety of cell types.

Shortly after the discovery of endothelin, it was demonstrated that the
structure of rare cardiotoxic snake venom sarafotoxins was very similar to that
of ETs. Both consist of 21 amino acid residues with four cysteine residues and
two intrachain disulfide bridges. To date, four sarafotoxins have been identi-
fied which are similar to ETs (LANDAN et al. 1991).
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Fig.1. Structures of endothelins. In mouse endothelin-2, Ser-4 of endothelin-1 is
replaced by Asn-4

Sequence analysis of the cDNA for the ET-1 precursor revealed that
ET-1 is processed from a long 212 (human) or 203 (porcine) amino acid
peptide by several enzymes leading to the production of a 38 amino acid
residue (human) or 39 amino acid residue (porcine) intermediate peptide,
called big ET-1 (YaNacGisawa et al. 1988). ET-2 and ET-3 are also processed
from their own precursors, i.e., big ET-2 or big ET-3. The workings of this pro-
cessing pathway were made clearer later. In the case of porcine ET-1, after the
signal peptide is cleaved, the resulting propeptide is further cleaved by a furin-
like enzyme at the C-terminus of two Arg Ser Lys Arg motifs flanking the big
ET-1 within proET-1 on either side (Kipo et al. 1997). The four carboxy ter-
minal amino acid residues of the resulting peptide are then cleaved by
carboxy-peptidase to produce big ET-1. The cleavage of the precursor by furin-
like protease is an essential step before the cleavage of big ET-1. Big ET-1
must be further processed by an enzyme named endothelin converting enzyme
(ECE) (Yanacisawa et al. 1988) to produce ET-1. Later ECE was identified
and cloned (SHIMADA et al. 1994; Xu et al. 1994). It has a similar structure
to neutral endopeptidase. Two isoforms of the ECE were reported in 1995,
ECE-1 o/a and ECE-1 f/b, which differ only in the N-terminal amino acid
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sequence, and are active at neutral pH (SHIMADA et al. 1995). Another type of
ECE named ECE-2, active at acidic pH, was identified (EMoT0 and YANAGI-
sawa 1995). However, all of these ECEs are selective for big ET-1 rather than
big ET-2 or big ET-3. Another type of ECE specific for ET-3 was purified
recently (HASEGAwA et al. 1998).

In the early stages of ET research, detailed pharmacological studies on
the three isoforms of ET revealed that responses to the isoforms can be clas-
sified into two types (Masaxi et al. 1994). In type I responses, ET-1 and ET-2
are more potent than ET-3, while in type II responses, all of the three isotypes
are equally potent. In addition, experiments on the replacement of iodine-
labeled ET-1 bound to the ET-receptor by non-labeled isopeptides demon-
strated the existence of several distinct binding sites for ET, suggesting
multiple ET receptors. Indeed, two types of ET-receptor were cloned in 1990
(ARratI et al. 1990; Sakural et al. 1990). We named them ET, and ETg. These
receptors belong to a family of heptahelical G-protein coupled receptors, and
exhibit a high polypeptide sequence identity with each other. ET, and ETg
are distinct in their ligand binding affinity for endogenous ETs. ET 4 has a high
affinity for ET-1 and ET-2, but low affinity for ET-3, while ETy has an equal
affinity for all of the three endogenous ETs. ET, and ETg were shown to be
distributed in a variety of tissues and cells in different proportions. In vascu-
lar tissues, ET 4 and ETg are present on smooth muscle cells and mediate vaso-
constriction, whereas ETg exists on endothelial cells and mediates the
production and release of relaxing factors such as prostacyclin and nitric oxide
(DoucLas et al. 1995). Soon after the discovery of ET-receptor subtypes,
several reports demonstrated the existence of two ETg subtypes, which could
be discriminated by ET-receptor antagonists, such as PD142893 (DouGLAs et
al. 1994). These were named ETg; and ETg,. The former is present on endothe-
lium mediating the release of relaxing factor, and the latter on smooth muscle
such as rabbit saphenous vein mediating contraction. In addition, another type
of ET receptor, named ETc, was cloned from the dermal melanophores of
Xenopus laevis, and found to be selective for ET-3 over ET-1 (KARNE et al.
1993). The existence of this type of receptor in rabbit saphenous vein was sug-
gested by pharmacological experiments (DouGLAs et al. 1995), but this has yet
to be confirmed in mammalian tissue by conventional protein purification/
molecular cloning. Additionally, several papers reported ETg splice variants
that were similar to conventional ETj in ligand binding but not in functional
features (ELSHOURBAGY et al. 1996; TANAKA et al. 1998).

ET receptors are good models for investigations into structure-function
relationships of G-protein coupled receptors, because ligand binding to the
receptor is rarely affected by structural modification of the intracellular
domain. Therefore, studies on mutated ET, or ETy receptors have provided
important information. Both ET, and ETjy, are able to couple to Gas, Goi, and
Gaq proteins (Takacr et al. 1995), depending on the cell types, and probably
also depending on the intracellular environment. Each of the three Go-
proteins couples to different domains of the ET-receptor (Takaal et al. 1995).
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Therefore, modification of the intracellular loop greatly affects the specificity
of ET-receptor for the coupling of different G-proteins. Palmitoylation of the
C-terminal cysteine residues of ETjy is particularly important (Okamoro et al.
1998). ‘

As a result of the coupling of G-proteins to ET-receptors, multiple path-
ways of intracellular signal transduction are activated (M1yaucHI and MASAKI
1999). At first, ETs-mediated smooth muscle contraction was reported to be
mediated by activation of phospholipase C (PLC) and opening of voltage
operated calcium channels. However, those effects were observed at unphys-
iologically high concentrations of ET-1. At physiologically low concentrations
of ET-1, ET-1-induced contractions via ET, are mediated by activation of
non-selective cation channels (IwaMURo et al. 1999; ZHANG et al. 1998). Inter-
estingly, in guinea pig tracheal smooth muscle, ETg-mediated but not ET ,-
mediated contraction is inhibited by an inhibitor of voltage operated calcium
channels, nifedipine (INu1 et al. 1999), suggesting mediation by Gad activation.
The latter ETs-mediated contraction is neither inhibited by voltage depen-
dent calcium channel inhibitor nor by a PLC-inhibitor. Another important
function of ET is promoting growth of cells such as smooth muscle or endothe-
lial cells. This activity is mostly mediated by ET, via activation of MAP kinase.
The MAP kinase activation is mediated in two ways, i.e., classical PKC-
dependent and independent ways (SUGAWARA et al. 1996). Cell growth activ-
ity was also shown by activation of ETg in some cells such as glia cells.
However, in other cells ETy receptor activation appears linked to differenti-
ation and apoptosis together with suppressed cell growth in a cell cycle depen-
dent manner (Okazawa et al. 1998).

Soon after the discovery of ET, the pharmaceutical industry started to
search for ET-receptor antagonists (RurroLo 1995). The first important finding
in this field was the discovery by at least two laboratories of an antagonistic
action on ET of BE-18257B, one of the fermentation products of Strepromyces
misakiensis. Modification of BE-18257B led to the identification of several
active ET-receptor antagonists such as BQ-123 and FR139317 (IHARA et al.
1991; AraMoRI et al. 1993). These peptide antagonists had higher affinities for
ET, than ETg receptors. Since its discovery, BQ-123 has been used widely
for experiments. Following a series of studies on peptide antagonists, ETg-
selective antagonists such as BQ-788, and RES-701-1 were also discovered.
Subsequently many selective and non-selective antagonists for ET and ETy
emerged (MivaucHl and Masaki 1999). The first non-peptide ET receptor
antagonist for oral administration was Ro46-2005, a non-selective (ETA/ETg)
antagonist. A modified form of Ro46-2005, Ro47-0203 or bosentan, has been
widely tested for preclinical and clinical uses.

ET-1 is not a circulating hormone because the plasma ET-1 concentration
is very low. The production of ET-1 in endothelium is regulated by a variety
of local and systemic hormones and physical stimulation such as blood flow.
ET-1 released from endothelium acts back on the neighboring endothelial cells
to release relaxing factor(s). The released relaxing factor(s) acts on the under-
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lying smooth muscle cells to induce relaxation. The released ET-1 also acts
directly on the underlying smooth muscle cells to elicit contraction. Therefore
ET-1 may act either as a relaxing or constricting factor, probably depending
on the concentration of ET-1 and ET receptor in local areas of the vascular
bed (Masakr 1995).

ET interacts with other endothelium-derived vasoactive factors such as
nitric oxide or prostanoid(s), but the exact mechanism of the interaction is not
clear. For example, several studies have revealed regional differences in the
degree of involvement in the endothelium-dependent regulatory mechanism
of vascular tone. Therefore, elucidation of the role of endogenous ET in sys-
temic blood pressure is difficult. Here, ET receptor antagonists and ET or ET
receptor knockout mice are helpful. Recent studies using ET-antagonists have
demonstrated that endogenous ET is responsible for basal constrictor tone in
peripheral vascular beds and plays a fundamental physiological role in the
maintenance of blood pressure in humans (HAYNES et al. 1996). In contrast, in
knockout mice experiments, heterozygous ET-1-deficient mice showed ele-
vated systemic blood pressure despite a low level of plasma ET-1 (KURIHARA
et al. 1994). This result may be partly explained by high sympathetic nerve
activity in these mice due to hypoxia (LING et al. 1998). Indeed, ET has been
shown to be involved in the mechanism of chemoreception of CO,. An addi-
tional explanation is that ET-1 acts as a vascular relaxing factor in the normal
state by stimulating the release of relaxing factors from the endothelium via
ETsy activation, and that ET-1 deficient mice lose this function (OHUCHI et al.
1999). The result that the arterial blood pressure of ETg-deficient mice was
significantly higher than that of normal mice supports this hypothesis. The
plasma concentration of ET-1 did not differ between ETg-deficient and normal
mice. Furthermore, a selective ETy antagonist BQ-788 increased the arterial
pressure of normal mice but not ETg-deficient mice. These results suggest that
in mice endogenous ET-1 is hypotensive. In addition, ETy may be involved in
the natriuretic receptive mechanism in kidney, because hypertension in ETg-
deficient mice is salt-sensitive (WEBB et al. 1998). From this we can conclude
that the roles of ET in the mechanisms maintaining blood pressure are
complicated.

Many reports have suggested that ET plays important roles in the patho-
logical processes within the vascular system, such as endothelial dysfunction.
As above, the pathophysiological significance of ET has also been elucidated
by use of ET-receptor antagonists and/or observation of ET and ET-receptor
knockout mice. It has been demonstrated that ET plays critical roles in several
pathological conditions including chronic heart failure, pulmonary hyperten-
sion, cerebrovascular spasm after subarachnoid hemorrhage, acute renal
failure, and essential hypertension (MiyaucHI and Masak1 1999; LEWIN 1995).
ET antagonists have demonstrated significant beneficial effects under patho-
logical conditions in which plasma ET-1 levels are elevated, and probably
where expression of ET, is enhanced. For example, in chronic heart failure,
the expression of ET-1 and its receptor in cardiomyocytes was enhanced.
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Treatment with ET receptor antagonists markedly improved the survival rate
and various parameters of cardiac functions. Similarly, ET is implicated in vas-
cular neointimal formation after balloon angioplasty. In this case, smooth
muscle cells were found to proliferate and express ET-1 and ET receptors, as
is the case for cardiac muscle in chronic heart failure. ET acts as a growth
factor for myocardiac and smooth muscle cells. ET also promotes extracellu-
lar matrix synthesis.

At the very early stages of ET research, autoradiographic experiments
using radioligand ET-1 revealed that ET-1 binding sites are distributed not
only in the vascular system but also in other tissues and organs including the
brain, adrenal gland, lung, kidney, intestine, etc., suggesting both the existence
of ET receptors in these organs and multiple functions of ET (Koskexi et al.
1989). Particularly interesting was that ET-3 and ETg distributed densely in
intestines. Subsequently, it was reported that ET-3 or ETj receptor-deficient
mice exhibited aganglionic megacolon similar to the human Hirschsprung’s
diseases (Hosopa et al. 1994). ETg-deficient mice also showed coat color spot-
ting in addition to the above anomaly. ET-1-deficient mice have craniofacial
and cardiac abnormalities at birth and die of respiratory failure soon after
birth. ETs and ET-receptors are suggested to play crucial roles in the devel-
opment of organs at early stages. Since ETs and ET receptors are distributed
widely through the body, unexpected roles for ETs are likely to appear in the
future.

Thus, the discovery of ETs opened a new field of research stimulating a
worldwide explosion in research activity. Numerous papers over the past
decade have revealed the versatile nature of ET. The physiological significance
of ET other than within the cardiovascular system will continue to be revealed
in the near future. As to their role in the cardiovascular system, ETs
are both beneficial and harmful, and are important to normal cardiova-
scular homeostasis. On the other hand, ET aggravates clinical features in
several pathological conditions. Nevertheless, the underlying physiological
and pathophysiological mechanisms of ETs still remain to be solved. Many
ET receptor antagonists and ECE inhibitors have now been developed
and investigators are now searching for the clinical targets of these blockers.
Such blockers should prove useful for the treatment of a range of clinical
disorders.
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CHAPTER 2
Sarafotoxins and Their Relationship
to the Endothelin Family of Peptides

M. SokoLovsKY and Z. SHRAGA-LEVINE

A. Introduction

The sarafotoxins (SRTXs), a family of peptides isolated from the venom of
the snake Atractaspis engaddensis, show striking structural similarities to the
endothelins (ETs) produced by endothelial cells. Four isoforms of SRTXs have
been identified: SRTX-a, SRTX-b, SRTX-c, and SRTX-e. SRTX-d, which was
previously assumed to exist, has not been found (BpoLaH et al. 1989b). SRTX-
e differs from the proposed SRTX-d in having a Gly instead of an Asp in posi-
tion 18 (DucanceL et al. 1993). These peptides have powerful cardiotoxic
effects and cause contraction of smooth muscles. They all contain 21 amino
acids and two disulfide bridges, between Cys'-Cys" and Cys*-Cys'. There is a
very high degree of sequence similarity, not only within each family (ETs,
71-95%; SRTXs, 81-95%), but also between families (52-67% ) (KocHva et al.
1993). The ETs are produced in minute quantities in mammals (measurable in
picomoles per gram of tissue), whereas the SRTXs are produced in large
amounts in the venom of the snake (0.1 mmol/g). The SRTXs and ETs may be
divided into two groups on the basis of their toxicity. The most lethal are ET-
1 and SRTX-b; ET-3 is less toxic, and SRTX-c and SRTX-e cause death only
at very high doses, if at all. For example, in ICR mice, the LDs, for SRTX-b
and ET-1 is 15 ug/kg body weight (BpoLaH et al. 1989a). ET-1 and SRTX-b
were found to cause severe disturbances in heart function at the level of the
A-V conduction system and the coronary vessels, ultimately leading to cardiac
arrest.

A new member of the ET/SRTX family of vasoconstrictor peptides,
bibrotoxin (BTX), was isolated from the venom of the burrowing asp Atrac-
taspis bibroni. The amino acid sequence of BTX differs from that of SRTX-b
only in the substitution of Ala for Lys in position 4, suggesting that BTX
represents the peptide isoform of Atractaspis bibroni corresponding to SRTX-
b. BTX competes with ['*I]-ET-1 for binding to the human ETg-type recep-
tor, and induces vasoconstriction of the thoracic aorta in rats (BECKER et al.
1993).
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B. Structure

As mentioned above, SRTX-c, SRTX-e, and ET-3 (ET-3) are less toxic and
pharmacologically weaker than the isopeptides SRTX-a, SRTX-b, and ET-1.
The three peptides in the first group possess a Thr instead of a Ser at position
2, and this substitution could be responsible for the observed biological dif-
ferences. LAMTHANH et al. (1994) showed that a synthetic [Thr]SRTX-b shows
lower vasoconstriction efficacy (by approximately 35%) than SRTX-b in the
rabbit aorta, but is nearly as potent as SRTX-b in toxicity tests and in influ-
encing contraction of the rat uterus. The antigenicity of the synthetic analog
is comparable to that of SRTX-b, suggesting that the overall structure of the
two peptides is similar, despite the substitution at position 2. The Thr? substi-
tution probably contributes to the lower activity of the ‘weak’ peptides in some
systems.

Another functionally important substitution in the SRTX is Lys’, as evi-
denced by the fact that a synthetic [GIu’]-SRTX-b shows considerable loss of
activity (Kitazuwmi et al. 1990; Takasaki et al. 1991). However, in other syn-
thetic peptides, one with Asn* (instead of Lys*) and one with Asn' (instead of
Tyr"), the contractile effect was diminished only slightly, if at all. In both the
ETs and SRTXs, the indole group of Trp* is important for both binding and
vasoconstrictor activities (KosHI et al. 1991).

The disulfide bridges are an important characteristic of the ET/SRTX pep-
tides. The importance of the disulfide bridge locations in SRTX-b was demon-
strated by comparing the cardiovascular effects of two synthetic STRX-b
analogs with different disulfide bridge locations, STRX-b type A (Cys'-Cys!’,
Cys’~Cys'") and STRX-b type B (Cys'-Cys'"!, Cys’~Cys") (LI~ et al. 1990). In
mice, the type A peptide produced a sustained pressor effect with a transient
increase in pulse pressure at low concentrations, whereas higher concentra-
tions were accompanied by a decrease in blood pressure, heart rate, and res-
piratory rate, followed by death. In contrast, type B was not lethal to mice at
these doses. In the rat Langendorff heart preparation, type A produced coro-
nary vasospasm with potency about 100 times higher than that of type B. A
similar potency ratio was observed for the positive inotropic effect in rat atria.
Thus, the location of the disulfide bridges in SRTX-b appears to have a pro-
found influence on the pharmacological potency.

Experiments with the C-terminal hexapeptide (amino acids 16-21 of ETs
and SRTXs) showed that this hexapeptide discriminates between different ET
receptors. The binding affinity of SRTX!"*?!! for arterial preparations is about
half as strong as that of ET hexapeptide, probably because of the difference
in amino acid residues at position 17 (Gln in SRTX, Leu in ET) (DOHERTY et
al. 1991; DoucLas and HiLEy 1991).

Most of the ET/SRTX peptides have been studied by circular dichroism
(CD). A method of grouping has been suggested on the basis of their helicity
from CD. ET-1, ET-2, and VIC form one group, the SRTXs form a second, and
ET-3 a third (TaMAOKI et al. 1992). ATkiNs et al. (1994) proposed that differ-
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ences in the shapes of the CD spectra of ET-1, ET-3, and SRTX are largely
attributable to differences between the amino acid sequences.

Nuclear magnetic resonance (NMR) studies of the solution conformation
of the ET/SRTX peptides have not yielded a consensus structure common to
the whole family. However, consistent structural features have been identified,
including an extended conformation for the first three or four residues and a
helix between residues 9 and 15 or 16. The biologically important and highly
conserved C-terminal tail was conformationally flexible in most of the NMR
studies, both in the ETs and in the SRTXs. A turn-like structure was found in
ET-1 between residues 5 and 8, whereas in SRTX-b it was found between
residues 3 and 6 (ATkINs et al. 1995). This conformational difference was sug-
gested by the authors to be partly responsible for the lower binding affinity of
SRTX-b than of ET-1 for the ETR. In the ET-1 peptide two sites, residues
3—4 and 8-9, were identified as having conformational variance (ANDERSEN et
al. 1992). In SRTX-b, however, the 7-8 bond rather than the 8-9 bond was
found to be the second variable region (ATKINS et al. 1995).

NMR studies of the solution structure of SRTX-c have revealed a well-
defined central o-helix, similar to that of SRTX-b, but different from the gen-
erally irregular helix reported for ET peptides (MiLLs et al. 1994). The authors
assume that this o-helix is probably the predominant conformer in the SRTXS,
while the variable results obtained for the ET peptides may reflect a different
ensemble of conformers. The structural differences between the central helix
of the ETs and SRTXs might be important in the binding of these ligands by
ET receptors.

C. Organization of SRTX cDNA

The similarity in the physiological expression of the ETs and SRTXs proba-
bly indicates that these peptides have been highly conserved during evolution.
KocHhva et al. (1993) suggested that their phylogenetic history is an early one
and that the appearance of the ET/SRTX superfamily may be traced back at
least to the acraniates among the vertebrates. These peptides probably origi-
nated with an exon duplication, followed by two full gene duplications, with
changes occurring after each duplication (LANDAN et al. 1991a,b). While the
SRTXs could have branched off from any point at the base, the lineage prob-
ably started before the first endothelin gene duplication. The ET genes of
mammals are located on different chromosomes. The human ET-1 gene is
located on chromosome 6, the ET-2 gene on chromosome 1, and the human
ET-3 gene on chromosome 20, all in single copies (ARINAMI et al. 1991). These
closely related genes are obviously not linked and apparently were dispersed
during or after gene duplication. However, the genes for the different sarafo-
toxins are found on the same chromosome (DUCANCEL et al. 1993). They have
a different cDNA organization from the ETs and their precursors also differ
from ET precursors. Based on nucleotide sequencing of full-length cDNAs of
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the SRTXSs, it was predicted that their precursors consist of a large pre-pro-
polypeptide of 543 amino acids. The precursor has an unusual rosary-type
organization, which comprises 12 tandem stretches of 40 residues each (39 in
the first). One stretch comprises an invariant spacer of 19 residues (18 in the
first stretch) and is immediately followed by a mature 21-residue SRTX. Six
different sequences of SRTXs have been found along the precursor polypep-
tide chain; three of them are SRTX-a, SRTX-b, and SRTX-c (DUCANCEL et al.
1993). The arrangement of the mRNA is as follows: SRTX-a; c; b; c; c; e; a; c;
c; b; a; a. The sequence for SRTX-d was not found, but that of SRTX-e is very
similar to that expected for SRTX-d (DUCANCEL et al. 1993).

The abundance of SRTX-c sequences, which occur five times along the
precursor sequence, is reflected by the greater abundance of this toxin in snake
venom than that of either of the other toxins (BpoLaH et al. 1991). The SRTXs
are probably generated in the venom glands by suitable processing of the
precursor polypeptide chains freeing them from the invariant spacers,
presumably with the aid of appropriate SRTX-converting enzymes. In princi-
ple, each precursor molecule may generate 12 SRTX molecules. This amplifi-
cation procedure offers a simple explanation for the overproduction of SRTXs
in the venom glands of A. engaddensis. Even though the ETs are remarkably
similar to the SRTXs in terms of primary and tertiary structure and biologi-
cal activity, their precursors contain only a single ET molecule, which derives
from the pro-form big-ET, and one inactive ET-like molecule (INOUE et al.
1989).

The organization of SRTX genes can be postulated by analogy with the
genomic organization of the ETs. ET-3 and the ET-like molecules co-exist on
the same cDNA (OPGENORTH et al. 1992); however, they are encoded by two
different exons separated from each other by one intron of about 1.3kb
(ARINAMI et al. 1991; BLocH et al. 1989; INOUE et al. 1989). If the gene encod-
ing the SRTXs comprises 12 similar exons and 11 introns, it should have a size
of approximately 20kb.

The SRTX precursor has an uneven distribution of the different copies of
SRTX. SRTX-c, which is one of the weakest toxins in mammals, has the largest
number of copies in the precursor, whereas for the most potent SRTX-b there
are only two sequences. Differential sensitivity toward the various SRTXs in
the natural prey of these snakes could perhaps explain this discrepancy.

D. Biosynthesis and Degradation

ETs are biosynthesized as pre-pro-molecules (200 residues) that are converted
into pro-forms (38 residues) called ‘big ETs’, which in turn are converted into
Ets (see Chap. 3). The SRTXs, however, do not appear to be cleaved from
a ‘big SRTX’ precursor (as mentioned in the previous section), but rather
synthesized directly by the processing of a large protein precursor containing
multiple SRTX sequences (DUCANCEL et al. 1993).
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There are also differences in the degradation of the peptides. The ETs are
degraded by neutral endopeptidase in a two-step process. First the enzyme
forms a nick between positions 5 and 6 and afterwards between positions 18
and 19, resulting in the release of the C-terminal peptide, thus rendering the
peptide inactive (SokoLovsky et al. 1990). The SRTXs, however, are more
resistant than the ETs to neutral endopeptidase. The low susceptibility of
SRTXs to this enzyme might explain their relatively high toxicity: under phys-
iological conditions, the ETs might be inactivated by neutral endopeptidase or
neutral endopeptidase-like enzymes, whereas the SRTXs are not inactivated
and can trigger the series of reactions leading to death.

E. Receptors

Early ligand-binding studies employing various ETs and SRTXs led to the sug-
gestion that these peptides bind to more than one receptor subtype (KL0o0G
et al. 1988) (see Chap. 4). Two receptor subtypes designated ET 5 receptors and
ET; receptors (ETAR and ETgR), whose existence has been confirmed by
cloning and stable expression, have been recognized. The two subtypes share
59% identity and 78% homology. The ligand binding of ET4R is selective.
ET-1 and ET-2 bind to it with high and similar affinities; ET-3 binds with an
affinity 70- to 100-fold lower than that of ET-1, and SRTX-c binds with an
affinity more than 1000-fold lower than that of ET-1. However, the ETgR binds
all of the above with high and similar affinities.

Of the sarafotoxins, SRTX-c usually binds with high affinity to the ETgR
subtype only, and is used as a selective ETgR agonist in binding studies as well
as in functional studies (NawmsI et al. 1992; WiLL1aMS et al. 1991). On the other
hand, SRTX-b, like ET-1, does not distinguish between ET,R and ETgR.

The development of subtype-specific antagonists played a critical role in
demonstrating the involvement of ET,R and ETgR in normal cellular func-
tions as well as in various pathological states (reviewed in SokoLovsKy 1995).
However, the use of these compounds has led to reports of ET-mediated
responses that do not appear to fit the current receptor classification, and has
prompted speculation that additional subtypes of endothelin receptors exist.
Furthermore, recent reports have shown that certain endothelin antagonists
are less effective against ET-1 than against other ET/SRTX family members
(see Sect. F).

I. Binding

The distribution pattern of high-affinity binding sites for the ET/SRTX pep-
tides is similar in human, porcine, and rat tissues (DAVENPORT et al. 1991).
However, recent reports have pointed to differences in the binding profiles of
the ligands. In one study, for example, ET-1 was found to bind to a significantly
higher density of receptors than SRTX-b (MAGUIRE et al. 1996). This implies
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the existence of an additional receptor that is not sensitive to SRTX-b. Other
studies have also reported a higher density of ET-1 sites than SRTX-b sites in
rat cerebellum (Jouns and Hirey 1990) and in rat spinal cord (Gurati and
ReBELLO 1992). However, ET-1 and SRTX-b must have at least one binding
site in common, because each is able to compete for the specific binding of the
other (MAGUIRE et al. 1996 and references therein). Also, differences in binding
affinities were noted between ET-1 and SRTX-b. For example, in bovine
cardiac sarcolemmal vesicles the binding affinity for SRTX-b was at least one
order of magnitude lower than for ET-1 (SHANNON and HaLE 1994).

Differences in the binding patterns of ET-3 and SRTX-c were also seen.
For example, SRTX-c was 20 times more potent in displacing ['*-1]-ET-3
binding from canine lung than from spleen receptors, suggesting that
SRTX-c shows some selectivity for lung over spleen ETgR (Nawmsi et al. 1995).

Studies of competitive binding between ET-1 and SRTX-b to homo-
genates of human saphenous vein revealed additional receptor subtypes. In
this preparation, in the presence of a high concentration of ["*I]-ET-1,
SRTX-b competed with nanomolar affinity for the majority of the sites but
with micromolar affinity for the remaining sites. This suggests that ET-1 binds
to two receptor populations that can be distinguished by SRTX-b (MAGUIRE
et al. 1996).

One of the characteristics of binding of ETs and SRTXs in various tissues
is the extremely slow rate of dissociation of receptor-ligand complexes. In
many preparations, the binding is almost irreversible. In membrane prepara-
tions of rat cerebellum, atrium and guinea-pig ileum, dissociation of [**I]-
labeled ET-1, ET-3, and SRTX-b from their preformed complexes with the
receptor was significantly slower in the cerebellum than in the ileal and atrial
preparations, and slower in the atrium than in the ileum (Sokorovsky 1995).
Differences in dissociative behavior between ET-3 and ET-1 or SRTX-b in
both cerebellum and ileum were noticed (GALRON et al. 1991). These might
result from differences in the nature of their receptor-ligand complexes, i.e.,
from different modes of binding.

In addition, functional studies of isolated blood vessels in rat renal arter-
ies have also revealed marked differences in the kinetics of ['*I]-ET-1 and
['*I]-SRTX-b binding (DEvapasoN and Henry 1997). Following a 3-h period
of association of ['"®I]-ET-1 with its receptors, no significant dissociation of
receptor-bound ['*I]-ET-1 was observed during a 4-h washout period. In con-
trast, dissociation studies revealed that specific binding of ["*I]-SRTX-b to
ET, receptors was reversible (t0.5 is half-life time of dissociation, 100 min).
This study further supports the notion that differences exist in the kinetics of
agonist binding.

MAGUIRE et al. (1996) reported that in homogenates of human saphenous
vein the dissociation rate for ET-1 and SRTX-b appeared to be equally slow
during the first 20-min period. However, ['*1]-ET-1 did not dissociate over the
next 220min, whereas SRTX-b continued to dissociate, so that significantly
more ['*I]-SRTX-b than ['I]-ET-1 had dissociated after 4h.
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SRTX-c also highlights the differences in binding characteristics between
tissues from different species. For example, the affinity of ETgzR for SRTX-c
differed in human and rat left ventricle, whereas no differences in affinity were
detected for ET-3 (RussieLL and DAVENPORT 1996). SRTX-c binding was unaf-
fected by GTP, indicating that the different receptor affinities in human and
rat heart cannot be explained by differing affinity states of the ET3R. There
are also marked differences in the affinities of SRTX-c for ETgRs in human
left ventricle and canine femoral vein (MILLER and MICHENER 1995).

Differences in binding to mutated receptors were also noted between
ET and SRTX. The ETsR subtype usually binds ET-3 and SRTX-c with
equally low affinity. Mutation of Asp'® to Ala led to a dramatic increase in
the binding affinity of ET-3 for this receptor (160-fold increase); however,
the mutation did not improve the binding affinity of SRTX-c (Rosk et al.
1995).

IL. ETy Receptors

In order to distinguish between the ET receptors, specific receptor subtype
ligands are usually applied. BQ-123 is commonly regarded as an ET,R selec-
tive antagonist and SRTX-c as an ETgR-selective agonist. It seems, however,
that this classification is not a simple one and should be viewed with caution,
as the following reports show.

Early studies on endothelin receptors showed that both receptor subtypes,
ETAR and ETgR, mediate vasoconstriction in different tissues (HARRISON et
al. 1992; Hay 1992). However, one of the earliest studies showed that the ET3R
mediates vasodilation through ET-induced nitric oxide formation and/or
release of prostaglandin I, (DENucci et al. 1988). On the basis of these obser-
vations, the existence of two ETgR subtypes was proposed: an ETjg; subtype
mediating vasodilation and an ETpy, subtype mediating vasoconstriction
(WARNER et al. 1993a).

Whether SRTX-c is specific to one or both of the ETgR subtypes is con-
troversial. In the rabbit trachea, treatment with SRTX-c desensitized both
ETjg; and ETy, subtypes (YONEYAMA et al. 1995), although in the same study
the contractile effect of SRTX-c was shown to be mediated via the ETg,
subtype. In the rabbit saphenous vein, STRX-c also desensitized both the ET};,
and the ETj, subtypes (Subniarwo et al. 1994). SRTX-c was therefore assumed
to activate both ETjy subtypes.

ZuccAreLLO et al. (1998b) recently showed, however, that RES-701-1, a
selective ETgR antagonist (TANAKA et al. 1995), prevents SRTX-c-induced
relaxation of rabbit basilar artery. This study demonstrated that SRTX-c is
selective for the ETg R subtype (ZuccareLLo et al. 1998b).

On the other hand, SRTX-c was reported to stimulate the ETg,R subtype
as well. In rabbit pulmonary resistance arteries, SRTX-c caused vasoconstric-
tion through the ETy,R and was even more potent in this respect than ET-1
(MACLEAN et al. 1998).
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The ETgR is involved in the transient systemic depressor response medi-
ated by ET-1 or SRTX-c (CrisToL et al. 1993; DENuccr et al. 1988), as well
as in renal vasoconstriction in the rat (CLozEL et al. 1992; CristoL et al. 1993).
In conscious rats SRTX-c induced a transient decrease in blood pressure,
followed by a sustained increase in pressure and a decrease in renal blood
flow (GELLAI et al. 1994). This indicates that the varying responses to SRTX-
¢ may result from activation of the same receptor located on different cell
types. For example, the ETyR located on the endothelium may activate the
endothelium-derived relaxing factor/nitric oxide (NO) system, whereas the
same receptor on vascular smooth muscle cells could mediate the contractile
process.

The above hypothesis was introduced by Gerrar et al. (1996) and
supported by their results, which showed that the ETgR selective agonist
SRTX-c, when given as an intravenous bolus injection in conscious
Sprague-Dawley rats, elicits two simultaneous responses; vasoconstriction
and vasodilation. The authors postulated that these responses are mediated
by two ETgR subtypes, one of them RES-701-1-sensitive and the other
RES-701-1-insensitive. The vasodilatory effect of SRTX-c completely masked
its vasoconstrictor effect during the first few seconds and limited it for a
sustained period. RES-701-1 blocked the depressor response, unmasked an
initial pressor effect, and potentiated the sustained response to SRTX-c. In
the renal bed, vasodilation was not observed after bolus injections of
SRTX-c; however, its importance became evident during the sustained infu-
sion of SRTX-c. The potent vasoconstriction that was prevalent in both
vascular beds during the first 10-20min was gradually blunted with time.
Infusion of RES-701-1 prevented this gradual decline in the constrictor
effect, presumably by blocking a simultaneous vasodilation induced by
SRTX-c. The profile of hemodynamic changes during the sustained infusion
of SRTX-c indicated that vasodilation, mediated by the RES-701-1-sensitive
ETgR subtype, is slow in onset, becomes dominant with time, and gradually
limits the vasoconstriction mediated by the RES-701-1-insensitive ETgR
subtype.

In the guinea-pig ileum, SRTX-c induced a biphasic effect (relaxation and
contraction). SRTX-c induced strong tachyphylaxis of both components of the
response. PD145065, a potent antagonist of both ET,R and ETgR, acted as a
noncompetitive antagonist of the contractile components of SRTX-c. RES-
701-1, a specific antagonist of ETg;R, inhibited mainly the relaxant component
induced by low doses of SRTX-c. These results suggest that there are at least
two distinct populations of ETgRs mediating the biphasic response: the
ETgR, sensitive to RES-701-1 and PD145065, and the ETg,R, less sensitive
to RES-701-1 and PD145065 (Miasiro et al. 1998).

In the guinea-pig trachea a non-peptide antagonist, Ro 47-0203 (non-
selective for ET,R over ETgR), was more effective against SRTX-c than
against ET-1. This may reflect a difference between the ETzRs on this tissue
(GATER et al. 1996).
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III. ET, Receptors

When ET/SRTX ligands bind to a receptor with the order of potency ET-
1~SRTX-b>ET-3>SRTX-c, this can usually be taken as evidence that the
receptor in question is the ET, subtype. However, various studies carried out
with the SRTX peptides have shown that there are ET,Rs which do not
conform to the above rule.

The effects of ET-1 and SRTX-b on classical ET4Rs are usually consid-
ered as equipotent; however, a number of reports indicate that these peptides
may act differently on ET4 receptors. For example, some studies have shown
that ET-1-induced responses are more resistant than SRTX-b-induced
responses to the selective ET,R antagonist BQ-123 (NisH1vaMa et al. 1995 and
references therein). These receptors belong to the ET4R category, since ETg
agonists did not induce any responses. It is conceivable that ET-1 and SRTX-
b may exert their effects through two different ET,Rs, a BQ-123-insensitive
ETAR and a BQ-123-sensitive ET,R.

Although SRTX-c is usually regarded as a selective ETsR agonist, some
reports have shown that it can stimulate the ETAR subtype as well. For
example, SRTX-c was shown to activate an ET,R subtype in guinea-pig pul-
monary artery. It also caused a slight but distinct concentration-dependent
increase in basal tone that was significantly attenuated by BQ-123 (Marsupa
et al. 1996). High concentrations of SRTX-c stimulated cGMP and cAMP pro-
duction in rat cerebellar slices through the ETAR (SokoLovsky et al. 1994;
SHRAGA-LEVINE et al. 1994). Also, it was recently proposed that the ET,R has
a modest role in mediating the systemic vasoconstrictor response to a high-
dose of SRTX-c (RASMUSSEN et al. 1998).

ET isopeptides and SRTX-b were found to elicit dose-dependent con-
tractions of the isolated rabbit iris sphincter, whereas SRTX-c and IRL 1620,
at concentration of up to 1umol/l, elicited no contractile activity. Further
experiments in this preparation with the various antagonists showed that ET
receptors cannot be simply classified into the ETsR and ETgR subtypes estab-
lished so far. When compared to the known receptor subtypes, the ET recep-
tors in the isolated rabbit iris sphincter were quite different from the ETgR,
and apparently showed a pharmacological profile that was most similar to the
ET4R, suggesting the existence of heterogeneous and atypical ET,Rs
(IsHIKAWA et al. 1996).

Atypical ET,Rs were also found in human saphenous vein. BQ-123
(1 umol/l) causing nonparallel shifts, with lower concentrations of ET-1 being
antagonized more strongly than higher concentrations. When SRTX-b was
used as an agonist, BQ-123 (0.3-3.0 umol/l) caused concentration-dependent
biphasic shifts, and low concentrations of SRTX-b were not antagonized. This
unusual action of BQ-123 supports the existence of subtypes of the ETAR
(PaTE et al. 1998).

In the rabbit iris dilator muscle, ET-3 elicited lower contractile activities
and SRTX-b elicited higher contractile activities than ET-1, while SRTX-c was
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inactive. BQ-123 antagonized ET-3 and SRTX-b more than ET-1. These func-
tional experiments suggest that the iris dilator, like the iris sphincter, contains
atypical ETsRs (Nosaka et al. 1998).

IV. Atypical Receptors

Since only two mammalian ET receptors have been isolated, cloned, and
expressed, the existence of additional ET receptors has been postulated on
the basis of pharmacological, kinetic, and functional studies. The results of
experiments using specific antagonists led some investigators to postulate the
existence of two subtypes of ET4R and/or ETR, or alternatively of a ‘novel’,
‘atypical’, or ‘non-ET,, non-ETg’ receptor.

Although SRTX-c is usually regarded as an ETgR-specific agonist, various
studies show that in certain tissues and cells this is not always the case. A recent
example is the quail EDNRB2 (ETgR), which exhibits an atypical ETgR-type
pharmacology. The three endothelin isopeptides, ET-1, -2, and -3, showed high
(nanomolar) and approximately equal affinities for this receptor, characteriz-
ing the molecule as an ETsR. However, further pharmacological investigation
revealed that the quail EDNRB2 has low affinities for SRTXs, especially
SRTX-c. Therefore, quail ETgR behaves more like ETA,R in relation to
SRTX-c.In this regard, EDNRB2 has a pharmacological property that is highly
atypical for a type B receptor (LECOIN et al. 1998). ETsR-like receptors insen-
sitive to SRTX-c have also been reported in rat (PANEK et al. 1992) and in
Xenopus liver membranes (NaMBI et al. 1994). PouLar et al. (1996) suggested
that SRTX-c interacts with a non-ET s/non-ETjy binding site in rat spinal cord.

Classical ETgRs bind all the ET/SRTX peptides with equal affinity.
However, in pig coronary arteries a receptor subtype was found that binds
SRTX-c and ET-3, but not ET-1 or SRTX-b (Harrison et al. 1992). Accord-
ingly, the existence of another ‘atypical’ receptor was proposed. Also, in gran-
ulosa cells ET-3 and SRTX-c were significantly more potent than ET-1 in
suppressing basal and follicle stimulating hormone-stimulated estrogen pro-
duction, suggesting that their effect is mediated by a non-ETgR (CALOGERO et
al. 1998).

In sheep choroid plexus, competitive binding studies revealed the pres-
ence of two binding sites with affinities for ET-1 in the picomolar range. One
of these sites binds [Ala'*'""]ET-1 (a selective ETgR agonist), but not
SRTX-c (ANGELOVA et al. 1997), suggesting the existence of an ‘atypical’
ETj-like receptor that does not bind SRTX-c.

The endothelium of the human umbilical artery mediates relaxation in
response to SRTX-b. This relaxation is antagonized by PD 142893, resulting
in an enhancement of the contractile effect of SRTX-b. The endothelial recep-
tors involved are neither ETAR nor ETgR and they are not activated by
ET-1 (LAURSEN et al. 1998).

In guinea-pig bronchus, contractions induced by ET-1, ET-3, SRTX-c, or
BQ-3020 appear to be predominantly mediated via stimulation of ETgRs.
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However, these receptors are relatively insensitive to the standard ETgR
antagonists BQ-788 and RES-701-1, suggesting that responses produced by
these ligands in this tissue involve activation not of the classical ETsR, but
rather of an atypical ET receptor population (Hay and LUTTMANN 1997).

In rat pulmonary resistance arteries, vasoconstriction induced by ET-1,
SRTX-c, or ET-3 is mediated predominantly by activation of an ETg-like
receptor. However, the lack of effect of some antagonists on ET-1-induced
vasoconstriction suggests that the vasoconstriction is mediated via an atypical
ETgR (McCuLLocH et al. 1998).

ET-1 and ET-3 enhanced, in a concentration-dependent manner, the
twitch response of the rat vas deferens to electrical stimulation. ET-1 was three
times more potent than ET-3 and SRTX-c was at least 200 times less active
than ET-1, suggesting that the receptor involved is an ET,R subtype.
However, further experiments with BQ-123 showed that the rat vas deferens
contains an endothelin receptor that does not conform to the proposed
classification of ETAR/ETgR subtypes (EGLEZos et al. 1993).

The use of antagonists in various experiments has shown that the observed
ET responses are not always conveyed by typical ETsRs or ETgRs. One recep-
tor frequently described as ‘atypical’ is one in which ET,R-specific antago-
nists such as BQ-123 and FR139317, in preparations containing predominantly
ETARs, are more potent against SRTX-b than against ET-1. This has been
described in numerous preparations (MAGUIRE et al. 1996 and references
therein). It is possible that ET-1 elicits its response through a different recep-
tor subtype than SRTX-b or that, in addition to having a common binding site
with SRTX-b, ET-1 is able to activate a receptor that is insensitive to those
antagonists (see next section).

F. Differences in Sensitivities to Antagonists

ETs and SRTXs differ markedly in their sensitivities to the different antago-
nists (see Chap. 9). This is important, as it shows that the inhibition exerted by
antagonists against certain receptor subtypes is not complete. It also empha-
sizes the heterogeneity of the ET receptors. This section reviews recent reports
that describe the differential effects of several antagonists on ET and SRTX.

In rat pulmonary arteries the potency of SB209670 (a mixed ETAR/ETgR
antagonist) was higher against SRTX-c than against ET-1 (Hay et al. 1996),
whereas in rabbit pulmonary arteries this antagonist abolished all responses
to ET-1. In rabbit pulmonary arteries, BQ788 (an ETgR-selective antagonist)
did not inhibit responses to ET-1, though it inhibited SRTX-c induced con-
tractions (Hay et al. 1996; MacLEAN et al. 1998). These findings could not be
attributed to activation of the ET,R by ET-1, as FR139317 (an ET4R anta-
gonist) also had no effect upon contractions mediated by ET-1.

In the human saphenous vein, ET-1 was much more resistant than
SRTX-b to BQ-123 (NisHiyaMa et al. 1995). Similarly, PD142893 (an
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ETAR/ETgR antagonist) hardly affected the contractile effect of ET-1,
whereas it markedly antagonized the contractile effects of SRTX-b. The
authors proposed that ET-1 and SRTX-b exert their effects through two dif-
ferent ETAR subtypes, one of them highly sensitive and the other much less
sensitive to BQ-123 and PD 142893.

In preparations containing predominantly ET,R, ET,R-specific antago-
nists such as BQ-123 and FR139317 were shown to be more potent against
SRTX-b than against ET-1 itself (MAGUIRE et al. 1996 and references therein).
For example, in human umbilical artery BQ-123 was more potent in inhi-
biting contractions induced by SRTX-b than by ET-1 (BopeLssoN and
STIERNQUIST 1993; BoGonI et al. 1996). In homogenates of human saphenous
vein, the inhibitory effect of BQ-123 against vasoconstriction mediated by
SRTX-b was 50 times stronger than against ET-1-mediated vasoconstriction
(MAGUIRE et al. 1996). In the rabbit sphincter muscle, BQ-123 was competitive
against ET-1 but non-competitive against SRTX-b (IsHIKAWA et al. 1996). In
the rabbit iris dilator muscles BQ-123 was more strongly antagonistic against
ET-3 and SRTX-b than against ET-1 (Nosaka et al. 1998).

LAURSEN et al. (1998) recently showed that in human umbilical artery, both
ET-1 and SRTX-b induced contractions were unaffected by the ETgR antag-
onist BQ788. However, the ET,R/ETgR antagonist PD 142893 decreased the
contraction induced by ET-1, whereas it enhanced the contraction induced by
SRTX-b (LAURSEN et al. 1998).

The following reports demonstrate differences in the sensitivities of ET-1
and SRTX-c to various antagonists. WARNER et al. (1993a,b) showed that rat
endothelial responses to SRTX-c were blocked by PD 142893, whereas rabbit
pulmonary artery responses to ET-1 were only marginally blocked at higher
concentrations of this antagonist. CLozEL et al. (1992) demonstrated that
bosentan (a non-peptide mixed ET,R/ETgR antagonist) was more effective
at antagonizing SRTX-c-mediated endothelial responses than smooth-muscle
responses in the rat trachea. In the guinea-pig trachea a non-peptide antago-
nist, Ro 47-0203, which is non-selective for endothelin ET R over endothelin
ETgR, had a greater effect against responses elicited by SRTX-c than by
ET-1 (GATER et al. 1996). Similar findings were obtained in rabbit pulmonary
resistance arteries with the non-selective ET,R/ETgR antagonist SB 209670
(DocHErTY and MAcLEaN 1998a,b). In rat pulmonary resistance arteries
SRTX-c was slightly more potent than ET-1 in mediating contractions
(McCuLLrocH et al. 1998). Bosentan increased the potency of ET-1, but inhi-
bited responses to SRTX-c. The ETgR antagonist BQ-788 did not inhibit
responses to ET-1 but did inhibit responses to both SRTX-c and ET-3.

In guinea-pig bronchus, contractions induced by ET-1, ET-3, SRTX-c, or
BQ-3020 appear to be mediated predominantly via stimulation of ETgR.
However, differences in antagonistic potencies were noted using the ETgR
antagonists BQ-788 and RES-701-1. This study also provides additional evi-
dence that the potencies of ET receptor antagonists depend upon the specific
ET agonist (HAy and LutTMANN 1997).
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G. Similar and Opposing Responses Mediated
by ETs/SRTXs

Several studies point to similarity in the biological actions of ET-1 and
SRTX-b. Both peptides were found to produce constriction of the isolated
coronary or mesenteric vascular beds (HaN et al. 1990). Both significantly
enhanced the electrical field stimulation-induced contraction of guinea-pig
pulmonary artery, and in both cases the response could be blocked by BQ-123
(Marsupa et al. 1996). Intra-arterial bolus injections of ET-1 or SRTX-b
induced dose-dependent and long-lasting vasoconstriction in the isolated
canine liver arterial circuit, and infusion of the ET,R antagonist FR-139317
markedly reduced both ET-1-induced and SRTX-b induced vasoconstriction
(Faro et al. 1995). Both peptides were able to induce phosphoinositide hydrol-
ysis in a dose-dependent manner; however, ET-1 was more potent than
SRTX-b. Both ET-1-induced and SRTX-b-induced accumulation of inositol
phosphate was almost totally inhibited by BQ-123 (MonDoN et al. 1995). Both
peptides induced histamine release from Weibel-Palade bodies of the toad
aorta (Dor et al. 1995). Centrally administered ET-1 produced a transient rise
followed by a sustained decrease in blood pressure (KuMar et al. 1996;
REBELLO et al. 1995). Intravenous infusion of SRTX-b also induced a decrease
in blood flow to several organs. Moreover, centrally administered SRTX-b pro-
duced significant changes in systemic and regional blood circulation, appar-
ently mediated though the sympathetic nervous system (Kumar et al. 1997).
In conscious Long-Evans rats, 4 pmol of ET-1, ET-3 or SRTX-b caused a sig-
nificant increase in cardiac output, and 40 pmol doses caused initial hypoten-
sion and increases in cardiac output, stroke volume and total peripheral
conductance (GARDINER et al. 1990).

Other studies, however, indicate differences between the biological
actions of ET-1 and SRTX-b. In the isolated rabbit iris sphincter SRTX-b
showed much stronger contractile activity (about 30 times higher) than ET-1
(Isuikawa et al. 1996). In the human umbilical artery, both peptides induced
contractions that were unaffected by an ETyR antagonist. However, SRTX-b
also induced relaxation in segments in which 5-hydroxytryptamine had caused
contraction (LAURSEN et al. 1998). Also, in homogenates of human saphenous
vein BQ123 exhibited a 50-fold higher affinity against SRTX-b-mediated vaso-
constriction as compared to ET-1. These data suggest that BQ-123 is a much
more potent blocker of SRTX-b than of ET-1 contractile responses (MAGUIRE
et al. 1996). In another study, ET-1 and SRTX-b elicited potent concentration-
dependent contractions of human saphenous vein with similar pD2 values and
similar maximal responses. BQ-123 and PD 142893, alone or in combination,
hardly affected the contractile effect of ET-1, while each of them markedly
antagonized the effects of SRTX-b (NisHivama et al. 1995). These studies
suggest that ET-1 probably activates an additional population of receptors that
may have a lower affinity for BQ-123, and that these receptors are not affected
by SRTX-b (see Sect. F).
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Desensitization experiments have shown differences in responses to ET
and SRTX. In the human saphenous vein, for example, exposure to a high con-
centration of either ET-1 or SRTX-b rendered the preparations unresponsive
to repeated additions of the same agonist. However, whereas addition of
SRTX-b to the preparation unresponsive to ET-1 did not elicit any response,
a small contraction was obtained with ET-1 in preparations not responding to
SRTX-b (MAGUIRE et al. 1996).

A recent study showed that in the Egyptian mongoose ET-1 and
SRTX-b induce different physiological responses (BpoLaH et al. 1997). The
mongoose is resistant to the venom of Atractaspis and its most toxic compo-
nent, SRTX-b. Intravenous administration of this toxin, at a dose of about 13
times the LD, for mice, resulted in electrocardiographic disturbances in the
mongoose, which returned to normal after several hours. SRTX-b failed,
however, to induce contraction of mongoose aortal preparations. ET-1, which
was shown by immunological methods to be present in mongoose tissue
extracts, did induce contraction of the isolated mongoose aorta, but this effect
was greatly decreased when ET-1 was applied in addition to SRTX-b. Binding
studies revealed ET/SRTX-specific binding sites in brain and cardiovascular
preparations from the mongoose. It was suggested that the ET/SRTX recep-
tors in the mongoose contain structural features that enable them to differ-
entiate between the two peptides.

ET-1 and SRTX-c usually elicit vasoconstriction. For example, the two
peptides were shown to produce contraction of the esophageal muscularis
mucosae in a concentration-dependent manner (UcHIDA et al. 1998). However,
differences in the physiological responses of these two peptides have been
reported. SRTX-c caused relaxation in rabbit basilar artery, whereas in the
same preparation ET-1 mediated vasoconstriction (ZUccARELLO et al. 1998a).
SRTX-c also relaxed rabbit basilar artery constricted with serotonin in situ,
while ET-1 caused constriction in this preparation as well (ZUcCARELLO et al.
1998b). The inability of SRTX-c to induce constriction was unexpected, as the
ETgR-mediated contractile efficacies of SRTX-c and ET-1 are similar. One
possible explanation is that SRTX-c may induce greater release of a relaxant
factor as a result of ET receptor activation, thereby preventing ETgR-
mediated constriction (ZuccarReLLo et al. 1998a). Also, in isolated rabbit
mesenteric arteries vascular response mediating endothelin ETR showed that
ET-1 caused a concentration-dependent contraction, whereas SRTX-c had no
effect (Iwasaki et al. 1999). Endothelin-1 caused graded tonic contractions and
enhanced neurogenic contractions in rat electrical field-stimulated seminal
vesicles, whereas SRTX-c was ineffective (Luciano et al. 1998). On the other
hand, SRTX-c induced vasoconstriction in rabbit pulmonary resistance arter-
ies and was even more potent in this regard than ET-1 (MAcLEAN et al. 1998).

Numerous reports have shown that SRTX-c is a more potent vasocon-
strictor than ET-1 in rabbit and human saphenous veins, in rabbit con-
duit pulmonary arteries, and in adult and rat pulmonary resistance arteries
(MoReLAND et al. 1994; WHITE et al. 1994; DoucLas et al. 1995; Hay et al.
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1996; McCuLLocH et al. 1998; DocHerty and MacLEAN 1998a). In these
reports the ET receptor involved is referred to as ‘ETc-like’, ‘ETg-like’, or
‘atypical’. In adult rat and rabbit pulmonary resistance arteries, the contrac-
tile responses to SRTX-c are strongly potentiated by inhibition of nitric oxide
synthesis (DocHERTY and MacLEaN 1998a).

Differences in responses and in magnitude of contractions between ET-1
and SRTX-c were also observed in tumor blood flow in female rats. SRTX-c
was more potent than ET-1, as indicated by the fact that blood flow was
increased by 175% with SRTX-c and by 75% with ET-1. Vasodilation was
observed following administration of ET-1, but was not seen with SRTX-c
(BELL et al. 1995). Estradiol attenuated ET-1-induced vasoconstriction, but
had no effect upon SRTX-mediated vasoconstriction (SUDHIR et al. 1997).

A recent study (DocHERTY and MAcLEAN 1998b) showed that the potency
of ET-1 and SRTX-c varies with developmental age. Contractile responses to
ET-1 and SRTX-c were studied in rabbit pulmonary resistance arteries from
fetuses and from animals aged 0-24h, 4 days and 7 days. SRTX-c and ET-1
were equally potent in the fetus, but SRTX-c was increasingly more potent
than ET-1 with increasing age, and was about 1000 times more potent in 7-
day-old animals. At 7 days the responses to ET-1 were also resistant to both
FR139317 and BQ-788. The latter antagonist inhibited responses to SRTX-c
at all ages examined. The nonselective antagonist SB 209670 inhibited
responses to ET-1 and SRTX-c in rabbits aged 0-24h and 4 days. During the
first week of life the potency of SRTX-c increased while that of ET-1
decreased, suggesting differential development of responses to ET-1 and
SRTX-c and heterogeneity of responses mediated by ET,R or ‘ETg-like’
receptors. This divergence in the development of responses to ET-1 and
SRTX-c suggests that these peptides either activate different receptor popu-
lations or have different binding domains on the same receptor (DOCHERTY
and MacLEAN 1998b).

Besides vasoconstriction and relaxation, there are other responses that
differ when elicited by the different peptides. For example, ET-3 and SRTX-c
were significantly more potent than ET-1 in suppressing basal and follicle stim-
ulating hormone-stimulated estrogen production in granulosa cells obtained
from immature, estrogen-primed female rats (CALOGERO et al. 1998). Accord-
ing to the authors, the greater potency of SRTX-c might suggest that its effect
is mediated by a non-ETgR. In human myometrial cells in culture, ET-1 stimu-
lated DNA synthesis and proliferation but ET-3 and SRTX-c had no effect
(BREUILLER-FOUCHE et al. 1998). Also, in an osteoblast-like cell line, ET-1,
ET-2, and SRTX-b rapidly stimulated prostaglandin E, production through a
protein tyrosine kinase-dependent and protein kinase C-dependent pathway,
whereas ET-3, SRTX-a, and SRTX-c had no such effect (LErs et al. 1998).

SRTX-c at low concentrations caused a significant enhancement of neu-
trophil migration, whereas at higher concentrations it inhibited neutrophil
migration stimulated by chemotactic activators (ELFERINK and DE KOSTER
1996). These authors demonstrated a similar pattern in the effect of ETs on
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neutrophil migration, namely stimulation by low concentrations and inhibition
by high concentrations of the ligand (ELFErINK and DE KOSTER 1996 and ref-
erences therein). There were some similarities and differences between the
effects of SRTX-c and of ETs on neutrophil migration. The similarities were
the stimulatory effect on random migration and the inhibitory effect on IL-8
or fMLP-activated chemotaxis. However, the stimulatory effect of SRTX-c was
minor compared with that of ET. Also, the stimulatory and inhibitory effects
of ET were totally dependent on extracellular calcium, while the effects of
SRTX-c are not.

In rat cortical astrocytes the agonists ET-1, ET-3, SRTX-c, and IRL 1620
elicited phospholipase D activation in a concentration-dependent manner. The
potencies of ET-1, ET-3, and SRTX-c were similar. However, the maximal
effects evoked by ET-3, SRTX-c, and IRL 1620 were significantly lower than
the maximal response to ET-1. The response to ET-1 (1 nmol/l) was inhibited,
in a biphasic manner, by increasing concentrations of BQ-123. Increasing con-
centrations of BQ-788 inhibited the response to SRTX-c. BQ-788 also inhib-
ited the effect of ET-1, although in this case two components were defined.
Rapid desensitization was achieved by preincubation with ET-1 or SRTX-c.
In cells pretreated with SRTX-c neither ET-3 nor SRTX-c activated phos-
pholipase D, but ET-1 still induced approximately 40% of the response shown
by non-desensitized cells (SErvITIA et al. 1998).

Differences were also found in the modulatory effects of the ETs on
the neurogenically induced release of endogenous noradrenaline and the co-
transmitter adenosine 5'-triphosphate (ATP) from the sympathetic nerves
of endothelium-free segments of the rat isolated tail artery. ET-1 significantly
reduced the overflow of both noradrenaline and ATP evoked by electrical field
stimulation. The inhibitory effect of ET-1 was resistant to BQ-123 but was pre-
vented by ETgR desensitization. SRTX-c exerted a dual effect on transmitter
release. At low concentrations the peptide significantly reduced the evoked
noradrenaline overflow, whereas at higher concentrations it caused a signifi-
cant increase in the evoked overflow of both ATP and noradrenaline. ET-3 did
not affect the evoked overflow of either ATP or noradrenaline, but at high
concentrations it significantly potentiated the release of both transmitters
(MuTtAFOvA-YAMBOLIEVA and WESTFALL 1998).

H. Signaling Differences Between ET and SRTX

The ETs and SRTXSs activate many signal transduction cascades (SOKOLOVSKY
1995 and references therein) (see Chap. 5). Different signals have been attrib-
uted to differences in receptor activation and these signals have resulted in
distinct responses, as described in the preceding section. In this section we
summarize the research done in our laboratory and describe our latest study,
which shows that the differences in signaling probably occur at the level of
ligand-receptor—G-protein coupling.
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In rat atrial slices, ET-1 both stimulated and inhibited cAMP formation,
depending on its concentration (SokoLovsKyY et al. 1994). ET-1 at picomolar
concentrations induced an increase in cAMP formation while higher concen-
trations inhibited it. SRTX-b and SRTX-c showed a different pattern of behav-
ior. No stimulation was observed at picomolar concentrations, but stimulation
occurred, though at lower efficiency, at the nanomolar range. Also, the [-
blocker propranolol inhibited cAMP formation by ET-1, but did not affect
cAMP formation by SRTX-b or SRTX-c. ET-1 at 1pmol/l induced norepi-
nephrine release from the atrial slices, while the SRTXs blocked this release.

ETs and SRTXs were also shown to stimulate the guanylate cyclase
pathway in rat cerebellar and atrial slices (SHRAGA-LEVINE et al. 1994; SHRAGA-
LEvINE and SokoLovsky 1996). In both preparations, ET-1 and SRTX-b at
picomolar concentrations (10™*~10"?mol/l) induced a dose-dependent in-
crease in the production of cGMP, whereas higher concentrations caused its
dose-dependent inhibition. At the nanomolar concentration range, both ET-3
and SRTX-c induced a dose-dependent increase in cGMP production. In the
cerebellum, the ETs stimulated cGMP formation via the NO pathway through
the ET4R, while the SRTXs stimulated cGMP formation via the CO pathway,
also through the ETR. In the rat atrium, ET-1 and SRTX-b stimulated cGMP
production via the NO pathway through the ETAR, while ET-3 and SRTX-c
stimulated it via the CO pathway through the ETgR. These data show that
there are two different ETARs in the cerebellum and the atria, and/or that the
ET4R couples to different G proteins in these two tissues.

The results of the studies of the cAMP and cGMP pathways strongly indi-
cate that the interaction between the receptors and the different ligands,
ET-1, ET-3, SRTX-b, and SRTX-c, is not a simple one. Our conclusion that the
ligands’ signaling pathways differ even though their binding sites are mutually
exclusive suggests that the ligand-receptor interaction is more complex than
was first realized. Also, our studies showed that the same receptor subtype can
transduce different signals in different tissues. One explanation is that differ-
ent tissues may contain non-identical receptor subtypes; for example, the
ETAR in the atrium might be distinct from the ET4R in the cerebellum and
in the ventricle. Alternatively, the receptor-ligand complex might interact
differently with the various G proteins in the different tissues; for example,
the ligand-receptor-G-protein complex in the cerebellum is distinct from the
ligand-receptor-G-protein complex in the atrium. This would also explain the
different signals transmitted by the different ligands in the various tissues.

We have previously proposed a number of models to explain our results
(SHRAGA-LEVINE et al. 1994): (a) ligand-induced coupling of ET receptors to
specific G proteins; (b) pre-existing functional coupling of ET receptors to
specific G proteins, and specific interaction between these receptors and the
various ligands; and (c¢) two separate receptor subtypes, each interacting
specifically with ligand and G proteins.

In our latest study (SHRAGA-LEVINE and SokoLovsky, 2000) we examined
the coupling of ETAR and ETgR to various G proteins after stimulation with
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ET-1, ET-3, SRTX-b, and SRTX-c. The experiments were performed in two
fibroblast cell lines, each overexpressing one subtype of the human endothe-
lin receptor, ETAR or ETgR. The two cell lines express both the high-affinity
and the super-high-affinity states of the receptor. In this study we show that
the two receptors couple to various G proteins depending on the receptor
subtype and on the ligand employed.

Stimulation with the different ET agonists yielded differences in G protein
coupling to the two receptor subtypes. ET-1, ET-3, SRTX-b, and SRTX-c
induced a marked increase in coupling of G to the ETgR, whereas ET-1 had
no effect on its coupling to the ETsR, and ET-3 and SRTX-c even induced a
decrease. On the other hand, each of the four ligands induced a much greater
increase in the coupling of G,a/G;@ to the ETAR than to the ETgR. The
ligand-induced coupling between the G;, or G, a-subunits and the two recep-
tor subtypes was basically similar. This was also true for coupling of the recep-
tors to G,a, except that ET-3 increased the coupling of this a-subunit to the
ET;R, but decreased its coupling to the ETsR.

In fibroblasts overexpressing the ETgR, the different ligands appeared to
have the same effect upon coupling of the receptor to a particular G protein,
i.e., either they all increased or they all decreased the coupling between the
receptor and the G protein a-subunit. Differences were observed, however, in
the extent of their effects. ET-1 and SRTX-b behaved similarly, causing a more
intense coupling than ET-3 or SRTX-c, which themselves had a similar effect
on the extent of coupling.

Differences in receptor-G-protein coupling were observed after agonist
stimulation in fibroblasts overexpressing the ET,R. In these cells, one ligand
induced an increase while another caused a decrease. For example, ET-1,
SRTX-b, and SRTX-c increased the coupling of ETAR to G,a, whereas ET-3
decreased it. Also, SRTX-b was the only ligand that strengthened the interac-
tion between ET AR and G;;¢; all the others weakened it. Another example is in
the coupling between ETAR and G;;a,Gy,0; whereas the basal level of this cou-
pling was maintained by ET-3, SRTX-b, or SRTX-c, it was decreased by ET-1.

In conclusion, upon binding with endothelins and/or sarafotoxins, the ET
receptors couple with appropriate G-proteins and transmit signals to the intra-
cellular signal-transduction pathways. Our latest study shows that endothelin
receptors have a promiscuous nature and can activate multiple types of G-
proteins. This coupling of ET receptors to G proteins shows that such coupling
is ligand- as well as receptor subtype-specific. This study provides new infor-
mation showing that although the various ligands share the same binding sites,
their modes of action differ because of the different receptor-ligand-G-protein
complexes formed.

I. Conclusions

This chapter summarizes the relationship between the SRTXs and the ETs.
This relationship was at first considered a simple one; the two families share
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a high degree of homology, bind to the same receptor(s), and stimulate the
same signals and responses. However, the SRTXs have shown that, although
the similarity exists, they serve as a useful tool for indicating the existence of
new receptors and/or for pointing out unusual signals mediated by the ET
receptor subtypes.

References

Andersen NH, Chen C, Marschner TM, Krystek SR, Bassolino DA (1992) Conforma-
tional isomerism of endothelin in acidic aqueous media: a quantitative NOESY
analysis. Biochemistry 31:1280-1295

Angelova K, Puett D, Narayan P (1997) Identification of endothelin receptor subtypes
in sheep choroid plexus. Endocrine 7:287-293

Arinami T, Ishikawa M, Inoue A, Yanagisawa M, Masaki T, Yoshida MC, Hamaguchi
H (1991) Chromosomal assignments of the human endothelin family genes: the
endothelin-1 gene (EDN1) to 6p23-p24, the endothelin-2 gene (EDN2) to 1p34,
and the endothelin-3 gene (EDN3) to 20q13.2-q13.3. Am J Hum Genet 48:990-996

Atkins AR, Ralston GB, Smith R. (1994) Conformational stability of the endothe-
lin/sarafotoxin family of peptides. Int J Peptide Protein Res 44:372-377

Atkins AR, Martin RC, Smith R (1995) 'H NMR studies of sarafotoxin SRTb, a non-
selective endothelin receptor agonist, and IRL 1620, an ETy receptor-specific
agonist. Biochemistry 34:2026-2033

Bdolah A, Wollberg Z, Ambar I, Kloog Y, Sokolovsky M, Kochva E (1989a) Distur-
bances in the cardiovascular system caused by endothelin and sarafotoxin.
Biochem Pharmacol 38:3145-3146

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

Bdolah A, Wollberg Z, Kochva E (1991) Snake Toxins. In: Harvey L (ed) Pergamon,
New York, pp 415-424

Bdolah A, Kochva E, Ovadia M, Kinamon S, Wollberg Z (1997) Resistance of the
Egyptian mongoose to sarafotoxins. Toxicon 35:1251-1261

Becker A, Dowdle EB, Hechler U, Kauser K, Donner P, Schleuning WD (1993) Bibro-
toxin, a novel member of the endothelin/sarafotoxin peptide family, from the
venom of the burrowing asp Atractaspis bibroni. FEBS Lett 315:100-103

Bell KM, Prise VE, Chaplin DJ, Tozer GM (1995) Effect of endothelin-1 and sarafo-
toxin S6c¢ on blood flow in a rat tumor. J Cardiovasc Pharmacol 26:5222-S225

Bloch KD, Friedrich SP, Lee M-E, Eddy RL, Shows TB, Quertermous T (1989) Struc-
tural organization and chromosomal assignment of the gene encoding endothelin.
J Biol Chem 264:10851-10857

Bodelsson G, Stjermiuist M (1993) Characterization of endothelin receptors and
localization of '*I-endothelin-1 binding sites in human umbilical artery. Eur J
Pharmacol 249:299-305

Bogoni G, Rizzo A, Calo G, Campobasso C, D’Orleans-Juste P, Regoli D (1996) Char-
acterization of endothelin receptors in the human umbilical artery and vein. Br J
Pharmacol 119:1600-1604

Breuiller-Fouche M, Heluy V, Fournier T, Dallot E, Vacher-Lavenu MC, Ferre F (1998)
Role of endothelin-1 in regulating proliferation of cultured human uterine smooth
muscle cells. Mol Hum Reprod 4:33-39

Calogero AE, Burrello N, Ossino AM (1998) Endothelin (ET)-1 and ET-3 inhibit estro-
gen and cAMP production by rat granulosa cells in vitro. J Endocrinol 157:209-
215

Clozel M, Gray GA, Breu V, Loffler B-M, Osterwalder K (1992) The endothelin ETB
receptor mediates both vasodilation and vasoconstriction in vivo. Biochem
Biophys Res Commun 186:867-873



30 M. SokoLovsky and Z. SHRAGA-LEVINE

Cristol J-P, Warner T D, Thiemermaan C, Vane JR (1993) Mediation via different recep-
tors of the vasoconstrictor effects of endothelins and sarafotoxins in the systemic
circulation and renal vasculature of the anaesthetized rat. Br J Pharmacol
108:776-779

Davenport AP, Morton AJ, Brown MJ. (1991) Localization of endothelin-1 (ET-1), ET-
2, and ET-3, mouse VIC, and sarafotoxin S6b binding sites in mammalian heart
and kidney. J Cardiovasc Pharmacol 17:5S152-S155

DeNucci G, Thomas R, D’Orleans-Juste P, Antunes E, Walder C, Warner TD, Vane JK
(1988) Pressor effects of circulating endothelin are limited by its removal in the
pulmonary circulation and by the release of prostacyclin and endothelium-derived
relaxing factor. Proc Natl Acad Sci USA 85:9797-9800

Devadason PS, Henry PJ (1997) Comparison of the contractile effects and binding
kinetics of endothelin-1 and sarafotoxin S6b in rat isolated renal artery. Br J Phar-
macol 121:253-263

Doherty AM, Cody WL, Leitz NL, Depue PL, Taylor MD, Rapundalo ST, Hingorani
GP, Major TC, Panek RL, Taylor DG (1991) Structure-activity studies of the C-
terminal region of the endothelins and sarafotoxins. J Cardiovasc Pharmacol
17:S59-S61

Docherty C, MacLean MR (1998a) Development of endothelin receptors in perinatal
rabbit pulmonary resistance arteries. Br J Pharmacol 124:1165-1174

Docherty C, MacLean MR (1998b) Endotheling receptors in rabbit pulmonary resis-
tance arteries: effect of left ventricular dysfunction. J Pharmacol Exp Ther
284:895-903

Doi Y, Ozaka T, Katsuki M, Fukushige H, Toyama E, Kanazawa Y, Arashidani K, Fuji-
moto S (1995) Histamine release from Weibel-Palade bodies of toad aortas
induced by endothelin-1 and sarafotoxin-S6b. Anat Rec 242:374-382

Douglas SA, Hiley CR (1991) Endothelium-dependent mesenteric vasorelexant effects
and systemic actions of endothelin(16-21) and other endothelin-related peptides
in the rat. Br J Pharmacol 104:311-320

Douglas SA, Beck GR Jr, Elliot JD, Ohlstein EH (1995) Pharmacologic evidence for
the presence of three functional endothelin receptor subtypes in the rabbit lateral
saphenous vein. Br J Pharmacol 114:1529-1540

Ducancel F, Matre U, Dupont C, Lajeunesse E, Wollberg Z, Bdolah A, Kochva E,
Boulain JC, Menez A (1993) Cloning and sequence analysis of cDNAs encoding
precursors of sarafotoxins. Evidence for an unusual rosary-type organization. J
Biol Chem 268:3052-3055

Eglezos A, Cucchi P, Patacchini R, Quartara L, Maggi CA, Mizrahi J (1993) Differen-
tial effects of BQ-123 against endothelin-1 and endothelin-3 on the rat vas defer-
ens: evidence for an atypical endothelin receptor. Br J Pharmacol 109:736-
738

Elferink JGR, de Koster BM (1996) Modulation of human neutrophil chemotaxis by
the endothelin-B receptor agonist sarafotoxin S6c.Chemico-Biol Int 101:165-
174

Faro R, Grassikassisse DM, Donato JL, Boin I, Opgenorth TJ, Withrington PG, Zatz
R, Antunes E, Denucci G (1995) Role of endothelin ET(A) and ET(B) receptors
in the arterial vasculature of the isolated canine liver. J Cardiovasc Pharmacol
26:5204-S207

Galron R, Bdolah A, Kochva E, Wollberg Z, Kloog Y, Sokolovsky M (1991) Kinetic
and cross-linking studies indicate different receptors for endothelins and sarafo-
toxins in the ileum and cerebellum. FEBS Lett 283:11-14

Gardiner SM, Compton AM, Kemp PA, Bennett T (1990) Cardiac output effects of
endothelin-1, -2 and -3 and sarafotoxin S6b in conscious rats. J Auton Nerv Syst
30:143-147

Gater PR, Wasserman MA, Renzetti LM (1996) Effects of Ro 47-0203 on endothelin-
1 and sarafotoxin S6c-induced contractions of human bronchus and guinea-pig
trachea. Eur J Pharmacol 304:123-128



Sarafotoxins and Their Relationship to the Endothelin Family of Peptides 31

Gellai M, DeWolf R, Pullen M, Nambi P (1994) Distribution and functional role of
renal ET receptor subtypes in normotensive and hypertensive rata. Kidney Int
46:1287-1294

Gellai M, Fletcher T, Pullen M, Nambi P (1996) Evidence for the existence of
endothelin-B receptor subtypes and their physiological roles in the rat. Am J
Physiol 271:R254-R261

Gulati A, Rebello S (1992) Characteristics of endothelin receptors in the central
nervous system of spontaneously hypertensive rats. Neuropharmacology 31:
243-250

Han SP, Knuepfer MM, Trapani AJ, Fok KF, Westfall TC (1990) Cardiac and vascular
actions of sarafotoxin S6b and endothelin-1. Life Sci 46:767-775

Harrison VJ, Randriantsoa A, Schoeffter P (1992) Heterogeneity of endothelin-
sarafotoxin receptors mediating contraction of pig coronary artery. Br J Pharmac
105:511-513

Hay DWP (1992) Pharmacological evidence for distinct endothelin receptors in guinea-
pig bronchus and aorta. Br J Pharmacol 106:759-761

Hay DWP, Luttmann MA (1997) Nonpeptide endothelin receptor antagonists. IX.
Characterization of endothelin receptors in guinea-pig bronchus with SB 209670
and other endothelin receptor antagonists. J Pharmacol Exp Ther 280:959-965

Hay DWP, Luttmann MA, Beck G, Ohlstein EH (1996) Comparison of endotheling
(ETg) receptors in rabbit isolated pulmonary artery and bronchus. Br J Pharma-
col 118:1209-1217

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

Ishikawa H, Haruno I, Harada Y, Yoshitomi T, Ishikawa S, Katori M (1996) Pharma-
cological characterization of endothelin receptors in the rabbit iris sphincter
muscle: suggestion for the presence of atypical receptors. Curr Eye Res 15:73-78

Iwasaki T, Notoya M, Hayasaki-Kajiwara Y, Shimamura T, Naya N, Ninomiya M, Naka-
jima M (1999) Endothelium-independent vascular relaxation mediating ETg
receptor in rabbit mesenteric arteries. Am J Physiol 276:H383-390

Johns CR, Hiley CR (1990) Heterogeneity of ['*I]sarafotoxin S6b binding in rat tissues.
Eur J Pharmacol 183:1746

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

Kloog Y, Ambar I, Sokolovsky M, Kochva E, Bdolah A, Wollberg Z (1988) Sarafotoxin,
anovel vasoconstrictor peptide: phosphoinositide hydrolysis in rat heart and brain.
Science 242:268-270

Kochva E, Bdolah A, Wollberg Z. (1993) Sarafotoxins and endothelins: evolution, struc-
ture and function. Toxicon 31:541-568

Koshi T, Suzuki C, Arai K, Mizoguchi T, Torii T, Hirata M, Ohkuchi M, Okabe T (1991)
Syntheses and biological activities of endothelin-1 analogs. Chem Pharm Bull
39:3061-3063

Kumar A, Shahani BT, Gulati A (1996) Modification of systemic and regional circula-
tory effects of intracerebroventricular administration of endothelin-1 (ET-1) by
propranolol in anesthetized rats. Gen Pharmacol 27:1025-1033

Kumar A, Morrison S, Gulati A (1997) Effect of ET, receptor antagonists on cardio-
vascular responses induced by centrally administered sarafotoxin 6b: role of
sympathetic nervous system. Peptides 18:855-864.

Lamthanh H, Bdolah A, Creminon C, Grassi J, Menez A, Wollberg Z, Kochva E (1994)
Biological activities of [Thr2]sarafotoxin-b, a synthetic analogue of sarafotoxin-b.
Toxicon 32:1105-1114

Landan G, Bdolah A, Wollberg Z, Kochva E, Graur D (1991a) Evolution of the sarafo-
toxin/endothelin superfamily of proteins. Toxicon 29:237-244



32 M. SokoLovsky and Z. SHRAGA-LEVINE

Landan G, Bdolah A, Wollberg Z, Kochva E, Graur D (1991b) The evolutionary history
of the sarafotoxin/endothelin/endothelin-like superfamily J Cardiovasc Pharma-
col 17:S517-S519

Laursen M, Bodelsson G, Stjernquist M (1998) Atypical receptors mediate the response
to endothelin-1 and sarafotoxin S6b in the human umbilical artery. Eur J Phar-
macol 362:167-172

Lecoin L, Sakurai T, Ngo M-T, Abe Y, Yanagisawa M, Le Douarin NM (1998) Cloning
and characterization of a novel endothelin receptor subtype in the avian class. Proc
Natl Acad Sci USA 95:3024-3029

Leis HJ, Zach D, Huber E, Windischhofer W (1998) Prostaglandin endoperoxide
synthase-2 contributes to the endothelin/sarafotoxin-induced prostaglandin E2
synthesis in mouse osteoblastic cells (MC3T3-E1): evidence for a protein tyrosine
kinase-signaling pathway and involvement of protein kinase C. Endocrinology
139:1268-1277

Lin WW, Chen YM, Lee SY, Nishio H, Kimura T, Sakakibara S, Lee CY (1990) Car-
diovascular effects of two disulfide analogues of sarafotoxin S6b. Toxicon
28:911-923

Luciano LG, D’Orleans-Juste P, Calixto JB, Rae GA (1998) Endothelin-1 selectively
potentiates the purinergic component of sympathetic neurotransmission in rat
seminal vesicle. J Cardiovasc Pharmacol 31:S515-S517

MacLean MR, Mackenzie JF, Docherty CC (1998) Heterogeneity of endothelin-B
receptors in rabbit pulmonary resistance arteries. J Cardiovasc Pharmacol
31:S115-S118

Maguire JJ, Kuc RE, Rous BA, Davenport AP (1996) Failure of BQ123, a more potent
antagonist of sarafotoxin 6b than of endothelin-1, to distinguish between these
agonists in binding experiments. Br J Pharmacol 118:335-342

Matsuda H, Kawaguchi A, Uematsu M, Ohmori F, Nagata S, Miyatake K (1996)
Endothelins contract guinea-pig pulmonary artery and enhance its adrenergic
response via ETA receptors. Clin Exp Pharmacol Physiol 23:379-385

McCulloch KM, Docherty C, MacLean MR (1998) Endothelin receptors mediating
contraction of rat and human pulmonary resistance arteries: effect of chronic
hypoxia in the rat. Br J Pharmacol 123:1621-1630

Miasiro N, Karaki H, Paiva (1998) Distinct endothelin-B receptors mediate the effects
of sarafotoxin S6¢c and IRL1620 in the ileum. J Cardiovasc Pharmacol
31:5175-S178

Miller V,Michener SR (1995) Modulation of contractions to and receptors for endothe-
lins in canine veins. Am J Physiol 268:H345-H350

Mills, RG, Ralston, GB, King GF (1994) The solution structure of sarafotoxin-c. J Biol
Chem 269:23413-23419

Mondon F, Maka F, Sabry S, Ferre F (1995) Endothelin-induced phosphoinositide
hydrolysis in the muscular layer of stem villi vessels of human term placenta. Eur
J Endocrinol 133:606-612

Moreland S, McMullen D, Abboa-Offei B, Seymour A (1994) Evidence for a differen-
tial location of vasoconstrictor endothelin receptors in the vasculature. Br J Phar-
macol 112:704-708

Mutafova-Yambolieva VN, Westfall DP (1998) Inhibitory and facilitatory presynaptic
effects of endothelin on sympathetic cotransmission in the rat isolated tail artery.
Br J Pharmacol 123:136-142

Nambi P, Wu H-L, Pullen M, Aiyar N, Bryan D, Elliott J (1992) Identification of
endothelin receptor subtypes in rat kidney cortex using subtype-selective ligands.
Mol Pharmacol 42:336-339

Nambi P, Pullen M, Kumar C (1994) Identification of a novel endothelin receptor in
Xenopus laevis liver. Neuropeptides 26:181-185

Nambi P, Pullen M, Brooks DP, Gellai M (1995) Identification of ETB receptor
subtypes using linear and truncated analogs of ET. Neuropeptides 29:331-
336



Sarafotoxins and Their Relationship to the Endothelin Family of Peptides 33

Nishiyama M, Takahara Y, Masaki T, Nakajima N, Kimura S (1995) Pharmacological
heterogeneity of both endothelin ET,- and ETy-receptors in the human saphe-
nous vein. Jpn J Pharmacol 69:391-398

Nosaka C, Ishikawa H, Haruno I, Yoshitomi T, Kase H, Ishikawa S, Harada Y (1998)
Radioligand binding characteristics of the endothelin receptor in the rabbit iris.
Jpn J Pharmacol 76:289-296

Opgenorth TH, Wu-Wong JR, Shiosaki K (1992) Endothelin-converting enzymes.
FASEB 7J 6:2653-2659

Panek RL, Major TC, Hingorani GP, Doherty AMA, Taylor DG (1992) Endothelin and
structurally related analogs distinguish between endothelin receptor subtypes.
Biochem Biophys Res Commun 183:566-571

Pate MA, Chester AH, Brown TJ, Roach AG, Yacoub MH (1998) Atypical antagonism
observed with BQ-123 in human saphenous vein. J Cardiovasc Pharmacol
31:S172-S174

Poulat P, De Champlain J, D’Orleans-Juste P, Couture R (1996) Receptor and mecha-
nism that mediate endothelin- and big endothelin-1-induced phosphoinositide
hydrolysis in the rat spinal cord. Eur J Pharmacol 315:327-334

Rasmussen TE, Jougasaki M, Supaporn T, Hallett JW Jr, Brooks DP, Burnett JC Jr
(1998) Cardiovascular actions of ET-B activation in vivo and modulation by recep-
tor antagonism. Am J Physiol 274:R131-R138

Rebello S, Roy S, Saxena PR, Gulati A (1995) Systemic hemodynamic and regional
circulatory effects of centrally administered endothelin-1 are mediated though
ETA receptors. Brain Res 676:141-150

Rose PM, Krystek SR Jr, Patel PS, Liu ECK, Lynch JS, Lach DA, Fisher SM, Webb ML
(1995) Aspartate mutation distinguishes ETA but not ETB receptor subtype-
selective ligand binding while abolishing phospholipase C activation in both
receptors. FEBS Lett 361:243-249

Russell FD, Davenport AP (1996) Characterization of the binding of endothelin ETg
selective ligands in human and rat heart. Br J Pharmacol 119:631-636

Servitja JM, Masgrau R, Sarri E, Picatoste F (1998) Involvement of ET(A) and ET(B)
receptors in the activation of phospholipase D by endothelins in cultured rat
cortical astrocytes. Br J Pharmacol 124:1728-1734

Shannon TR, Hale CC (1994) Identification of a 65kDa endothelin receptor in bovine
cardiac sarcolemmal vesicles. Eur J Pharmacol 267:233-238

Shraga-Levine Z, Galron R, Sokolovsky M (1994) Cyclic GMP formation in rat cere-
bellar slices is stimulated by endothelins via nitric oxide formation and by sarafo-
toxins via formation of carbon monoxide. Biochemistry 33:14656-14659

Shraga-Levine Z, Sokolovsky M (1996) cGMP formation in rat atrial slices is ligand
and endothelin receptor subtype specific. Circ Res 78:424-430

Shraga-Levine Z, Sokolovsky M (2000) Functional Coupling of G Proteins to Endothe-
lin Receptors Is Ligand and Receptor Subtype Specific. Cellular and Molecular
Neurobiology 20:305-317

Sokolovsky M (1995) Endothelin receptor subtypes and their role in transmembrane
signaling mechanisms. Pharmacol Ther 68:435-471

Sokolovsky M, Galron R, Kloog Y, Bdolah A, Indig FE, Blumberg S, Fleminger
G (1990) Endothelins are more sensitive than sarafotoxins to neutral endopepti-
dase: possible physiological significance. Proc Natl Acad Sci USA 87:4702-4706

Sokolovsky M, Shraga-Levine Z, Galron R (1994) Ligand-specific stimulation/inhibi-
tion of cAMP formation by a novel endothelin receptor subtype. Biochemistry
33:11417-11419

Sudhir K, Ko E, Zellner C, Wong HE, Hutchison SJ, Chou TM, Chatterjee K (1997)
Physiological concentrations of estradiol attenuate endothelin 1- induced coronary
vasoconstriction in vivo. Circulation 96:3626-3632

Sudjarwo SA, Hori M, Tanaka M, Matsuda T, Okada T, Karaki H (1994) Subtypes of
endothelin ETA and ETB receptors mediating venous smooth muscle contraction.
Biochem Biophys Res Commun 200:627-633



34 M. SokoLovskY and Z. SHRAGA-LEVINE: Sarafotoxins and Their Relationship

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

Tamaoki H, Kyogoku Y, Nakajima K, Sakakibara S, Hayashi M, Kobayashi Y (1992)
Conformational study of endothelins and sarafotoxins with the cystine-stabilized
helical motif by means of CD spectra. Biopolymers 32:353-357

Tanaka T, Ogawa T, Matsuda Y. (1995) Species differences in the binding characteris-
tics of RES-701-1: a potent endothelin ETB receptor-selective antagonist.
Biochem Biophys Res Commun 209:712-716

Uchida K, Yuzuki R, Kamikawa Y (1998) The role of receptor-operated Ca* influx in
endothelin-induced contraction of the muscularis mucosae. J Cardiovasc Pharma-
col 31:S504-S506

Warner TD, Allcock GK, Corder R, Vane JR (1993a) Use of the endothelin antago-
nists BQ-123 and PD 142893 to reveal three endothelin receptors mediating
smooth muscle contraction and the release of EDRF. Br J Pharmacol 110:777-782

Warner TD, Allcock GK, Mickley EJ, Corder R, Vane JR (1993b) Comparative studies
with the endothelin receptor antagonists BQ-123 and PD 142893 indicate at least
three endothelin receptors J Cardiovasc Pharmacol 22:S117-S120

White DG, Garrat H, Mundin JW, Sumner MJ, Vallance PJ, Watts IS (1994) Human
saphenous vein contains both endothelin ET, and ETy contractile receptors. Eur
J Pharmacol 257:307-310

Williams DL, Jones KL, Pettibone DJ, Lis EV, Clinschmidt BV (1991) Sarafotoxin Séc:
an agonist which distinguishes between endothelin receptor subtypes. Biochem
Biophys Res Commun 175:556-661

Yoneyama T, Hori M, Tanaka T, Matsuda Y, Karaki H (1995) Endothelin ETA and ETB
receptors facilitating parasympathetic neurotransmission in the rabbit trachea. J
Pharmacol Exp Therap 275:1084-1089

Zuccarello M, Boccaletti R, Rapoport RM (1998a) Endothelin ETB receptor-mediated
constriction in the rabbit basilar artery. Eur J Pharmacol 350:R7-R9

Zuccarello M, Boccaletti R, Rapoport RM (1998b) Endothelin ETB receptor-
mediated relaxation of rabbit basilar artery. Eur J Pharmacol 357:67-71



CHAPTER 3

Identity of Endothelin-Converting Enzyme and
Other Targets for the Therapeutic Regulation
of Endothelin Biosynthesis

R. CorDER

A. Biosynthesis of the Endothelins
I. Introduction

The biosynthesis of the three endothelin isoforms (ET-1, ET-2 and ET-3)
follows a similar pattern with initial synthesis as precursor proteins (=200
amino acid residues) which undergo selective proteolysis to yield the biologi-
cally inactive intermediates called big endothelins (BrocH et al. 1989a,b;
OHKkUBoO et al. 1990; YaANAGIsAWA et al. 1988). The human ET-1 gene encodes
a 212 amino acid precursor, preproendothelin-1 (BLocH et al. 1989b). Removal
of the signal sequence generates proendothelin-1 (proET-1, 195 a.a.) which is
processed at double basic amino acid residues to release the intermediate
referred to as big ET-1 (human form, 38 a.a.) (Fig. 1). The active endothelins
are generated by hydrolysis of the Trp?'-Val*? bond in big ET-1 and big ET-2,
or Trp*-1le* in big ET-3 (Fig. 2). This cleavage is unique to the endothelins
and hence the role of a specific endothelin-converting enzyme (ECE) was pro-
posed (YanacGisawa et al. 1988). Most studies have concluded that
proendothelin-1 is processed intracellularly to ET-1 prior to its release
(CorDER et al. 1995b; HarrIsoN et al. 1993, 1995; RusseLL and DAVENPORT
1999; Xu et al. 1994). This is also the case for ET-2 (LAMBERT et al. 2000), but
studies of an ET-3 secreting cell line have yet to be described. For ET-1 there
is evidence of polar secretion from the abluminal surface of endothelial cells
(WAGNER et al. 1992), which indicates that ET-1 functions primarily as a
paracrine modulator of vascular function. Secretion of the endothelins is
mainly via constitutive secretory pathways, hence the most important factor
affecting their synthesis is the level of gene expression.

II. Tissue Expression and Localisation

Studies in rats have shown that the genes for ET-1, ET-2 and ET-3 have dis-
tinct patterns of tissue expression (FIrRTH and RATCLIFFE 1992). In the basal
state, ET-1 and ET-3 are the most widely expressed isoforms of this peptide
family. Prepro-ET-1 mRNA levels are highest in the lung and large intestine,
with detectable levels in most organs including the heart and kidney. Prepro-
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Fig.1. Amino acid sequence of human preproendothelin-1 (BLoch et al. 1989b).
Amino acid residues 53-90 represent big ET-1. ET-1 and the C-terminal fragment
(CTF) of big ET-1 are indicated. The location of the Trp-Val bond hydrolysed by
endothelin-converting enzyme (ECE) and the processing sites for furin or another
member of the prohormone convertase family are indicated by the dashed lines

ET-2 mRNA is mainly localised to the small and large intestines. Prepro-
ET-3 expression is moderately high in lung, kidney, stomach, small and large
intestine, salivary gland and brain (FirtH and RarcLIFFE 1992). Although these
results describe a relatively low level of ET-1 synthesis, many subsequent
investigations have indicated that ET-1 is an inducible gene product whose
expression is closely associated with inflammatory mechanisms and disease
processes. During inflammation, or on stimulation with cytokines, ET-1 syn-
thesis is induced in many cell types including endothelial and epithelial cells,
and vascular and non-vascular smooth muscle (CARR et al. 1998; CorDER et al.
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Fig.2. Comparison of the amino acid sequences of the three big endothelin isoforms.
Open circles indicate homology with big ET-1. Sequence differences in big ET-2 and
big ET-3 are indicated by shaded circles

1995a; REDINGTON et al. 1997; Woopbs et al. 1999). Indeed, ET-1 expression is
virtually absent from normal vascular endothelium but it is markedly
increased in the endothelium overlying atherosclerotic plaques (JoNEs et al.
1996). Similarly, vascular smooth muscle cells do not normally express ET-1
but removal of the endothelium by angioplasty leads to ET-1 synthesis (WANG
et al. 1996). Such observations have played a significant part in the widely held
perspective that the synthesis of ET-1 is primarily associated with disease
processes. Studies of ET-2 and ET-3 synthesis under different conditions are
more limited. In the kidney there seems to be an inverse relationship between
ET-1 and ET-3 because levels of prepro-ET-1 mRNA were increased after
ischaemia, whereas those of prepro-ET-3 were suppressed (FIrRTH and
RarcLIrre 1992). This indicates the potential differences in the physiological
and pathological roles of the three endothelin isoforms.

III. Regulation of Prepro-ET-1 Expression

1. Basal Synthesis

Despite intense research the factors regulating ET-1 synthesis in vivo have yet
to be fully elucidated. The precise mechanisms inducing the upregulation of
ET-1 synthesis may differ not only depending on the stimuli but also the cell
type involved. Under basal conditions endothelial cells in culture display a rel-
atively high level of ET-1 synthesis compared to the in vivo state where its
expression is negligible in normal endothelium (JonEs et al. 1996). This dif-
ference is most likely due to the inhibitory influence of shear stress on the
endothelium in vivo, because application of physiological levels of shear stress
to cultured endothelial cells is one of the most effective means of suppressing
ET-1 gene expression (MALEK et al. 1993). Based on experiments using
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primary cultures of human umbilical vein endothelial cells the mechanism of
this effect has been attributed to shear stress induced NO release causing the
inhibition of ET-1 production (KucHAN and FraNGos 1993). However, it seems
unlikely that this is the only explanation because the effect of NO is rapidly
lost in cultured endothelial cells (BRUNNER et al. 1994; WARNER et al. 1992), yet
the effect of shear stress is maintained (MALEK et al. 1993).

2. Ca** and Intracellular pH

While short periods of stimulation of cultured endothelial cells with
Ca’ ionophores increase the expression of prepro-ET-1 mRNA (YANAGISAWA
et al. 1989; Emor1 et al. 1989), prolonged stimulation suppresses ET-1
synthesis (CORDER et al. 1993; MitcHELL et al. 1992). Detailed investigations
of the effect of different intracellular Ca** concentrations ([Ca*'];) on ET-1 syn-
thesis have shown a bell-shaped relationship. Thus, [Ca*]; <110nmol/l
or >1000nmol/l inhibit ET-1 production by up to 50% compared to basal
production with steady state [Ca*]; of 190nmol/l (BRUNNER et al. 1994).
Although Ca* ionophores stimulate endothelial cells to produce NO and
prostacyclin, which may in turn suppress ET-1 release, such effects do not
account for the reduction in ET-1 synthesis with Ca®* ionophores (CORDER
et al. 1993).

Sustained increases in [Ca®*"]; promote mitochondrial Ca*/H" exchange
with the net result that Ca®>* ionophores reduce intracellular pH (pH;)
(TreTTER et al. 1998; Kitazono et al. 1988). Interestingly, shear stress also
reduces pH; (ZIEGELSTEIN et al. 1992). Hence, changes in pH; may underlie the
inhibitory effect of shear stress and Ca** ionophores on ET-1 gene expression.
In agreement with this, ET-1 synthesis is inhibited in cultured endothelial cells
by agents reducing pH; (Fig. 3). Amiloride inhibits Na*/H" exchanger and
causes small reductions in pH; in endothelial cells (EscorBaLEs et al. 1990;
Kitazono et al. 1988). In comparison, the stilbene anion exchange inhibitor,
4,4’ -isothiocyanostilbene-2,2’-disulfonic acid (DIDS), blocks CI7HCO;
exchange by inhibiting HCO;™ influx and causes marked decreases in pH; in
endothelial cells (BonanNo and GiassoN 1992). Consistent with reports that
Ca* ionophores reduce pH;, amiloride and DIDS suppressed ET-1 synthesis
and had additive effects in combination with A23187 (Fig. 3). This indicates an
important role for pH; in the regulation of ET-1 synthesis and suggests that
shear stress induced decreases in pH; may contribute to its mechanism of inhi-
bition of ET-1 gene expression.

3. Protein Kinase C

Protein kinase C appears to play a key role in the basal expression of prepro-
ET-1 in cultured endothelial cells. Phorbol esters cause modest increases in
prepro-ET-1 mRNA levels and ET-1 synthesis (BRUNNER 1995; YANAGISAWA et
al. 1989). In comparison, a role for protein kinase C is more evident from the
effect of protein kinase C inhibitors as these cause a marked suppression of
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Fig.3A-C. Effect of 100 umol/l amiloride (A) or 50 umol/l DIDS (D). A Alone. B In
the presence of 0.2 umol/l A23187 on the release of ET-1 over 24 h from cultured bovine
aortic endothelial cells. C Concentration-dependent inhibition of ET-1 release by
DIDS alone and in the presence of 0.2 umol/l A23187 (**p<0.01 compared to control;
1p<0.05, 11p<0.01 compared to release in the presence of A23187 alone)

basal prepro-ET-1 expression in endothelial cells (BRUNNER 1995; CorDER and
BARKER 1999; MALEK et al. 1993). Basal regulation of ET-1 gene transcription
is dependent on an AP-1 site in the promoter region regulated by the tran-
scription factors Fos and Jun (LEE et al. 1991), but the precise relationship with
constitutive activation of specific isoforms of protein kinase C has yet to be
elucidated.

4. Cytokines

Cytokines, including TNFa, TGFf and IL-18 stimulate the synthesis and
secretion of ET-1 both in vitro and in vivo (CorDER et al. 1995a; KLEMM et al.
1995). Increased ET-1 synthesis correlates with raised levels of prepro-
ET-1 mRNA and augmented gene transcription (KURIHARA et al. 1989;
MaRrsDEN and BRENNER 1992). The effect of TNFa on ET-1 release is very
rapid with significant increases occurring within 15min of stimulation both
in vivo (KLEMM et al. 1995) and in cultured cells (Fig. 4). The marked in-
crease in prepro-ET-1 mRNA levels over the same time period implies that
the effect on ET-1 release is mainly the result of de novo synthesis. TNFao
stimulates sufficient ET-1 release to cause vasoconstriction (KLEMM et al.
1995). Hence, cytokine stimulated ET-1 synthesis may play a key role in vas-
cular disease processes. Moreover, in common with many other effects of
TNFa on endothelial cells, such as expression of adhesion molecules and tissue
factor, ET-1 synthesis is induced by the pS5 (TNF-R1) receptor (LEEs et al.
2000).
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Fig.4. TNFa induces a rapid increase in ET-1 synthesis. Bovine aortic endothelial cells
were treated for 15min with TNFo (100ng/ml). Relative mRNA levels were assessed
by semi-quantitative RT-PCR (*p<0.05, **p<0.01 compared to basal)

5. Thrombin

Thrombin was one of the first agents shown to stimulate ET-1 synthesis
(YanaGisawa et al. 1988). Subsequent studies have suggested a clear associa-
tion between upregulation of ET-1 synthesis and thrombotic processes.
Lysophosphatidic acid, which is released by activated platelets, has been shown
to induce ET-1 expression (CHUA et al. 1998), and agents which induce ET-1
synthesis in endothelial cells also stimulate the expression of the prothrom-
botic protein tissue factor (MoLL et al. 1998), indicating that ET-1 synthesis is
part of a co-ordinated thrombotic process.

6. Stretch

Physical forces have a variety of effects on vascular homeostasis. Increased
blood pressure is generally considered as one of the factors inducing vascular
remodelling in hypertension. Studies of ET-1 suggest it may play a role in this
process because raised hydrostatic pressure in the jugular vein increases the
synthesis of ET-1 in endothelial cells and the expression of ETg receptors in
vascular smooth muscle (LAUTH et al. 2000). Similarly, application of stretch
to cultured endothelial cells causes a rapid and sustained rise in ET-1 release
(MACARTHUR et al. 1994).
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IV. Physiological Functions of ET-1 Biosynthesis

Most research has focused on the pathophysiological roles of the endothelins,
but in order to consider the consequences of inhibiting ET-1 synthesis some
understanding of its physiological functions are necessary. There are two areas
of particular significance: its role in development, and its contribution to
normal vascular homeostasis.

1. Role of ET-1 in Development

ET-1 gene deletion leads to abnormal foetal development and the death of all
ET-17" homozygous mice (KURIHARA et al. 1994) (see Chap. 6). This is the result
of morphological abnormalities in the pharyngeal arch-derived craniofacial
tissues which cause death at birth due to respiratory failure. Consistent with
the role of ET-1 in the development of these tissues, wild type embryos show
high levels of ET-1 gene expression in the pharyngeal arch at 9.5 days
(KUriHARA et al. 1994). ETs-receptor knockout causes an identical pattern of
disrupted development (CLOUTHIER et al. 1998). More recently, the key role of
ET-1 in development has been confirmed by toxicological studies of a mixed
ET/ETg-receptor antagonist. This revealed teratogenic effects in rats similar
in pattern to the phenotype of both ET-1 and ET,-receptor gene knockout
mice (SPENCE et al. 1999).

2. ET-1 and Vascular Homeostasis

In adult animals the physiological functions of ET-1 are less clear. It is note-
worthy that acute upregulation of ET-1 synthesis is induced by factors associ-
ated with infection including cytokines and bacterial cell wall fragments such
as lipopolysaccharide (KLEmM et al. 1995). As agents inducing thrombotic
processes also induce ET-1 synthesis, it seems likely that ET-1 functions as part
of host-defence mechanisms to stop bleeding and to prevent the spread of
infection through vasoconstrictor effects (including venoconstriction). A role
for ET-1 in angiogenesis or capillary function in wound-healing has also been
described (APPLETON et al. 1992). However, when ET-1 synthesis is induced
inappropriately, or chronically, by these stimuli its actions contribute to the
underlying changes in a variety of pathologies.

Conversely, recent toxicological studies of ETa-receptor antagonists
have implied a role for ET-1 in the normal homeostatic mechanisms maintain-
ing vascular structure because high doses, or sustained treatment, caused arte-
riopathies (ALBASSAM et al. 1999). This type of effect is often associated with
administration of high doses of vasodilator drugs, but the action of an ET,-
receptor antagonist indicates the balance of vasodilator and vasoconstrictor
mechanisms in the vessel wall has significant dependence on the contribution
from ET-1 synthesis. Hence, therapeutic regulation of ET-1 synthesis needs to
aim to correct an imbalance rather than inhibiting synthesis completely.
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B. Inhibition of ET-1 Synthesis vs Endothelin
Receptor Antagonists

Most anti-endothelin therapeutic strategies have focused on the development
of ET,-receptor antagonists to prevent vasoconstrictor effects (see Chap. 9).
However, the synthesis of ET-1 is widespread in both vascular and non-
vascular cells and other actions, including promoting smooth muscle mitoge-
nesis, may be of equal or greater importance in underlying pathological
processes (BARNES 1994; HayNEs and WEBB 1998). Although the ETg receptor
subtype is frequently considered of most importance as a clearance receptor
(LOFFLER et al. 1993; FUKURODA et al. 1995), under some circumstances ETg
receptors may play a key role in mediating the effects of ET-1 (WELLINGS et
al. 1994). Hence, in some disease conditions, including those outlined below,
inhibition of ET-1 synthesis may provide a more effective treatment than
either selective or non-selective endothelin antagonists.

I. Lung

The acute actions of ET-1 in the airways and in the pulmonary vasculature
include pulmonary arterial and venous vasoconstriction, extravasation and
oedema formation, and bronchoconstriction (BARNES 1994). However, when
expression of ET-1 is upregulated, its involvement in chronic changes may be
just as important as any acute vasoconstrictor effect. This is particularly true
for the pulmonary vasculature and airways where ET-1 may have a long-term
role in remodelling by promoting vascular and tracheal smooth muscle
mitogenesis, and stimulating collagen synthesis by pulmonary fibroblasts
(MALARKEY et al. 1995; MARINI et al. 1996; PANETTIER! et al. 1996; SuN et al.
1997) (see Chap. 14).

1. Pulmonary Hypertension

Medical management of pulmonary hypertension cannot fully prevent the
vascular remodelling and right heart failure which frequently become life-
threatening (RiLEY 1991). Increases in vascular resistance result from both
structural changes and altered vascular tone. Remodelling involves both
smooth muscle proliferation and the formation of extracellular matrix pro-
teins (RILEY 1991). The growth factors precipitating these changes may origi-
nate from vascular smooth muscle cells, damaged endothelial cells, or from
infiltrating leucocytes.

Current evidence suggests a key role for ET-1 in the mechanisms of pul-
monary hypertension (see Chap. 15). Clinical studies have shown raised levels
of ET-1 gene expression and ET-1 release in pulmonary hypertension, with an
inverse relationship between the expression of endothelial nitric oxide syn-
thase and the level of ET-1 immunoreactivity in the lungs from patients with
pulmonary hypertension (GI1aID and SALEH 1995; NooTENs et al. 1995). These
investigations also concluded that expression of ET-1 indicates localised areas
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of endothelial dysfunction (Giaip and SALEH 1995). Administration of
endothelin receptor antagonists reduces both pulmonary vascular resistance
and the medial thickening associated with pulmonary hypertension induced
by chronic hypoxia in rats (CHEN et al. 1997; D1 CARLO et al. 1995; UNDERWOOD
et al. 1997). Hence, these observations strongly support a pivotal role for
ET-1 in the pathological processes occurring in pulmonary hypertension.
However, both ET, and ETj receptor subtypes appear to be involved in medi-
ating the vasoconstrictor responses to ET-1 in human pulmonary vasculature
(McCutLrocH et al. 1998). Therefore, inhibition of ET-1 synthesis may be more
useful for attenuating all the changes induced by ET-1 in the pulmonary
vasculature.

2. Airways Disease

Obliterative bronchiolitis, asthma, and chronic obstructive pulmonary disease
have distinct origins, but all result in varying degrees of airways remodelling
suggesting that there may be common underlying mechanisms (BARNES 1996;
CHAPMAN 1996; JEFFERY et al. 1998; RoBERTS et al. 1995; WiGGs et al. 1997).
Indeed, these conditions are characterised by inflammation, with smooth
muscle cell proliferation and fibrosis which leads to airways obstruction. The
precise location of the remodelling may be upper or lower airways depending
on the disease, but generally the more advanced the disease the greater the
structural changes. Increased ET-1 expression has been identified in oblitera-
tive bronchiolitis and this may be linked to the proliferative response which
occurs during rejection of lung transplants (JEPPSON et al. 1998; MCDERMOTT
et al. 1998). Similarly, asthma is associated with elevated bronchial ET-1 syn-
thesis (REDINGTON et al. 1997). Infection increases ET-1 synthesis in the
airways and this may precipitate obliterative bronchiolitis (TAKEDA et al. 1997)
or exacerbate asthma (Carr et al. 1998). ET-1 stimulates mitogenesis of
airways smooth muscle and fibroblasts, induces extracellular matrix produc-
tion, and sensitises the airways to bronchoconstrictor agents all of which
further exacerbates these conditions (BARNES 1994). In human bronchus the
endothelin receptor subtype has characteristics of an ETy receptor subtype
but it is not blocked by typical antagonists of this receptor, suggesting that it
represents a novel receptor subtype (Hay et al. 1998). Because the various
responses in the airways involve ET, and ETg receptors as well as atypical
ET receptors, regulation of ET-1 production should be targeted in these
conditions.

II. Atherosclerosis

Atherosclerotic lesions are characterised by accumulation of oxidised-LDL,
endothelial damage, and the proliferation of arterial smooth muscle cells. The
development of coronary atherosclerosis involves the action of many growth
factors, cytokines, and other molecules which cause cell recruitment, migration
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and proliferation (see Chap. 12). Many of these growth factors and cytokines
increase the synthesis of ET-1 (MATHEW et al. 1996). Consistent with its mito-
genic properties, a number of studies have indicated ET-1 plays a pivotal role
in remodelling after angioplasty (HAYNEs and WEBB 1998; WANG et al. 1996).
ET-1 synthesis and ET receptor density are also increased in smooth muscle
cells migrating into the intima of arteries during remodelling and atheroscle-
rosis (AzuMa et al. 1995; Dasawoob et al. 1998). These findings, together with
results outlined, below suggest that ET-1 is directly involved in the prolifera-
tion of vascular smooth muscle during atheroma formation. This mechanism
may be dependent on both ET, and ETg receptors for vascular smooth muscle
cells with a contractile phenotype generally expressing ET receptors but ETg
receptors are expressed on migrating cells and those with a synthetic pheno-
type (EGucHi et al. 1994).

Clinical studies support a role for ET-1 in the evolution and progression
of atherosclerosis in humans. Patients with symptomatic atherosclerosis, show
higher plasma levels of ET-1 with a significant correlation with the number of
sites of disease involvement (LERMAN et al. 1991). ET-1 is abundant in human
coronary artery atherosclerotic lesions (DasHwooD et al. 1998; HasDAI et al.
1997), where it has been identified in vascular smooth muscle cells as well as
in endothelial cells (Dasawoob et al. 1998; LERMAN et al. 1991). Moreover,
ET-1 is localised to endothelial cells overlying atherosclerotic plaques and
fatty streaks, while it is virtually absent from adjacent endothelium, indicating
a clear relationship with the pathological changes (JoNEs et al. 1996). ET-1 has
also been identified in foamy macrophages — the main inflammatory cell type
in atherosclerotic lesions (IHLING et al. 1996).

The development of atherosclerotic lesions with an associated increase in
ET-1 synthesis is relatively rapid as hypercholesterolaemia in pigs induced by
a diet with 2% cholesterol for 4 months results in raised plasma ET-1 con-
centrations and increased coronary artery ET-1 immunoreactivity (LERMAN et
al. 1993). Further support for ET-1 playing a role in atherosclerosis has been
obtained from treatment of cholesterol-fed hamsters with a selective ET,
receptor antagonist (BMS-182874) as this decreased the area of the fatty
streak by reducing the number and size of macrophage-foam cells (KowaLa
et al. 1995). Despite these findings, the relative importance of ETs or ETg
receptors in the development of human atherosclerotic lesions and the sub-
sequent evolution of established lesions is not yet clear. The strong indications
that ET-1 is driving this process suggests that the mechanisms involved in the
induction of ET-1 synthesis are key targets for preventing atherosclerosis.

III. Renal Failure

The kidney is probably more sensitive to the vasoconstrictor effects of ET-1
than any other tissue (see Chap. 18). A large component of the acute vaso-
constrictor response is mediated by ETgy receptors in human and rat kidney
(WEITZBERG et al. 1995; WELLINGs et al. 1994). Chronic renal failure results in
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extensive remodelling and fibrosis with a progressive impairment of glomeru-
lar filtration and renal tubular function. Both TGFf and ET-1 are strongly
implicated in the underlying mechanisms of chronic renal disease (DouTH-
WAITE et al. 1999; KoHAN et al. 1997). TGFf and ET-1 both stimulate fibrosis,
and TGFp is a potent stimulus for ET-1 synthesis, but the interplay between
these two factors has yet to be explored. It has been postulated that the inex-
orable process of chronic renal disease may be treated by ET antagonists.
However, so far, chronic treatment of rat models of renal failure with ET4
antagonists has shown little or no benefit (NaBokov et al. 1996; PoLLock and
PoLakowsk1 1997). Perhaps this is because the role of ET-1 is more limited
than expected, or that ETy receptors are involved in mediating some of the
chronic effects of ET-1. Treatment of renal disease with ETy antagonists may
not be appropriate because of the clearance function of this receptor, and
because ETg receptors induce beneficial effects on tubular function by increas-
ing sodium and water excretion (KoHAN 1997). ET-3 expression is abundant
in medullary collecting ducts where it may mediate natriuretic and diuretic
effects (KoHAN 1997; TEREDA et al. 1993), but its relative importance compared
to ET-1 for mediating these responses has not been determined. TGFf} stim-
ulates ET-1 synthesis without altering ET-3 expression (TEREDA et al. 1993).
Hence, in chronic renal disease, selective inhibition of ET-1 synthesis may be
of greater value if this then preserves physiological functions of ET-3 medi-
ated via ETg receptors.

C. Endothelin-Converting Enzyme
I. Background to Endothelin-Converting Enzyme

The original hypothesis that a novel proteolytic activity was required during
biosynthesis to generate ET-1 from the intermediate big ET-1 was proposed
by Yanagisawa and colleagues, who coined the term endothelin-converting
enzyme (ECE) (Yanagisawa et al. 1988). However, unequivocal identification
of the physiologically relevant ECE has proved to be one of the most difficult
tasks in endothelin research. In addition, it is still unclear whether hydrolysis
of each of the three big ET molecules (big ET-1, big ET-2 and big ET-3) is
dependent on one ECE, or whether each isoform has its own distinct ECE.

Compared with ET-1, big ET-1 is virtually devoid of vasoconstrictor activ-
ity on isolated vascular smooth muscle preparations (KASHIWABARA et al. 1989;
Hirata et al. 1990). However, systemic injections of big ET-1, at doses
>0.5nmolkg™, have almost equal blood pressure effects to ET-1 (GARDINER
et al. 1993). Responses to intravenous or left ventricle administration are
essentially the same (GARDINER et al. 1993). Most studies of systemically
administered big ET-1 have concluded that it is converted locally in the vas-
culature to ET-1 (GARDINER et al. 1993; HALEEN et al. 1993; CorDER and VANE
1995), probably by ECE activities present on endothelial or vascular smooth
muscle cells (IKEGawa et al. 1991; HisakI et al. 1993).
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Early investigations aimed at the identification of ECE detected a wide
range of proteolytic activities which could hydrolyse big ET-1 in a relatively
selective manner to generate ET-1 and the C-terminal fragment of big ET-1
(OpGENORTH et al. 1992). The starting material for these investigations included
extracts from tissues such as lung as well as endothelial cells, vascular smooth
muscle cells, and other cell types. A variety of serine-, cysteine-, aspartyl- and
metallo-proteases were identified as candidate ECEs without any evidence of
their relevance for endogenous biosynthesis of ET-1 (OPGENORTH et al. 1992).

However, it soon became widely accepted that the physiologically impor-
tant ECE was inhibited by the metalloprotease inhibitor phosphoramidon.
Several observations supported this opinion. The blood pressure response to
big ET-1 is blocked by pre-treatment with phosphoramidon, whereas the
response to ET-1 is not affected (CorDER and VANE 1995; FukuroDA et al.
1990; MATsUMURA et al. 1990; McMAHON et al. 1991). ET-1 generated by incu-
bation of big ET-1 with cultured endothelial or vascular smooth muscle cells
is also inhibited by phosphoramidon (CorpEer et al. 1995b; CorDER 1996;
OPGENORTH et al. 1992). Studies of endothelial cell homogenates have shown
the majority of neutral pH optimum ECE activity to be phosphoramidon-
sensitive (OPGENORTH et al. 1992). Finally, high concentrations of phospho-
ramidon reduce the amounts of ET-1 in the conditioned medium of cultured
endothelial cells and lead to an accumulation of big ET-1 without any change
in the rate of synthesis (IKEGAwA et al. 1990; SawaMURA et al. 1991; CorRDER
et al. 1995b).

Phosphoramidon (N-o-l-rhamnopyranosyloxyhydroxyphosphinyl-1-Leu-
I-Trp) inhibits a number of metallopeptidases, so these different observations
may reflect actions on several different enzymes rather than on a unique ECE.
Indeed, the only conclusive evidence that endogenous biosynthesis of ET-1 is
dependent on a phosphoramidon-sensitive ECE comes from the studies of
endogenous synthesis by cultured endothelial cells. The inhibitory effect of
phosphoramidon on ET-1 biosynthesis has also been demonstrated using
epithelial and vascular smooth muscle cells (CorDER et al. 1995b; Woobs et al.
1999). Consistently, inhibition of ET-1 synthesis results in increases in big
ET-1. If this effect is absent when ECE inhibitors are tested then reduc-
tions in ET-1 synthesis may be due to altered gene expression via some other
mechanism, rather than by ECE inhibition.

A second aspect of the studies using phosphoramidon was that the con-
centrations required to inhibit endogenous synthesis by endothelial cells were
10-20 times higher than those required to prevent the hydrolysis of exogenous
big ET-1 (CorbER et al. 1995b; Woops et al. 1999). This indicated that hydrol-
ysis of the endogenous peptide occurred intracellularly in a compartment
which was relatively inaccessible to phosphoramidon. Consistent with the
intracellular processing of big ET-1, constitutive secretory vesicles containing
ET-1 have been identified in cultured endothelial cells (HARRISON et al. 1993,
1995). However, unequivocal identification of the relevant ECE in these
vesicles has remained problematic.
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II. Evidence of a Secondary Structure for Big ET-1

It has been hard to substantiate the original hypothesis that formation of ET-
1 involves a novel selective endopeptidase called ECE. In large part this is due
to the technical difficulties of isolating a unique ECE activity. The main con-
founding factor has been the numerous proteases which display apparently
selective ECE activity even though they have no functional relevance for
ET-1 synthesis (OPGENORTH et al. 1992). However, there may be a simple expla-
nation for this phenomenon — namely, the conformation of big ET-1 is such
that the Trp*'-Val® bond is exposed in a manner that favours its hydrolysis. If
this is the case, it may account for why so many peptidases cleave big ET-1
with apparent selectivity and give the impression of being specific ECEs. A
number of separate observations indicate that big ET-1 forms a specific sec-
ondary structure (CorDER 1996).

The initial evidence for this hypothesis originated from studies of the
crossreactivity of big ET-1 in radioimmunoassays which recognise the 1-15
loop-region of ET-1 (CorpEr 1996). Big ET-1 showed little crossreactivity at
high concentrations (<1%), but dilute solutions showed almost full crossreac-
tivity. This may be accounted for by an equilibrium between an unfolded con-
formation recognised by ET-1 antibodies, and a folded conformation where
the C-terminal sequence of big ET-1 folds over ET-1;;_;5; preventing antibody
access. Thus, if big ET-1 is mainly folded at physiological pH, high concentra-
tions will have low crossreactivity, but in dilute solution the antibody binds a
greater proportion of the unfolded form and drives the equilibrium in favour
of further unfolding and higher crossreactivity.

The second line of evidence for a defined secondary structure was pro-
vided by studies of the actions of neutral endopeptidase 24.11 (NEP-24.11).
While ET-1 and the C-terminal sequence of big ET-1 (big ET-1j».3) are
rapidly degraded by NEP-24.11, big ET-1 is comparatively resistant to degra-
dation (MuUrPHY et al. 1994). The peptide bonds in ET-1 and the C-terminal
fragment of big ET-1 which are sensitive to cleavage by NEP-24.11 are almost
completely resistant to hydrolysis in big ET-1, presumably because the labile
bonds become inaccessible, and therefore protected, as a result of its sec-
ondary structure. When NEP-24.11 hydrolyses big ET-1 this occurs primarily
through cleavage of the Trp?'-Val*? bond (MurpHY et al. 1994), indicating that
the conformation of big ET-1 not only protects against general proteolysis but
also favours the specific cleavage of the Trp*'-Val*? bond.

Further support for a specific conformation came from studying the effects
of chemical modifications of big ET-1 on its conversion to ET-1. This was
assessed by measuring blood pressure responses in vivo and generation of
ET-1 immunoreactivity in vitro. These studies showed that Lys’-modified
ET-1 molecules were essentially equipotent with ET-1 as vasopressor agents.
This was in agreement with early structure-activity studies of ET-1 which
showed that N-terminal acetylation abrogates its vasoconstrictor activity
(NAKAJIMA et al. 1989), whereas substitution of Lys’ by Ala or Leu has little
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effect on vasoconstrictor responses (NAKAJIMA et al. 1989; WATANABE et al.
1991). Similarly, ET-1 biotinylated at Lys’ retains high affinity for ET, recep-
tors (MAGAZINE et al. 1991). In marked contrast, the pressor activities of big
ET-1 molecules with the Lys’ modifications were markedly attenuated indi-
cating that conversion to ET-1 was reduced (CorpER 1996). This effect was
confirmed by studying the degree of hydrolysis of the modified molecules by
bovine aortic endothelial and smooth muscle cells. Thus, both the in vivo and
in vitro results show that the Lys’ modifications to big ET-1 affect the ability
of ECE activities to cleave the Trp*-Val? bond. Surprisingly, the incorpora-
tion of a single group on Lys’ of big ET-1 caused a similar or greater decrease
in the rate of hydrolysis as that observed with a linear big ET-1 molecule
(CorpDER 1996). Consistent with these results, the truncated peptide big
ET-1;19.35; Was a very poor competitive substrate inhibitor of big ET-1 hydrol-
ysis (CorDER 1996). Hence, it was concluded that the secondary structure of
big ET-1 is important for its hydrolysis, and that this structure is stabilised by
an interaction between the C-terminal sequence of big ET-1 and either Lys’
or an adjacent amino acid.

Whether this conformation is also present in big ET-2 and big ET-3 is
unclear at present as both of these peptides are hydrolysed inefficiently by the
ECE activities that have been identified so far (SHIMADA et al. 1994; SCHMIDT
et al. 1994; Xu et al. 1994). Nevertheless it should be noted that, besides the
high degree of sequence homology in ET-1, ET-2 and ET-3, certain structural
features are conserved in the C-terminal sequence of all three big endothelin
molecules (Fig. 2). The 23-26 and 31-33 sequences are fully conserved, includ-
ing Pro” and Pro®, which may be of particular significance for the formation
of secondary structure. In addition there is an Arg residue at 37 or 38 in all
big ET molecules (BLocH et al. 1989a; OukuBo et al. 1990).

The existence of a specific conformation is consistent with one theoreti-
cal attempt to model the structure of big ET-1 (MENz1aNI et al. 1991), but con-
tradict results from two NMR studies (INooka et al. 1991; DoNLAN et al. 1992).
However, the pH at which NMR studies were performed is likely to disrupt
any secondary structure.

III. Molecular Modelling of Big ET-1

The experimental data provided strong evidence that big ET-1 has a secondary
structure stabilised by its disulphide bridges and an interaction of Lys’ or an
adjacent amino acid with the C-terminal sequence of big ET-1. Although this
appears to be critical for optimal ECE activity, conventional modelling pro-
grams do not reveal a model which is consistent with the experimental obser-
vations. Therefore, Pero et al. (1996) used the THREADER algorithm to
obtain a guide to backbone conformation for the full 212 residues of prepro-
ET-1 in order to generate a molecule model for big ET-1. The sequence was
threaded through all known 3-D structures of proteins in the Brookhaven
Protein Data Base. This identified 1gdh (p-glycerate dehydrogenase — apo
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Fig.5. Molecular model of big ET-1 demonstrating secondary structure which exposes
the Trp*-Val® bond for hydrolysis by ECE. (This figure has been constructed from the
model of PETo et al. 1996)

form) as the best fit. The criteria considered essential in the generation of the
model were:

1. Surface exposure of basic residues in prepro-ET-1 that are cleaved during
processing to release big ET-1

2. The crystal structure of ET-1 (JANEs et al. 1994) could be readily inserted
into the backbone structure generated by the threading algorithm

3. The Trp*’-Val® bond of big ET-1 should be accessible for hydrolysis

This generated a model for big ET-1 which fitted closely with the ET-1
crystal structure (PEto et al. 1996) (Fig. 5). Consistent with the experimental
data, a hydrogen bond between Lys’ and Ser™ stabilises a compact globular
structure in this model. Other features of the model included a hydrogen-
bonded loop between Asp'™ and Thr* causing a fold, and a parallel B-sheet
between residues 1-5, 27-29. Compared to ET-1, these additional structural
features are compatible with differences between ET-1 and big ET-1 observed
by circular dichroism (WALLACE and COorRDER 1997). The peptide bonds sensi-
tive to NEP-24.11 hydrolysis are protected in this structure. More importantly,
the Trp*'-Val® bond is particularly well exposed in a position that would allow
it access to the active sites of many different proteases (Fig. 5). Hence, this
favours the efficient hydrolysis of this particular bond, but it also indicates that
identification of an enzyme which generates ET-1 from big ET-1 does not have
any bearing on whether it has a functional relevance for endogenous ET-1
biosynthesis.
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IV. Endothelin-Converting Enzyme-1

1. Purification and Cloning of ECE-1

Once it was established that the physiologically relevant ECE was a
phosphoramidon-sensitive enzyme the search for ECE focused on the purifi-
cation and cloning of an ECE activity with this property. Almost simultane-
ously a metallopeptidase was purified from detergent-solubilised extracts
of endothelial cells, lung tissue and adrenal gland. In each case cloning of these
purified enzymes showed the isolated ECEs to be isoforms of the same
enzyme (SHIMADA et al. 1994; ScuMIDT et al. 1994; Xu et al. 1994). This phos-
phoramidon-sensitive type 1l integral membrane peptidase was called endo-
thelin-converting enzyme-1 (ECE-1). Its identification in endothelial cells led
to it being proposed as the physiologically relevant ECE for ET-1 biosynthe-
sis (SHIMADA et al. 1994; ScHMIDT et al. 1994; Xu et al. 1994). Subsequently four
isoforms of this endopeptidase have been identified — namely, ECE-1a, ECE-
1b, ECE-1c and ECE-1d. ECE-1a and ECE-1c are also referred to as ECE-
1B and ECE-1a respectively (TURNER et al. 1998). The four isoforms are
generated from the same gene by differential splicing of the 5’ region con-
taining the first four exons (YORIMITSU et al. 1995; VALDENAIRE et al. 1995,1999;
ScHWEIZER et al. 1997). The remainder of the amino acid sequence, encoded
by a further 16 exons, is identical in the four isoforms (VALDENAIRE et al. 1999)
(Fig. 6). A fifth ECE-1 isoform has been reported (GenBank Accession No.
AF055469), but full characterisation has yet to be described. ECE-1 has a char-
acteristic metallopeptidase HEXXH amino acid sequence in its active site
which is encoded within exon 16 of the ECE-1 gene (VALDENAIRE et al. 1995).
Although the various isoforms of ECE-1 are composed of 754-770 amino acid
residues, on polyacrylamide gel electrophoresis native ECE-1 protein migrates
with an Mr of almost 300kDa. This is because ECE-1 protein is synthesised
as a heavily glycosylated covalent homodimer (SHIMADA et al. 1996). The dimer
structure is important for full enzyme activity, but whether it has other func-
tional significance is unclear.

A second but distinct phosphoramidon-sensitive peptidase has been
cloned and called ECE-2 (Emoto and YaNaGIsawa 1995). It has approximately
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Fig.6. Schematic representation of the human ECE-1 gene (VALDENAIRE et al. 1995,
1999; ScHWEIZER et al. 1997). The different shading indicates location of exons in the
ECE-1 gene coding for the amino acid sequences of the four isoforms
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59% homology with ECE-1, but in contrast has an acid pH optimum which
may indicate a lysosomal function rather than a role in ET-1 biosynthesis.
ECE-1 and ECE-2 are part of a larger family of homologous proteases which
includes NEP 24.11 and the KELL and PEX proteins (TURNER and TANZAWA
1997). It is unclear whether all are inhibited by phosphoramidon or indeed
how many other structurally homologous peptidases there might be in this
family.

2. Expression and Localisation of ECE-1

The putative promoter sequences for the various ECE-1 isoforms encoded by
the ECE-1 gene differ, suggesting they are expressed in different cell types
and under different conditions. For instance, the ECE-1a promoter sequence
has potential binding sites for NF-,B and acute phase responsive elements,
whereas the start point of ECE-1b has features which are more generally asso-
ciated with house-keeping genes (VALDENAIRE et al. 1995). So far, the factors
regulating the expression of the different isoforms have not been systemati-
cally investigated. Studies of the cell and tissue distribution of mRNAs for
ECE-1 have found them to be widespread (KortH et al. 1999; SCHWEIZER
et al. 1997, VALDENAIRE et al. 1995). However, parallel measurements of
prepro-ET-1 mRNA have not been conducted to determine whether there is
a relationship to ET-1 synthesis in these tissues. Where identification of
mRNAs for specific ECE-1 isoforms has been made, ECE-1a appears to be
abundant mainly in endothelial cells, and ECE-1c has a more extensive
distribution (LAMBERT et al. 2000; SCHWEIZER et al. 1997; VALDENAIRE et al.
1995).

A number of studies have investigated the cellular expression and intra-
cellular localisation of ECE-1. A fairly widespread distribution of ECE-1 in
blood vessels has been found with it mainly localised on endothelial cells
rather than vascular smooth muscle cells (BARNES et al. 1998; KorTH et al. 1999;
RusseLL et al. 1998; RusseLL and DAVENPORT 1999). Synthesis of ECE-1 is
increased in the vascular smooth muscle of diseased vessels (GRANTHAM et al.
1998) and following balloon injury (WANG et al. 1996; MiNAMINO et al. 1997)
indicating a role in remodelling or tissue repair. In endothelial cells human
ECE-1a (ECE-1f),and rat and human ECE-1c (ECE-1«) are localised at least
in part to the luminal surface with the characteristics of a classical ectoenzyme
(TakaHASHI et al. 1995; BARNES et al. 1998; BrowN et al. 1998; RUSSELL et al.
1998). ECE-1 has also been identified intracellularly with some evidence of
co-localisation with ET-1, for instance in porcine lung endothelium (BARNES
et al. 1998) and human coronary artery (RUSSELL et al. 1998), but there does
not appear to be an extensive co-localisation of ET-1 and ECE-1. It has also
been suggested that ECE-1 cycles between the cell surface and the TGN so
that ECE-1 processing of big ET-1 can occur during vesicle translocation from
TGN to the plasma membrane, with the ECE-1 protein undergoing recycling
(BARNES et al. 1998).
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Fig.7. Comparison of the inhibitory action of phosphoramidon on ET-1 synthesis by
human umbilical vein endothelial cells or the cell line EA.hy 926 (CorpER et al. 1995)
with its effect on ET-2 synthesis by ACHN cells (LAMBERT et al. 2000)

The four isoforms of ECE-1 characterised to date localise to different
intracellular sites when expressed in CHO cells or Madin-Darby canine kidney
(MDCK) cells (SCHWEIZER et al. 1997, 1999; AzARANI et al. 1998; BRowN et al.
1998). ECE-1a is localised to the cell surface, ECE-1b is found predominantly
intracellularly with a pattern of distribution comparable to the trans Golgi
network (TGN), ECE-1c is found mainly on the cell surface with some asso-
ciated with the TGN, and ECE-1d is found both on the cell surface and intra-
cellularly. However, the significance of ECE-1 protein identified at particular
intracellular sites is frequently unclear as it may simply represent newly syn-
thesised ECE-1 in transit from the TGN to the cell surface or to some other
location where it exerts its physiological function.

Consistent with a cell surface localisation, both ECE-1a and ECE-1c iso-
forms expressed in CHO cells function as ectoenzymes with big ET-1 as the
substrate (Xu et al. 1994; TAkaHASHI et al. 1995). A number of studies have
shown the various ECE-1 isoforms to hydrolyse big ET-1 more efficiently than
either big ET-2 or big ET-3, casting doubts over the role ECE-1 may play in
processing these intermediates (SHIMADA et al. 1994; ScuMIDT et al. 1994; Xu
et al. 1994). Moreover, ET-2 synthesis is considerably more sensitive to inhi-
bition by phosphoramidon than ET-1 synthesis (Fig. 7) (LAMBERT et al. 2000).
Based on these observations — low efficiency processing of big ET-2 and
increased phosphoramidon sensitivity — it seems likely that ET-2 biosynthesis
is dependent on a novel ECE distinct from ECE-1.

The importance of the secondary structure of big ET-1 for ECE-1 pro-
cessing has been tested using site-directed mutagenesis of prepro-ET-1 fol-
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lowed by co-expression of mutant cDNA and ECE-la cDNA (Brooks and
ErGuL 1998). Ala replacement of the conserved amino acid residues in the
C-terminal sequence of big ET-1 showed Val®, Pro®, Pro*, Gly* and Leu®
mutants (numbering based on human big ET-1[1-38]; Fig. 2) to have a
decreased efficiency of hydrolysis. These observations are in agreement with
the studies described for modified big ET-1 molecules (CorDER 1996).

3. Implications from ECE-1 Gene Deletion Studies

Studies using gene knock-out experiments (see Chap. 6) have failed to clarify
the role played by ECE-1 in ET-1 biosynthesis (YaANAGIsawA et al. 1998). The
phenotype generated by these gene deletion studies has the features of com-
bined ET-1/ET-3 knock-out, suggesting that, in the absence of ECE-1, the
biosynthesis of ET-1 and ET-3 are both disrupted (YANAGISAWA et al. 1998). But
measurements of tissue levels of ET-1 in non-viable foetuses showed reductions
of only 48% compared with the corresponding control foetuses. No increases in
big ET-1 were observed, indicating that partial reductions in ET-1 synthesis
were not due to inadequate processing. Therefore ET-1 biosynthesis is most
likely independent of ECE-1 via a distinct ECE (YANAGISAWA et al. 1998).

One of the most perplexing questions arising from ECE-1 gene knockout
is why it appears to have such a similar effect to ET-1 gene or ET4 receptor
gene deletion. One interpretation is that ET-1 synthesis is deficient in the pha-
ryngeal arch during development even though ET-1 synthesis is still synthe-
sised at other sites. But if this is not the reason, what then is the function of
ECE-1? Another explanation may be that ECE-1 as an ectoenzyme functions
to degrade a peptide mediator which acts as a physiological antagonist of
ET-1. Of some relevance to this hypothesis are observations that phospho-
ramidon and other relatively non-selective inhibitors of ECE-1 have a number
of pharmacological effects which are attributed to inhibition of ET-1 synthe-
sis but may be due to other actions. For instance phosphoramidon causes
vasodilatation in vivo and in vitro at concentrations (HAYNEs et al. 1995; SMITH
et al. 1997) below those required to inhibit ET-1 synthesis in culture (CORDER
et al. 1995b). Similarly, the novel ECE inhibitor CGS 26303 protects against
cerebral vasospasm in a model of subarachnoid haemorrhage (Kwan et al.
1997), and lowers blood pressure in spontaneously hypertensive rats (DE Lom-
BAERT et al. 1994). However, like phosphoramidon, very high concentrations
of CGS 26303 are required for inhibition of ET-1 synthesis (Woobs et al. 1999).
Hence, it seems more likely that at the doses CGS 26303 and other “ECE
inhibitors” have been used in vivo, that these actions are due to an unrelated
mechanism such as potentiation of the effects of a vasodilator peptide. Indeed,
ECE-1 has been shown to degrade bradykinin (HoaNG and TURNER 1997),
and a number of other peptide substrates (Jounson et al. 1999), with similar
efficiency to big ET-1. Therefore, as an ectoenzyme it may have a number of
biologically important substrates. In comparison its potential intracellular
functions and substrates are less clear.
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Fig.8. A Regulation of ECE activity in bovine aortic smooth muscle cells by ET,-
receptors and phorbol ester. Treatment for 24 h with sarafotoxin S6b 1 umol/l alone or
with BQ-123 10 umol/l, or PMA 0.1 umol/l (*p<0.001 compared to control, ¥ compared
to S6b alone). B Sephacryl S300 gel filtration chromatography of solubilised ECE activ-
ity from control and PMA-treated cells. Insert compares the relative amounts of
ECE-1 protein in the peak fractions determined by western blot. C Phosphoramidon
inhibition of solubilised ECE-1

There may be further explanations for the phenotype observed after
ECE-1 gene deletion. For instance, the processes of development induced via
ET4 receptors may depend on induction of ECE-1 expression in order that it
may exert a pivotal proteolytic function. This effect would then be downstream
of ET4 receptor signalling. So, if the normal response to ET, receptor activa-
tion was lost, this would give the impression that ET-1 synthesis was perturbed.
In agreement with this idea, ET 4 receptors are able to induce ECE-1 synthe-
sis in bovine aortic smooth muscle cells (Fig. 8). Finally, ECE-1 knockout may
cause the phenotype described by a mechanism completely unrelated to either
ET-1 synthesis or its actions because a similar pattern of craniofacial defects
is not uncommon as it also occurs with microdeletions of chromosome 22q11
(YamacisHI et al. 1999). Hence, the interplay between ECE-1 and many other
genes may explain the phenotype of the ECE-17" mice.

V. The Search for the Physiologically Relevant ECE

The large number of enzymes identified with ECE activity appears to be
explained by the structure of big ET-1 making it sensitive to specific hydroly-
sis by many enzymes, rather than due to any functional relevance of these
enzymes. Therefore criteria need to be defined that will identify the physio-
logically relevant ECE. Evidence for intracellular conversion of big ET-1 can
be derived from the effects of phosphoramidon, and agents such CGS 26303,
on endogenous synthesis of ET-1 as the hydrolysis of exogenous big ET-1 is
consistently more sensitive to inhibition by these agents (COrDER et al. 1995b;
Woops et al. 1999). However, because these inhibitors are used in high con-
centrations, when the selectivity for different metallopeptidases is likely to be
low, these experiments provide little insight into whether the same peptidase
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is involved in the intracellular conversion of endogenous big ET-1 and the
hydrolysis of exogenous peptide.

When ET-1 and big ET-1 were identified in constitutive secretory vesicles
from bovine aortic endothelial cells, ~30% of total ET-1 immunoreactivity in
the vesicle fraction was present as big ET-1 (HARrISON et al. 1995), compared
to <5% in the conditioned medium (MACARTHUR et al. 1994; CORDER et al.
1995b). This indicates that processing of big ET-1 occurs during vesicle trans-
port from the TGN to the cell surface. This bears a considerable similarity to
the intracellular processing of many endocrine peptides in the regulated secre-
tory pathway where efficient processing of peptide prohormones into bioac-
tive peptides is dependent on the co-ordinated expression of the prohormone
mRNA and the relevant processing enzymes (prohormone convertases, car-
boxypeptidase H) (BLoomquisT et al. 1991; ScHuppiN and RHODES 1996). If the
precedents of peptide precursors such as proinsulin and proopiomelanocortin
are also true for ET-1 then efficient processing of proET-1 in endothelial cells
should be dependent on the parallel expression, biosynthesis, and packaging
into constitutive secretory vesicles of the physiologically relevant ECE.

This hypothesis was first tested by evaluating whether ET-1 synthesis and
expression is co-ordinated with one of the isoforms ECE-1. Conditions were
used which either stimulated or inhibited ET-1 synthesis in endothelial cells
(CorpER and BARKER 1999). Levels of mRNA for ECE-1 isoforms were com-
pared with those of prepro-ET-1 mRNA to determine whether parallel regu-
lation occurs. In these experiments changes in prepro-ET-1 mRNA levels
induced with cytokines, or inhibited by 2-chloroadenosine or staurosporine
closely paralleled the changes in ET-1 synthesis. However, these studies pro-
vided no evidence for co-ordinated regulation of prepro-ET-1 with the expres-
sion of any of the ECE-1 isoforms (CorDER and BARKER 1999). This contrasts
markedly with the regulation of prohormone convertases, but there may be
no need for ECE-1 levels to be altered provided there is an adequate supply
for the continual processing of constitutively synthesised big ET-1.

Other studies have also failed to show a relationship between the level of
ET-1 synthesis and the expression of ECE-1. For instance, in congestive heart
failure (KoBayasHI et al. 1999) and pulmonary hypertension (Ivy et al. 1998)
prepro-ET-1 mRNA levels and ET-1 synthesis are increased, but ECE-1 levels
do not change. Moreover, ECE-1 expression following balloon angioplasty of
the carotid artery in rats does not display the same temporal relationship to
ET-1 mRNA (WANG et al. 1996). ECE-1 levels rise rapidly in the first 24 h and
then fall, whereas ET-1 levels are only increased significantly three days after
angioplasty when expression of ECE-1 mRNA has returned to baseline levels
(WANG et al. 1996).

Therefore, to identify an ECE activity which is synthesised in parallel with
ET-1, another feature of regulated secretory pathways was examined — namely,
that during release of biologically active peptides the active processing
enzymes are co-secreted, albeit in very low amounts, into the extracellular
medium (GUEST et al. 1992; Jean et al. 1993). Investigations of the co-
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secretion of ET-1 and ECE activity using cultured bovine aortic endothelial
cells and pulmonary artery smooth muscle cells have identified a secreted ECE
whose synthesis is co-ordinated with that of ET-1. In contrast to the studies of
changes in levels of ECE-1 mRNA (Corber and BARKER 1999), secretion of
ET-1 and ECE activity from endothelial cells increased with TNFa stimula-
tion and decreased with 2-chloroadenosine such that peptide and ECE levels
were closely correlated (CorDER et al. 1998). Furthermore, vascular smooth
muscle cells, which have a low basal synthesis of ET-1, also showed very low
levels of secretion of ECE activity, but TNFo stimulation increased ET-1 syn-
thesis around threefold and ECE secretion around twofold (CorDER et al.
1998). Consistent with the physiologically relevant enzyme being phospho-
ramidon-sensitive (CORDER et al. 1995b; IkEGawA et al. 1990; SAwAMURA et al.
1991; Woops et al. 1999), the secreted ECE activities from both endothelial
and vascular smooth muscle cells were inhibited by phosphoramidon.

It is still unclear whether these studies of ECE secretion have identified
a specific isoform of ECE-1 or a novel ECE. The quantities of ECE measured
in these experiments are relatively low, but this is in agreement with the pro-
hormone convertases which are only produced in sufficient amounts for pro-
hormone processing to occur efficiently. Of considerable similarity to the
isolation of a physiologically relevant ECE, attempts to isolate the prohor-
mone convertases were unsuccessful because identification of a low abun-
dance processing enzyme against a background of other proteolytic activity
was too difficult. Instead, discovery of the prohormone convertases was the
result of a cloning strategy based on homology with the yeast processing
enzyme Kex2 (STEINER et al. 1992).

D. Alternative Strategies for Inhibiting ET-1 Synthesis

In many cases, increased ET-1 gene expression appears to be part of a co-
ordinated response to infection or inflammation (LEEs et al. 2000). In the vas-
cular endothelium, as well as ET-1, this involves the expression of adhesion
molecules, chemokines, cytokines and tissue factor (MoLL et al. 1995; READ et
al. 1995). Consequently, inflammation is associated with leucocyte recruitment
combined with prothrombotic changes and the potential for vasoconstriction
if ET-1 production exceeds counterbalancing vasodilator influences. This
pattern of events may underlie many chronic pathologies including athero-
sclerosis, and acute exacerbation may precipitate events such as myocardial
infarction, stroke, or acute renal failure. Hence treatments which attenuate the
overall response of the endothelium may be more useful as therapeutic strate-
gies than those that simply inhibit ET-1 synthesis. There are at least two poten-
tial approaches to this problem. The first of these includes inhibition of
intracellular signalling mechanisms that stimulate specific kinase cascades, or
induce other mechanisms that co-ordinate the upregulation of genes leading
to the pro-inflammatory state. An alternative to this approach is the use of
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agents which induce a receptor-mediated state of refractoriness to proinflam-
matory stimuli and thereby attenuate responses.

I. Inhibition of Intracellular Signalling Mechanisms

Intracellular signal transduction leading to increased prepro-ET-1 gene tran-
scription almost certainly involves a number of different pathways and kinase
cascades. In the future the various steps from the cell surface to the nucleus
and specific crosstalk between pathways needs to be defined so that conver-
gent points can be targeted for inhibitor development. Initial comparisons of
the effects of protein kinase C and tyrosine kinase inhibitors have confirmed
the important role of protein kinase C in basal ET-1 expression in endothe-
lial cells, and revealed that the TNFo mediated response is via a distinct
pathway insensitive to protein kinase C inhibition (Fig. 9). In contrast, tyro-
sine kinase inhibitors cause the reduction of both basal and TNFo stimulated
ET-1 synthesis (Fig. 9). Thrombin induction of ET-1 is also independent of
protein kinase C but blocked by tyrosine kinase inhibitors (MARSEN et al.
1995).

Cytokine induction of protein expression has been extensively linked to
NF-,B dependent mechanisms in endothelial cells and elsewhere (READ et al.
1995). Pertinent to this, the proteasome inhibitor, calpain inhibitor I, sup-
presses basal ET-1 synthesis and completely abrogates the response to TNFo
(Fig. 9). Moreover, a proteasome inhibitor has been reported to lower blood
pressure and inhibit ET-1 synthesis in DOCA-salt hypertension, indicating
that NF-,B dependent responses may play a role in certain hypertensive
mechanisms (OkaMoTo et al. 1998). These findings indicate future directions
for research into the regulation of ET-1 synthesis.
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Fig.9. Comparison of the effects on basal and TNFo-stimulated ET-1 release from cul-
tured bovine aortic endothelial cells of: a protein kinase C inhibitors, chelerythrine (CH
3 umol/l) or staurosporine (ST, S0nmol/l); b tyrosine kinase inhibitors, genistein (10 or
20 umol/l) or erbstatin (10 umol/l); ¢ the proteasome inhibitor, calpain inhibitor I (Ac-
Leu-Leu-norleucinal, 10, 30 or 100 umol/l) (*p<0.05 compared to basal; ¥ p<0.05 com-
pared to TNFo alone)
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II. Anti-Inflammatory Mediators which Suppress ET-1 Synthesis

Endogenous anti-inflammatory mediators may play a key role in maintaining
vascular homeostasis. For instance, adenosine has a number of cardioprotec-
tive effects, but the precise mechanism of these actions remains unclear. Its
effects include concentration-dependent inhibition of ET-1 synthesis and
decreases in prepro-ET-1 mRNA levels (CorDER and BARKER 1999). Adeno-
sine causes endothelium-dependent vasodilatation through NO release, and
inhibition of both adhesion molecule and tissue factor expression. Coronary
infusion of adenosine, which is known to reduce myocardial infarct size, is
reported to suppress ET-1 release induced by myocardial ischaemia and reper-
fusion (VELAsco et al. 1993), but the underlying mechanism of this effect has
yet to be identified.

Anti-inflammatory prostaglandin molecules including 15A-PGJ, represent
a second group of compounds which suppress ET-1 synthesis. Whether novel
stable prostaglandin analogues could be used to treat endothelial dysfunction
is uncertain. However, these effects may be mediated via the peroxisome pro-
liferator-activated receptor-y as the antidiabetic agents, thiazolidinediones,
also have a similar action on ET-1 synthesis (SAaToH et al 1999). Hence, the
spectrum of therapeutic actions of thiazolidinediones may include some pro-
tection against vascular pathologies for patients with type 2 diabetes.

E. Summary

This chapter has provided an outline of the many different factors affecting
ET-1 synthesis in health and disease, and provided an indication of specific dis-
eases which may benefit from treatment with agents that lead to a reduction
in ET-1 synthesis. The field of endothelin-converting enzyme has been criti-
cally reviewed. There is considerable doubt as to whether ECE-1 has a role in
ET-1 synthesis, but until such time as a better candidate enzyme is identified
as the physiologically relevant ECE this will remain an unresolved question.
Finally, other approaches to modifying endothelial function and reducing ET-
1 synthesis through decreased gene expression have been briefly considered.
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List of Abbreviations

DIDS 4.,4'-isothiocyanostilbene-2,2'-disulfonic acid
ET endothelin

ECE endothelin-converting enzyme

IL-18 interleukin-18

[Ca®]; intracellular Ca®* concentrations
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pH; intracellular pH

NEP-24.11 neutral endopeptidase 24.11
NO nitric oxide

TGFp transforming growth factor-8
TGN trans Golgi network

TNFa tumour necrosis factor-a
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CHAPTER 4
Endothelin Receptors

PJ. HENrY and R.G. GoLDIE

A. Introduction

Receptors are cellular macromolecules that combine with hormones, neuro-
transmitters, drugs, or intracellular messengers to initiate a change in cell func-
tion, and are thereby concerned directly and specifically in chemical signalling
between and within cells. In this article we review the progress that has been
made over the past decade in our understanding of various aspects of endothe-
lin receptor (ET receptor) biology. These G protein-coupled receptors are
stimulated by the endothelin superfamily of peptides, as well as the sarafo-
toxins, which are constituents of a rare snake venom (see Chap. 2). There has
emerged an enormous body of literature describing the locations of ET recep-
tors within various cell, tissue, and organ systems as well as the myriad of
effects produced following their activation. In large part, the great interest in
ET receptor biology is generated in response to the likelihood that their acti-
vation is linked to the initiation, progression, and symptomology of various
disease processes. These aspects of ET receptor biology have been excellently
covered in earlier works (HuGGiNs et al. 1993; RuBanyr and PoLokorr 1994;
Gray and WEBB 1996), and detailed, up-to-date accounts of recent findings are
described in Chaps. 11-19 in this volume. The focus of this chapter will be to
describe some of the important developments that have been made in the
fields of ET receptor classification, structure, and ligand binding. Furthermore,
it will highlight the important role ET receptors play in fetal development and
the extent to which ET receptor expression and function can be modulated
by various cytokines, drugs, and in disease.

B. Pharmacological Classification of ET Receptors
I. General

The International Union of Pharmacology Committee for Receptor Nomen-
clature and Drug Classification (NC-IUPHAR) has defined four major crite-
ria that must be fulfilled before a receptor can be accepted as functionally
significant for inclusion in a pharmacological classification. These are a known
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protein structure, a defined link to a transduction system, evidence of endoge-
nous expression and established operational characteristics from determina-
tion of potencies and selectivities of agonists and antagonists (VANHOUTTE et
al. 1998). All of these criteria have been satisfied for two endothelin receptors,
the ET, receptor and ETy receptor, which mediate the actions of three
endogenous isoforms of the endothelin family, endothelin-1, endothelin-2, and
endothelin-3. The ET,4 receptor has a very high affinity for endothelin-1 and
endothelin-2, in the subnanomolar range, and a 100-fold lower affinity for
endothelin-3 (SAEeki et al. 1991). The ETg receptor has a high and equal affin-
ity for each of the endothelin isoforms (SAEKI et al. 1991). Prior to the cloning
of ET, and ETj receptors in 1990, evidence supporting the existence of
endothelin receptor subtypes had come from several sources, including the dis-
covery of varying agonist potencies in different tissues (DouGLas and HILEY
1990; Hucains et al. 1993), reports of receptor-radioligand cross-linking
(Masupa et al. 1989), and use of two-site binding models to describe ade-
quately binding curves (GALRON et al. 1989; Bousso-MITTLER et al. 1989). The
nomenclature of ET, and ETj receptors was originally introduced to distin-
guish sites in rat gorta (A) and guinea-pig bronchus (B) which were respec-
tively sensitive and insensitive to the C-terminal hexapeptide of endothelin-1
(Magar et al. 1989).

II. ET, and ET; Receptor-Selective Agonists and Antagonists

The classification of ET, and ETj receptors has been facilitated greatly by the
discovery and development of receptor-selective ligands (see Chap. 9). ETp
receptors are selectively stimulated by a wide range of compounds, including
sarafotoxin S6c, which is 30,000 times more potent as an inhibitor of ['*I]-
endothelin-1 binding at ETy than ET, receptors (WiLLiaMs et al. 1991). In
addition, linear analogues of endothelin-1 such as [Ala'*'""“]endothelin-1
(HiLEY et al. 1990), BQ-3020 (N-acetyl-[Ala'"""]endothelin-1(6-21)) (IHARA
et al. 1992), and IRL1620 (N-succinyl-[Glu’,Ala'""*]endothelin-1(8-21))
(Taxkar et al. 1992) are ETg receptor-selective agonists. Despite the wide avail-
ability of agonists that display selectivity for ETj receptors, there are still no
known selective agonists at ET, receptors. In the absence of ET, receptor-
selective agonists, the pharmacological characterization of ET, receptors is
currently reliant upon the use of potent, but non-selective agonists such as
endothelin-1 and endothelin-2 in concert with selective ET, receptor
antagonists. The first ET, receptor antagonists were peptidic analogues of
endothelin-1 ([diaminoproprionic acid'-Asp'’]endothelin-1; (SPINELLA et al.
1991)), but the most significant development came from modifications of the
cyclic pentapeptides BE18257A (cyclo[-D-Trp'-D-Glu*-Ala’-p-Val*-Leu’-])
and BE18257B (cyclo[-D-Trp'-pD-Glu*-Ala’-p-allolle*-Leu’-]; (Kosri et al.
1991; NakaimMa et al. 1991)), discovered in the fermentation broth of the
microbe, Streptomyces misakiensis. From these lead compounds, several
potent and highly ET, receptor-selective compounds were produced includ-
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ing BQ-123 (cyclo[-p-Trp-p-Asp-L-Pro-p-Val-L-Leu-]; (IHARA et al. 1991)).
Other ET, receptor-selective antagonists include the tripeptide FR139317
(Socasgk et al. 1993) and nonpeptide, orally active compounds such as BMS-
182874 (SteIN et al. 1994), PD155080 (DoHertY et al. 1995), SB 234551
(OHLSTEIN et al. 1998), and T-0201 (HosHINO et al. 1998). As a result of inves-
tigations into the development of tripeptide ET, antagonists (e.g., BO-610),
it was discovered that some structural modifications promoted ET}j receptor
affinity. Further studies led to the development of the potent and selective
ETjy receptor antagonist BQ-788 (IsHikawa et al. 1994). At the same time,
another ETjy receptor-selective antagonist, the cyclic, 16 amino acid peptide
RES-701-1, was isolated from the culture broth of Streptomyces misakiensis
(MorisHiTA et al. 1994).

III. Characterization of ET, and ETy Receptor Populations

Our current understanding of the density, distribution, and function of ET,
and ETjy receptors in cells, tissues, and organs has principally been obtained
from functional and radioligand binding studies using ET receptor-selective
ligands. Some tissues contain a predominance of either ET, or ETg receptors
whereas others contain a variable mixture of ET, and ETy receptors. These
data are often confirmed by molecular biological evidence demonstrating the
presence or otherwise of ET, and ETj receptor mRNA.

Endothelin-1 is a potent spasmogen in many vascular preparations, and
the vasoconstrictor response is most commonly mediated by ET, receptors.
The principal involvement of the ET, receptor subtype was typically deter-
mined on the basis that (a) endothelin-1-induced effects were potently inhib-
ited by ET, receptor-selective antagonists such as BQ-123 or FR139317, but
not by ETy receptor-selective antagonists, (b) ETg receptor-selective agonists
were inactive, and (c) endothelin-1 was more potent than endothelin-3. For
example, in human isolated pulmonary artery preparations, endothelin-1
elicited concentration-dependent contractions that were potently inhibited by
an ET, receptor-selective antagonist BQ-123, whereas the ETy receptor-
selective agonist sarafotoxin Sé6c was inactive (Fukuropa et al. 1994). Con-
sistent with these functional data, radioligand binding experiments have es-
tablished that greater than 90% of the specific ET receptors labelled by
[**1]-endothelin-1 in human pulmonary artery were of the ET, receptor
subtype (FukuropA et al. 1994; DAVENPORT et al. 1995). The ET, receptor
appears to be the predominant ET receptor in many human vascular prepa-
rations including aorta, coronary artery, internal mammary artery, and
saphenous vein (DAVENPORT et al. 1995), guinea-pig aorta (SCHOEFFTER and
RANDRIANTSOA 1993), rat aorta (SUMNER et al. 1992), as well as in some non-
vascular tissues such as sheep tracheal smooth muscle (GOLDIE et al. 1994).

Functional evidence for a homogeneous population of ETy receptors was
typically provided on the basis that (a) endothelin-1-induced effects were
inhibited by ETy receptor-selective antagonists such as BQ-788 or RES-701
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but not by ET, receptor-selective antagonists, (b) ETy receptor-selective
agonists, such as sarafotoxin S6c and BQ3020, were active, and (c) endothe-
lin-1 and endothelin-3 had similar potencies. ETy receptors are widely
distributed throughout vascular tissue, mediating endothelium-dependent
vasodilation and vascular smooth muscle contraction (Gray and WEeBB 1996).
ETg receptors are also present in many nonvascular tissues, including the
lung where they mediate a variety of responses including bronchial smooth
muscle contraction. In human bronchus, endothelin-1 elicited BQ-123-
insensitive contractions, endothelin-1 and endothelin-3 were equipotent, and
sarafotoxin S6c and BQ3020 were both potent spasmogens. Consistent with
this, quantitative autoradiographic studies revealed that approximately 90%
of specific [*I]-endothelin-1 binding to human bronchial smooth muscle could
be inhibited by sarafotoxin S6¢c (GoLDIE et al. 1995). Together, these functional
and autoradiographic data are indicative of the presence of an essentially
homogeneous population of ETy receptors on human bronchial smooth
muscle. However, a recent study by Hay and coworkers demonstrated
that contractions of human isolated bronchial smooth muscle induced by
endothelin-1, endothelin-3 and sarafotoxin S6c were not inhibited by BQ-
788 or RES-701, and thus the ETj receptors present may be a novel subtype
(Hay et al. 1998).

Rather than containing a homogeneous population of ET, or ETy recep-
tors, the majority of ET receptor-expressing cells and tissues appear to possess
mixed populations of ET, and ETjy receptors. Within blood vessels, coexisting
ETa and ETjy receptors on vascular smooth muscle both appear to mediate
contraction, whereas ETj receptors present on nearby vascular endothelial
cells can functionally antagonize the contraction through the production and
release of nitric oxide. Functional evidence for a mixed population of ET, and
ETj receptors was generally established on the basis that (a) ETg receptor-
selective agonists were at least partial agonists, (b) endothelin-1-induced
responses were only weakly or partially inhibited by either an ET, or ETg
receptor-selective antagonist, and (c) endothelin-1-induced responses were
inhibited in the combined presence of an ET, and an ETjy receptor antago-
nist or by a non-selective antagonist. For example, endothelin-1-induced con-
tractions of mouse isolated tracheal smooth muscle were not inhibited by
either BQ-123 or BQ-788 when used alone, but were significantly inhibited
when the antagonists were used in combination (CARR et al. 1996). Autoradi-
ographic analysis of ["*I]-endothelin-1 binding to murine tracheal smooth
muscle confirmed the presence of both ET, and ETg receptors in approxi-
mately equal densities (CARR et al. 1996). Mixed populations of ET, and ETy
receptors have been reported in many other tissues (BAx and SAXENA 1994),
including internal mammary artery (TscHuDI and LuscHER 1994; Sko et al.
1994; L1u et al. 1996) and jugular vein (SUMNER et al. 1992; LopGe and HALAKA
1993; CaLo et al. 1996). Interestingly, regional variations in the proportion of
ET4 and ETg receptors have been reported; for example, as one moves down
the porcine respiratory tract the proportion of ET,:ETg receptors on airway
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smooth muscle changes from 30:70 in trachea to 70:30 in bronchus (GoLDIE
et al. 1996).

C. Molecular Biology of ET Receptors
I. Cloning of ET Receptor Genes

The first reports of the cloning and characterization of the genes encoding
ET, (Aral et al. 1990) and ETg (SAKURAT et al. 1990) receptors appeared simul-
taneously in 1990, just two years after the initial description of the endogenous
agonist endothelin-1 (YaNAGisawa et al. 1988) and before the definition of
subtype-selective agonists or antagonists (HuGGINs et al. 1993). Expression-
cloning techniques were used to isolate ET4 receptor cDNA from a bovine
lung cDNA library following expression in Xenopus oocytes and screening with
a voltage clamp technique (Arar et al. 1990). Similarly, for the ETg receptor
study, a rat lung cDNA library was screened in COS-7 cells (SAKURATI et al.
1990). The bovine lung ET, receptor cDNA predicted a 427 amino acid protein
(ARrat et al. 1990), whereas rat lung ETg receptor cDNA encoded a 415 amino
acid sequence (SAKURALI et al. 1990). A single copy of the human ET, and ETg
receptor genes localize to chromosomes 4 (Hosopa et al. 1992) and 13 (Arar et
al.1993), respectively,and cDNAs encoding the human ET4 and ETg receptors
predict 427 (ApacHi et al. 1991) and 442 (NakamuTA et al. 1991) amino acids,
respectively. There exists considerable homology, approximately 60% at the
amino acid level, between human ET, and ETj receptors (ARral et al. 1993),
with the most conserved regions occurring within the hydrophobic transmem-
brane spanning domains (90% homology). Substantial homologies (about
90%) also exist between either ET receptor subtype across mammalian species
(HAENDLER et al. 1992). It has been deduced from the nucleotide sequences of
the cDNAs that ET, and ETg receptors are G protein-coupled receptors con-
taining seven transmembrane domains.

The genes for ET, and ETg receptors are large. The 40kb of DNA which
spans the human ET, receptor gene contains eight exons and seven introns
(Hosopa et al. 1992), and the 24kb of DNA spanning the human ETg receptor
gene contains seven exons and six introns (Arar et al. 1993). Other than an extra
intron present in the 5'-noncoding region of the ET4 receptor gene, the exon-
intron splice sites are conserved between the two receptors (RuBanyr and
PoLokoFF 1994). Introns typically occur within the coding region immediately
before or after one of the transmembrane helix domains, suggesting that the
corresponding exons may encode functional units (RuBaNyYr and POLOKOFF
1994). Within the human ET, receptor gene, exon 1 is in a part of the 5'-non-
coding region, exon 2 encodes transmembrane domains I and II, and the other
exons encode one transmembrane domain each. Similarly, exon 1 of the human
ET; receptor gene encodes transmembrane domains I and II, and exons 2-6
encode transmembrane domains III-VII, respectively. Altered expression of
ET receptor genes in response to a variety of stimuli is discussed in detail below.
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II. Mutations of ET Receptor Genes

To determine the developmental role of the ET4 receptor, several studies
have used gene targeting to generate an ET, receptor-null mouse (CLOUTHIER
et al. 1998; Yanacisawa et al. 1998) (see Chap.6). Although these mice
are born alive, they suffer severe craniofacial and cardiovascular defects and
die soon after birth (CLouUTHIER et al. 1998). A similar profile of effect is also
seen in endothelin-1- (KURIHARA et al. 1994) and endothelin-1 converting
enzyme- (YANAGISAWA et al. 1998) deficient mice. Thus, stimulation of ET,
receptors by endogenously produced endothelin-1 plays an essential role in
the process of aortic arch patterning, probably by affecting the postmigratory
cardiac neural crest cell development (YaNaGisawa et al. 1998). These effects
observed in ET, receptor-deficient mice resemble the human conditions
collectively termed CATCH 22 or velocardiofacial syndrome (CLOUTHIER
et al. 1998).

The ETg receptor appears to be critical for the developmental regulation
of neural crest cells that become enteric ganglia and melanocytes. In mice,
targeted disruption of the ETj receptor gene results in aganglionic megacolon
associated with coat colour spotting and premature death at about 3-4
weeks of age (Hosopa et al. 1994). This phenotype closely resembles heredi-
tary syndromes observed in mice (Piebald-lethal mouse (Hosopa et al. 1994)),
rats (spotting lethal rat (GARIEPY et al. 1996)), and horses (lethal white foal
syndrome (SANTSCHI et al. 1998; METALLINOS et al. 1998). In humans, mutation
of the ETjy receptor gene appears to be associated with Hirschsprung’s disease,
which affects 1 in 5000 children and is characterized by the absence of
ganglion cells in the distal portion of the intestinal tract and consequent
failure of innervation of the colon (PUFFENBERGER et al. 1994). In a large
inbred kindred with a high incidence of Hirschsprung’s disease (Mennonite
pedigree), a G — A missense mutation in exon 4 of the ETj receptor gene
resulted in the substitution of the highly conserved Trp-276 residue in
transmembrane domain V with a Cys residue (PUFFENBERGER et al. 1994).
Many other ETg receptor gene alterations have since been identified in
sporadic and familial Hirschsprung’s disease (see KusaFuka et al. 1997). In
Piebald-lethal mice the entire ETy receptor gene is deleted (Hosopa et al.
1994), in spotting lethal rats there is a 301 bp deletion in the 3’ end of the first
exon of the ETy receptor gene (CECCHERINI et al. 1995), and in lethal
white foals the gene contained a 2-bp nucleotide change leading to a missense
mutation (I118K) in transmembrane domain I of the receptor (METALLINOS
et al. 1998). In the spotting lethal rat, transgenic expression of the ETg
receptor gene prevented the intestinal defect but not the coat colour spotting,
suggesting that the critical time for ETy receptor gene expression in the devel-
opment of the enteric nervous system begins after separation of the
melanocyte lineage and the interstinal lineage and their common precursor
(Gariepy et al. 1998). Not unexpectedly, mutations in the gene encoding
endothelin-3, the likely endogenous activator of the ETg receptor, is also
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associated with sporadic Hirschsprung’s disease in humans and lethal spotting
in mice.

D. Subclassification of ET, and ETg Receptors

ET, and ETj receptor genes have similar structural organization suggesting
that they originated from the same structural gene (Gray and WEBB 1996), and
analysis of human genomic DNA with probes specific for human ET, and ETy
receptors detected just two hybridising fragments (Sakamoto et al. 1991).
These findings suggest that if other ET receptor genes are present in the
human genome then they must have low sequence similarities to ET, and ETg
receptors (Gray and WEBB 1996).

Nevertheless, in their recent review, Bax and Saxena brought into focus
the fact that a number of effects induced by endothelin-1 and related peptides
do not readily fit the present criteria for ET, and ETj receptors, and posed
the question as to whether it was time to reconsider the classification of ET
receptors (Bax and SAXENA 1994). Indeed, there are many instances within the
literature of references to atypical ET receptors, and somewhat more specifi-
cally to subtypes of ET, (e.g., ETa;, ET2) and ET;y (e.g., ETg;, ETg,) recep-
tors. However, much of the evidence in support of subtypes of ET, and ETy
receptors has come from functional data, and additional molecular biological,
operational, and structural information is clearly required (KENAKIN et al.
1992). Some of the evidence for and against the existence of such subtypes will
be presented below.

I. ET, Receptor Subtypes

In many tissues, ET 4 receptor-selective antagonists more potently inhibit con-
tractile responses to endothelin-3 (or sarafotoxin S6b) than to endothelin-1.
For example, BQ-123 and FR139317 were both several orders of magnitude
more potent in inhibiting contractions of rabbit iris sphincter muscle induced
by either endothelin-3 or sarafotoxin S6b than by endothelin-1 (ISHIKAWA et
al. 1996). Similar findings have been reported in rat aorta (SUMNER et al. 1992),
vas deferens (EGLEZOs et al. 1993; WARNER et al. 1993), renal artery (CLARK
and PIerrE 1995), human small omental vein (RIEZEBOS et al. 1994), coronary
artery (GoDFRAIND 1993; Bax et al. 1994), and saphenous vein (Bax et al. 1993;
NisHivaMA et al. 1995; PaTe et al. 1998). One possible explanation for these
data is that there exist two ET4 receptor subtypes. According to this postu-
late, one of these receptors, termed ET,;, is activated by endothelin-1,
endothelin-3, and sarafotoxin S6b and inhibited by BQ-123 and FR139317,
whereas the other, termed ET,,, is activated by endothelin-1 and is insensi-
tive to blockade by the antagonists. However, radioligand binding data have
not generally supported the existence of such ET, receptor subtypes
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(DevaDAsoN and HENRY 1997; Nosaka et al. 1998). Competition binding ex-
periments using ['*I]-endothelin-1, ['*’I]-sarafotoxin S6b, and [*H]-BQ-123
detected only typical (i.e., BQ-123-sensitive) ET, receptors in the rat renal
artery (DevabpasonN and HENRY 1997) and the rabbit iris (PaTE et al. 1998).
However, significant differences have been found in the binding kinetics
of sarafotoxin S6b and endothelin-1 in both rat renal artery (DEVADASON
and HENRY 1997) and ovine trachea (HENRY and KiNG 1999). The binding of .
['*I]-sarafotoxin S6b was reversible whereas ['*I]-endothelin-1 binding
was irreversible. Thus, an alternate explanation for the greater potency of
BQ-123 against sarafotoxin S6b-induced responses is that BQ-123 is better
able to inhibit the actions of a reversibly binding agonist such as sarafotoxin
S6b than an irreversibly binding ligand such as endothelin-1. Consistent
with this postulate, Gresser and coworkers have established that BQ-123
is intrinsically more potent in inhibiting the actions of endothelin-3 than
endothelin-1 in cloned ET, receptors of bovine, rat, and human origins,
and that there is no need to postulate the existence of multiple ET, receptor
subtypes to account for the singular actions of BQ-123 (GResSER et al.
1996).

II. ET; Receptor Subtypes

The bulk of the evidence favouring the existence of subtypes of ETg
receptors has come from studies showing that the potencies of several ET
receptor antagonists (e.g., PD142893, BQ-788, IRL1038, and RES-701)
varied considerably depending upon the agonist used and the tissue studied.
With regard to PD142893, Warner and coworkers reported that this non-
peptidic antagonist blocked endothelin-1- and sarafotoxin S6c-induced
vasodilatation of rat isolated perfused mesentery to a greater extent than it
inhibited endothelin-1- and sarafotoxin S6c-induced constriction of rabbit
pulmonary artery and rat stomach strip (WARNER et al. 1993). PD142893 inhib-
ited the endothelin-3-induced endothelium-dependent vasorelaxation of
rabbit saphenous vein, but not vasoconstriction induced by endothelin-1,
endothelin-3, or sarafotoxin S6c (DouGLas et al. 1995). In addition, PD142893
blocked sarafotoxin S6c-induced relaxations of mouse aorta more potently
than contractions of mouse gastric fundus induced by endothelin-1, sarafo-
toxin S6c, or IRL1620 (MizuGucHi et al. 1997). Furthermore, PD142893 inhib-
ited the contractions of rabbit saphenous vein induced by IRL1620, but not
those induced by endothelin-1, endothelin-3, or sarafotoxin S6¢ (NISHIYAMA et
al. 1995). A similar profile was observed in human saphenous vein (NISHIYAMA
et al. 1995).

In many instances, ETp receptor-mediated responses are differentially
inhibited by the ETjy receptor antagonists IRL1038, RES-701, and BQ-788,
providing some prima facie, but circumstantial, evidence for the existence of
multiple ETg receptor subtypes. For example, Sudjarwo and colleagues
reported that IRL1038 inhibited endothelin-3-induced relaxations in swine
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pulmonary artery but not the contractions of swine pulmonary vein induced
by endothelin-1, endothelin-3, sarafotoxin S6c, or IRL1620 (SUuDJARWO et al.
1993). IRL.1038 had a similar inhibitory profile in rabbit pulmonary artery and
rabbit saphenous vein (SubJarRwoO et al. 1994). Despite the limitations associ-
ated with the use of IRL1038 (URADE et al. 1992, 1994), similar effects were
observed with another ETy receptor antagonist RES-701. In rabbit pulmonary
artery, BQ-788 inhibited responses to sarafotoxin S6c>endothelin-3=BQ-3020,
but RES-701 was inactive (HAy et al. 1996). In addition, BQ-788 inhibited the
ability of IRL1620, sarafotoxin S6¢c and endothelin-3 to augment electrical
field stimulated contractions in rabbit tracheal preparations, whereas RES-701
was inactive against sarafotoxin-induced responses (YONEYAMA et al. 1995).
Furthermore, in rabbit isolated bronchus, BQ-788, but not RES-701, inhibited
BQ-3020-induced contractions (Hay et al. 1996) and in human isolated
bronchus, contractions induced by IRL1620 and BQ3020 were inhibited by
BQ-788, but not by RES-701 (Havy et al. 1998). In addition, several in vivo and
radioligand binding studies have proposed the existence of multiple ETj
receptors (WELLINGS et al. 1994; GELLAI et al. 1996; Hay et al. 1998).

Together, these and other data have been used to suggest that two ETjy
receptor subtypes exist, termed ETg; and ETg,. It is purported that BQ-788
inhibits responses mediated by both receptors (Karaxki et al. 1994), whereas
RES-701 (and IRL1038) selectively blocks ETg, receptors. Recent data sug-
gests that the ETj receptors responsible for the heterogeneous responses
described above are derived from the same gene. For example, in ETg gene
knockout mice (MizuGucHi et al. 1997) and in Piebald-lethal mice, a naturally
occurring mutant with deletion of the known ETg receptor gene (GILLER et
al. 1997), sarafotoxin S6c-induced vasodilator responses in the thoracic aorta
(MizucucHi et al. 1997) and in the intact anaesthetized animal (GILLER et al.
1997) were absent, as were contractile responses in the stomach (GILLER et al.
1997; MizucucHi et al. 1997). Furthermore, there was no evidence of any ETp
receptor binding and function in the congenital aganglionosis rat, which has a
mutant ETj receptor gene (KARaKI et al. 1996). These findings suggest that if
subtypes of ETy receptors exist, then they are derived from the same gene
(Karakt et al. 1996). One mechanism through which this may occur is alter-
native splicing of the ETy receptor gene; however the ETj receptor splice
variants described thus far either do not function as signal transducers
(ELSHOURBAGY et al. 1996), or have indistinguishable binding and signal trans-
ducing activities compared to the wild-type ETj receptor (SHYaMALA et al.
1994). Interestingly, the ETg receptors on human endothelial and smooth
muscle cells have recently been shown to exhibit equivalent binding pharma-
cology (FLYNN et al. 1998). Although these latter findings do not discount the
possibility that more than one ETg receptor subtype exists, further studies are
clearly necessary to reconcile the functional findings, which suggest the exis-
tence of subtypes, with much of the currently available molecular biological
and radioligand binding data which supports the existence of a single ETy
receptor subtype.
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III. ETc and Other Putative Subtypes

In several functional and radioligand binding studies, responses induced by
endothelin-1 and related peptides were not readily classified as having been
mediated via either ET, and/or ETg receptors. In rat cerebellar homogenates,
an ETjy receptor-selective radioligand ['*I]-BQ3020 recognized only one third
of the receptors identified using ['*1]-endothelin-1 and only 2% of ["*I]-
endothelin-1 binding was sensitive to inhibition by the ETa receptor-selective
ligand BQ-123 (WippowsoN and Kirk 1996). Furthermore, whereas typical
ETg receptor ligands had only a moderate affinity for the rat cerebellar
endothelin receptor, endothelin-3 had a higher affinity than endothelin-1.
Similarly, whereas endothelin-3 effectively inhibited prolactin secretion from
pituitary lactotrophs (SamsoN et al. 1990) and stimulated an increase in intra-
cellular Ca® in bovine carotid artery endothelial cells (Emor1 et al. 1990),
endothelin-1 was inactive. It has been suggested that these responses, which
are very sensitive to endothelin-3, may be mediated by a third subtype of ET
receptor, termed the ETc receptor. However, the existence of the ETc recep-
tor is still controversial, being primarily based on the rank order of affinity of
endothelin-3>endothelin-1 in radioligand binding and functional studies and
no ETc receptor has hitherto been cloned from mammalian sources. Never-
theless, an endothelin-3-preferring receptor, consistent with the ETc subtype
has been cloned from Xenopus dermal melanophores (KArNE et al. 1993). The
424 amino acid sequence of the predicted mature ETc receptor is 47% and
52% homologous to ETA and ETjy receptors, respectively (KARNE et al. 1993).
Other studies using Xenopus tissues have revealed novel ET receptors. A
cDNA was isolated from Xenopus heart that encoded a 415 amino acid protein
(ETax receptor) with a 74% homology to the human ET, receptor (KUMAR
et al. 1994). Competition binding studies of the cloned ETax receptor indi-
cated that it was ETs-like, but the ET, receptor-selective antagonist BQ-123
was inactive (KuMar et al. 1994). In related studies, membranes prepared
from Xenopus liver displayed high densities of high affinity sites for ['*I]-
endothelin-1 and ['*’I]-endothelin-3, suggestive of an ETg-like receptor (ETgx
receptor), but the binding was not inhibited by an ETj receptor-selective
ligand sarafotoxin S6c (NAMBI et al. 1994). It is possible that ETsx and ETgx
receptors represent the amphibian counterparts of mammalian ET, and ETp
receptors. Novel variants of the ET, receptor, which had low affinity for
BQ-123, have also been identified in the gills of the rainbow trout (LopHI
et al. 1995). More recently, during the search for ET-like receptors, a novel
gene that encoded a putative ETy receptor-like protein (hETgR-LP) was
cloned and characterized from human hippocampus tissue (ZENG et al. 1997).
However, the 614 amino acid peptide encoded by the gene, which was 52%
similar and 27% identical to the human ETy receptor, did not bind radiola-
beled endothelin-1 or endothelin-3 (ZENG et al. 1997). A related peptide,
termed ETgR-LP-2, is also strongly expressed in the human central nervous
system, but did not bind endothelin-1, endothelin-2, endothelin-3, bombesin,
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cholecystokinin-8, or gastrin-releasing peptide (VALDENAIRE et al. 1998). The
endogenous ligand(s) for these orphan receptors remain to be determined.

IV. Splice Variants of ET Receptors

In addition to full-size ET, receptor mRNA, the human ET, receptor gene
gives rise to at least three alternatively spliced ET, receptor transcripts,
termed ET,-RA3 (Bourceors et al. 1997), ETa-RA4, and ET,-RA34
(Miyamorto et al. 1996) corresponding to the exclusion of exon 3, exon 4, and
exons 3 and 4, respectively. Translation of each of these transcripts generates
a truncated form of the ET, receptor. For example, translation of ETA-RA3,4
mRNA generates an ET, receptor protein with an extracellular N-terminal
tail, five (instead of seven) membrane-spanning domains, two (instead of
three) cytoplasmic loops, and a cytoplasmic C-terminal tail (Mrvamoro et al.
1996). Similarly, the ET,-RA3 (BourGeois et al. 1997) and ET4-RA4 tran-
scripts generate very truncated ET, receptor proteins with only two and three
membrane-spanning domains, respectively. In view of the highly truncated
nature of the ET, receptor proteins, it is unlikely that they act as receptors.
Indeed, COS-7 cells transiently transfected with ETA-RA3,4 cDNA did not
exhibit any specific binding affinity for ['*I]-endothelin-1 (Mivamorto et al.
1996). It has been suggested that the splicing mechanism of ET, receptor
mRNA may constitute a post-transcriptional means of controlling the levels
of active ET, receptor (BoUuRrGEoIs et al. 1997).

Novel human splice variants of the ETg receptor have also been reported
(SuyaMALA et al. 1994; ELSHOURBAGY et al. 1996). One variant (termed ETyg,),
was found in low abundance in human brain, placenta, lung, and heart by
reverse transcriptase PCR, but was absent in bovine, rat, and porcine tissue.
ETg, encodes a protein that contains an extra ten amino acids in the second
cytoplasmic domain of the ETy receptor, but that had similar ligand binding
and signal transducing (CAMP and inositol phosphate turnover) activities as
the ETg receptor (SHYAMALA et al. 1994). More recently, an ETg receptor splice
variant (termed ETg-SVR), which shared a 91% identity to the human ETg
receptor, was identified from a human placental DNA library (ELSHOURBAGY
et al. 1996). ETg-SVR was identical to the ETy receptor from the 5'-unt-
ranslated region through the 7 transmembrane domains, but differed com-
pletely in the 52 amino acids of the carboxy-terminal tail region. Cloned
ETg-SV and ET; receptors expressed in COS cells had similar ligand binding
profiles, but endothelin-1 increased inositol phosphate accumulation and intra-
cellular acidification rates only in ETy receptor-transfected cells, suggesting
that elements within the carboxy tail region of ETy receptor are critical for
signal transduction but not agonist binding of these receptors (ELSHOURBAGY
et al. 1996). Northern blots established that ETz-SVR mRNA expression is
generally low, representing less than 10% of total ETy receptor mRNA expres-
sion in heart, brain, lung, and liver, and being undetectable in smooth muscle
and endothelial cells. It has been postulated that ETp-SVR, which binds
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endothelin-1 but does not participate in signal transduction, might function as
a clearance binding site for the endothelins.

E. ET Receptor Structure
I. Structure

The amino acid sequences encoded by cloned ET receptor cDNA predict
a protein containing seven stretches of 20-27 hydrophobic amino acids,
consistent with the heptahelical membrane spanning structure that is com-
mon to the G-protein-coupled receptors of the rhodopsin-type receptor super-
family. The seven transmembrane domains and cytoplasmic loops of ET
receptors are highly conserved (OGawa et al. 1991; ELSHOURBAGY et al. 1992),
whereas the N-terminal and other extracellular domains differ between
receptors with respect to both length and amino acid sequence. Although
the extracellular NH,-terminal domain is unusually long for a peptide G
protein-coupled receptor (75-100 amino acids in length), proteolytic trunca-
tion studies reveal that only those residues near the first transmembrane
domain are essential for endothelin-1 binding (Kozuka et al. 1991; HAsHIDO
et al. 1992).

As expected, the transmembrane domains of the ET receptors contain
seven membrane-spanning helices (I-VII) joined by three intracellular and
three extracellular loops (RuBaNYl and PoLokorr 1994). Sakamoto et al.
(1993), using chimeric ETA/ETg receptors, have proposed that the ET recep-
tor can be divided into two parts, one important for ligand receptor binding
(domains I, II, ITI, and VII) and another that determines isopeptide selectiv-
ity (domains IV, V, and VI) (Sakamoro et al. 1993). Thus, there are at least two
separable ligand interaction domains within the ET receptors; binding of
endothelin-1 to ET, receptors involves binding of the C-terminal head region
of endothelin-1 to a region associated with transmembrane helices I, II, III,
and VII and binding of the N-terminal end to a region associated with trans-
membrane helices VI, V, and VI. In contrast, binding to the ETy receptor
requires only the C-terminal end of endothelin-1. ET and ETgy receptor-like
binding characteristics can be interchanged by substituting transmembrane
domains IV, V, and VI and their intervening loops (ADACHI et al. 1993;
Sakamorto et al. 1993). Site-directed mutagenesis studies have revealed that
Tyr'® (Krystek et al. 1994; LEE et al. 1994) and Lys' (ApacHr et al. 1994)
in transmembrane domain II of the ET, receptor are important for
endothelin-1 binding. For example, mutation of Tyr'?, which is located about
half way down transmembrane helix II, had no effect on the binding of
endothelin-1 or endothelin-2, or Ro 462005 but decreased affinity of BQ-123
and BMS182874, and increased affinity of endothelin-3 and STX6c (KRrYSTEK
et al. 1994). Furthermore, Asp residues located one helical turn above (Asp'®)
and below (Asp'®) Tyr'®, which have their side chains directed towards the
putative binding cavity, are important for ET, receptor binding (KRYSTEK
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et al. 1994). Asp'® in the ET4 receptor (and Asp' in the ETy receptor) cor-
respond to the highly conserved Asp in transmembrane helix II of many G-
protein coupled receptors critical for agonist efficacy, and mutagenesis of these
Asp residues attenuated PLC activity (measure of efficacy). In other mutage-
nesis studies, replacement of Lys'®! by aspartic acid in the third transmembrane
region of the ETy receptor reduced its affinity to endothelin peptides and
sarafotoxin 6¢ without affecting G protein coupling (ZHuu et al. 1992). The
COOH-terminal region of the ET4 receptor is not involved in the binding of
endothelin-1 but rather appears to be important in anchoring the receptor
properly in the lipid bilayer in order to maintain the extracellular binding site
(RuBanyr and PoLokorrF 1994).

Several studies suggest that ET receptors are post-translationally modi-
fied by glycosylation of the NH, terminus and by palmitoylation and phos-
phorylation of the cytoplasmic surface.

I1. Post-Translational Modification of ET Receptors

1. Glycosylation

Evidence provided by Sokolovsky and colleagues suggest that some ET recep-
tors in rat cerebellular and atrial membranes exist as glycoproteins (Bousso-
MitTLER et al. 1991; SHRAGA-LEVINE and Sokorovsky 1998). Moreover,
N-glycosylation of the ET4 receptor appears to play a role in receptor func-
tion since deglycosylation of the carbohydrate chains of the ETa receptor
by endo H caused a marked decrease in [**1]-endothelin-1 binding to
the nanomolar-affinity state (SHRAGA-LEVINE and Sokorovsky 1998). The
observed decrease in the number of binding sites (B,.x), in the absence of an
observable change in ligand affinity, suggests that the carbohydrate moiety is
necessary for stabilization and full expression of the ET 5 receptor rather than
for ligand binding (SHrRAGA-LEVINE and Sokorovsky 1998). Glycosylation
appears to play a lesser role in the super high affinity (picomolar)-state of
the ET, receptor and the ETy receptor (SHRAGA-LEVINE and SOKOLOVSKY
1998).

2. Palmitoylation

Many G protein-coupled receptors, including ET receptors, undergo a post-
translational modification termed palmitoylation, a covalent attachment of
palmitic acid to one or more cysteine residues located in the carboxyl-
terminal cytoplasmic tail (HORSTMEYER et al. 1996; OkamoTo et al. 1997; Roos
et al. 1998). Palmitoylation at carboxyl terminal sites is known to modify the
signal transducing activities of G protein-coupled receptors. ETj receptors iso-
lated from bovine lung are palmitoylated at two Cys residues (Roos et al.
1998). Removal of several potential palmitoylation sites in the carboxyl ter-
minus of the human ETj receptor by site-directed mutagenesis did not affect
ligand binding but abolished the ability of the receptor to transmit either an
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inhibitory effect on adenylate cyclase or a stimulatory effect on phospholipase
C (Okamoro et al. 1997). Interestingly, a mutant ETg receptor containing only
the most proximal of the palmitoylation sites, and lacking the downstream car-
boxyl terminus, transmitted an effect on phospholipase C but not adenylate
cyclase, suggesting a differential requirement for the carboxyl terminus down-
stream to the palmitoylation site in the coupling with G protein subtypes
(Okamoro et al. 1997). Palmitoylation also appears to modulate differentially
ET, receptor signal transduction activity (HORSTMEYER et al. 1996). Mutated
non-palmitoylated ET, receptors transmitted an endothelin-1-induced
increase in adenylate cyclase activity but failed to transmit an increase in
phosphotidylinositol hydrolysis by phospholipase C (HORSTMEYER et al. 1996).
Although there is almost no homology in the carboxyl terminal region
between ET4 and ETg receptors, amongst the very few conserved amino acids
are two cysteine residues (palmitoylation sites), indicating the potential impor-
tance of palmitoylation in ET receptor signal transduction (Roos et al. 1998),
and a couple of serine residues. These highly conserved serine residues plus
another five have been demonstrated to be phosphorylated on ETj receptors
isolated from bovine lung (Roos et al. 1998). It has been suggested that one
of these phosphorylated serine residues, Ser*™, may be important, since a single
site mutation in the ETg receptor gene from patients with Hirschsprung’s
disease resulted in the replacement of this serine residue with Asn (AURICCHIO
et al. 1996; Roos et al. 1998). Phosphorylation of serine and threonine residues
appears to be an important mechanism in receptor desensitization and this is
discussed in Sect. G.I.

III. Binding Characteristics of ET Receptors

The binding of endothelin-1 to its membrane receptors is almost an irre-
versible process. In studies of membrane preparations from rat heart, rat lung,
rat brain, and porcine vascular smooth muscle, Waggoner and coworkers esti-
mated that the dissociation half-life for bound ['*I]-endothelin-1 was in excess
of 30h for each tissue examined (WAGGONER et al. 1992). Similarly, ['*I]-
endothelin-1 dissociated only very slowly from human cloned ETj receptors
(NawMmBI et al. 1996; CHiou et al. 1997), aortic ET, receptors (MAGUIRE et al.
1996), and lung (NamsI et al. 1994), as well as various animal tissues including
rat lung (NamsI et al. 1994), rat renal artery (DEVADASON and HENRY 1997),
rat cardiac myocytes (HiLAL-DANDAN et al. 1997), and rat cerebellum (NAMBI
et al. 1994), dog lung (NaMmBI et al. 1996), dog cerebellum (NaMmBI et al. 1994),
and pig lung (NaMsI et al. 1996). The pseudoirreversibility of the binding of
endothelin-1 to its receptors has several important implications.

First, it suggests that the use of Scatchard analysis, which is based on the
equilibrium process of binding of a ligand with a receptor to form a dissocia-
ble receptor-ligand complex, may not be valid for estimating dissociation
equilibrium constants (Ky) and receptor densities (B.,) for endothelin-1
(WAGGONER et al. 1992). At the low concentrations of ['*1]-endothelin-1 typi-
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cally employed in radioligand binding studies, the rate of binding is very slow
and equilibrium will be approached only after incubation times that far exceed
the half-life for the dissociation process (>>30h). In general, long incubation
periods cannot be reliably employed, in part due to degradation of ['*I]-
endothelin-1. If true equilibrium conditions are not used, then this may lead
to the estimation of artificially high values of K,. Indeed, the use of Scatchard
analysis has generated K, values that have varied by up to a 1000-fold, from
a few picomolars to a few nanomolars. The threshold concentrations of
endothelin-1 eliciting a functional response also varies markedly between
preparations, leading to the suggestion that several subtypes of ET receptor
exists (with superhigh, high, and low affinities for endothelin-1). As an alter-
native, DESMARETS et al. (1996) have performed kinetic experiments and sat-
uration experiments performed under quasi equilibrium conditions and have
identified a single high affinity state for the endothelin-1/cloned bovine ETa
receptor complex, with an estimated Ky value of 20pmol/l (DESMARETS et al.
1996). This corresponds to the lower range of previously reported K, values
and to the sites described as superhigh affinity sites (SokoLovsKy et al. 1992;
DESMARETS et al. 1996).

Second, for irreversibly binding ligands such as endothelin-1, the rate
of receptor binding is concentration-dependent (MarsauLr et al. 1991;
DESMARETS et al. 1996; DEvaDAsON and HENRY 1997). Because of these time-
limited second-order rate conditions, subnanomolar rather than picomolar
concentrations of endothelin-1 are necessary to occupy an important fraction
of picomolar sites within the time-frame of most functional experiments
(DEsMARETs et al. 1996), and offer an explanation as to why endothelin-1-
induced actions often require concentrations 100-fold higher than the esti-
mated K, value of 20pmol/l. Under these conditions, endothelin-1-induced
actions can occur at picomolar concentrations, but would require the presence
of an amplification system such as a receptor reserve (DESMARETS et al.
1996). Together, these data suggest that the sensitivity of any preparation to
endothelin-1 is only remotely related to the K, values of endothelin-1/ET
receptor complexes, and should be viewed as a cellular property rather than
as a receptor property (DESMARETS et al. 1996).

Third, although the rate of endothelin-1 binding at high concentrations is
fast (at least as fast as that of two other vasoconstrictors, angiotensin IT and
vasopressin), the rate of tension development in response to endothelin-1 is
very much slower than the response to angiotensin II and vasopressin
(MarsauLr et al. 1991). The slowly-developing contractile action of the
endothelins is therefore unlikely to be due to a slow rate of binding, but may
be a result of a late intracellular event involving slowly-developing pharma-
comechanical coupling mechanism (Marsaurr et al. 1991). In addition to
being slowly-developing, endothelin-1-induced contractions are typically
long-lasting and difficult to reverse by washout. Studies by Marsault and
coworkers suggest that irreversibility of binding and irreversibility of actions
are not related in rat aortic strips, and it has been proposed that recycling of
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endocytosed ET receptors contributes to the sustained contractile action of
endothelin-1 in vascular smooth muscle (MARSAULT et al. 1991, 1993). Indeed,
in rat aortic rings, BQ-123 could still reverse an endothelin-1-induced con-
traction by 85% when given 40min after endothelin-1 (WARNER et al. 1994).
Nevertheless, data obtained from cardiac myocytes indicate that the long-
lasting effects of endothelin-1 are directly attributable to the irreversible
nature of proximal aspects of endothelin action, such as binding and activa-
tion of G protein-linked signalling pathways (HIiLAL-DANDAN et al. 1997). In
these experiments, the ET, receptor-selective antagonist BQ-123 competed
for binding and biochemical effects when added simultaneously with
endothelin-1, but was completely inactive if added later than 5min after
endothelin-1 (HILAL-DANDAN et al. 1997). Interestingly, CHUN et al. (1995)
have demonstrated that ['*I]-endothelin-1 remains bound to the ET, recep-
tor for up to 2h after endocytosis, possibly in plasma membrane caveolae
(CHuN et al. 1994), and continues to activate a signal transducing G protein,
thus accounting for the sustained contraction that occurs in smooth muscle
cells after a single addition of endothelin-1.

Fourth, although the binding of endothelin-1 is essentially irreversible, the
binding of many other agonists and antagonists to ET receptors is reversible.
In a series of studies of ET, receptors (from rat pituitary tumour cells, human
smooth muscle cells) and ETy receptors (human astrocytoma, porcine cere-
bellum, human cloned expressed in CHO cells), Wu-Wong and coworkers have
established that the irreversible nature of endothelin binding has profound
influences on the observed potency of ET receptor antagonists (Wu-WoNG et
al. 1994a,b). In each case, endothelin-1 binding to ET receptors was less
reversible than that of antagonists including BQ-123, FR139317, Ro46-2005,
and PD142893. It has been suggested that the greater reversibility of antago-
nist binding accounts for the diminished potency of antagonists in inhibiting
['*I]-endothelin-1 binding (Wu-WoNG et al. 1995) and endothelin-1-induced
responses (Wu-WONG et al. 1994). For example, although BQ-123 (5nmol/l),
FR139317 (1nmol/l), and Ro46-2005 (0.5 umol/l) inhibited ['*I]-endothelin-1
binding to membranes prepared from rat pituitary cells by greater than 80%
after 15 min of incubation, the extent of inhibition decreased to less than 20%
after 24 h of incubation (Wu-WONG et al. 1995). A similar profile of effect was
seen against ['I]-endothelin-1 binding in porcine cerebellum membranes
(Wu-WonG et al. 1994) and endothelin-1-induced mitogenesis in human
smooth muscle cells (Wu-WoNG et al. 1994).

Although the binding of endothelin-1 to ET receptors is essentially irre-
versible, a range of different kinetic profiles have been reported for other ET
receptor agonists. Among the natural ligands, ['*I]-endothelin-3 binding to cul-
tured rat aortic smooth muscle cells was more reversible than that of ['*I]-
endothelin-1 and ['*I]-endothelin-2 (ROUBERT et al. 1991). In contrast, the
binding of ['*I]-endothelin-2 to Swiss 3T3 fibroblasts was more reversible than
that of ["*I]-endothelin-1 (DEVESLY et al. 1990) and ['*1]-endothelin-3 binding
to porcine lung membranes was almost irreversible (WATAKABE et al. 1992).
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Furthermore, ['*I]-sarafotoxin S6b binding was reversible in rat renal artery
(DEevapasoN and HENRY 1997), but essentially irreversible in human aorta
(MAGUIRE et al. 1996). This collection of contradictory findings highlight the
fact that the characteristics of agonist binding may vary considerably depend-
ing upon the species investigated (NamBI and PULLEN 1995) and the type of
preparation used (membranes vs intact cells, HAra et al. 1998), and thus
caution must be exercised when making comparisons of agonist binding
kinetics across species and experimental conditions. Of the linear truncated
analogues of endothelin-1, the binding of ['®I]-IRL-1620 in porcine lung
(WATAKABE et al. 1992), dog cerebellum, human lung, and human ETg recep-
tor clone (NamsI et al. 1994) was readily reversible, whereas in rat tissues
(cerebellum, lung) binding was irreversible (NamBI et al. 1994). A similar
profile of binding was seen with the longer analogue BQ3020, except the mag-
nitude of dissociation of ['*I]-BQ3020 was less than that of [*I]-IRL-1620
(NamBI and PULLEN 1995).

The binding of many ET receptor antagonists studied to date is reversible.
For example, the binding of [’H]-BQ-123 to SK-N-MC cells was rapidly
reversible, with a half time of dissociation in the order of a few minutes (IHARA
et al. 1995). In other studies, extensive washing of bound BQ-123, FR139317,
and Ro46-2005 from MMQ cells restored ['*I]-endothelin-1 binding by 62, 29,
and 48%, respectively (Wu-WoNG et al. 1995). These findings suggest that these
bound antagonists were easier to dissociate than bound endothelin-1, although
different antagonists displayed different degrees of reversible binding (Wu-
WonG et al. 1995). One ET receptor antagonist that displays irreversible
binding kinetics is CGS27830 (CHIN et al. 1996). CGS27830 appears to bind
initially in a competitive manner before irreversible binding occurs, perhaps
resulting from covalent modification of ET receptors by the anhydride struc-
ture of this nonpeptidic antagonist (CHIN et al. 1996).

1. Differences Between Membranes and Intact Cells

One typical means of characterization of ET receptors involves performing
radioligand binding studies on either intact cells (cell cultures, tissue sections,
etc.) or cell membrane preparations. However, recent studies have demon-
strated that ETy receptors associated with intact cells and cell membranes
exhibit different binding profiles (HAra et al. 1998), suggesting that the
destruction of intact cells in order to generate a cell membrane preparation
may lead to changes in ET}y receptor binding properties.

F. ET Receptor Coupling

Activation of ET receptors produces a wide range of biological effects in
many different tissues. The signal transduction systems that link ET receptors
to cellular response are also diverse. ET receptors are able to couple to various
types of G protein, including Gy, Gy, G,, and G;, (Takicawa et al. 1995),
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suggesting that ET receptors may stimulate multiple effectors via several
types of G protein simultaneously, depending upon the level of expression
of each G-protein subtype. The downstream signal transduction pathways
which have been reported to be activated following stimulation of ET
receptors include enzyme systems (e.g., phospholipases A,, C, and D, protein
kinase C, protein tyrosine kinase, NO synthase, adenylate cyclase, and
guanylate cyclase), ion channels (e.g., calcium channels, chloride channels),
and ion transporters. These important systems will be described in detail in
Chap. 5.

G. Alterations in ET Receptor Expression and Density
I. Desensitization and Internalization

Receptor desensitization, often defined as the diminished or abolished
response to an agonist after repeated or continued stimulation, is an impor-
tant feature of G-protein-coupled receptors to prevent overstimulation and
potential damage of activated cells (Cyr et al. 1993; CRAMER et al. 1998).
Although endothelin-1 can elicit prolonged physiologic responses, it is well-
established that complete and prolonged ET receptor desensitization occurs
quickly in tissues expressing endogenous ET receptors (Cyr et al. 1993) and
in cells expressing cloned human ET receptors. For example, homologous, or
receptor-specific, desensitization occurred within 4 min both in ET4 receptor-
expressing A10 cells and in 293 cells transfected with either human ET, or
ETg receptor (FREEDMAN et al. 1997). Less well established is the underlying
mechanism of ET receptor desensitization. For many G-protein-coupled
receptors, phosphorylation of serine and threonine residues in the third
cytosol-facing loop and the carboxyl-terminal segment of the receptor reduces
the ability of the receptor to interact with G proteins and appears to be an
important mechanism for rapid receptor desensitization (CHUN et al. 1995;
CRAMER et al. 1998). In 293 cells transfected with the human ET, or ETy
receptors, endothelin-1-induced desensitization corresponded temporally
with agonist-induced receptor phosphorylation (FREEDMAN et al. 1997), and
appeared to involve the action primarily of G protein-coupled receptor
kinase-2 (GRK2) rather than other GRKs or protein kinase C (FREEDMAN
et al. 1997). A result that somewhat surprised Freedman et al. (1997) was that,
despite the dissimilarity of their cytoplasmic C-terminal domains, ET, and
ETj; receptors were regulated indistinguishably by GRK-initiated desensiti-
zation. In contrast, Cramer and colleagues have reported subtype-specific
desensitization of human ET, and ETg receptors which reflected differential
receptor phosphorylation (CRAMER et al. 1997, 1998). Results obtained from
Sf9, CHO, and COS cells expressing ET, or ETg receptors and from Rat-1
cells endogenously expressing ET 4 receptors indicated that stimulation of ET
receptors by endothelin-1 caused a sustained activation, retaining >30% of its
initial activity even 20 min after endothelin-1 addition, whereas the ETjy recep-
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tor quickly deactivated losing >80% of its initial activity within 5 min (CRAMER
et al. 1997, 1998). Consistent with these differences in receptor inactivation,
ET, receptors failed to undergo endothelin-1-induced phosphorylation,
whereas the ETy receptor was rapidly phosphorylated (CrRaMER et al. 1997).
The subtype-specific modulation of endothelin receptors has been proposed
by Cramer and colleagues possibly to account for the short-term hypotensive
effects of endothelins via rapidly down-regulating ETj receptors and the long-
lasting hypertensive effects due to sustained ET4 receptor activation.

In addition to receptor desensitization, internalization of the receptor
bound ligand is a common method of signal termination for many peptidic
ligands (BHOwMICK et al. 1998). The process of receptor-mediated endocytosis
(receptor internalization) typically involves the sequential internalization
of the ligand-receptor complex via clathrin-coated pits, degradation of ligands
in lysosomes, and recycling or degradation of the receptor (CHUN et al. 1995).
It is known that endothelin-1 binding to the ET, receptor promotes internal-
ization, perhaps via caveolae, with subsequent degradation of at least a portion
of the bound ligand. BHOowMiIcK et al. (1998) report that occupancy of the
ET4 receptor, rather than signalling, was sufficient to promote rapid endocy-
tosis (t1/2 for internalization, Smin). Chimeric ET, receptors, which bound
endothelin-1 but did not signal (as determined by IP; formation), internalized
[**I]-endothelin-1, albeit at a slower rate than wild type, signalling ET,
receptors (BHOWMICK et al. 1998). Somewhat surprisingly, the ET, receptor-
selective antagonist BQ-123 also promoted rapid internalization in cells
expressing ET, receptors. Following endocytosis, approximately 30% of
internalized ['*I]-endothelin-1 remains intact and tightly bound to the ET,
receptor for up to 2h (CHUN et al. 1995). Similar findings have been reported
in cellular lysates of smooth muscle A-10 cells (BErRMEK et al. 1996) and
HG108-15 cells (ANGELOVA et al. 1997). Chun hypothesized that internalized
endothelin-1/ET, receptor complexes continued to activate a transducing
G protein. Thus, receptor internalization may serve two roles; as a mechanism
to terminate cell surface signalling and, in some cases, to prolong poten-
tially the intracellular signal. No significant differences in the kinetics of
endothelin-1-induced internalization were observed between ET, and ETg
receptors (CRAMER et al. 1997), suggesting perhaps a subtype-specific inac-
tivation of human ET receptors involving fast receptor phosphorylation of
ETjy receptors and a slow receptor internalization of ET, receptors.

Although they are activated by ET receptors, and would thus seem likely
candidates for regulating ET receptors, protein kinase C isoforms have not in
general been implicated in ET receptor down-regulation (Cozza et al. 1990;
FrREEDMAN et al. 1997). Nevertheless, phorbol esters, which are established
activators of protein kinase C, promoted the sustained down-regulation of
ET receptors in human vascular smooth muscle cells (RESINK et al. 1990). In
addition to reducing the levels of existing ET receptors, endothelin-1 may
reduce the levels of ET receptor mRNA by decreasing the stability of mRNA
molecules (SAKURAI et al. 1992).
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II. Drugs

1. Glucocorticoids

Dexamethasone induced a concentration- and time-dependent reduction in
the density of ET receptors on cultured vascular endothelial (STANIMIROVIC
et al. 1994) and smooth muscle (NawmsI et al. 1992; RouBert et al. 1993)
cells. A similar profile has also been observed in rat brain following in vivo
administration of dexamethasone (SHIBATA et al. 1995). In rat vascular
smooth muscle cells, dexamethasone was more effective than prednisolone
and hydrocortisone (Nawmsi et al. 1992). Both ET, (NamsI et al. 1992;
StanmMIrovIC et al. 1994) and ETg (SHiBATA et al. 1995) receptors can be
down-regulated by dexamethasone and this effect was abolished by a
glucocorticoid receptor antagonist cortexolone (STANIMIROVIC et al. 1994).
Dexamethasone-induced down-regulation of ET receptors was associated
with a marked reduction in the steady state levels of ET receptor mRNA
(NawMsr et al. 1992; SHIBATA et al. 1995), and was preceded by an increase
in endothelin-1 content (SHIBATA et al. 1995). Consistent with this, dexam-
ethasone induced a 2- to 3-fold increase in endothelin-1 levels in rat aortic
smooth muscle cells (RoUBERT et al. 1993). Thus, it has been suggested that
the regulatory effects of dexamethasone on ET receptors are mediated by
endothelin-1 production (RoUBERT et al. 1993; SHiBATA et al. 1995) and is
consistent with an autocrine control of ET receptors by endothelin-1 (CLoZEL
et al. 1993).

2. Cyclosporine

The use of the immunosuppressive agent cyclosporine A is associated with
potentially severe side-effects including renal vasoconstriction and systemic
hypertension (see Chap. 18). Evidence has accumulated that activation and
upregulation of the endothelin system may contribute to these hemodynamic
alterations. Cyclosporine A stimulates endothelin-1 release both in vitro
(BuncuMAN and BrooksHIRE 1991; TAKEDA et al. 1994; Hauc et al. 1995;
Yokokawa et al. 1998) and in vivo (Kon et al. 1990). In addition to the increase
in endothelin-1 production, cyclosporine A appears to differentially upregu-
late the expression of ET receptors in a tissue specific manner. For example,
in aortic smooth muscle cells isolated from rats pretreated with cyclosporine
A for 4 weeks, ET, receptor mRNA expression was elevated twofold whereas
ETg receptor mRNA expression was unchanged (Iwar et al. 1995). In contrast,
in rat glomerular mesangial cells, cyclosporine A caused a twofold increase in
ETg receptor mRNA expression but no change in ET, mRNA (TAkeDa et al.
1994). Consistent with these latter findings, acute intravenous administration
of cyclosporine to rats caused little change in mRNA expression of ET 4 recep-
tor in the kidney medulla, but was associated with an increased expression
of ETg receptors (Iwasaki et al. 1994). In addition to increased mRNA expres-
sion, enhanced binding of ['*I]-endothelin-1, indicative of elevated ET recep-
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tor levels, have been reported in glomeruli, renal medulla, and cardiac mem-
branes (NAYLER et al. 1989; Awazu et al. 1991). Interestingly, renal transplant
recipients on cyclosporine A had selective downregulation of ET, receptor
mRNA in cortical biopsy tissue (KAReT and DAvENPorT 1996). The underlying
mechanisms for cyclosporine A-induced changes in ET receptor expression
are presently unclear.

3. Phosphoramidon

The administration of the ECE inhibitor phosphoramidon (see Chaps. 3
and 7) to cultured cells is frequently associated with increased ET receptor
density (Fusitant et al. 1992; Wu-WonG et al. 1993; CLozkL et al. 1993; ROUBERT
et al. 1993; FLyNN et al. 1998). Increases in both ET, (CrLozEL et al. 1993;
RouBERrT et al. 1993) and ETj receptors (CLOZEL et al. 1993; FLynN et al. 1998)
have been demonstrated, although the magnitude of the increase is cell
dependent. For example, phosphoramidon evoked a 16-fold increase in
ETg receptor density in human umbilical vein endothelial cells but only a 1.1-
fold increase in human aortic smooth muscle cells (FLyNN et al. 1998). Inter-
estingly, phosphoramidon had a greater stimulatory effect on ET receptor
density in cells with high endothelin-1 production (CrLozeL et al. 1993).
One possible explanation is that autocrine production of endothelin, either
by binding or by downregulation, decreases the number of ET receptors.
Phosphoramidon, by inhibiting the conversion of big endothelin-1 to
endothelin-1, inhibits the production of endothelin-1 and thereby attenuates
ET receptor down-regulation (CLozEL et al. 1993; FLYnNN et al. 1998). This pos-
tulate is supported by the findings that other neutral metalloproteases without
significant ECE activity, such as thiorphan, did not affect either endothelin-1
production or ET receptor density in these cells (Wu-WoNG et al. 1993; CLozZEL
et al. 1993). An additional mechanism is that phosphoramidon inhibits the
protease responsible for degrading the ET receptor (Wu-WonG et al.
1993).

III. Cytokines and Other Peptides

Although it is well established that cytokines and endothelins can modulate
the others synthesis and release, relatively little is known of the influence of
cytokines on ET receptor expression. In A617 cells, a vascular smooth muscle-
derived cell line, ET4 receptor density was increased in a concentration- and
time-dependent manner by basic fibroblast growth factor (bFGF), reduced by
transforming growth factor-beta (TGF-f), and unaffected by platelet-derived
growth factor (PDGF), interleukin-6 (IL-6), tumour necrosis factor-alpha
(TNF-¢), and fetal bovine serum (CRISTIANI et al. 1994). In human vascular
smooth muscle cells, IL-18 stimulated ET receptor mRNA expression
(NEwMAN et al. 1995). More recently, Smith and colleagues demonstrated that
the influence of bFGF and TNF-a on ETg receptor mRNA expression by cul-
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tured human umbilical vein endothelial cells was dependent on whether cells
were grown in the presence of an angiogenic (fibrin matrix) or non-angiogenic
(plastic) stimuli (SmiTH et al. 1998). ETg receptor mRNA expression was
enhanced by bFGF and TNF-« in cells grown on the fibrin matrix but was
inhibited in cells grown on plastic, suggesting a role for ETj receptors in vas-
cular tube formation (SmiTH et al. 1998).

Vasoactive peptides such as the C-type natriuretic peptides and
angiotensin II also modulate ET receptor expression. Exposure of vascular
smooth muscle cells derived from human pulmonary artery to the vasocon-
strictor agent angiotensin II was associated with increased expression of ET
receptor mRNA and increased ET4 receptor density (HATAKEYaAMA et al.
1994). The potent vasodilator C-type natriuretic peptides (ANP, BNP, CNP)
also stimulated an increase in the density of ET, and ETg receptors in rat
vascular smooth muscle cells (EGucHr et al. 1994). In rat cardiomyocytes,
angiotensin II, via AT1 receptors, increased ETy receptor density (Kanno et
al. 1993). Insulin, another peptide which may influence vascular function,
increased ETp but not ET A receptor mRNA in retinal microvascular pericytes
(McDonNALD et al. 1995).

IV. Cell and Tissue Culture

The process of cell culture is frequently associated with profound changes in
the levels and proportions of ET, and ETg receptors. Eguchi and coworkers
reported that serial passage of cultured rat vascular smooth muscle cells was
associated with a phenotypic change in the ET receptor subtype from a pre-
dominantly ET 4 receptor in early passage (10th-15th) cells to a predominantly
ETg receptor subtype in later passage (30th-35th) cells (EcucHi et al. 1994).
Northern blot analysis also demonstrated the principal expression of ET,
receptor mRNA in the early passage and ETgy receptor mRNA in the late
passage (EcucHI et al. 1994). Similarly, growth of rat and lamb tracheal smooth
muscle cells in culture (6th to 14th passages) was associated with substantial
increases in ETy receptor density, with little change in ET, receptor density
(MaxweLL et al. 1998a,b). Interestingly, these changes could be prevented by
a two-day period of serum deprivation (MAXWELL et al. 1998a,b). Further-
more, the MEG-01 human megakaryoblastic cell line, which in early passages
expresses only functional ET, receptors, at later passages expresses ETg
receptor mRNA that is translated, processed, and targeted to the cell mem-
brane as a functional receptor (HAMROUN et al. 1998). In stark contrast,
the culture of rat cerebellar neurons was associated with time-related
increases in ET4 receptor density and concomitant reductions in ETj recep-
tor density (Lysko et al. 1995), which mirrored changes in ET receptor nRNA
expression.

Organ culture of vascular segments also appears to be associated with sig-
nificant modulation of ET receptor expression. A significant increase in both
ETg receptor mRNA as well as contractile responsiveness to sarafotoxin S6c
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was observed after organ culture of human omental artery (ADNER et al. 1996)
and rat mesenteric artery (MOLLER et al. 1997). Responses to sarafotoxin S6¢c
were abolished by the transcriptional inhibitor, actinomycin D, and the trans-
lational inhibitor cycloheximide. Thus, although changes in ETj receptor
density were not directly measured in these studies, it appears that organ
culture induces transcription and the subsequent translation of contractile ETg
receptors (ADNER et al. 1996; MoLLER et al. 1997). ETg receptor plasticity was
more apparent in small as compared to large arteries, more marked in veins
than in arteries, and was most pronounced in the mesenteric region (ADNER
et al. 1998).

V. Development

Mice deficient in the ET, receptor gene develop defects in craniofacial
structures, great vessels, and cardiac outflow tract (CLOUTHIER et al. 1998;
YaNAGIsawa et al. 1998), whereas targeted inactivation of the ETg receptor
gene causes colonic agangliogenesis associated with skin pigmentation
abnormalities (Hosopa et al. 1994). These, and other, data suggest that
endothelin-1/ET4 receptor and endothelin-3/ETg receptor interactions are
important in embryonic development, especially in the migration/prolifera-
tion/differentiation of neural crest cells. In a study of the human embryo,
Brand and colleagues have recently demonstrated that ET receptor mRNA
expression in neural crest cells starts at 3 weeks of gestation and continues
until at least 6 weeks of gestation (BRAND et al. 1998). During this period, the
distribution of ET, receptor mRNA was more widespread in the embryo than
that of ETg receptor mRNA. Despite its first appearance in the neural crest
within the neuroepithelium, ET, receptor mRNA was often restricted to the
mesodermal component of structures and organs (e.g., head and axial skele-
ton). ETj receptor mRNA was most commonly present in the neural tube,
sensory and sympathetic ganglia, and the endothelium. A not too dissimilar
profile of ETy mRNA expression has also been demonstrated in avian embryo
(NataF et al. 1996). In embryonic chick brain, temporal differences in the
expression of ET receptors were observed during development, with the ET
receptor subtype synthesized early and the ETg receptor later (JENG et al.
1996).

Significant changes in ET receptor density also occur postnatally. For
example, between birth and day 30, ET, receptor density in rat kidney
decreased by 65-70%, whereas ETjy receptor density was unaltered (ABADIE
et al. 1996). Similarly, the number of ET receptors in kidneys from neonate
rats was nearly twice the levels observed in 6- and 12-week-old animals
(BECKER et al. 1996). Moreover, maturation was associated with a shift in the
ETA:ET; ratio towards ETy receptors in this tissue (HocHERr et al. 1995;
BECKER et al. 1996). During the postnatal period in pigs, changes in the density,
location, and type of ET receptor were observed in pulmonary vasculature;
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however, no changes were observed in airway smooth muscle (HisLop et al.
1995).

VI. Pregnancy/Menstrual Cycle

Profound changes in uterine ET receptor density (KuBorta et al. 1995; COLLETT
et al. 1996) and ET receptor mRNA (O’REILLY et al. 1992) occur during the
menstrual cycle (O’REILLY et al. 1992; CoLLETT et al. 1996), especially within
the endometrium. For example, ET4 receptor expression in stroma through-
out the endometrium was higher in the proliferative phase compared to the
secretory and menstrual phases (COLLETT et al. 1996). ET4 receptor mRNA
expression was also elevated during the proliferative phase (O’REILLY et al.
1992). In contrast, ETg receptor expression in epithelial glands was lowest in
the proliferative endometrium, higher in secretory endometrium, and highest
in menstrual endometrium (CoLLETT et al. 1996). A similar pattern was
observed for ETy receptor mRNA expression (O’REILLy et al. 1992). Consis-
tent with the rise in ETj receptors in the latter phase of the cycle and its local-
ization within the endometrial stroma, Kohnen and coworkers suggested that
ETg receptors are involved in the onset of decidualization in the stromal cells,
under the influence of progesterone (KOHNEN et al. 1998). Despite these overt
changes in endometrial ET receptor expression, expression of ET receptors
in the myometrium changed little during the menstrual cycle (COLLETT et al.
1996). Nevertheless, significant changes in the density of myometrial ET, and
ETjy receptors have been reported to occur during pregnancy.

Pregnancy appears to be associated with important regional changes in
the proportions of both ET, and ETj receptors. During normal pregnancy the
levels of ET4 receptor mRNA in the corpus, which develops into the upper,
active uterine segment, were significantly elevated compared to non-pregnant
women (WOLFF et al. 1996). Consistent with this, increased ET, receptor
density has also been observed in uterine membrane preparations from preg-
nant women (Osapa et al. 1997). Interestingly, the levels of ETg receptor
mRNA in the isthmus, the lower passive uterine segment that expands and
thins, was also increased during pregnancy (WOLFF et al. 1996). These findings
suggest that during human parturition, increased expression of ET, receptors
in the upper uterine segments mediates endothelin-1-induced contraction of
the myometrium and thus participates in the movement of the fetus down-
ward (WoLFF et al. 1996). The process of fetal movement may be facilitated by
stimulation of the upregulated myometrial ETj receptors in the lower reaches
of the uterus, which mediate relaxation and dilatation of these structures
(WOLFF et al. 1996).

VII. Disease

As highlighted in the latter chapters of this handbook, the endothelin
receptor-effector system has been implicated in the pathophysiology of many
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human diseases. Certainly, the local production and/or circulating levels of
endothelin are elevated in many diseases, which might contribute to vasocon-
strictor, proliferative, or other pathologically relevant cellular responses to
endothelin. An increased expression of ET receptors might also be expected
to produce an increased sensitivity, and perhaps an increased maximal tissue
response, to the actions of endothelin. Indeed, in various animal models of
disease, and in tissue samples from patients, increased densities of ET recep-
tors and/or expression of ET receptor mRNA have been reported (see
Table 1). However, disease states are in many instances associated with reduc-
tions in ET receptor expression. One possible explanation of reduced ET
receptor density is receptor down-regulation in response to over-expression
of endothelin. This is consistent with the well established propensity for ET
receptors to down-regulate in response to elevated levels of activating ligand.
It is also likely that the myriad of cytokines and mediators that are involved
in the disease process can also significantly modulate the cellular expression
of ET receptors. Elucidating the underlying cellular mechanisms for the
observed changes in ET receptor number during disease, which presently are
almost universally unknown, is a major challenge to investigators in this field.

H. Summary

ET receptors are widely expressed in human tissues and play a pivotal role in
mediating the physiological and pathophysiological effects of endothelin-1
and related peptides. ET, and ETjy receptors are each members of the super-
family of monomeric heptahelical G protein-coupled receptors, and are linked
to a diverse range of signal transduction processes. The realization that the
binding of endothelin-1 to its receptors is essentially irreversible has impacted
significantly on a variety of issues, including the estimation of ET receptor
density, the subclassification of ET receptors, and the determination of ET
receptor antagonist potency. ET receptor expression is markedly influenced
by numerous substances including the endogenous ligand endothelin-1, anti-
inflammatory drugs such as cyclosporine and the glucocorticoids, and a variety
of cytokines and growth factors. Significant alterations in ET receptor expres-
sion were also observed during prenatal and postnatal development, during
the menstrual cycle and pregnancy, and in response to cell and tissue culture.
In addition, there now exists an enormous bank of literature demonstrating
that variable combinations of positive and negative changes in ET, and ETg
receptor expression occur in diseased tissues. A major challenge now facing
researchers is elucidating the cellular mechanisms that control the expression
of ET receptors and determining the functional effect of these changes on the
disease process.
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CHAPTER 5

Cell Signaling by Endothelin Peptides

M.S. SIMONSON

A. Introduction and Overview

Endothelin (ET) peptides are surprisingly multifunctional. They control
diverse physiological events such as vascular tone, cardiac, pulmonary, and
renal function. Endothelins also direct phenotypic functions including cell
growth, development, and differentiation. ET receptors control these events
by evoking a complex, integrated network of signaling pathways. ET signaling
has emerged as an important model for understanding how G protein-coupled
receptors function in physiology and pathophysiology, particularly for those
signals that regulate the genome.

The chapter reviews ET post-receptor signals linked to short-term cytoso-
lic actions (i.e., contraction) and long-term events requiring regulation of the
genome (i.e., cell growth and differentiation). Rather than discussing each cell
signaling pathway in isolation, the emphasis is on discussing these signals in
the context of specific cell functions (i.e., contraction or growth). This chapter
is by necessity brief and selective; the reader is referred to several reviews for
detailed information (MivaucH! and Masaki 1999; Porrock and HiGHSMITH
1998; YanaGisawa 1994; StmonsoN 1993; Force 1998).

B. Contractile Signaling by ET-1

ET-1 controls contractile elements in the cytosol (i.e., actin-myosin) of vascu-
lar smooth muscle, cardiac muscle, and in non-muscle cells such as glomeru-
lar mesangial cells and fibroblasts (Table 1). Although specific mechanisms
governing actin-myosin interactions are cell type-specific, contraction in all
cells requires elevation of cytosolic free [Ca*]. ET-1 is a potent contractile
peptide largely by virtue of its ability to produce robust and sustained
increases in cytosolic [Ca®*]. Figure 1 summarizes the signaling network under-
lying elevation of [Ca*] in response to ET-1.

I. Activation of Phospholipase C by Endothelin-1

ET receptors initiate Ca’* and contractile signaling by activating phospho-
tidylinositol-specific phospholipase C (PLC) (Masakr 1995). ET peptides
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Table1. Cells in which ET-1 stimulates contractile signaling

Cell type Physiological actions

Vascular smooth muscle Vascular tone

Cardiac myocytes Strength and rate of cardiac contractions
Glomerular mesangial cells Ultrafiltration coefficient and glomerular filtration
Fibroblasts Wound healing and collagen remodeling

rapidly induce a dose-dependent increase in phosphotidylinositol (PtdIns)
turnover in contractile cells including vascular smooth muscle cells (MARSDEN
et al. 1989; HicusmiTH et al. 1989; RESINK et al 1988; REYNoLDs et al. 1989;
VANRENTERGHEM et al. 1988; DANTHULARI and Brock 1998), cardiac myo-
cytes (VIGNE et al 1989; GALRON et al 1989), and glomerular mesangial cells
(SiMMMONSON et al. 1989; BADR et al. 1989a,b). PtdIns turnover has also been
demonstrated in intact tissues such as aorta (OHLSTEIN et al. 1989) and coro-
nary artery strips (Kasuva et al. 1989). Experiments with stably transfected
CHO cells demonstrate that both ET, and ETj receptors activate PLC
(AraMoRrI and NakaNisHI 1992). The pattern of PtdIns metabolites formed
after activation by ET depends on the phosphatase/kinase activities of target
cells (SimonsoN and DunN 1990a). ET receptors activate primarily the PLCf
isoform by both Gog- and Gfy-dependent mechanisms.

Activation of phospholipase C by ET produces at least two second mes-
sengers (Fig. 1): (i) the water soluble Ins(1,4,5)Ps;, which diffuses to specific
receptors on specialized compartments of the endoplasmic reticulum to
release intracellular Ca*"; and (ii) the neutral 1,2-diacylglycerol, which remains
in the plasma membrane and with cofactors Ca** and phosphatidylserine
activates protein kinase C (PKC). 1,2-Diacylglycerol can also be formed by
the phospholipase C-mediated hydrolysis of other phospholipids such as
phosphatidylcholine and phosphatidylethanolamine (REsINK et al. 1990a;
MacNutrry et al. 1990), but the exact role of this putative signaling pathway
remains unclear. ET-1 contractile signaling, as discussed below, is initiated
primarily by elevation of cytosolic Ca®, but the intensity of the contractile
response is modified by PKC.

IL. Ca* Signaling and ET-1-Induced Contraction

Ca® signaling is a nearly universal response to ET receptor activation
(PoLLock et al. 1995). Experiments in many laboratories have shown that ET-
induced Ca® signaling is surprisingly complex and utilizes multiple mecha-
nisms in concert to produce an integrated Ca® signal. For example, in
glomerular mesangial cells loaded with the fluorescent Ca®* indicator, fura-2,
ET isopeptides and sarafotoxin S6b evoke a biphasic increase in intracellular
free [Ca®] consisting of a rapid (2-5s) spike increase followed by a lesser but
sustained phase (SIMONSON et al. 1989, 1990; SiMonsoN and DuNN 1991). Lower
doses of ET-1 only stimulate a monophasic, sustained increase in [Ca*], con-
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Fig.1. Summary of the major post-receptor signals by which ET-1 stimulates contrac-
tion in muscle and non-muscle cells. ET-1 binds to a cognate G protein-coupled recep-
tor and activates phospholipase C (PLCp) mainly through the Gaq GTP binding
protein. PLC catalyzes formation of two soluble mediators: Ins(1,4,5)P; (InsP;) which
diffuses to specific receptors on specialized compartments of the endoplasmic reticu-
lum to release intracellular Ca?"; and1,2-diacylglycerol (DAG), which activates protein
kinase C (PKC). Cytosolic free [Ca*] is also elevated by influx of extracellular Ca**
through both receptor-operated or voltage-operated Ca®* channels. As described in the
text, both Ca®* and PKC regulate ET-1-induced contraction. Note that the specific
pathway involved can vary depending on the cell type and the specific contractile
response (i.e., vascular tone vs. cardiac contractility)

sistent with different Ca** signaling pathways coupled to distinct ET receptor
isoforms (SiMoNsoN et al. 1989; Simonson and DUNN 1991). Ca** signaling
induced by ET-1 requires conversion of big ET-1 to ET-1 (SiMmonsoN and
Dunn 1991), suggesting that mature ET-1 is constrained in an inactive con-
formation within the proET-1 molecule. The duration of the sustained phase
of Ca®* is especially pronounced with ET-1 and ET-2 (SiMoNSON and DuUNN
1991; SimonsoN et al. 1990), which might contribute to the prolonged con-
tractile activity of these ET isoforms. The peak increase in Ca®" is dose-
dependent with ET-2=ET-1>S6b>ET-3 (SiMmoNsoN and Dunn 1991; SiMoNsON
et al. 1990). Thus, ET isopeptides and sarafotoxins evoke similar elevations of
Ca* but with dissimilar potencies and kinetics. Two distinct but interconnected
mechanisms contribute to ET-1 induced increases in Ca**. ET peptides release
Ca’* from intracellular stores, presumably by the action of Ins(1,4,5)P3 to gate
a Ca® channel on specialized compartments of the endoplasmic reticulum
(BERRIDGE 1997). More importantly, as discussed below, ET increases Ca®*
influx from the extracellular space by activating multiple types of Ca® ion
channels in the plasma membrane.

III. Ca** Channels and ET-1

Ca’* influx occurs through two main classes of Ca®* channels (BERRIDGE 1997).
Voltage-operated calcium channels (VOC) are gated principally by depolar-
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ization of membrane potential, but Ca** conductance can be modulated
by receptors via diffusible second messenger systems or via G proteins.
Receptor-operated calcium channels (ROG) are a diverse set of channel pro-
teins ranging from Ca?*-selective voltage-insensitive channels to non-selective
cation channels capable of conducting Ca* ions. Although ROC remain poorly
characterized, they appear to be regulated by ligands, second messenger/
protein kinase systems, or by Ca®* itself. Current evidence demonstrates that
ET peptides activate both VOC and ROC to increase Ca*". Indirect evidence
of ROC activation by ET comes from the observations that vasoconstriction
or ET-mediated increases in Ca** are insensitive to dihydropyridine or pheny-
lalkylamine Ca** channel blockers (OHLSTEIN et al. 1989; D’ORLEANS-JUSTE
et al. 1989; EDWARDS et al. 1990; MiTsuHAsHI et al. 1989; KORBMACHER et al.
1989; StmpsoN and ASHLEY 1989; AUGUET et al. 1988; Boric et al. 1990; KiowskI
et al. 1991; WiLKEs et al. 1991). ET-1-induced Ca* signaling is also blocked by
a selective inhibitor of ROC (CHAN and GREENBURG 1991). Further evidence
for the involvement of ROC comes from studies utilizing Mn*" as a probe of
Ca*-permeable channels in mesangial cells (SiMoNsoN and DunN 1991),
medullary interstitial cells (WiLKEs et al. 1991), and A10 vascular smooth
muscle cells (Simpson et al. 1990).

Recent studies in cultured vascular smooth muscle cells demonstrate that
ET-1 activates at least two types of Ca*-permeable, non-selective cation
channels (IwaMuRo et al. 1998). Interestingly, the channels were differentially
activated by high (>10nmol/l) or low (<1 nmol/l) concentrations of ET-1. Addi-
tional studies in intact aortic rings show that Ca®* entry through these ROC is
required for smooth muscle contraction (ZHANG et al. 1998). These studies also
demonstrated that inhibition by nitric oxide of ET-1-induced contraction
resulted from inhibition of Ca®* entry through these ROC Ca® channels
(ZHaNG et al. 1998). The mechanism by which nitric oxide blocks ROC
activation is presently unknown, but these studies amplify the importance
of these Ca** channels in the physiological actions of ET-1 and control of
vascular tone.

It became clear early on, however, that VOC can also contribute to ET-
induced Ca** signaling (Fig. 1). For instance, in vascular smooth muscle vaso-
constriction and Ca®* signaling are reduced by dihydropyridine channel
blockers (HiGHsMITH et al. 1989; VANRENTERGHEM et al. 1988; VIGNE et al. 1989;
EpwaRrDs et al. 1990; StmpsoN and ASHLEY 1989; YANAGISAWA et al. 1988; Goto
et al. 1989; MADEDDU et al. 1990; MAHER et al. 1991). In humans nifedipine not
only blocks ET-induced vasoconstriction in the forearm but unmasks the
vasodilatory action of ET (KiowskI et al. 1991). But these results were puz-
zling as ET clearly failed to bind directly to L-type VOC (see above). Direct
measurements of Ca** conductance by patch-clamp techniques reveal that
ET-1indeed increases VOC activity but by an indirect, modulatory mechanism
(Goro et al. 1989; SILBERBERG et al. 1989; INOUE et al. 1990). In addition, ET-1
does not activate a partially purified, reconstituted VOC from porcine cardiac
muscle (NarroH et al. 1990). Although the molecular mechanism by which ET
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activates VOC remains unclear, in patch clamp experiments the ability of bath-
applied ET-1 in the cell attached mode to activate VOC strongly argues that
ET acts via a diffusible second messenger system (SILBERBERG et al. 1989;
INoUE et al. 1990). The ability of ET to modulate VOC activity has important
consequences for electrically excitable cells in the vasculature and nervous
system (MasakI et al. 1990). For instance, the ability of ET to increase VOC
potentiates excitation-contraction coupling in coronary artery strips when the
membrane is depolarized by high KCl, (Gorto et al. 1989).

IV. Unresolved Issues in ET-1 Ca** Signaling

There are still many issues regarding ET-induced Ca** signaling that remain
unresolved. For example, there is preliminary evidence that ET affects Ca*
signaling through mechanisms regulated by membrane depolarization but dis-
tinct from dihydropyridine-sensitive, L-type VSCC (RasMUSSEN and PRINTZ
1989; BLackBURN and HiGHsMITH 1990). There are also observations suggest-
ing that the major role of ET is to increase the sensitivity of pharmacome-
chanical coupling to Ca** (MarsauLr et al. 1990; RemBoLp 1990). It is also
possible that ET opens a non-selective cation channel in vascular smooth
muscle (VANRENTERGHEM et al. 1988), which in turn gates a VSCC similar to
arginine vasopressin in A7r5 cells (VANRENTERGHEM et al. 1989). Taken
together, these data suggest that multiple, interacting pathways of Ca®* influx
contribute to ET-induced vasoconstriction. Moreover, the coexistence or
tissue-specific expression of dihydropyridine-sensitive and -insensitive path-
ways of Ca” influx probably explains the divergent effects of Ca** channel
blockers on ET-induced vasoconstriction. In human mesangial cells and vas-
cular smooth muscle cells, ET also stimulates periodic oscillations of [Ca®*] fol-
lowing the spike increase (SIMONSON et al. 1990; Stmpson and AsHLEY 1989).
These oscillations are especially interesting in that they represent synchro-
nized Ca? signaling in a population of cells as opposed to the more commonly
observed oscillations of Ca*" at a single cell level (BERRIDGE and IRVINE 1990).
Similar Ca®* oscillations have been observed in monolayers of ciliated tracheal
epithelium (SANDERSON et al. 1988) and cardiac trabeculae (MULDER et al.
1989), and it seems likely that Ca®* oscillations by ET recruit a local popula-
tion of cells to function as a syncitium (SIMONSON et al. 1990). It is also impor-
tant to note that at least three mechanisms have been proposed to
down-regulate ET-induced Ca®* signaling including protein kinase C-mediated
attenuation of Ca?* signaling, protein-kinase C-independent desensitization by
ET ligands, and an ET-dependent Ca*" efflux pathway (SiMoNsoN and DUNN
1991).

V. PKC and ET-1-Induced Contraction

Although a role for protein kinase C in ET-induced biological events remains
unclear, accumulating evidence suggests that protein kinase C mediates both
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short- and long-term events. In cultured cells ET rapidly stimulates a dose-
dependent, sometimes biphasic increase in 1,2 diacylglycerol that remains ele-
vated for 20 min or longer (DANTHULURI and Brock 1990; REsINK et al. 1990a;
GRIENDLING et al. 1989; LEE et al. 1989; MULDOON et al. 1989, 1990; SUNAKO et
al. 1990). Phosphorylation of an 80-kDa protein kinase C target increases
rapidly after addition of ET to vascular smooth muscle cells, and down-
modulation of protein kinase C with phorbol esters attenuates ET-induced
phosphorylation (GRIENDLING et al. 1989). In addition, fractionation of a
Ca*/phospholipid-dependent histone phosphorylation activity is consistent
with translocation of protein kinase C from the cyotsol to plasma membrane
(LEE et al. 1989). Activation of protein kinase C serves as an important nega-
tive feedback signal decreasing phospholipase C activity (MULDOON et al.
1990; ResINK et al. 1990b) and Ca** signaling by ET peptides (StMoNsoN and
DUNN 1991; S1MONSON et al. 1990; MULDOON et al. 1990). Protein kinase C acti-
vation also appears to mediate, in part, the tonic contraction of vascular
smooth muscle cells to ET (DANTHULURI and Brock 1990; SuGIURA et al. 1989;
Kobpama et al. 1989). These observations are consistent with the view that
protein kinase C mediates tonic vasoconstriction in the intact vasculature
(BERK et al. 1988; RasMUSSEN et al. 1987). The role of protein kinase C in ET-
mediated renal vasoconstriction remains unclear. Indirect evidence also impli-
cates protein kinase C in the promitogenic response to ET peptides (SIMONSON
and DUNN 1990a; YaNaGIsawa and Masaki 1989; VIGNE et al. 1990), and down-
modulation of protein kinase C in Rat-1 fibroblasts nearly abolishes the
mitogenic response to ET (MULDOON et al. 1990).

C. Genomic Signaling by ET:
Cell Growth and Development

In contrast to cytosolic signals that regulate contraction, ET-1 post-receptor
signals also control differential expression of genes. The first evidence that ET
regulates gene expression came from the unexpected discovery that ET-1 is a
mitogen for vascular smooth muscle and mesangial cells in culture (SIMONSON
et al. 1989; BADR et al. 1989a; Komuro et al. 1988). In most cells the increase
in DNA synthesis precedes an increase in cell number (i.e., hyperplasia), but
in some cells a hypertrophic response ensues (see BATTISTINI et al. 1993 for
review). Although first demonstrated in mesangial and vascular smooth
muscle cells, it is now clear that the mitogenic effects of ET-1 are widespread
and occur in fibroblasts, epithelial cells, endothelial cells, osteoclasts, and sub-
populations of glial cells (BattisTIN et al. 1993). ET-1-induced proliferation is
regulated by commonly used cell cycle genes including cyclin D1 and the
retinoblastoma gene product (TERADA et al. 1998).

Another important area of genomic signaling by ET-1 involves normal
embryonic development of neural crest cell lineage. Studies with targeted
deletions of ET system genes in mice demonstrate that ET-1/ET, signals direct
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the complex process of craniofacial and aortic arch patterning altering dif-
ferentiation of postmigratory cardiac neural crest cells (see Chap. 6). Gene
targeting of the ET-3/ETy axis demonstrates of role for these signals in
differentiation of epidermal melanocytes and enteric neurons in the distal gut.
As discussed below, relatively little is known about the ET post-receptor
signals regulating these events.

I. Mitogenic Signaling by ET

Accumulating evidence suggests that ET-1 is an important mitogen in vivo,
and the major pathways involved in ET-1 mitogenic signaling are illustrated
in Fig. 2. Elevated secretion of ET-1 is a hallmark of fibroproliferative car-
diovascular, pulmonary, and renal diseases such as atherosclerosis, glomeru-
losclerosis, coronary artery restenosis, transplantation-associated vascular
sclerosis, and heart failure (SiMoNsoN 1993; Sakar et al. 1996; KoHAN 1997) (see
Chaps. 11-19). A functional role in these disorders is demonstrated by the
ability of ET receptor antagonists to block smooth muscle cell proliferation
and neointima formation in restenosis and atherosclerosis; mesangial cell pro-
liferation in glomerulonephritis; and myocardial hypertrophy and fibrosis in
cardiac failure (Sakar et al. 1996; BENNIGNI et al. 1993, 1996; DoucLas et al.
1994; LERMAN et al. 1991; GIAD et al. 1993; FERRER et al. 1995). A unique trans-
genic rat model has been established in which renal ET-2 expression is greatly

v / v

Mitogenic Anti-Apoptotic
Signals Survival Signals

Fig.2. Pathways of mitogenic signaling by ET-1. Binding of ET-1 to either ET, or ETp
receptors stimulates at least two major signaling pathways that control cell growth.
Activation of Src and Ras leads to stimulation of ERK1,2, which then activates tran-
scription of genes (i.e., immediate early genes) required for cell cycle progression. In
the other pathway, activation of phosphatidylinositol 3-kinase (PI 3K) initiates a
pathway involving PDK and the Akt/PKB kinase. The PI 3K pathway in other cells is
linked to both anti-apoptotic, survival events and to induction of cell cycle genes.
However, events downstream of PI 3K have not been characterized in ET-1-treated
cells
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elevated in glomeruli (HocHER et al. 1996a). In these rats glomeruli develop
extensive glomerulosclerosis with mesangial matrix expansion and apparent
increases in mesangial cell proliferation. Transgenic mice that overexpress
ET-1 develop pronounced glomerulosclerosis and interstitial fibrosis (HocHER
et al. 1996b). The experiments summarized above have been performed so far
only in animal models, but every indication suggests that ET-1 plays a similar
role in humans.

In contrast to attention paid to growth stimulation by ET-1, relatively little
research has focused on feedback mechanisms that counterbalance ET-1-
induced mitogenesis in vitro or in vivo. ET-1 activates atrial natriuretic peptide
(ANP) release from cardiac myocytes, and these peptides potently antagonize
ET-1-induced contraction (FukaDa et al. 1988; Hu et al. 1988; SaNDOK et al.
1992). ANP also inhibits ET-1-stimulated growth of vascular smooth muscle
cells and glomerular mesangial cells in culture (SiMONsON 1993; NEUSER et al.
1990), but it is not yet clear how or whether release of ANP by cardiac
myocytes would antagonize ET-1-stimulated vascular cell growth in periph-
eral vessels. Nitric oxide (NO) is another candidate for a physiologically rele-
vant counterbalance to ET-1-stimulated vascular cell growth. ET-1 potently
activates NO release by endothelial cells, which in turn antagonizes ET-1-
induced vasoconstriction in vivo and cell growth in culture (SiMoNsoN 1993)
(see Chap. 11). cGMP is most likely the common mediator of the anti-
mitogenic actions of both ANP and NO. However, given the short half-life
of NO, it is uncertain whether NO would effectively regulate ET-1-induced
mitogenesis in vivo.

Retinoic acid is another candidate inhibitor of ET-1-induced cell growth
in vivo. In cultured glomerular mesangial cells, retinoic acid completely
inhibits [*H]thymidine uptake in response to ET-1 (SiMoNsoN 1994), and in
cardiac myocytes retinoic acid inhibits hypertrophy and changes in gene
expression associated with ET-1 expression and cardiac failure (Zuou et al.
1995; Wu et al. 1996). It is not yet clear how retinoic acid blocks ET-1-
stimulated cell growth, but retinoic acid does block activation of the AP-1
transcription factor by ET-1 (SmMonsoN 1994). AP-1 is activated by most
growth factors, and AP-1 cis-elements are found in several genes associated
with cell cycle progression.

Given the mitogenic actions of ET-1, it is perhaps not surprising that
ET-1 has also been implicated in oncogenesis and cancer. Anchorage-inde-
pendent growth of cells in culture is a hallmark of the transformed phenotype.
Early studies revealed that ET-1 potentiates anchorage-independent growth
of Rat-1 fibroblasts and NRK 49F cells in the presence of epidermal growth
factor (MuLDOON et al. 1990; KusuHARA et al. 1992). The ability of ET-1 to
increase anchorage-independent growth and mitogenesis requires active
protein kinase C.

Several studies implicate ET-1 in the development of human tumors. Cells
derived from human tumors — particularly tumors of the breast, pancreas,
colon, and prostate — secrete abundant amounts of ET-1 (KusuHara et al.
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1990; KAR et al. 1995; NeLsoN et al. 1995). Circulating levels of ET-1 are ele-
vated in patients with hepatocellular carcinoma and metastatic prostate cancer
(KAR et al. 1995; NeLson et al. 1995). ET-1 derives not only from the exten-
sive tumor vasculature but also from transformed cells themselves (KARr et al.
1995; NELSON et al. 1995). At least two roles have been envisioned for ET-1 in
the growth and survival of neoplasms. First, ET-1 is a mitogen for several
cancer cell lines and might increase tumor growth in an autocrine fashion or
stromal cell growth by a paracrine mechanism. Second, ET-1 might also par-
ticipate in the osteoblastic response of bone to metastatic prostate and other
cancers (NELSON et al. 1995).

Collectively, the experiments summarized above suggest that ET-1 plays
an important role in adaptive proliferative responses in cardiovascular and
renal disease, and in cancer. Investigation of the signals by which ET-1 evokes
the G, to G; cell cycle transition has become the major model to study how
ET-1 regulates gene expression. Several signaling cascades — including
mitogen-activated protein kinases (MAPK), non-receptor protein tyrosine
kinases (PTK), and phosphatidylinositol-kinase (PI 3K) — have been impli-
cated in mitogenic signaling by ET-1 and are discussed in detail later in this
chapter. ET-1 serves as an important model for mitogenic signaling by other
growth factors that bind to the general class of G protein-coupled receptors
(VAN BIESEN et al. 1996).

1. ET-1 and MAPK Cascades

The mitogen-activated protein kinase cascades (MAPK) play a pivotal role in
mitogenic and non-mitogenic signaling by ET-1 (Force 1998). Mammalian
cells have at least five conserved MAPK signaling cascades that convert short-
term, transmembrane signals into long-term phenotypic events requiring tran-
scription (LEWISs et al. 1998). MAPK pathways include the mitogenic ERK1/2
cascade, the stress-activated JNK and p38 MAPK cascades, and two poorly
understood pathways, the ERK3 and ERK 5 cascades. MAPK pathways are
typically organized into a “three kinase architecture” consisting of an MAPK,
an MAPK activator (MAPK kinase,i.e., MEK), and an activator of the MAPK
kinase (MAPK kinase kinase, i.e., Raf). Signals are transmitted by sequential
phosphorylation and activation of components specific to an MAPK cascade,
for example, Raf activating MEK, which in turn activates ERK1/2 (LEwis et
al. 1998).

ET-1 is a potent and sustained activator of ERK1/2 (Fig. 2). ERK1/2 is
activated by ET-1 in numerous cell types including glomerular mesangial cells
(WANG et al. 1992), cardiac myocytes (BoGOYEVITCH et al. 1994; FULLER et al.
1997), and smooth muscle cells (WHELCHEL et al. 1997). ET-1 induces rapid
activation of ERK1/2 phosphorylation; ERK1/2 remains activated for at least
15-20 min. Activation of ERK1/2 by ET-1 is not inhibited by pertussis toxin
and most likely occurs through Gaq (WANG et al. 1992). Both ET, and ETy
receptors can activate the ERK1/2 cascade (WANG et al. 1994), and the mech-
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anisms by which ET receptors induce MAPK have recently been reviewed
(Force 1998).

A functional role for ERK1/2 in ET-1-induced mitogenesis has recently
been demonstrated using MKP-1 (MAPK phosphatase-1), which dephospho-
rylates and inactivates ERK1/2 (LEwis et al. 1998). When ectopically expressed
in cardiac myocytes, MKP-1 attenuated ET-1-induced hypertrophy and tran-
scriptional activation of genes linked to hypertrophy (FULLER et al. 1997). A
catalytically inactive MKP-1 mutant failed to block ET-1-induced hypertro-
phy. Further evidence for ERK1/2 in ET-1 mitogenic signaling comes from
experiments with an inhibitor of the MAPK activator MEK. PD98059 blocks
ERK1/2 in airway smooth muscle cells and also inhibits ET-1-induced prolif-
eration (WHELCHEL et al. 1997). Similar studies in cardiac myocytes show that
PD98059 blocks ET-1-stimulated hypertrophy. Taken together, these experi-
ments provide strong evidence that ERK1/2 link ET-1 receptors to transcrip-
tional activation of gene involved in cell cycle regulation.

Accumulating evidence also suggests a role for JNK and p 38 MAPKs in
regulation of cell growth by ET-1. ET-1 is unusual in that it activates both JNK
(CADWALLER et al. 1997; IsoNo 1998; Araki et al. 1997; CHOUKROUN et al. 1998)
and p38 (CLERK et al. 1998) in addition to ERK1/2. Force and coworkers have
conclusively demonstrated a role for JNK in ET-1-induced cardiac myocyte
hypertrophy (CHOUKROUN et al. 1998). Dominant negative mutants of the JNK
activator protein specifically blocked ET-1 induced hypertrophy without
blocking activation of ERK1/2 or p 38 by ET-1. Thus multiple MAPK path-
ways might contribute to ET-1-induced cell growth in these cells. P38 MAPK
is not linked to the immediate induction of hypertrophy in myocyctes but
might be necessary over a longer period to maintain the hypertrophic response
(CLErK et al. 1998).

2. ET and Non-Receptor Protein Tyrosine Kinases in Mitogenic Signaling

When our laboratory and others began investigating transduction of signals
from ET-1 receptors to the nucleus, one question stood out: do ET-1 receptors
activate PTKs, and if so how do these kinases propagate signals to the nucleus?
This question was intriguing because at the time it was well-established that
most receptors associated with phenotypic control (i.e., growth and/or differ-
entiation) required PTK activity (CANTLEY et al. 1991). Receptors for platelet-
derived growth factor and related growth factors have intrinsic PTK activity
that phosphorylates specific tyrosine residues on downstream effectors
required for mitogenic signaling (i.e., phosphatidyl inositol-3-kinase, ras GAP,
phospholipase Cy, and Raf-1). Some of these effectors are themselves PTKs
that set in motion a complicated cascade of PTK signaling. Even cytokine
receptors, which lack intrinsic PTK activity, were known to recruit non-
receptor PTKs such as JAK (Janus kinases) or c-Src to propagate signals to
the nucleus. Although two early studies suggested that G protein-coupled
receptors might somehow activate PTKs (HuUckLE et al. 1992; NasmiTH et al.
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1989), is was generally unclear whether G protein-coupled receptors commu-
nicated with PTKs.

The first suggestion that ET-1 activates PTKs was the finding that ET-1
elevates tyrosine phosphorylation (P-Tyr) of cellular proteins. When added to
quiescent cells, ET-1 increases P-Tyr of several proteins in whole cell lysates
of mesangial cells, fibroblasts, and vascular smooth muscle cells (Forck et al.
1991; StmonsoN and HERMAN 1993; ZAcHARY et al. 1991a, 1992; WEBER et al.
1994; SiMonsoN et al. 1996a). The increase in P-Tyr is apparently biphasic:
between 5-10min after adding ET-1 two to three proteins demonstrate
increased P-Tyr, whereas by 20min six to eight additional proteins show ele-
vated P-Tyr (SmmonsoN et al. 1996a). The P-Tyr proteins increased by ET-1
show a surprising degree of cell specificity, although proteins around pp60kDa,
pp90, pp125, and pp225 are commonly observed. In mesangial cells, the bipha-
sic time course of ET-1-stimulated P-Tyr accumulation contrasts with the rapid
and transient induction of P-Tyr by platelet-derived growth factor (SiMoNsoON
et al. 1996a), suggesting that different mechanisms are involved. It is impor-
tant to note that ET-1 stimulates accumulation of P-Tyr proteins with molec-
ular mass similar to P-Tyr proteins that accumulate after treatment with
platelet-derived growth factor and epidermal growth factor (Forck et al. 1991;
SiMoNsoON et al. 1996a), whose receptors possess intrinsic PTK activity. These
results imply that ET-1 receptors target many of the same P-Tyr downstream
effectors utilized by receptor PTKs.

Focal adhesions are intracellular, oligomeric complexes of proteins that
form when integrin receptors link components of the extracellular matrix to
cytoskeletal elements. Focal adhesions are a particularly rich source of P-Tyr
proteins that regulate cell cycle, and P-Tyr of focal adhesion proteins is com-
monly observed following addition of growth factors that bind to receptor
PTKs (RicHARDSON and PARsONS 1995). Immunocytochemical analysis of P-
Tyr proteins in quiescent mesangial cells reveals a marked increase in focal
adhesion by P-Tyr proteins in cells treated with mitogenic concentrations of
ET-1 (SMonsoN et al. 1996a). Consistent with activation of focal adhesion
proteins by growth factors, ET-1 also increases actin stress fiber formation
(SiMonsoN and DunN 1990b). ET-1 stimulates P-Tyr of the focal adhesion-
associated protein paxillin (ZACHARY et al. 1993). Paxillin is a 68-kDa protein
that binds to the actin-capping protein vinculin in focal adhesions, and it is a
major P-Tyr protein in cells transformed with v-src or subjected to integrin
activation (RiICHARDSON and Parsons 1995). These results suggest that P-Tyr
of paxillin might play an important role in cell cycle control by ET-1. Other
focal adhesion-associated proteins that are P-Tyr in ET-1-treated cells have
yet to be identified.

ET-1 also elevates P-Tyr in cytoplasmic proteins (SIMONSON et al. 1996a).
With the exception of c-Src and focal adhesion kinase (FAK) (see below), the
specific cytosolic proteins that display elevated P-Tyr following ET-1 are
unknown. This is an important gap in our current knowledge of mitogenic
signaling by ET-1.
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P-Tyr can occur by increasing PTK activity or by reducing PTPase activ-
ity. It is also possible that growth factors increase both PTK and PTPase
activity resulting in differential P-Tyr of specific substrates. To determine if
ET-1-stimulated P-Tyr results from PTK activity, PTKs have been immunopre-
cipitated in ET-1-treated cells using anti-P-Tyr antibodies (i.e., almost all PTKs
are themselves P-Tyr proteins). Using this technique, it was found that ET-1
does indeed increase PTK activity (ZAcHARY et al. 1991a,b; SiMONSON et al.
1996a). The time course of activation was biphasic and paralleled accumula-
tion of P-Tyr proteins observed in concurrent experiments (SIMONSON et al.
1996a). The important question of whether ET-1 also increases PTPase activ-
ity has not yet been addressed. However, as discussed in the next section, we
have made some progress identifying specific PTKs activated by ET-1.

To identify specific PTKs activated by ET-1 receptors, immunoprecipita-
tion/in vitro kinase assays were used with antisera for different families of
PTKSs. Most PTKs can be grouped into one of three families: receptor PTKs
in the plasma membrane (e.g., platelet-derived growth factor receptor), non-
receptor PTKs attached to the plasma membrane (e.g., c-Src, c-Yes), and
diffusable PTKs (e.g., Janus kinases, FAK). Attention initially focused on non-
receptor PTKs attached to the plasma membrane (i.e., c-Src) because of their
close proximity to ET-1 receptors.

The first evidence that ET-1 activates a specific non-receptor PTK was the
finding that ET-1 increases pp60 c-Src activity in quiescent mesangial cells
(SmmonsoN and HERMAN 1993; Force and BONVENTRE 1992). Immunoprecipi-
tation/in vitro kinase assays with anti-v-Src antibodies revealed rapid activa-
tion of c-Src autophosphorylation and PTK activity by ET-1. Mesangial cells
also express the Src family member c-Yes, but c-Yes activity is unaffected by
ET-1, suggesting that activation of Src-family kinases is tightly regulated (M.S.
Simonson et al., unpublished; SiMoNsoN and HERMAN 1993). Autophosphory-
lation of c-Src, which typically accompanies c-Src activation, was rapid and
transient whereas Src PTK activity was sustained (SiMonNsoN and HERMAN
1993). The dose-response curve for ET-1 stimulated c-Src activity was identi-
cal to that for ET-1-stimulated mitogenesis. Depending on the cell type, both
ETa (SmvmonsoN and HerMAN 1993) and ETg (M.S. Simonson and W.H.
Herman, unpublished results) receptors stimulate c-Src activity. These exper-
iments were among the first to demonstrate cross-talk between a G protein-
coupled receptor and a non-receptor PTK.

Relatively little detailed information is known about signaling mecha-
nisms that link ET-1 receptors to c-Src. Increased c-Src activity in ET-1-
stimulated cells requires Ca** influx but is apparently independent of protein
kinase C. Activation of protein kinase C by phorbol ester increases P-Tyr accu-
mulation, suggesting that protein kinase C-dependent pathways can activate
PTKSs. However, inhibition or depletion of protein kinase C has no effect
on P-Tyr accumulation in ET-1-treated mesangial cells (FOrce et al. 1991;
SiMonsoN and HermaN 1993). In contrast, the Ca** ionophore, ionomycin,
mimics ET-1-stimulated PTK activity, which is also inhibited by chelation of
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extracellular Ca> influx (SIMONSON et al. 1996a). Similar dependence on Ca**
influx is also observed for ET-1-stimulated c-Src activation in mesangial cells
(SiMoNsoON et al. 1996a). Ca**-dependent activation of c-Src in mesangial cells
is reminiscent of Ca*-activated c-Src in a genetic program of differentiation
in keratinocytes (ZHAo0 et al. 1992). Although the available evidence point to
Ca*-dependent activation of c-Src by ET-1 receptors, the mechanisms and
Ca?**-dependent effectors involved have been difficult to identify.

Another PTK activated by ET receptors is FAK (ZAcHARY et al. 1992;
HANEDA et al. 1995), a p125kDa cytosolic PTK that forms stable complexes
with c-Src and is a major P-Tyr protein in v-src transformed fibroblasts. It is
unknown whether ET-1-activated c-Src is responsible for activation of FAK;
in addition, unlike activation of c-Src by ET-1, activation of FAK requires
protein kinase C (HANEDA et al. 1995). The role of FAK in mitogenic
signaling has not been characterized in detail, but recent experiments with a
dominant negative FAK mutant suggest that FAK is required for anchorage-
dependent growth of fibroblasts (RICHARDSON and Parsons 1996). Given the
potential importance of FAK in cell cycle control, FAK is an attractive target
PTK activated by ET-1.

Simply demonstrating that ET-1 receptors activate PTKs is not evidence
that the PTKSs function in nuclear signaling by ET-1. Relatively selective PTK
inhibitors (i.e., genistein, herbimycin A) block ET-1-induced c-fos mRNA
induction and mitogenesis in mesangial cells (SiMoNsoN and HERMAN 1993).
These results are consistent with a role for PTKs in ET-1 nuclear signaling,
but these inhibitors block a variety of PTKs and might also have non-specific
effects that are difficult to detect. Thus the results with PTK inhibitors need
to be corroborated by techniques that are more specific for particular families
of PTKs.

To inhibit specifically c-Src activity, we used a dominant negative c-Src
mutant (Src K-) in which the conserved lysine residue (Lys 295) in the ATP-
binding kinase domain is mutated to methionine (TWAMLEY-STEIN et al. 1993;
RocHE et al. 1995). In Src K-, the domains that link c-Src to upstream and
downstream effectors, the SH2 and SH3 domains, are wild type whereas the
domain responsible for phosphorylating effectors, the kinase domain, is inac-
tive. Thus Src K- can interact with proteins that contribute to Src signaling but
cannot transduce signals by phosphorylation. Overexpression of Src K- can in
theory titrate the action of endogenous c-Src and function as a dominant
negative mutant (Herskowrrz 1987). Indeed Courtneidge and coworkers
(TwAMLEY-STEIN et al. 1993; RocHE et al. 1995) have shown that Src K- blocks
gene expression and cell growth induced by platelet-derived growth factor,
which convincingly establishes a role for c-Src in some pathways of nuclear
and mitogenic signaling.

Co-transfection of mesangial cells with a plasmid expressing Src K-
blocked activation of the c-fos promoter by ET-1 whereas a plasmid express-
ing wild type Src K+ had no effect (SiMoNsoN et al. 1996b). By using point
mutants of the c-fos promoter we determined that ET-1 requires at least two
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cis-elements to activate the promoter: the serum response element and the
Ca”/cAMP response element (SIMONSON et al. 1996b). The ET-1—c-Src signal-
ing pathway apparently targets the serum response element but not the
Ca®/cAMP response element, suggesting a divergence of the pathway
upstream of Src (SIMONSON et al. 1996b).

To obtain independent evidence that c-Src propagates an ET-1 signal to
the nucleus, we transfected mesangial cells with a plasmid expressing COOH-
terminal Src kinase (Csk), which phosphorylated the COOH-terminal tyro-
sine in Src (i.e., Tyr 527) and repressed Src activity (SABE et al. 1992). Gene
targeting studies with Csk™~ mice recently confirmed that Csk negatively reg-
ulates c-Src in vivo (IMamoTo and Soriano 1993). We found that overexpres-
sion of Csk also blocked activation of the c-fos promoter by ET-1 (SimoNsoN
et al. 1996b), consistent with a role for c-Src in ET-1 nuclear signaling. One
caveat in interpreting the results with Src K- and Csk is that both proteins
probably also inhibit closely related members of the Src family of PTKs such
as Yes and Fyn. Thus it is difficult to rule out formally involvement of other
Src-related kinases in ET-1 nuclear signaling. However, we have been unable
to demonstrate activation by ET-1 of other Src family kinases expressed in
mesangial cells (i.e., c-Yes). Taken together, the results with Src K- and Csk
support a role for c-Src in induction of the c-fos immediate early gene by
ET-1. The results also suggest a wider role for non-receptor PTKs in nuclear
signaling by G protein-coupled receptors. It is important to note that a similar
approach was recently used to support a role for Src in endothelin-induced
hypertrophy in cardiac myocytes (Kovacic et al. 1998). Thus ET-1-Src interac-
tions are important in a variety of cell systems in which ET-1 differentially
regulates gene expression.

We are now in a position to suggest some working models of how Src and
other PTKs function in ET-1 signaling. First, ET-1-activated Src apparently
sends signals to Ras, which in turn transmits signals to a variety of Ras-
dependent effectors of gene expression such as the Raf-1/MAPK cascade.
Second, accumulating evidence suggests that Src potentiates activation of the
phosphoinositide (PI) cascade by ET-1, which by virtue of elevating intra-
cellular free [Ca®); and activating protein kinase C induces new patterns of
gene expression.

In addition to activating c-Src, ET-1 also activates p21 Ras in mesangial
cells, and expression of a dominant negative Ras mutant (Asnl7 c-Ha-Ras)
blocks activation of the c-fos promoter by ET-1 (HERMAN and SiMONSON 1995).
c-Src acts upstream of c-Ras in the same ET-1 signaling pathway as dominant
negative Ras blocks Src activation of the c-fos promoter but dominant nega-
tive Src mutants fail to block activation by Ras (SiMonson et al. 1996b;
HerMaN and SiMonson 1995) (Fig. 1). Similar to systems in which Src func-
tions upstream of Ras, ET-1-activated Src probably stimulates Ras by pro-
moting P-Tyr and Grb2 association of the Shc adapter protein (CazAUBON
et al. 1994). The ability of ET-1 to activate Ras undoubtedly accounts for the
potent stimulation of p42,44 MAPK by ET-1 (WANG et al. 1992). Activation of
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a Src-Ras signaling cassette by ET-1 probably contributes to induction of
genes in addition to c-fos.

Compelling evidence also points to a role for Src in the unusually
extended activation of the PI cascade by ET-1. The PI cascade and its two
major effectors, [Ca*']; and protein kinase C, are critical for ET-1 signal trans-
duction. The ET-1-stimulated PI cascade is greatly amplified in fibroblasts
transfected with v-Src (MATTINGLY et al. 1992). The ability of Src to increase
P-Tyr and activity of G,/Gy; G protein o subunits, which mediate ET-1 stimu-
lation of phospholipase Cf3 (see Stmonson 1993 for review), accounts for much
of the potentiation of the PI cascade by Src and ET-1 (L1u et al. 1996). In fact,
the ability of ET-1-Src to activate the same G protein ¢ subunit that couples
to ET-1 receptors provides a general mechanism for amplifying ET-1 signal
transduction. Several other proteins relevant to nuclear signaling directly asso-
ciate with c-Src and are tyrosine phosphorylated: phosphatidyl inositol-
3-kinase, ras GAP, phospholipase Cy, and Raf-1 (BRownN and Cooper 1996;
CoURTNEIDGE et al. 1993). It remains to be determined if these effectors par-
ticipate in ET-1-Src signaling pathways.

3. ET and Survival, Anti-Apoptotic Signaling

Growth factors can increase cell growth by stimulating cell cycle progression
or by inhibiting apoptosis, the controlled disassembly of a cell. Apoptosis con-
trasts with necrosis, which usually results from a severe cell insult and results
in emptying of cell contents into the microenvironment resulting in inflam-
mation. When apoptosis occurs correctly in normal physiology, the whole
organism is not affected. However, dysregulation of apoptosis is observed in
many pathophysiological states involving either premature cellular degenera-
tion (neurodegeneration) or escape from normal inhibitory constraints on the
cell cycle and hyperproliferation (i.e., cancer). Recent evidence from several
laboratories suggests that ET-1 is a potent antiapoptotic peptide that promotes
growth of vascular smooth muscle cells by inhibiting normal apoptotic con-
straints on the cell cycle (Fig. 2).

ET-1 blocks apoptosis in cultured vascular smooth muscle cells (Wu-
WonG et al. 1997), endothelial cells (ScHicHIRI et al. 1997), and fibroblasts
(ScHicHIrT et al. 1998). ET-1 attenuates apoptosis induced by paclitaxel (an
anticancer agent that causes apoptosis) in smooth muscle cells whereas in the
same experiments angiotensin II did not inhibit apoptosis (Wu-WoNG et al.
1997). Binding of ET-1 to ETg receptors in endothelial cells protects against
apoptosis in serum-free medium (ScHICHIRI et al. 1997), and in fibroblasts
ET-1 protected against c-myc-induced apoptosis (ScHICHIRI et al. 1998). In a
particularly important finding, it appears that the antiapoptotic effect of
ET-1 contributes adversely to vascular remodeling in vivo (SHARIFI and
ScuirrrIN 1997). ET4 receptor antagonists enhance vascular cell apoptosis in
the rat model of deoxycorticosterone acetone-salt hypertension, suggesting
that the antiapoptotic actions of ET-1 contribute to growth and remodeling in
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vivo of vascular cells in hypertension. It seems likely that the paracrine/
autocrine antiapoptotic actions of ET-1 function in concert with the growth
factor actions to stimulate compensatory growth of vascular cells in response
to injury. However, additional experiments are clearly needed to determine
whether the antiapoptotic effect of ET-1 contributes to vascular remodeling
in other systems.

At present, little is known about the molecular mechanisms of anti-
apoptotic signaling by ET-1. The viability of many cells requires a constant or
intermittent survival signal conveyed by growth factors or cytokines. In the
absence of these apoptosis-suppressing signals, cells may undergo apoptosis.
A recently described model for antiapoptotic signaling suggests that growth
factors activate PI 3kinase (phosphatidylinositol 3-kinase), which stimulates
a signaling pathway involving Akt/PKB and the bcl-2 family member Bad
(FrRANKE et al. 1997). Activation of this pathway causes Bad phosphorylation,
sequestration of Bad in the cytosol by a 14-3-3 protein and inhibition of apop-
tosis. When the survival signals are absent, the phosphorylation state of Bad
shifts to the dephosphorylated form with subsequent stimulation of caspases
and apoptosis. Several groups have shown that ET-1 activates PI 3kinase
(SuGawaRra et al. 1996; FoscHi et al. 1997; Su et al. 1999; Suzuki et al. 1999),
and blockade of PI 3kinase blocks growth in cells stimulated by ET-1
(SucawaRra et al. 1996; Suzuki et al. 1999). To our knowledge, however, effects
of ET-1 downstream of PI 3kinase have not been investigated (see Fig. 2).

II. ET Post-Receptor Signals in Development and Differentiation

Gene targeting experiments have firmly established that ET peptides regulate
gene expression in development and differentiation of several tissues, partic-
ularly in cells derived from the neural crest (see Chap. 6). Targeted disruption
of the ET-1 gene in mice causes massive malformation of pharyngeal arch-
derived craniofacial tissues and organs (KURTHARA et al. 1994; YANIGASAWA et
al. 1998a). ET-1"" mice suffer anoxia and die at birth from respiratory failure.
The phenotypic hallmarks are craniofacial abnormalities in the mandible,
zygomatic and temporal bones, tympanic rings, hyoid, thyroid cartilage, tongue,
and in soft tissues of the neck, palate, and ears (KURIHARA et al. 1994). All of
these cells derive from the pharyngeal arches, which in turn derive primarily
from neural crest ectomesenchymal cells. Thus the ET-1 and ET4 genes direct
differentiation of neural crest-derived cells that form craniofacial develop-
mental fields. ET-1 knockout mice also display abnormal development of
the thyroid, thymus, heart and great vessels (YANIGasawa et al. 1998a;
KuRriHARA et al. 1995). The molecular mechanisms and genes responsible for
the developmental abnormalities in ET-1 knockout mice are unclear.

Gene targeting studies of the ET-3 and ETy genes in mice reveal a require-
ment for normal development and migration of neural crest cells to the enteric
nervous system (myenteric ganglion neurons) and skin (i.e., epidermal
melanocytes). The lack of myenteric ganglion neurons and epidermal
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melanocytes results in aganglionic megacolon and coat color spotting, respec-
tively. These mutations do not complement in crossbreeding studies (Hosopa
et al. 1994), suggesting that both ET-3 and ETy are required (Hosopa et al.
1994). These findings in mice apparently have important implications in
humans. Mutations in human ET-3 or ETy genes predispose afflicted individ-
uals to the genetic disorder of Hirschsprung’s disease and similar neuro-
cristopathies (PUFFENBERGER et al. 1994; CHAKRAVARTI 1996). The major
phenotype in Hirschsprung’s disease is a lack of enteric neurons in the colon
leading to megacolon and a lack of melanocytes leading to abnormal pig-
mentation. ET-3 is a potent mitogen for early neural crest cell precursors, the
majority of which give rise to melanocytes (LAHAV et al. 1996). In patients with
Hirschsprung’s disease, a G to T missense mutation in EDNRB exon 4 sub-
stitutes the highly conserved Trp-276 residue in the fifth transmembrane helix
of the receptor with a Cys residue that renders the receptor less sensitive to
ligand activation (PUFFENBERGER et al. 1994; CHAKRAVARTI 1996).

Relatively little is known regarding ET-1 signaling and differentiation and
development (Fig. 3). One of the most interesting aspects of ET differentia-
tion signaling is that ET-1/ETA and ET-3/ETB signaling function indepen-
dently (Yanacisawa et al. 1998b). The independence of these signaling cascade
was demonstrated by targeted disruption of the endothelin converting
enzyme-1 gene. The goosecoid gene is depleted in the pharyngeal arch of ET s-
null mice, suggesting that this transcription factor is downstream of ET, post-
receptor signals (CLOUTHIER et al. 1998). However, a functional role for
goosecoid in ET-1 signaling remains to be shown, and the mechanisms by
which ET, receptors induce goosecoid are unknown. Preliminary evidence
suggests a role for the basic helix-loop-helix transcription factor dHand in the

ET-1 ET-3

ETp ETg

/ ]

\ () ?
Craniofacial/Cardiac Melanocyte
Development Enteric Neuron
Development

Fig.3. Independent pathways of developmental signaling by ET. ET-1/ET, and
ET-3/ET; activate independent signaling cascades leading to different steps in devel-
opment of neural crest cells. The post-receptor signals are poorly understood, but the
ET-1/ET4 axis apparently involves the goosecoid transcription factor and a cascade
involving the dHand transcription factor and the Msx1 homeobox gene
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ET-1/ET, signaling axis (THoMAS et al. 1998). dHand is down-regulated in the
branchial and aortic arches of ET-17~ mice. A homeobox gene, Msx1, is also
apparently downstream of ET-1 and dHand (THomMas et al. 1998), but again a
functional role in ET-1 signaling is at present lacking (Fig. 3).

Preliminary data also suggest that ET-1 contributes to the maturation and
stabilization of blood vessels. Development of the vasculature depends criti-
cally on paracrine interactions between endothelial cells and underlying cells
such as vascular smooth muscle, pericytes, and fibroblasts (FoLkMaN and
D’AmMore 1996). In immature vessels, endothelial cells secrete signaling mol-
ecules that recruit neighboring cells to proliferate and form surrounding cel-
lular and matrix structures within the vessel. In cell culture systems ET-1 is at
least one of the peptides responsible for endothelial cell-dependent prolifer-
ation of vascular pericytes (CHAKRAVARTHY et al. 1992; YamacisHI et al. 1993).
Endothelial cells enhance pericyte survival and growth in a co-culture system,
which is blocked by neutralizing antibodies against ET-1. Exogenous ET-1 can
in part replace the endothelial cell layer by activating ET receptors in under-
lying pericytes (YamacisHi et al. 1993). ET-1 has also been implicated in
endothelium-directed formation of myofibroblasts in wound healing (GUIDRY
and Hook 1991; ViLLascH1 and Nicosia 1994). In fibroblasts, ET-1 induces
genes for smooth muscle o~actin and collagen type I (ViLLascHI and Nicosia
1994), two essential steps in the transformation of vascular fibroblasts to
myofibroblasts that contract a newly synthesized matrix during wound repair.
ET-1 secreted by endothelial cells promotes collagen gel contraction by fibrob-
lasts (Guipry and Hook 1991), an important step in wound healing.

One pathophysiological correlate of the ability of ET-1 to regulate blood
vessel formation appears to be development of cerebral arteriovenous mal-
formations (AVM) in humans (RHOTEN et al. 1997). In this disorder, which
occurs in 0.5% of humans, a tangle of blood vessels form with abnormal vas-
cular cell phenotypes (SPETZLER et al. 1978; SPETZLER and MARTIN 1986). In
particular, these vessels typically lack vascular smooth muscle cells and peri-
cytes. We recently demonstrated that the prepro-ET-1 gene is specifically
repressed in 17/17 patients with cerebrovascular AVMs (RHOTEN et al. 1997).
In contrast, ET-1 expression was normal in vessels feeding and draining the
AVMs as well as elsewhere in the body. It seems possible that local repression
of the prepro-ET-1 gene in AVMs contributes to the lack of vascular smooth
muscle cells and pericytes in AVMs (RHOTEN et al. 1997). The lack of ET-1
secretion and concomitant vasoconstriction might also account for the inabil-
ity of AVMs to autoregulate blood flow (SPETZLER et al. 1978).

D. Summary and Perspective

Future studies to elucidate mechanisms of signaling by ETs might focus on
the following questions. What mechanisms control global and spatial aspects
of ET-1 Ca* signaling? What PTKs in addition to c-Src and FAK are stimu-
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lated by ET-1 and how are they activated? What are the relevant P-Tyr target
proteins in ET-1 signaling and what role, if any, do they play in induction of
gene expression? What are the important targets of PI-3K in ET-1 signaling
and how do they suppress apoptosis? What pathways are responsible for the
independent ET-1/ET 4 and ET-3/ETj effects on differentiation of neural crest
cells. Finally, a major challenge is to understand how ET post-receptor signals
are organized to elicit cell- and tissue-specific responses.
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CHAPTER 6
Lessons from Gene Deletion of
Endothelin Systems

H. KURIHARA, Y. KURIHARA, and Y. YAZAKI

A. Introduction

Gene targeting approach in mice sometimes reveals unexpected aspects of
biology. Before we found in 1992 that deletion of the endothelin (ET)-1 gene
produced embryonic anomalies, few people anticipated a developmental
role for ET-1, which was commonly regarded as a potent vasoconstrictor and
pressor peptide mainly produced by vascular endothelial cells (Masak1 1995;
LeviN 1995). At that time only a few signaling molecules had been demon-
strated identified to mediate morphogenesis in vertebrates and it was hard to
imagine that one peptide could have dual roles in embryogenesis and cardio-
vascular regulation. Indeed, ET-1 was the first vasoactive substance acting
through G protein-coupled receptors shown to be involved in embryonic
development. Subsequently the genes for ET-3, the two ET receptors and ET
converting enzyme-1 (ECE-1) were also knocked out providing further evi-
dence of the developmental roles of the ET system. Following these studies
mutations of the ET-3 and ET-B receptor genes were identified in patients
with human Hirschsprung’s disease. Thus, gene knockout studies paved the
way to a new era of research not only on the ET system but also in the broader
field of developmental biology and clinical science. Here we review the current
knowledge of the developmental and pathogenetic roles of the ET system
revealed by gene knockout studies.

B. Developmental Defects in Endothelin-Knockout Mice
I. Gene Knockout of ET-1/ET-A Receptor Pathway

Involvement of the ET system in embryonic development was first revealed
by gene targeting of ET-1 (KUriHARA et al. 1994). Mice homozygous for the
ET-1 null mutation demonstrate conspicuous morphological abnormalities
in the branchial arch-derived craniofacial structures, including micrognathia,
microglossia, microtia, cleft palate, and thymic hypoplasia. All the ET-1 knock-
out homozygotes die of respiratory failure just after birth because of upper
airway obstruction. In terms of skeletal development, the first and second
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branchial arch-derived components (i.e., Meckel’s cartilage, mandibular bone,
zygomatic and temporal bones, auditory ossicles, tympanic ring, hyoid and
thyroid cartilages) are selectively affected. In addition, ET-1 knockout mice
demonstrate cardiovascular defects including aortic arch interruption or
hypoplasia, aberrant subclavian arteries, and ventricular septal defect with
outflow tract misalignment, which seem to be due to impaired development
of branchial arch arteries and outflow tract (KUriHARA et al. 1995, 1997).
Hypoplastic fourth and sixth arch arteries and enlarged third arch artery
demonstrable at early developmental stages are considered to be responsible
for these great vessel anomalies in ET-1 knockout mice.

The frequency and extent of the cardiovascular abnormalities of ET-1
knockout mice are increased by treatment with neutralizing monoclonal anti-
bodies or a selective ET-A receptor antagonist BQ123 (KURIHARA et al. 1995).
This result indicates that the ET-A receptor may mediate the developmental
effect of ET-1 and that maternally derived ET-1 may cause partial rescue of
the cardiovascular phenotype of ET-1 null mutation. In accordance with the
former hypothesis, gene knockout of the ET-A receptor in mice has been
reported to produce morphological abnormalities identical to ET-1 knockout
(CLouTHIER et al. 1998; Yanacisawa et al. 1998a). Inactivation of the ET-A
receptor by an ET-A-selective antagonist, RU69986, was also shown to
produce dysmorphogenesis in the hypobranchial skeleton as well as heart and
aortic arch derivatives in the chick embryo, which resembles the phenotype of
ET-1/ET-A receptor knockout mice (KEwmPpF et al. 1998). Thus, the ET-1/ET-A-
mediated signaling pathway is essential for the normal craniofacial and car-
diovascular development in a range of species.

II. Gene Knockout of ET-3/ET-B Receptor Pathway

In contrast to the craniofacial and cardiovascular phenotype of ET-1 and ET-
A receptor knockout mice, ET-3 and ET-B receptor knockout mice exhibit a
different and non-overlapping developmental phenotype (BaynasH et al. 1994;
Hosopa et al. 1994). These mice are viable at birth, but eventually die at 2-8
weeks of age with both ET-3 and ET-B receptor knockout mice showing an
identical phenotype characterized by megacolon and coat color spotting. His-
tological examination disclosed the complete absence of Auerbach ganglion
neurons in the distal part of the colon in both ET-3 and ET-B receptor knock-
out mice. In the skin of these mice, melanin-containing pigment cells were
absent in color-affected areas. These findings indicate that the ET-1/ET-A
receptor pathway and ET-3/ET-B receptor pathway are non-redundantly
involved in the development of distinct cell lineages (discussed below).

The combined phenotype of aganglionic megacolon and pigmentary
disorder resembles symptoms found in spontaneous mutant animals such
as Piebald-lethal (sl) mice (LyoN and SEARLE 1989) and Spotting lethal (sl)
rats (LANE 1966). In both of these animal types mutations in the genomic
locus encoding the ET-B receptor were demonstrated (Hosopa et al. 1998;
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CECCHERINI et al. 1995; GARIEPY et al. 1996). Furthermore, transgenic expres-
sion of the ET-B receptor gene driven by the dopamine-f-hydroxylase pro-
moter compensated for deficient ET-B receptor expression within enteric
neurons and so prevented the development of aganglionic megacolon in a
gene-dose-dependent manner (GARIEPY et al. 1998).

III. Gene Knockout of Endothelin-Converting Enzyme

Two proteolytic isoenzymes (ECE-1 and ECE-2) have been shown to catalyze
the conversion of big ETs to mature active peptides (SHIMADA et al. 1994; Xu
et al. 1994; Emoro and YaNaGisawa 1995) (see Chap. 3). Targeted null muta-
tion of the mouse ECE-1 gene has been reported to reproduce the combined
phenotype of the defects in the ET-1/ET-A receptor and ET-3/ET-B receptor
pathways; namely, ECE-1 knockout mice show craniofacial and cardiovascu-
lar abnormalities, aganglionic megacolon and pigment disorder (YANAGISAWA
et al. 1998b). This finding is a direct evidence for the essential role of ECE-1
in the proteolysis of ET-1 and ET-3 in vivo. However, large amounts of mature
ET-1 are detected in ECE-1-null embryos, suggesting that other protease(s)
may activate ET-1 processing whereas this is not sufficient to compensate the
defect in ECE-1 (see Chap. 3).

C. Neural Crest and the Endothelin System
I. Outline of Neural Crest Development

As described above, deletion of the ET system in mice greatly affects the
development of a number of tissues including craniofacial structures, great
vessels, enteric neurons, and melanocytes. It has been well established that
these tissues stem from a common ancestor, the neural crest. To understand
the developmental roles of the ET system we will outline below the processes
of neural crest development.

The neural crest is an embryonic structure which originates at the dor-
salmost region of the neural tube and gives rise to multiple neural and
non-neural cell lineages (KirRBY and WALDO 1995; GiLBERT 1997; BAKER and
BRONNER-FRASER 1997a,b; CrREAZZO et al. 1998). Because of its developmental
importance, the neural crest is often called ‘the fourth germ layer.” Pluripotent
stem cells arising from this structure migrate throughout the body and differ-
entiate into the neurons and glial cells of the sensory and autonomic nervous
systems, catecholamine-producing cells of the adrenal medulla, epidermal
melanocytes, and ectomesenchymal cells constituting skeletal and connective
tissues of the head. During cardiovascular development, neural crest cells from
the caudal hindbrain (thombomeres 6,7, and 8) migrate into branchial arches
3,4, and 6, and then a subset of these cells further migrate toward the outflow
of the heart and form the aorticopulmonary septum and media of the great
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Table1. Major neural crest domains and their derivatives

Neural crest domain Derivative

Cranial neural crest Cranial ectomesenchyme forming branchial arches®
Cartilage
Bone

Connective tissue
Cranial nerve ganglia®
Trunk neural crest Melanocytes®
Dorsal root ganglia
Sympathetic ganglia
Adrenal medulla
Vagal and sacral neural crest Parasympathetic (enteric) ganglia®
Cardiac neural crest Connective tissue and smooth muscle in arch arteries®
Aorticopulmonary septum?®

*Affected by ET-1/ET-A null mutation
Affected by ET-3/ET-B null mutation

vessels (KirBy and WaLDo 1995; GILBERT 1997; BAKER and BRONNER-FRASER
1997a,b; Creazzo et al. 1998). The fate of neural crest cells is largely
determined by the site of migration and settlement (GILBERT 1997; SIEBER-
Brum and ZHAaNG 1997) (see Table 1 for the four major functional domains
of the neural crest and their derivatives). The contribution of the neural
crest to cardiovascular development, for example, has been extensively
studied by use of the avian neural crest ablation model (Kurarani and KirBy
1991; KirBY and WALDO 1995; CrEAZZO et al. 1998). Removal of the cardiac
neural crest before migration results in defective cardiovascular develop-
ment, with defects including persisting truncus arteriosus, overriding aorta,
ventricular septal defect, and variable great vessel anomalies such as aortic
arch interruption. The thymic, thyroid, and parathyroid glands are also
affected. Replacement of the removed cardiac neural crest with anterior
cranial or trunk neural crests cannot rescue these phenotypes, indicating that
the fate of the cardiac neural crest is already determined before migration
(Kurarant and Kirsy 1991). Apparently, the cardiovascular phenotype of
ET-1/ET-A receptor knockout mice is highly similar to a set of the phenotypes
of the avian neural crest ablation model. Together with the distribution of
tissues affected, the phenotypic manifestation of ET-1/ET-A receptor knock-
out mice indicates that ET-1/ET-A receptor-mediated signaling is essential for
the development of cranial and cardiac neural crest-derived tissues and organs.
Similarly, the phenotypes of ET-3/ET-B receptor knockout mice suggest that
the ET-3/ET-B receptor-mediated signaling is indispensable for the develop-
ment of melanocytes and enteric neurons derived from the trunk and vagal
neural crest. Thus, two distinct pathways of the ET system have been demon-
strated to participate in the normal development of different neural crest
lineages.
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II. Developmental Expression of the ET System

As outlined above, the developmental gene expression patterns of the ET
system fit with the idea that the ET system is involved in neural crest devel-
opment. ET-1 is expressed in the endothelium of the arch arteries and outflow
tract of the heart as well as in the epithelium and paraxial mesoderm of the
branchial arches (KURIHARA et al. 1994, 1995; CLOUTHIER et al. 1998; MAEMURA
et al. 1996). These sites of ET-1 expression are not neural crest derivatives.
In contrast, the ET-A receptor is intensely expressed in neural crest-derived
ectomesenchyme of the branchial arches (CLOUTHIER et al. 1998; YANAGISAWA
et al. 1998a; BrRaND et al. 1998; Kempr et al. 1998). These patterns of ET-1/
ET-A receptor expression lead us to hypothesize that ET-1 may act as a
paracrine factor on post-migratory neural crest cells at their destination. For
the ET-3/ET-B receptor pathway, the ligand is expressed in mesenchyme of
the gut wall and in the surrounding melanocyte precursors (NATAF et al. 1998;
YANAGISAWA et al. 1998b; BRAND et al. 1998; Kempr et al. 1998), whereas ET-B
receptors are expressed in the neural tube as well as in melanocytes and
enteric neuroblasts derived from the trunk and vagal neural crest (NATAF et
al. 1996; BRAND et al. 1998; YaNacisawa et al. 1998b; Kempr et al. 1998) sug-
gesting that the ET-3/ET-B receptor pathway could also act in a paracrine
manner. Finally, the expression of ECE-1, which is essential for the activation
of both ET-1/ET-A and ET-3/ET-B pathways, is strongly detected in surface
epithelium and mesenchyme of the branchial arches and endocardium as well
as enteric and epidermal mesenchyme (YANAGISaWA et al. 1998b).

I11. Involvement of the ET System in Neural Crest Development

Clearly the most important question is whether the ET system is essential for
migration, proliferation, and/or differentiation of neural crest-derived cells
and what kind of signal pathways are employed by the ETs in producing their
effects. Together with the expression patterns of the ET system, several find-
ings support the idea that the ET-1/ET-A signaling pathway does not act on
migrating neural crest cells but affects postmigratory neural crest-derived mes-
enchymal cells. For example, in the chick embryo, the ET-A-mediated signal
was shown to be required only for a short period after neural crest cell migra-
tion (Kempr et al. 1998). In addition, identification of migratory cranial neural
crest cells using appropriate markers in ET-1 and ET-A receptor knockout
mice indicated that the migration process was not affected (YANAGISAWA et al.
1998 and our unpublished data). As for the question of proliferation vs dif-
ferentiation, no definite conclusion has been drawn as yet. In mouse neural
crest cell cultures ET-1 and ET-3 stimulate the proliferation and differentia-
tion of melanocyte progenitors (LAHAv et al. 1996; REID et al. 1996) and other
neural crest lineages (STONE et al. 1997). The proliferative and differentiating
effect of ETs on melanocyte progenitors are mediated by the ET-B receptor
and are synergistic with Steel factor/c-Kit ligand (REID et al. 1996). Involve-
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ment of the ET-3/ET-B receptor pathway in enteric nerve development
may be more complicated. Chimeras between normal and sl/sl mice (ET-B
receptor-natural mutant) showed no aganglionic megacolon and sl/sl-derived
enteric neurons were found in the distal colon, suggesting that the effect of
ET-B receptor-null mutation is non-cell autonomous, that is through changes
in the environment supportive of enteric nerve development (KAPUR et al.
1993, 1995). However, ET-3 and GDNF additively stimulate the proliferation
of post-migratory enteric neuron precursor cells, whereas ET-3 inhibits
GDNF-induced proliferation and differentiation of enteric neurons, so main-
taining the proliferating precursor cell pool (HEARN et al. 1998). These latter
authors speculated that the apparent non-cell autonomous effect of ET-B
receptor-null mutation may be due to a low number of precursor cells, which
are necessary for extensive cell migration throughout the gut (HEARN et al.
1998).

The effect of ET-1/ET-A receptor pathway on cranial/cardiac neural crest
development has not been clearly dissected in terms of proliferation and dif-
ferentiation. It is also unknown whether the ET-1/ET-A-mediated signaling
interacts with other factors involved in the development of neural crest-
derived ectomesenchymal and/or smooth muscle cells, such as members of the
TGFp superfamily (SHAH et al. 1996).

Some hints on the molecular mechanism driving the developmental effect
of ET-mediated signaling may be derived from marker studies. For example,
whole mount in situ hybridization in 9-11 days wild-type compared to knock-
out mouse embryos revealed that the expression of dHAND and eHAND,
bHLH transcriptional factors involved in neural crest and heart development
(Srivastava et al. 1995; CsersEst et al. 1995) was diminished in the branchial
arches and great vessels of ET-1 knockout mice, whereas the dHAND expres-
sion in the heart and limb bud was not affected (THoMas et al. 1998). Because
dHAND knockout mice also exhibit branchial arch and cardiovascular defects
(Srivastava et al. 1997; THomas et al. 1998), downregulation of dHAND may
be partly responsible for the branchial and great vessel anomalies of ET-1/
ET-B knockout mice. In the branchial arches of dHAND knockout mice, the
expression of the homeobox gene, Msx1 (SATOKATA and MaAs 1994), is unde-
tectable (THOMAS et al. 1998). Thus, a signaling cascade involving ET-1/ET-A
receptor, dHAND and Msxl may participate in the regulation of cranial
neural crest development.

Goosecoid, a homeobox gene, is also downregulated in the branchial
arches of ET-1/ET-A receptor knockout mice (CLouTHIER et al. 1998). In
goosecoid knockout mice, craniofacial structures including the tongue, nasal
cavity and pits, auditory ossicles, tympanic ring, and external auditory meatus
were severely affected as observed in ET-1/ET-A receptor knockout mice
(Yamapa G et al. 1995; RIvERA-PEREZ et al. 1995). In addition, organ culture
experiments demonstrated that the expression of Goosecoid in the branchial
arches was maintained by ET-1 in conjunction with FGF-8 (Tucker et al.
1999). Taken together these findings indicate that the signaling pathway in
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Branchial Arches 1, 2 Branchial Arches 3, 4, 6

Fig.1. Proposed role of ET-1 in the epithelial-mesenchymal interactions involved in
cranial neural crest development. ET-1 produced by branchial epithelium, arch arter-
ial endothelium, and paraxial mesoderm may act on cranial/cardiac neural crest cells
to induce critical transcriptional factors and to promote their proliferation and/or
differentiation into ectomesenchymal cells (ECM) and vascular smooth muscle cells
SMC)

volving ET-1 and Goosecoid may regulate the development of these struc-
tures in parallel with the possible ET-1-dHAND-Msx1 pathway. By utilizing
these pathways, ET-1, which is mainly produced by epithelial and aortic
endothelial cells as well as paraxial mesoderm-derived mesenchymal cells,
may serve as a paracrine mediator of epithelial-mesenchymal interaction
to promote craniofacial and cardiovascular morphogenesis in the branchial
arches (Fig. 1).

D. Endothelin-Knockout Mice and Human Diseases
I. ET-3/ET-B Receptor Knockout Mice and Hirschsprung’s Disease

The resemblance of some of the phenotypes produced in ET-knockout mice
to some human diseases lead us to search for possible human gene mutations
underlying these same diseases. Aganglionic megacolon in ET-3/ET-B recep-
tor knockout mice is very similar to human Hirschsprung’s disease and one
autosomal dominant form of Hirschsprung’s disease has been ascribed to
mutations in the genomic locus encoding the receptor tyrosine kinase RET,
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which is mapped to 10q11.1 (EDEry et al. 1994). However, this disease is con-
sidered to be a multigenic disorder and other candidate loci have been sug-
gested. As soon as the phenotype of ET-B receptor knockout mice appeared,
Hosoda, the first author of this paper, enthusiastically searched for and even-
tually found a report that another type of Hirschsprung’s disease is mapped
to chromosome 13 (PUFFENBERGER et al. 1994a), where the ET-B receptor gene
is also located (Arat et al. 1993). Immediately these two groups started a col-
laboration and identified a G—T missense mutation in the exon 4 of the
ET-B receptor gene that caused a W276C amino acid substitution in the fifth
transmembrane domain of the receptor protein, on the haplotype associated
with Hirschsprung’s disease in a Mennonite kindred (PUFFENBERGER et al.
1994b). They also confirmed that the W276C substitution caused a significant
reduction in ET-B-mediated signaling in transfected cells (PUFFENBERGER et
al. 1994b). In the Mennonite population, the proportion of the C/C homozy-
gotes was incomplete (74 %) and some of the heterozygotes were also affected
(21%). There was a higher incidence of megacolon in males than in females
as is generally found in forms of Hirschsprung’s disease. In addition, a small
percentage of Hirschsprung patients in the Mennonites studied did not carry
the W276C mutation. These facts suggest the presence of additional genes
predisposing to the incidence of Hirschsprung’s disease. It should also be
noted that some of the affected Mennonites had pigmentary disorder and sen-
sorineural hearing loss, which is characteristic of Waardenburg syndrome.
Hirschsprung’s disease and Waardenburg syndrome are regarded as neuro-
cristopathies resulting from neural crest disorders and their association is
often called Shah-Waardenburg syndrome. Subsequently, other mutations of
the ET-B receptor gene were identified in both isolated Hirschsprung’s disease
(AMIEL et al. 1996; Kusaruka et al. 1996) and Shah-Waardenburg syndrome
(ATTIE et al. 1995). Overall, ET-B receptor and RET mutations account
for approximately 5% and 50%, respectively, of Hirschsprung’s disease
(CHAKRAVARTI 1996). ET-B receptor mutations were also found in lethal white
foal syndrome (LWFS), a horse variant of Hirschsprung’s disease (METALLI-
Nos et al. 1998; YANG et al. 1998).

Mutations of the ET-3 gene have been also identified in patients with
Hirschsprung’s disease and Shah-Waardenburg syndrome (EDERy et al. 1996;
HorsTra et al. 1996; Bipaup et al. 1997), indicating that the ET-3-ET-B
signaling pathway is essential for the development of neural crest-derived
melanocytes and enteric neurons in humans, as in mice. Recently, Sox10, a
member of the Sry-related HMG box-containing nucleoprotein family, has
emerged as another predisposing gene for Waardenburg-Hirschsprung’s
disease. Mutations of the Sox10 gene was found both in patients with this
disease (PINGAULT et al. 1998) and in Dom mice (SOUTHARD-SMITH et al. 1998;
HEeRrBARTH et al. 1998), whose phenotype is coat-spotting and aganglionic
megacolon similar to that seen in ET-3/ET-B knockout mice. Mechanistic
interactions among the Hirschsprung-predisposing genes, RET, ET-3/ET-B,
Sox10, remains to be clarified.
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II. ET-1/ET-A Receptor Knockout Mice and
Craniofacial/Cardiovascular Disease

The phenotype of ET-1/ET-A receptor knockout mice shares apparent char-
acteristics with human craniofacial and cardiovascular diseases. For example,
the craniofacial phenotype is quite similar to first branchial arch syndrome,
including Pierre-Robin syndrome and Treacher-Collins syndrome; the cardio-
vascular phenotype is reminiscent of congenital heart diseases such as aortic
arch interruption and tetralogy of Fallot. These anomalies are often associated
in humans and constitute a disease complex known as DiGeorge and velo-
cardiofacial syndrome (Pike and Super 1997, GoLbpMUNTZ and EMANUEL
1997). DiGeorge and velocardiofacial syndrome is a combination of multiple
anomalies including cleft palate, cardiac defects, learning difficulties, speech
disorder, and characteristic facial features, with an estimated incidence of 1
in 5000. The majority of cases have a microdeletion of chromosome 22q11.2,
conferring the acronym CATCH?22 (Cardiac defect, Abnormal facies, Thymic
hypoplasia, Cleft palate, Hypocalcemia, Chromosome 22) on this disease
complex (PIke and Super 1997; GoLbMUNTZ and EMANUEL 1997). The mor-
phological resemblance between DiGeorge/velocardiofacial syndrome and
ET-1/ET-A receptor knockout mice leads us to speculate that defects in
ET-1/ET-A receptor signaling pathway may be involved in the pathogenesis
of this congenital disease. However, no mutations of the ET-1 or ET-A recep-
tor gene have as yet been identified in patients with this syndrome. Indeed,
the ET-1 and ET-A receptor genes are not located in human chromosome 22.
However, there may be interactions between ET-1 and ET-A receptor-medi-
ated signaling and the disease-predisposing gene(s) in chromosome 22q11.2.
This viewpoint may give us new insights leading to clarification of the molec-
ular mechanisms underlying craniofacial and cardiovascular development and
the pathogenesis of DiGeorge/velocardiofacial syndrome. Searches for possi-
ble ET-1/ET-A receptor mutations in patients with DiGeorge/velocardiofacial
syndrome and related diseases without abnormalities in chromosome 22 are
also under way.

The chromosomal location and relationship to human disease states of
each component of the ET system are listed in Table 2.

E. Perspectives

Cell differentiation and morphogenesis are fundamental processes leading to
the structural and functional integrity of individuals. Recent advances in
genetic and cellular technology in the field of developmental biology have pro-
vided a lot of information about the molecular mechanisms underlying these
developmental processes during embryogenesis. For example, the classical
concept of epithelial-mesenchymal interactions inducing organogenesis has
been substantiated by the discovery of signal mediators such as TGFf super-
family members, FGFs, Shh, and so on. Now the ET system has also emerged
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Table2. Chromosomal location and relationship to human disease of genes encoding
the components of the endothelin system

Gene Chromosomal location Related human disease
(reference)

EDNI1 (ET-1) 6p23-24 (ARINAMI et al. 1991) CATCH22-like anomaly?

EDN2 (ET-2) 1p34 (AriNAMI et al. 1991) Unknown

EDNS3 (ET-3) 20q13.2-13.3 (ARINAMI et al. Hirschsprung’s disease
1991; GoraL Rao et al. 1991) (Shah-Waardenburg

syndrome)
EDNRA (ET-A R) 4 (Hosopa et al. 1992) CATCH22-like anomaly?

EDNRB (ET-B R) 13q22 (PUFFENBERGER 1994b) Hirschsprung’s disease
(Shah-Waardenburg
syndrome)

ECE1 1p36.1 (MATSUOKA et al. 1996) Unknown

as an important participant in the molecular networks essential for neural crest
development. The next important issues to be addressed include the inter-
actions and hierarchies among individual signaling systems during embryo-
genesis and, more generally, the relationship between cellular events such as
differentiation and morphogenesis.

The identification of mutations of the ET-3/ET-B receptor genes as under-
lying causes of Hirschsprung’s disease is one of the most valuable products of
gene targeting research into the ET system. This finding surely contributes to
the understanding of the pathogenesis of Hirschsprung’s disease and provides
clues to the development of novel diagnostic and therapeutic approaches for
this disease. Although no diseases have been attributed to mutations of the
ET-1/ET-A receptor genes, further investigations on this signaling pathway
are expected to pave the way to clarification of some of molecular bases of
those congenital diseases associated with defects in cranial/cardiac neural crest
development.

Finally, one must remember that the lethal phenotypes of the ET and ET
receptor knockout mice may prevent other important biological functions of
the ET system from emerging. Although some novel roles of the ET system
in the cardiopulmonary system have been suggested by elaborate studies using
heterozygous mice (Kuwaki et al. 1996, 1997; LiNG et al. 1998; NAGASE et al.
1998), the interpretation of experimental results is sometimes ambiguous due
to a lack of viable homozygotes. To overcome this difficulty, tissue-specific
knockout of the ET system will be awaited with interest for the future.
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CHAPTER 7
Endothelin-Converting Enzyme Inhibitors
and their Effects

B. BarTistini and A.Y. JENG

A. Introduction

Previous chapters in this handbook have reviewed extensively the biochem-
istry and pharmacology of the family of three endothelin (ET) isopeptides and
their respective precursors. Pathways responsible for the synthesis of ETs have
also been introduced. In this chapter, these subjects as well as the existence
and cellular/tissue localization of endothelin-converting enzyme (ECE) iso-
forms are nevertheless reviewed briefly as they are important in understand-
ing the development of inhibitors of the synthesis of ET isopeptides. The major
focus of the present chapter remains on the design and pharmacological
properties of various types of ECE inhibitors and the effectiveness of these
compounds in isolated cells, organs, tissues, and in animal models of human
pathophysiology. An overall view of the comparative advantages and dis-
advantages of the use of ET receptor antagonists vs ECE inhibitors for the
inhibition of the ET-mediated effects is also presented.

I. Mature ET Peptides and their Precursors

The ETs, originally isolated from conditioned medium of porcine aortic
endothelial cells (PAECs), are the most potent peptidic vasoconstrictors
(YaNaGisawa et al. 1988) and bronchoconstrictors (UcHIDA et al. 1988) dis-
covered to date. Subsequent studies have shown that ET-1 is also produced by
a variety of cell types including epithelial cells, smooth muscle cells, and
macrophages (reviewed by BATTISTINI et al. 1993).

There are three isoforms in the human ET family of peptides, namely
ET-1, ET-2, and ET-3. They all have 21 amino acid residues and 2 intramole-
cular disulfide bonds at the 1-15 and 3-11 positions, with the Trp* residue
at the C-terminus. However, ET-2 and ET-3 differ from ET-1 by two
and six amino acids (ET-2=[Trp®Leu’]ET-1; ET-3=[Thr?Phe* Thr’, Tyr®,
Lys’, Tyr'*]ET-1), respectively (INOUE et al. 1989). Such characteristic variations
are responsible for the observed differences in their selective binding to ET
receptors (see Chap. 4). These mature active ET isopeptides have the same
amino acid sequence regardless of the mammalian species examined, e.g.,
human, porcine, canine, rat, mouse, or bovine.
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Table1. Comparison of the amino acid sequences of the C-terminal fragments of the big ETs

Precursor Species  Sequence #Amino 21 22 23 24 25 26 27 28 29 30 31
prepro-ET  acid

Big ET-1 Human 212 38 Trp Val Asn Thr Pro Glu His Val Val Pro Tyr
Bovine 202 39
Porcine 203 39 Ile
Dog 56 26
Rabbit 202 39 Gly Ile
Rat 202 39 Arg
Mouse 51 25
Big ET-2 Human 178 37 Gln Thr Ala
Human 38 Gln Thr Ala
Dog 56 26 Gly
Rat 51 25 Ala
Mouse 160 37 Ala Gly GIn Thr Ala
Big ET-3 Human 238 41 Ile Gln Thr
Human 224 42 Ile Gln Thr
Rabbit 114 26 Ile
Rat 167 41 Ile Gln  Thr
Mouse 214 40 Ile Gln Thr

Human ET-1 is initially synthesized as a 212-amino acid prepro-ET-1,
whereas the porcine prepro-ET-1 has 203 amino acid residues (see Chap. 3).
In this latter molecule, the 21 amino acid ET-1 is located between Cys™
and Trp” (YaNacisawa et al. 1988). The prepro-ET-1 is then sequentially
hydrolyzed by dibasic amino acid endopeptidases and furin convertase to gen-
erate a precursor named big ET-1 (reviewed by TURNER and MURPHY 1996;
TurNER and Tanzawa 1997). The human ET-1 precursor is a 38-amino acid
peptide, whereas porcine or rat big ET-1 has 39 amino acid residues (Table 1).
In comparison, human big ET-2 has either 37 or 38 amino acids while human
big ET-3 has either 41 or 42 amino acids and is amidated at the C-terminus
(BLocH et al. 1989, 1991; Onpa et al. 1990) (Table 1). In addition to these dif-
ferences in the length of the precursors within the same species, there are vari-
ations in the C-terminal amino acid sequence amongst both the big ETs and
species (Table 1). Most importantly the cleavage site of big ET-3 is constituted
of a Trp*'-Ile* peptide bond, whereas all other precursors are cleaved between
Trp* and Val®. These differences most probably define the varied nature and
selectivity of ECEs that catalyze the conversion of big ETs to mature ETs. For
instance, structure-activity relationship studies revealed that human big
ET-1,3 (i.e., truncated by 7 amino acid residues at the C-terminal end) and
human big ET-1,,5 were not specifically hydrolyzed by ECE purified from
bovine endothelial cells (BECs) (Oxapa et al. 1991). Conversely, human big
ET-1,¢.3, a linear truncated analogue of big ET-1, 35, was cleaved at a rate 4-
times or 2.7-times greater than the authentic substrate using ECE purified
from BAECs (OkaDa et al. 1991) or PAECs (OHNaKaA et al. 1993), respectively.
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32 33 34 35 36 37 38 39 40 41 42 References
Gly Leu Gly Ser Pro Arg Ser COOH  IroH et al. (1988)
Ser  Arg Ser COOH  Imaretal. (1992)
Ser  Arg Ser COOH  ItoH et al. (1988);
Takaoka et al.
(1990a)
COOH  KmMURA et al. (1989)
Ser Arg Ser COOH  MaARsDEN et al. (1992)
Ser  Arg Ser COOH  SHBa et al. (1992);

NuNEz et al. (1991);
SAKURALI et al. (1991)
COOH  Sapa et al. (1989)

Asn Pro COOH  Onpa et al. (1991);
OHnkuUBoO et al. (1990)
Asn Pro Arg NH,? Suzuki et al. (1991)
COOH  ItoH et al. (1989)
COOH BtiocH et al. (1991)
Asn Pro COOH  SaIpa and Mitsui (1991)
Ser Asn Tyr Gly Ser Phe Arg NH, BrocH et al. (1989)
Ser Asn  Tyr Gly Ser Phe Arg Gly COOH Onpa et al (1990)
COOH  Oukuso et al. (1990)
Ser Asn His Gly Ser Leu Arg NH, SHiBA et al. (1992)
Ser Asn Tyr Glu Ser Leu COOH  BAvNasH et al. (1994)

Likewise, big ET-2,4 34, the linear truncated portion of human big ET-2,_;;, was
converted at a 5-times greater rate than the authentic precursor using ECE
purified from PAECs (OHNAKA et al. 1993). These results suggest that the Trp?'
residue and the carboxy-terminal sequence between His” and Gly* of big
ET-1 are essential for recognition by ECE while the presence of the amino-
terminal disulfide loop structure may reduce the rate of hydrolysis, e.g., the
access of big ET-1 to ECE (OkabDa et al. 1991).

II. ECE: Cloning, Classification, and Cellular Localization

In 1988, only one type of ECE was postulated for the final post-translational
processing of ET-1, a step which is essential for the full expression of its bio-
logical activity (KIMURA et al. 1989). At present, seven isoforms of ECEs,
namely human, bovine, rat ECE-1a (also called ECE-1f in rats) (Xu et al.
1994; IxUrA et al. 1994; SHIMADA et al. 1995), human, bovine, rat ECE-1b (also
called ECE-1¢ in rats) (SHIMADA et al. 1994; SCHMIDT et al. 1994; YORIMITSU
et al. 1995; VALDENAIRE et al. 1995), human ECE-1c (SCHWEIZER et al. 1997),
human and rat ECE-1d (VALDENAIRE et al. 1999), human and bovine ECE-2
(EMotro and YaNaGisawa 1995), which is now divided as mouse/bovine
ECE-2a (the original bovine ECE-2) and ECE-2b spliced variants (NAKAHARA
et al. 1999), and bovine ECE-3 (HaseGawa et al. 1998) have been identified
and cloned (reviewed by BartisTint and BoTTiNG 1995; TURNER and MURPHY
1996; TurNER and Tanzawa 1997). Mouse SEP, a novel soluble secreted met-
alloprotease (IKepa et al. 1999) and XCE (ScHWEIZER et al. 1999), are also
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new members of the ECE and neutral endopeptidase families (NEP, EC
3.4.24.11, also named enkephalinase, a zinc metalloprotease). SEP is not a
physiologically relevant ECE but is involved in subsequent degradation of ET,
while XCE is preferentially expressed in specific areas of the central nervous
system. Thus, it is now recognized that the conversion of big ETs to mature
ETs is catalyzed by various ECEs. Criteria for their classification, which was
presented and regrouped following the Fourth International Conference on
Endothelin in London, UK (1995), include: (a) a distinct N-terminal amino
acid transmembrane domain sequence, (b) optimal pH for enzyme activity, (c)
cellular localization, (d) substrate specificity for the processing of the three big
ETs, and (e) sensitivity to inhibition by phosphoramidon (Table 2) (see BAt-
TISTINI and BotTING 1995).

ECE:s are type Il integral membrane-bound proteases, with a single trans-
membrane-spanning domain, a conserved zinc-binding motif, N-glycosylation
sites, a short N-terminal cytoplasmic tail, and a large putative extracellular
domain containing the catalytic site (KorTH et al. 1997, SANsoM et al. 1995).
Human ECE-1a and -1b show considerable overall amino acid sequence iden-
tity (>91%) (Yormitsu et al. 1995). Rat ECE-1a has 37% and 31% homology
with rat NEP and Kell blood group protein, respectively. The sequence simi-
larity to NEP/Kell protein is highest within the C-terminal third of the protein
that includes the zinc-binding motif. Within this region, ECE-1a exhibits 58%
and 36% homology to NEP and Kell protein, respectively (XU et al. 1994). In
addition, ECE-la/-1b (deduced molecular weight: 85-86KDa), ECE-1c
(deduced molecular weight: 87 KDa), and ECE-1d possess comparable cat-
alytic mechanism to NEP, but with distinct substrate binding sites. Unlike NEP,
ECE-1 exist as dimers through a single Cys*? intermolecular disulfide bond
(dimeric form of ECE-1: 250KDa; SHiMADA et al. 1996). The four ECE-1 iso-
forms differ only in their N-terminal regions and are derived from a single
gene through alternative splicing (generated through alternative promoters)
(ScawEIZER et al. 1997). The overall sequence of bovine ECE-2 (ECE-2a)
(deduced molecular weight: 89 KDa) has only 53-59% homology to human
ECE-1a, whereas rat and human ECE-1b are 71% identical (VALDENAIRE et
al. 1999).

The four ECE-1s have an optimum activity at neutral pH of 6.8-7.2.
ECE-2a is optimally active at an acidic pH of 5.5 (EMoTO and YANAGISAWA
1995), while ECE-3 operates best at around pH 6.6 (HASEGAwA et al. 1998).
The ECE-1a, -1b, and -1c isoenzymes and ECE-2a convert big ET-1 more
rapidly than big ET-2 and big ET-3 (TURNER and MurpHY 1996), whereas
ECE-3 converts big ET-3 specifically (HASEGAWA et al. 1998).

These isoenzymes have distinct subcellular localizations. While human
ECE-1a (758 amino acid residues), -1c (754 residues), and -1d (767 residues)
are localized at the cell surface as ectoenzymes, ECE-1b (753-754 or 770
residues) is found to be intracellular, close to the trans-Golgi network
(ScHWEIZER et al. 1997; CAILLER et al. 1999; VALDENAIRE et al. 1999). ECE-2a
(765-787 residues) is also found to be intracellular (EMOTO and YANAGISAWA
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Table2. List of proteases that have been shown to convert ET precursors, the big ETs,
into mature and active ETs

pH Reference
Metalloprotease
ECE-la 6.8-7.2 Xu et al. (1994); Ikura et al. (1994);
SHIMADA et al. (1995)
ECE-1b 6.8-7.2 ScHMIDT et al. (1994); SHIMADA et al.
(1995); VALDENAIRE et al. (1995)
ECE-1c 6.8-7.2 SCHWEIZER et al. (1997)
ECE-1d 6.8 VALDENAIRE et al. (1999)
ECE-2 (ECE-2a) 5.5 Emoto and YANAGIsawa (1995)
ECE-2b NA NAKAHARA et al. (1999)
ECE-3 6.6 Hasecawa et al. (1998)
SEP 7.0 IKEDA et al. (1999)
XCE NA SCHWEIZER et al. (1999)
Aspartyl protease
Pepsin-like 23 TakAoKA et al. (1990c)
Cathepsin D, pepstatin 35 SAwWAMURA et al. (1990a,b)
A-sensitive
Cathepsin D-like, pepstatin 4.0 IkeGawa et al. (1990a)
A-sensitive
Cathepsin E 4.7 LEEs et al. (1990)
Pepstatin A-sensitive 3.0 OnNAKa et al. (1990)
Pepsin NA Pons et al. (1991)
Metal ion aspartic protease, 4.0 Wu-WoNG et al. (1990, 1991);
pepstatin A-sensitive SHiosaAkt et al. (1993)
Chymotrypsin, pepsin or NA SAVAGE et al. (1993)
chymosin-like, pepstatin
A-sensitive
Pepstatin A-sensitive, 4.0 KnNaP et al. (1993)
unrelated to cathepsin
D or renin
Thiol protease
p-Hydroxymercuribenzoate- 7.0-7.5 DENG et al. (1992)
sensitive
Serine protease
Chymotrypsin NA McMaAHoON et al. (1989)
Chymotrypsin-like 8.0 TAKAOKA et al. (1990b)
o-Chymotrypsin NA Pons et al. (1991)
Rat lung mast cell chymase I, 8.5 Wypn et al. (1992)
Chymostatin-sensitive
Human mast cell chymase NA NakaNo et al. (1997); Kipo et al.
(1998)
Monkey chymase, NA Takal et al. (1998)

chymostatin-sensitive

NA, not available

1995). The cellular localization of ECE-3 (140Kd, number of residues not
known) is not yet identified (Hasecawa et al. 1998). The cellular distributions
may suggest that ECE-1b and ECE-2, the intracellular isoenzymes, are mostly
responsible for big ET-1 conversion via a constitutive secretory pathway
whereas ECE-1a, -1c, and -1d, as ectoenzymes, may also have an important
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post-secretory processing role (RUsseLL et al. 1998; RusseLL and DAVENPORT
1999).

ECE-1a, -1b, and -1d are present in human cultured umbilical vein ECs
(HUVECG:) (SHIMADA et al. 1995; BRowN et al. 1998; VALDENAIRE et al. 1999).
ECE-1b was also shown by western blot analysis and immunofluorescence to
be present in rat cultured lung vascular ECs (TRLEC-03), and to be sensitive
to phosphoramidon (ScHMIDT et al. 1994). ECE-2a is mostly expressed in the
nervous system and adrenal medulla (EMoTo and Yanacisawa 1995). ECE-3,
identified in bovine iris microsomes, is also present in choroid (HASEGAWA
et al. 1998).

III. Alternative Pathways for ET Production and Perspectives
Provided by Gene-Targeting Studies

The results obtained from physiopharmacological approaches using ET
precursors (see below) and the recent cloning of the ECEs reveal that the
physiological relevant ECEs constitute a distinct phosphoramidon-sensitive
metalloendoprotease family-type of enzymes, related to NEP and Kell blood
group proteins (OPGENORTH et al. 1992; BattisTiNI and BOTTING 1995; TURNER
and MurpHY 1996). Furthermore, the phosphoramidon-sensitive ECE that was
initially reported in cytosolic fractions of cultured ECs isolated from bovine
carotid artery endothelial cells (BCAECs) (TakaDpa et al. 1991) could now
be associated to ECE-1b and/or ECE-2. However, the cloning of ECEs have
not completely excluded the participation of alternative pathways in the
production of ETs (see Table 2).

Enzymes that catalyze the conversion and/or the degradation of peptides
can be classified into six families: serine I, II, cysteine, aspartic, and metallo-
protease I, I (BonD and BEyNoN 1987). Besides the type II metalloprotease,
other classes of proteases (aspartyl-, thiol-, and serine proteases) have been
reported to convert or process big ETs into ETs (see TurRNER and MURPHY
1996; TurNER and Tanzawa 1997). In addition, the post-translational process-
ing of ET-1 can be catalyzed by other metalloproteases. For example, a phos-
phoramidon-insensitive metalloprotease capable of converting exogenous big
ET-1,_3 was detected in cultured ECs isolated from porcine thoracic aortas
(PTAECs) (MATsuMuURa et al. 1991c). Recently, mouse SEP was reported to
cleave specifically the exogenous big ET-1 at the Trp*-Val® peptidic bond to
generate mature ET-1, but it also subsequently degraded ET-1 at multiple sites
into inactive fragments (IKEDA et al. 1999). Thus, SEP is an endothelin-degrad-
ing enzyme (EDE) rather than a physiologically relevant ECE. The Kell blood
group protein was shown to cleave big ET-3 into ET-3, and to a lesser extent
big ET-1 and -2 (Russo et al. 1999).

1. Aspartyl Proteases

ECE-like activities have been associated with aspartyl proteases. For instance,
treatment with pepsin converted porcine big ET-1, 3 to the 21 amino acid
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ET-1 in vitro with no subsequent degradation of the formed ET-1 under those
conditions (Takaoka et al. 1990c). An ECE-like activity was demonstrated in
the soluble fraction of cultured BAECsS, corresponding to the elution profile
of cathepsin D and sensitive to pepstatin A (SaAwaMURA et al. 1990a). Pepstatin
A also abolished the converting activity in the homogenate of cultured BAECs
(OnNAKka et al. 1990). Another aspartic protease, also identified as cathepsin
D, was purified from bovine adrenal chromaffin granules and shown to be
capable of converting big ET-1 into ET-1 (SawaMURA et al. 1990b). Evidence
for a pepstatin A-sensitive conversion of porcine big ET-1 to ET-1 was like-
wise reported in an extract of cultured PAECs (IKEGawa et al. 1990a). Further
experiments have suggested that aspartic proteases from an extract of PAECs
presented an ECE-like activity, cleaving big ET-1 to ET-1 in vitro (KNaP et al.
1993). A metal ion aspartic protease, acting optimally at pH 4.0 and sensitive
to pepstatin A, likewise converted exogenous big ET-1 into ET-1 when incu-
bated with a membrane fraction isolated from rat lungs (Wu-WoNG et al. 1990,
1991; SHiosakt et al. 1993). Notably, human purified cathepsin E, but not
cathepsin D, cleaved human big ET-1 into ET-1 in vitro and was not associ-
ated with any further degradation of the mature peptide (LEEs et al. 1990).
The ability of cathepsin D, chymosin, and pepsin to produce ET-1 from big
ET-1 in vitro was also reported (SAVAGE et al. 1993). The product of chymosin
treatment caused the contraction of isolated rabbit aortic rings, and pre-
incubation of chymosin with pepstatin A abolished the contractile response.
Similarly, when big ET-1 was incubated in vitro with pepsin and injected into
guinea pigs at a dose of 1nmol/kg, marked rapid bronchoconstrictor and
pressor responses were observed (Pons et al. 1991). Interestingly, pepstatin A
caused a significant decrease in the basal secretion of ET-1 from HUVECs
(PLuMmPTON et al. 1994). However, it was not associated with an increase in big
ET-1.

Conversely, aspartic protease inhibitors (such as pepstatin A) did not
affect the basal release of ET-1 from PAECs (NicHoLs et al. 1991). In addi-
tion, pepstatin A did not alter the ratio of ET-1(1-21) to big ET-1;_3, nor did
it affect the rate of secretion of either peptide from PAECs (SHIELDS et al.
1991). Furthermore, SQ 32056, a potent inhibitor of cathepsin E, inhibited the
specific pressor response to exogenous big ET-1 in anesthetized rats in a non-
specific manner since it also blocked ET-1-induced response (BIrD et al. 1992).
Since cathepsin D is only active at an acidic pH and it cleaves big ET-1 in a
rather non-specific manner, e.g., between the Asn'®-Ile’ peptide bond as well
as between the proposed Trp*-Val? peptide bond (SawaMUra et al. 1990c;
Takaoka et al. 1990a), this enzyme is not a physiologically relevant ECE.

2. Thiol (Cysteine) Proteases

Other experiments have suggested that a thiol protease could act as an ECE
by cleaving big ET-1 to ET-1 in vitro, as found in a soluble extract from PAECs
(DENG et al. 1992). The product that had a retention time on HPLC identical
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to ET-1 also contracted rabbit aortic rings. The conversion was blocked by thiol
protease inhibitors such as Z-phe-pheCHN, or p-hydroxymercuribenzoate,
but not by serine protease inhibitors.

3. Serine Proteases

Incubation of big ET-1 with chymotrypsin activated porcine big ET-1, 5 to
produce peptides that induced contractions of isolated rat aortic rings and
increased blood pressure in rats with potencies similar to that of ET-1
(McMaHoN et al. 1989). Similarly, when big ET-1 was incubated in vitro with
alpha-chymotrypsin and injected into guinea pigs at a dose of 1nmol/kg,
marked and rapid bronchoconstrictive and pressor responses were observed
(Pons et al. 1991). In addition, in a rat lung particulate fraction, a chymostatin-
inhibitable mast cell chymase I was reported to process exogenous big ET-1
into ET-1 (Wypn et al. 1992).

The cleavage of the big ET-1 molecule by chymotrypsin is initially at the
Tyr’'-Gly™ peptide bond followed by the Trp*'-Val® link and then at the Tyr'*-
Phe™ peptide bond (TakaokA et al. 1990b; IKEGawa et al. 1990a). Thus, the
chymotrypsin-like endopeptidase may not physiologically contribute to the
processing of big ET-1. However, recent reports showed that ET-1, -2, and
-3131,cleaved from their respective precursors by chymase in human mast cells,
did not produce any further degradation products. These peptides are active
contractile mediators in rat trachea and porcine coronary arteries, and their
activities are unaffected by phosphoramidon (NAkANo et al. 1997; Kipo et al.
1998). Similarly, purified monkey chymase was shown to process big ET-1/-2
to ET-1/-2, 3 that induces contractile responses in the isolated monkey trachea
(Takal et al. 1998). Chymases from other species such as human, cathepsin G,
and porcine alpha-chymotrypsin all degrade big ETs (Kipo et al. 1998).

4. Gene Targeting

Homozygous ECE-1 gene knockout (ECE-17") mice display craniofacial and
cardiac abnormalities virtually identical to those observed in ET-1- and ET,
receptor-deficient animals (YANAGISAWA et al. 1998) and have the develop-
mental phenotype similar to that exhibited in the ET-3- and ETjy receptor-defi-
cient animals (see Chap. 6). Most surprisingly, no developmental abnormalities
have been found in ECE-2"" homozygous mice (YANAGISAWA et al. 1999), sug-
gesting that ECE-2 is not the primary enzyme for the generation of ET-1.
Intravenous administration of human big ET-1, 33 into ECE-17" homozy-
gous knockout mice (75% C57BL/6: 25% J129) produced similar pressor
responses as those observed in wild-type anesthetized mice (N. Berthiaume et
al., personal communication). These results suggest that ECE-1 may not be
the only enzyme involved in the conversion of big ET-1 to ET-1 in vivo. Fur-
thermore, the plasma levels of ET-1 in the ECE-17" mice are reduced by 30%
when compared with the wild-type controls, suggesting again that ECE-1 may
not be the only enzyme responsible for the endogenous production of the ETs
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and that other ECE(s) and non-ECE protease(s) also convert big ET-1 in vivo.
These observations are not unexpected when considering that there are thus
far seven distinct ECE isoforms cloned. In addition, there are non-selective,
ECE-like proteases, such as SEP, XCE and Kell blood group protein.

IV. Modulation of ECE Expression and Activity

Increases in the production and release of ETs in vivo and/or in isolated cells
in vitro or in various pathological states (see BATTISTINI et al. 1993) are likely
to be due to the activation of ECE activities to convert big ETs into ETs.
However, it is not always the case. For instance, physiologic shear stress, which
dilates blood vessels, suppresses the expression of mRNA for ECE-1 in cul-
tured BCAECs and HUVECs (Masarsucu et al. 1998). Conversely, steady
shear stress has little or no effect on the expression of ECE-1 isoforms, but
enhances ET-1 gene expression in EAhy 926 cells (HARRISON et al. 1998), sug-
gesting that these two genes are differentially regulated by the same stimulus
in this cell type. ECE activity, in primary rat astrocytes, was reported to be
modulated by ETg receptor ligands (EHRENREICH et al. 1999). It was suggested
that this action was induced by binding to ET}j receptors which then affected
ECE-1 glycosylation. Higher basal concentrations of ET-1 were found in the
media of astrocytes from ETjg-deficient than wildtype rats, suggesting an
altered ECE activity related to the absence of ETy receptors. Similarly, ET-1
itself was reported to inhibit ECE-1 mRNA expression and suppress ECE-1
protein levels through ETg-receptor activation in rat pulmonary ECs in vitro
(Naowmr et al. 1998). To that effect, angiotensin (Ang II) was reported to
increase functional ECE activity in VSMCs through ET, receptors in WKY
rats in vivo (BarToN et al. 1997).

V. ECE: Substrate Specificity and pH Dependence

ECEs cleave the Trp*'-Val® or Trp®-Ile” peptide bond found in big ETs,
converting the precursors into active mature ET peptides. However, another
physiological peptide, bradykinin (BK), a vasodilator, has been identified as a
substrate for ECE (HoanG and TurNER 1997). Acting as a peptidyl dipep-
tidase, the rat ECE-la expressed in CHO cells cleaved BK at Pro’-Phe8,
producing BK (1-7) and BK (8-9).The conversion was sensitive to phosphora-
midon as well. Angiotensin I, substance P, neurotensin, and the oxidized insulin
B chain are also hydrolyzed as efficiently as big ET-1 by ECE-1a (JOHNSON
et al. 1999).

ECE-1 activity is greatly affected by slight variations in pH. It was
reported that phosphoramidon inhibited ECE-1 in a remarkably pH-depen-
dent manner (AHN et al. 1998). With a small change of pH (1.4pH unit), the
potency of phosphoramidon varied between 49- and 1000-fold for ECE-1a
inhibition. Similar results were also observed for the ECE inhibitors,
PD 069185 and CGS 31447(AnN et al. 1999). It should be noted that ECE-1s
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are either localized at the plasma membrane (ECE-1a, c, d) or intracellularly
(ECE-1b) where the pH environment differs (neutral or acidic).

These observations may aid in the design of new and more specific ECE
inhibitors. They also suggest the need to identify other physiological substrates
for ECEs.

B. Development of ECE Inhibitors: Chemical Identity,
Selectivity, Potency, and Oral Bioavailability

Phosphoramidon, a potent inhibitor of neprilysin, or NEP, was the first com-
pound identified as a non-selective dual NEP/ECE inhibitor (reviewed by
OPGENORTH et al. 1992). This finding, which preceeded the cloning of ECEs, is
not surprising today since it has now been established that ECE-1 shares a
37% amino acid sequence identity with NEP (JENG 1997; JENG and DE Lowm-
BAERT 1997). However, phosphoramidon was quickly found to be inadequate
for the development of an orally active drug due to the presence of an acid-
labile phosphorus-nitrogen bond. Thus, from the intial identification of phos-
phoramidon as a weak but nevertheless effective ECE inhibitor, extensive
efforts have been focused on the structural modification of this compound in
order to produce more potent and orally active analogues. Interestingly, thior-
phan, a sulfhydryl-containing selective NEP inhibitor (see Fig. 1), was found
to be inactive as an inhibitor of ECE, both in vitro (IKEGawa et al. 1990b) and
in vivo (McMaHoON et al. 1991b), suggesting that the synthesis of selective ECE
inhibitors may be achievable.

I. Chemical Identities of ECE Inhibitors

ECE inhibitors reported to date can be classified in four categories: (1) metal
chelators, (2) peptidic inhibitors, (3) natural compound inhibitors, and (4) low
molecular weight molecules.

Structure-activity relationship studies based on NEP inhibitors such as
phosphoramidon, thiorphan, CGS 24592, CGS 25015, CGS 26129 (see Figs. 1
and 2) and CGS 25452 (structure not shown) were initially pursued by
pharmaceutical companies (Novartis, KukkorLa et al. 1995; Servier/Adir,
DEscoMBEs et al. 1995, etc.). In general, metalloprotease inhibitors contain one
of four different types of zinc-binding groups: (1) a phosphorus-containing
functionality, (2) a sulfhydryl, (3) a hydroxamic acid, or (4) a carboxylic acid.
Depending on the oxidation state and the substitution of the phosphorus
atom, the first group of compounds (i.e., the phosphorus-containing com-
pounds) can be further subdivided into four classes: phosphoramidates, phos-
phonamides (which are more potent ECE inhibitors than phosphoramidon,
but also non-selective toward ACE, and are also chemically labile), phosphinic
acid (with enhanced chemical stability but a greater molecular weight), and
aminophosphonic acids (see Figs. 2-6). To date, the majority of published



Structure Company

HS ” \)J\ generic
OH

o
Thiorphan

Bristol-Myers Squibb

HS NHV/A\W/OH

o) 0]
SO 28603 (BMS 182309)

Novartis

OH

| NH
OH/ﬁ/”\NH ~" > COOH

o) o)
CGS 24592

F o Novartis
HS NH

CGS 25015

AN
S

(0]

OH i
HS NH Novartis

CGS 26129

Fig. 1. Structures of selective NEP inhibitors
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Class Structure and Company
Potency against NEP / ECE
HO o
HO o\\ /O- N
HO O\ P H
Phosphoramidate H OH generic
CHg o
/\
N
H
Phosphoramidon
ICsy: 4.2 / 3100 nmol/l
HO
(0] H
HO” Nopo” N OO
Phosphoramidate 6H H o z Adir/Servier
T
N
H
S 17162
ICs: NA / NA
i H NN,
(HO)ZP\/ N \)L N/N
H H
Non-peptidic Novartis
aminophosphonic
acid O
CGS 26303
I1Csy: 0.9 / 410 nmol/l
N—N
Il H \\N
Diphenyl PN \)A N
prodrug of : H
CGS 26303 B

Fig. 2. Structures of dual NEP/ECE inhibitors




Non-peptidic

Novartis

RU 69738
I1Csp: NA /20 nmol/l

aminophosphonic
acid
CGS 31447
I1Csy: 4.8 / 17 nmol/l
(0} H
IAminophosphonic HO —;DI N N \_/COOH Banyu
acid H
OH o} ~ :
N
H
ICsp: 140 / 260 nmol/l
Carboxylic acid ; N N 0 Solvay
PN /:% H K \ < Pharma
oo OH
SLV-306 (KC 12615)
I1Cs: NA / NA
Thiol Roussel-
Uclaf

Fig. 2. (continued)
NA, not available.
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Class Structure Company
Potency against ECE / NEP
Cl
Cl
Phosphonamide o) H Zambon
RN N
P—N N=
| H _NH
HO
COOH
1Csp: 3 / 6 nmol/l
Aminophosphonic acid SmithKline
H COOH Beecham
HO— P ~
O =
|
N :
H
1Cs: 52 / 1 000 nmol/l
MeO OMe
Natural product from | HO =N — Fujisawa
Saccharothrix sp. Yy

WS 75624B
ICs: 79 / 3300 nmol/l

COOH

Fig. 3. Structures of dual ECE/NEP inhibitors
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HOC
l N OHHO = | CHO
N N
= S—s A
Natural product from Sankyo
Blastobacter sp. NT N 2 /N
2\:()/\ /\Oj
B90063

ICs: 900 / 70 000 nmol/l

TR
\
(OH)g—P\/N\/« _N
: N
z H
Non-peptidic Novartis
aminophosphonic acid
ay
CGS 34043

1Csp: 6 / 110 nmol/l

Fig. 3. (continued)

ECE-1 inhibitors contain a phosphorus atom for zinc-binding at the active site
of the enzyme.

Concomittantly, the search for ECE inhibitors also included natural com-
pounds such as the WS series of compounds isolated from Saccharothrix sp.
and Streptosporangium roseum by Fujisawa (Tsurumri et al. 1994, 1995a,b;
YosHIMURA et al. 1995), aspergillomarasmine B by Sapporo (MATSUURA et al.
1993), B90063 from Blastobacter sp. by Sankyo (Saro et al. 1996; TAKAISHI
et al. 1998), daleformis from the roots of Dalea filiciformis, halistanol disulfate
B from the sponge of Pachastrella sp. by SmithKline Beecham (PariL
et al. 1996, 1997), and soya saponin from soya bean by Nisshin (see Tables 3
and 4 and Figs. 2-6).

In addition, companies (e.g., Parke-Davis) also screened their libraries
of synthetic compound for leads. The potency of all these protease inhibitors
have not been compared to phosphoramidon in this chapter, but are reported
elsewhere (JENG and DE LoMBAERT 1997).
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Class

Structure Company
Potency against ACE / NEP / ECE

HoN
Phosphinic acid 9 0B Q N_ _cooH Scheri
1mic aci C erlng'
C“S‘E‘ﬁ I o Y Plough

o)
|
H
SCH 54470
1Csp: 2.5/ 90 / 70 nmol/l

Phosphinic acid

OoN

HoN
o] o]
NP N._cooH
N \,/I\é }ﬂ/ ~ i
heo 2 ow : Schering-

o X : Plough

ICsp: 1.5 /55 / 50 nmol/l

Carboxylic

HOOC H\

k/ N_ _N. _COOH

HO™ \n/ 7 Santen
I

SA 6817
I1Csy: 15/ 4.4 / 910 nmol/l

Phosphonamide

'|° N : Takeda

ICso: 380 /20 / 100-500 nmol/l

Fig. 4. Structures of triple ACE/NEP/ECE inhibitors
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Phosphonamide | N Monsanto

ICsy: 220 / 33 / 400—4 800 nmol/l

o}
o N /U\ NN po O
Non-peptidic F om Wakamoto
Aminophosphonic acid o]
0B

n

ICs,: 500 / 300 / 6 000 nmol/l

Natural product from 6 oOH o Nisshin
Streptomyces galisaeus HO e,
HiC, “—0
HsC,, —0 o
[e) o H
H HaC—N,
HO CHs
Aclarubicin
1Cs: 30 / >100 / >100 umol/l
COOH
Benzofused Novartis
macrocyclic NH
thiol lactam
HS o
CGS 26582

1Cs: 175/ 4 / 620 nmol/l

Fig. 4. (continued)

II. Non-Specific ECE Inhibitors: Metal Chelators

Since ECEs are metalloproteases that require a zinc ion for their catalytic
activity, depletion of this ion by metal chelators is expected to inhibit the
enzyme activity. Thus, 2,3-dimercapto-1-propanol, toluene-3,4-dithiol, 8-
mercaptoquinoline, and EDTA were reported to inhibit the activity of ECE
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Class

Structure Company
Potency against ECE / NEP

Quinazoline

é

N

LJ Parke-Davis

SN
N/)\CFg

PD 159790
I1Csp: 2600 / NA nmol/l

HN

Quinazoline

g

N
J/\) Parke-Davis

SN

P

N~ ccly

PD 069185
ICs: 900 / >100 000 nmol/l

HN

Natural product
from
Streptosporangium
roseum

OH O
OO0, |
o

OMe OH

O I
HO

HO
COOH

WS 79089B (FR901532/3)
1Cs: 140 / >100 000 nmol/l

Non-peptidic
Aminophosphonic
acid

OH

i H
O=P N

OH

% Novartis
i@

O
<" N
: H
RN

<c

CGS 36112
1Csp: 33 / 6 500 nmol/l

Fig. 5. Structures of selective ECE inhibitors
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o)
ot N L
2 N - OH
Non-peptidic z

Aminophosphonic
acid
o) O

CGS 35066
I1Cs: 22 / 2300 nmol/l

Novartis

(0]

H
~N \XOH Novartis

0] I

CGS 35339

O—7u—0O

Diphenyl prodrug
of CGS 35066

T

L
J

Fig. 5. (continued)

purified from a microsomal fraction of BAEC (AsHizawa et al. 1994b). The
inhibitory effect is significantly less potent (ICsy: 0.5-82umol/l) than phos-
phoramidon (for a review, see JENG and DE LoMBAERT 1997). When injected
into mice, the compounds decreased the mortality induced by big ET-1
(AsHIzAWA et al. 1994a). However, many other enzymes and proteins require
divalent cations for activities. Treatment with metal chelators in vivo may
cause side-effects. Thus, the use of metal chelators is non-specific (e.g., inhibit-
ing many enzymes other than NEP or ECE) and therefore not desirable.
The effect of aspergillomarasmine B, a natural product isolated from an
unidentified fungus (MATSUURA et al. 1993) (Tables 3 and 4, Fig. 6), on the inhi-
bition of ECE activity in BAECs was reversed in the presence of 10umol/l
Zn*, suggesting that this compound may act as a non-specific metal chelator.

III. Non-Selective Dual NEP/ECE Inhibitors

1. More Potent Against NEP
a) Phosphoramidates

S-17162 (Servier/Adir) was produced via structure-activity relationship
studies. It contains a dihydroxylpropyl group acting as a truncated saccharide
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Class Structure Company
Potency against ECE

s
Q /ﬂ:¢;ﬁ—COOH

HS N
H

Thiol N Zambon

\

ICsp: 1 nmol/l

H H
L HO—N N
Hydroxamic acid \NIN/ ~~"cooH Berlex
o o

1Csy: 0.01 nmol/l

Hydroxamic acid HO—N N._~COOH Yamanouchi

I1Csy: 13 nmol/l

0
H H
Carboxylic acid HOOC\/\”/N\')J\”ji‘/N\')L
o] /ﬁ o X

(o}
N—OH
H
|
N :

H

Parke-Davis

1Cs: 4700 nmol/l

HOOC .
H
N/l,.

Carboxylic acid O
J

Fig. 6. Structures of compounds derived from natural compounds or containing thiol,
hydroxamic acid, or carboxylic acid zinc-binding groups as hydroxamic acid, ECE
inhibitors. The potency of these compounds against NEP or ACE was not revealed.

Kali-Chemie

1Cs: 520 nmol/l
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Os__OH
o]
Natural product HO H\I Sapporo
from an N OH
unidentified fungus o} NH,
HO” o
Aspergillomarasmine A
I1Cs: 3400 nmol/l
Natural product SmithKline
from the roots of Beecham
Dalea filiciformis
Daleformis
1Cyp: 9000 nmol/l
Natural product SmithKline
from the sponge of Beecham
Pachastrella sp.
Halistanol disulfate B
ICs;: 2100 nmol/1
Natural product Nisshin

from Soya bean

Soya saponin
ICs,: 100000 nmol/1

Fig. 6. (continued)
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surrogate for the rhamnosyl moiety of phosphoramidon, the original phos-
phoramidate (Tables 3 and 4, Fig. 2). When co-infused with big ET-1 in pithed
rats, this compound inhibited the big ET-1-induced pressor response with a
potency similar to that of phosphoramidon (DescoMBEs et al. 1995). No results
on the in vitro ACE/NEP/ECE inhibitory activity regarding S-17162 have been
reported.

b) Aminophosphonic Acids

An approach to improve the chemical stability of phosphoramidon is to add
a methylene group between the phosphorus-nitrogen bond, yielding an
aminophosphonic acid. Novartis’ non-peptidic CGS 26303 belongs to such a
class of compounds (Tables 3-5, Fig. 2). This compound revealed a long dura-
tion of action in vivo and is about 3- and 30-fold more potent than phospho-
ramidon in the inhibition of ECE-1 and NEP activities, respectively (JENG
1997). This compound was shown to inhibit the activities of both human
ECE-1 and ECE-2 expressed in Chinese hamster ovary cells with a similar
ICs, of 100nmol/l (Kaw et al. 1995). In contrast, phosphoramidon inhibited
these enzymes with ICs, values of 1000nmol/l and 5Snmol/l, respectively (Kaw
et al. 1995).

CGS 26393, a diphenyl pro-drug of CGS 26303, presented a significantly
improved oral activity compared to its parent compound, CGS 26303. Fur-
thermore, the addition of a naphthylethyl group to the carbon atom adjacent
to the phosphorus of CGS 26303 has led to the discovery of another potent
dual inhibitor of NEP and ECE-1, CGS 31447 (JENG 1997) (Table 4).

Banyu also reported several peptidic compounds (as phosphonoalkyl
dipeptides) of this family. A representative compound displayed potent NEP
and ECE inhibitory activity (ICs,: 140/260nmol/l, respectively; Tables 3 and 4,
Fig. 2) (Fukawmi et al. 1994). In this compound a methylene group was included
between the phosphorus-nitrogen bond in order to enhance its chemical
stability in acidic conditions.

c) Carboxylic Acids

A structurally different dual inhibitor of NEP and ECE-1 is SLV 306 (Tables
3-5, Fig. 2). This orally active carboxylate is metabolized to generate the active
molecule KC 12615, a compound with NEP and ECE-1 inhibitory activities
comparable to those of phosphoramidon (MEIL et al. 1998).

d) Sulfhydryl-Containing Compounds

RU 69738 (DEPREZ et al. 1996) (Tables 3 and 4, Fig. 2), and two other com-
pounds from Novartis and Monsanto (KukkoLa et al. 1996; BERTENSHAW et al.
1993b, respectively; structures and names not shown) are derivatives that have
greatly improved ECE inhibitory activity when compared to thiorphan, but
with similar ICs, as phosphoramidon.
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2. More Potent Against ECE

B90063, a natural compound isolated from Blastobacter sp. was reported by
Sankyo as an ECE inhibitor (Taka1sHI et al. 1998) (Tables 3 and 4, Fig. 3). This
symmetrical aldehyde inhibited the activities of ECE in both BCAECs and
NEP in rat kidney, being 78-times more selective for ECE inhibition. It is
16,000-fold more selective than phosphoramidon toward ECE inhibition.

a) Phosphonamides

The Zambon group published on a phosphonamide series of compound that
possessed very potent ECE/NEP inhibitory activity (ICsy: 3/6 nmol/l; Tables 3
and 4, Fig. 3) (NorcInI and SANTANGELO 1995).

b) Aminophosphonic Acids

Novartis conducted structure-activity relationship studies and optimized CGS
26303 by substituting a dibenzofuran for the biphenyl group, creating the ana-
logue CGS 34043 (JENG et al. 1999). SmithKline Beecham also revealed an
aminophosphonic acid series of compound similar to those aminophosphonic
acids (see above) from Banyu but with selectivity for ECE over NEP (ICs:
52/1,000nmol/l respectively; Tables 3 and 4, Fig. 3) (KELLER et al. 1996).

Overall, in this class of inhibitors, the phosphonamide derivative from Zambon
was found to be the most potent against ECE activity, whereas B90063 was
found to be the most selective toward ECE vs NEP.

IV. Non-Selective Triple ACE/NEP/ECE Inhibitors
1. Phosphinic Acids

Schering-Plough synthesized a series of triple angiotensin-converting enzyme
(ACE)/NEP/ECE inhibitors. SCH 54470 is the most potent such inhibitor
reported to date (Tables 3 and 4, Fig. 4). This compound inhibits the activities
of these respective enzymes with ICsy values of 2.5nmol/l, 90nmol/l, and
70nmol/I (VEMULAPALLI et al. 1997). This phosphinic acid-related compound
presented an enhanced oral activity attributed to the utilization of a lysine side-
chain. Several other phosphinic acid derivatives that triply inhibit ACE/NEP/
ECE were also presented, including an even more potent triple inhibitor
(ICsp: 50nmol/l, 55nmol/l, 1.5nmol/l; see Fig. 4) (McKITTRICK et al. 1996a,b;
CHACKALAMANNIL et al. 1996; see Table 5 in JENG and DE LoMBAERT 1997).
Bristol-Myers Squibb also came out with a similar analogue (LLoyD et al. 1996).

2. Phosphonamides

Takeda synthesized a compound of lower potency compared to SCH 54470,
but still capable of inhibiting all three enzymes (380nmol/l, 20nmol/l,
100nmol/l, respectively; Tables 3 and 4) (WAKIMASU et al. 1992; KUKKOLA et al.
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1995). Monsanto also presented a very similar compound (Table 3, Fig. 2)
capable of inhibiting ACE and ECE activity from rabbit lung (BERTENSHAW
et al. 1993a; KukkoLa et al. 1995).

3. Aminophosphonic Acid

Wakamoto presented a non-peptidic aminophosphonic acid as a triple inhibitor
(500 nmol/1, 300 nmol/1, 6,000 nmol/l, respectively; Tables 3 and 4, Fig. 4).

4. Other Compounds

Santen patented a carboxylic acid derivative (SA 6817) that exhibited potent
triple inhibitory activities in vitro as well as ACE and ECE inhibitions in vivo
(15nmol/l, 4.4nmol/l, 910nmol/l; Tables 3 and 4, Fig. 4) (Fuira et al. 1997).
Novartis showed CGS 26582, a sulfhydryl-containing compound as a triple
inhibitor in vitro (175 nmol/l, 4 nmol/l, 620nmol/l) and in vivo (KSANDER et al.
1998).

Overall, in this class of inhibitors, Schering SCH 54470 was found to be the
most potent against all three enzymatic activities combined followed closely
by Santen SA 6817.

V. Selective ECE Inhibitors
1. Peptidic Compounds

Four analogues of human big ET-1, 3 with single D-amino acid substitutions
have been examined, and [D-Val?]big ET-1, 5 was the most potent (ICs=
280 umol/l) inhibitor of the activity of ECE purified from BAEC (INAGAKI
et al. 1993; Morita et al. 1994). Such an inhibitory activity is attributed
to conformational changes of the authentic precursor. This analogue also
suppressed big ET-1-induced dopamine release from the rat striatum, more
potently (fivefold) than phosphoramidon (Morita et al. 1994). A shorter
analogue, [Phe?]big ET-1,9.3;, also dose-dependently attenuated big ET-1-
induced increases in perfusion pressure in isolated rabbit kidneys and,
likewise, was 30-times more potent than phosphoramidon (CLAING et al.
1995). However, as peptidic analogues, these inhibitors suffer from rapid pro-
teolytic degradation and have a short half-life in circulation (HEMSEN et al.
1991).

2. Non-Peptidic Compounds from Natural Products

Selective ECE-1 inhibitors have been discovered from fermentation products
(see Tables 3 and 4, Figs. 3-6). For example, WS75624B was isolated from Sac-
charothrix sp. (TsuruMI et al. 1995b; YosHIMURA et al. 1995) and was associ-
ated with a 42-fold selectivity for ECE (activity in homogenate of bovine
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carotid artery) over NEP (extract of rat kidney membrane) inhibition. It is
2.3-fold more potent and 1900-times more selective toward ECE inhibition
than phosphoramidon (Table 3). The same group from Fujisawa also isolated
WS79089B, re-named as FR 901532 or FR 901533 (the sodium salt), a natural
product from the fermentation broth of Streptosporangium roseum (TsURUMI
et al. 1994, 1995a,b). It has about the same potency against ECE as phospho-
ramidon but it is selective for ECE (ICs, for NEP: >100 umol/l). Noticeably,
this compound displayed some species differences regarding ECE inhibition.
It was as potent as phosphoramidon in inhibiting the conversion of exogenous
human big ET-1 in both BCAECs and HUVECGC: in culture, but 100-fold less
potent in cultured rat cells (abdominal aortic ECs or glomerular) (TSURUMI
et al. 1995a,b).

In conclusion, several natural products have shown potencies similar to
that of phosphoramidon in ECE inhibition but they are much weaker than
phosphoramidon in NEP inhibition, and thus more ECE-selective. Further
structural optimization of these compounds may lead to the discovery of
potent and selective ECE inhibitors.

3. Other Non-Peptidic Compounds

The trisubstituted quinazoline derivative PD 069185 discovered by random
screening of Parke-Davis compound library is not more potent than phos-
phoramidon as an ECE-1 inhibitor, but it is selective (Tables 3 and 4; Fig. 5)
(AnN et al. 1996). Replacement of the -CCl; group with -CF; gave PD 159790,
a compound with increased solubility and less toxicity. No in vivo studies have
been reported yet with this compound. It is interesting to note that neither FR
901533 nor PD 069185 has a known functional group for binding to zinc at the
active site of ECE-1. Therefore, the mechanisms by which these two com-
pounds inhibit the ECE-1 activity are not clear. Recently, CGS 35066 was
introduced as a very potent non-peptidic ECE inhibitor, which was achieved
by replacing the tetrazol in CGS 34043 with a carboxylic acid (JENG et al. 1999).
It has an ICs, of 22 nmol/l against recombinant human ECE-1 with an overall
selectivity of 105-fold over NEP. CGS 35339, an orally available pro-drug of
CGS 35066, possesses the best in vivo activity amongst Novartis’s series of
compounds (JENG et al. 1999).

VI. Other Compounds Presenting Some ECE Inhibitory Activities

Besides the four groups (phosphoramidate, phosphonamide, phosphinic acid,
and aminophosphonic acid) that contain a phosphorus functionality, some
sulfhydryl, hydroxamic acid, and carboxylic acid derivatives have also been
shown to be excellent zinc-binding groups. A number of patented thiol and
hydroxamic acid derivatives were reported to possess ECE inhibitory activity
and were highly potent in in vitro assays with ICs, values between 0.01 nmol/l
and 13nmol/l (see Fig. 6). The two natural compounds daleformis and halis-
tanol disulfate B also inhibited the activity of solubilized recombinant ECE
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(Tables 3 and 4, Fig. 6). However, very few or no additional pharmacological
data have been reported to substantiate further ECE inhibition for these com-
pounds in vivo.

C. Effects of Protease Inhibitors, Chelating Agents and
Metal Ions on ECE Activities in Cultured Cells,
Isolated Tissues, Perfused Organs, and In Vivo

Several studies have shown that phosphoramidon and other ECE-selective,
dual NEP/ECE or triple ACE/NEP/ECE inhibitors can modulate the basal/
stimulated release of ETs and/or the pharmacological effects of exogenous big
ETs in various systems.

I. In Cultured Cells
1. In Endothelial Cells

Treatment of phosphoramidon attenuated the basal synthesis and release of
ET-1 in culture media of BAECs and PAECs (OkaDA et al. 1990; IKEGAwA et
al. 1990b). It was suggested that phosphoramidon inhibited both the intracel-
lular conversion of big ET-1 to ET-1 and the release of ET-1 from cultured
BAECs (Sawamura et al. 1991). This compound was also shown to block the
conversion of exogenous big ET-1 by BAECs, implying the existence of an
extracellular membrane-bound ECE (OHNAKA et al. 1991).

The BAECs are less effective in converting big ET-3 to ET-3 than big
ET-1 to ET-1 (OxaDA et al. 1990; TakaDA et al. 1991). Similarly, the ECE activ-
ity found in PAECs shows the highest affinity for human big ET-1, 33 amongst
the three big ETs (IKEGawA et al. 1990b). In PAECsS, the conversion of human
big ET-2, 3; to ET-2 is much slower (compared to big ET-1 conversion) and
the Trp*'-1le” peptide bond of human big ET-3, 4 is not cleaved (OHNAKA et
al. 1993). In contrast, it has also been shown that human big ET-3, ,; may be
converted to its active peptide by a phosphoramidon-sensitive ECE partially
purified from cultured PAECs (Marsumura et al. 1992). Such ECE activity
present in endothelial cells are not inhibited by other endopeptidase inhibitors
such as thiorphan or captopril, an ACE inhibitor (MATsuMURA et al. 1990b;
OkaDA et al. 1990).

The ECE activity present in PAECs can be inhibited by chelating
agents such as EDTA or 1,10-phenantroline (MATsuMuRra et al. 1990b). The
ECE highly purified from PAECs can also be inhibited by several divalent
cations (Cu*, Zn*, Co*, Fe*) but unaffected by Ca®*, Mn*, or Mg?* (OHNAKA
et al. 1993). Similar sensitivity to divalent cations have been reported for the
ACE activity previously (CusaMAN and CHEUNG 1971). Exogenous addition
of Zn** completely reverses the inactivation of ECE caused by EDTA, sug-
gesting that the ECE present in PAECs is a zinc metalloprotease (OHNAKA
et al. 1993).
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2. In Airway Epithelial Cells

Both the dual NEP/ECE inhibitors CGS 26303 and phosphoramidon suppress
the basal release of ET-1 whereas specific NEP inhibitors such as thiorphan,
SQ 28603, or CGS 24592 inhibit the degradation of ET-1 from guinea-pig tra-
cheal epithelial cells (YANG et al. 1997). The effect of CGS 26303, CGS 26393,
and CGS 24592 on lipopolysaccharide (LPS)- or interleukin-18 (IL-18)-
stimulated production of ETs from the same cells were also examined in order
to determine if the compounds could modulate the enhanced production and
release of the vasoconstrictors observed during pathophysiological conditions.
In these experiments, the cells were incubated in the presence or absence of
LPS (10ug/ml) or IL-18 (Sng/ml) together with CGS 26303, CGS 26393, or
CGS 24592 for a period of 24h. The LPS- or IL-18 stimulated production
of ET-1 from guinea-pig tracheal epithelial cells was attenuated dose-
dependently by CGS 26303 or CGS 26393, but was unaffected by CGS 24592
(PELLETIER et al. 1998).

3. In Other Types of Cells

In cultured Swiss 3T3 fibroblasts, treatment with phosphoramidon increases
the number of ET binding sites in a dose- and time-dependent manner
(Wu-WonG et al. 1993). Further studies demonstrate that the effect of phos-
phoramidon is due to inhibition of a protease responsible for degrading the
ET receptors.

II. In Isolated Vascular and Non-Vascular Preparations

1. Vascular Preparations

These preparations were used to assess the presence of ECE activities by
determining the exogenous big ET-induced contractions resulting from con-
version of the precursors into mature peptides. By doing so, a phosphorami-
don-sensitive ECE activity has been demonstrated in isolated rat pulmonary
artery (HIRATA et al. 1990), rat thoracic aorta (KASHIWABARA et al. 1989;
NisHIKORI et al. 1991), and porcine coronary artery (KiMura et al. 1989).
However, the contractions induced by big ETs are much less potent than those
obtained using exogenous ETs. Interestingly, the response to big ET-1, not
ET-1, is less potent in rabbit saphenous veins than in rabbit saphenous arter-
ies. Furthermore, ECE activity in the vein is insensitive to phosphoramidon
(AUGUET et al. 1992).

2. Non-Vascular Preparations

A phosphoramidon-sensitive ECE activity has also been demonstrated in
isolated guinea-pig bronchi (NocucHI et al. 1991), guinea-pig gallbladder (in
response to human and porcine big ET-1, 3513 and human big ET-2, but not
human big ET-3; 4;) (BATTISTINI et al. 1994), rat uterus (in response to human
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big ET-1,35) (RAE et al. 1993a; b), the prostatic portion of the rat vas deferens
(in response to big ET-1 but not big ET-3) (TELEMAQUE and D’ORLEANS-JUSTE
1991), and human bronchi (ADVENIER et al. 1992; McKavy et al. 1996). The con-
traction induced by big ETs is normally less potent than that obtained using
exogenous ETs, probably due to the degradation of the converted mature
peptide by NEP located on epithelial cells. In addition, in all these prepara-
tions, both big ET-1 and big ET-2 induce contraction whereas big ET-3 is inac-
tive except in human bronchi where it causes a contraction that is CGS
26303-inhibitable (McKay et al. 1997). Thiorphan is ineffective in all of these
preparations.

III. In Isolated and Perfused Organs

Big ET-1 is converted to ET-1 by a phosphoramidon-sensitive ECE in the rat
lung (Wypw et al. 1992; Hisaki et al. 1994). A phosphoramidon-sensitive ECE,
capable of converting exogenous big ET-1, was demonstrated in the pulmo-
nary vascular bed of the guinea-pig (D’ORLEANS-JUSTE et al. 1991), the rabbit
(IsHikawa et al. 1992), and the newborn piglet (LIBEN et al. 1993). Interestingly,
in guinea-pig perfused lungs, the ECE activity converts specifically big ET-1 but
not big ET-3, as determined by increases in the perfusion pressure or the
release of eicosanoids (D’ORLEANS-JUSTE et al. 1991). S17162 was reported to
suppress big ET-1-induced increase in perfusion pressure in isolated and
perfused rat kidneys, as potently as phosphoramidon (DESCOMBEs et al. 1995).

IV. In Semi-Purified and Purified Preparations

A phosphoramidon-sensitive ECE activity has been demonstrated in bovine
(Kunpu and WiLsoN 1992) and porcine (SAwWAMURA et al. 1993) lung mem-
branes. Purification of a phosphoramidon-sensitive ECE has also been
reported from rat lung (TAkAHASHI et al. 1993). An enzyme that catalyzes the
conversion of human big ET-1, 3 to ET-1 has also been purified from mem-
brane fractions of PAECs (OHNAKA et al. 1993). The ECE activity associated
with PAECs has been postulated to be a monomeric and acidic glycoprotein
with an isoelectric point of 4.1 (OuNAKaA et al. 1993).

V. In Vivo Studies

In marked contrast to the previous observations in isolated preparations
where big ET-1 is less potent than ET-1 in causing contractions, exogenous,
intravenously administered big ET-1 has been shown to be almost equipotent
to ET-1 in vivo. For instance, porcine big ET-1, 3y causes a phosphoramidon-
sensitive increase in blood pressure similar to ET-1 in anesthetized guinea-
pigs (D’ORLEANS-JUSTE et al. 1990). The effect is accompanied by an elevation
of the circulating plasma level of ET-1.
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Phosphoramidon blocks the pressor response to exogenous big ET-1
(human big ET-3 is inactive as a pressor agent in guinea-pigs) as well as the
increase in plasma ET levels, but not the increase in MABP induced by ET-1
in guinea-pigs (D’ORLEANS-JUSTE et al. 1991). Human big ET-1 and big ET-3
also produce phosphoramidon-sensitive elevations in MABP in anesthetized
rats (MATsUMURA et al. 1990a, 1993a; PoLLOCK et al. 1993; KASHIWABARA et al.
1989; Fukuroba et al. 1990; OkADA et al. 1990; IkeGawa et al. 1990b; McMAHON
et al. 1991a; D’ORLEANS-JUSTE et al. 1991).

The natural compound WS75624B (30mg/kg i.v.) suppressed big ET-1-
induced pressor responses, similar to the effect of phosphoramidon (same
dose) in rats (TsuruMI et al. 1995b). S17162 (10 mg/kg i.v. — 20mg/kg p.o.) also
attenuated the effect of big ET-1 in pithed rats, comparable to the effects of
phosphoramidon (DEscomses et al. 1995). CGS 26393, the pro-drug of CGS
26303, likewise suppressed the big ET-1-induced pressor response by 70%,
4h after an oral dose of 30mg/kg in anesthetized rats; the effects were sus-
tained for at least 8h (TrapraNI et al. 1995). Furthermore, SCH 54470 inhibited
the big ET-1-induced pressor response by 43% when infused at a rate of
0.1mg/kg/min for 30min prior to the big ET-1 challenge. Since it is a triple
ACE/NEP/ECE inhibitor, SCH 54470 significantly attenuated angiotensin I-
induced pressor response at 3mg/kg s.c. in anesthetized rats (VEMULAPALLI et
al. 1997).

These results suggest that the conversion of big ET-1 to ET-1 takes place
effectively in vivo which can be blocked by ECE inhibitors, but not completely.
It may be due to the fact that both endothelial cells, underlying vascular
smooth muscle cells (Woobs et al. 1998), and some circulating cells can cat-
alyze the conversion of big ET-1 to ET-1.

D. Effect of ECE Inhibitors in Various Pre-Clinical
Animal Disease Models and in Clinical Studies

Numerous lines of evidence strongly imply that ET-1 may play a role in the
pathogenesis of a variety of cardiovascular, renal, and central nervous system
diseases. Such conditions include hypertension, myocardial infarction, conges-
tive heart failure, renal failure, nephrotoxicity, pulmonary hypertension, and
cerebral vasospasm following subarachnoid hemorrhage (FErro and WEBB
1996; KoHAN 1997; PaTEL 1996).

The interest in ECE has emerged from the hypothesis that ECE inhibitors
would suppress the biosynthesis of ET-1 and, thus, provide an effective way to
block undesirable ET-mediated effects in diseases where an overproduction
of this peptide plays a pathogenic role. Most of the observations reported
below are not seen with a selective NEP inhibitor, suggesting that the effects
are due to inhibition of ECE-1, but not of NEP. Generally, non-selective
NEP/ECE inhibitors, especially phosphoramidon, have been utilized to show
some efficacy in various animal models of cardiovascular, renal, and central
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nervous system diseases, since selective ECE inhibitors have only recently
become available (Table 5).

I. Cerebral Vasospasm Following Subarachnoid Hemorrhage

Antagonism of the ET system is a logical approach to reduce the post-opera-
tive cerebral vasospasm and traumatic brain injury (see Chap. 13). Treatment
with phosphoramidon has been demonstrated to have a beneficial effect in
subarachnoid hemorrhage, reducing cerebral vasospasm in dogs (MATSUMURA
et al. 1991a). Similar to phosphoramidon, treatment with CGS 26303 also pre-
vented, as well as reversed, cerebral vasospasm in rabbits following experi-
mental subarachnoid hemorrhage (CANER et al. 1996; Kwan et al. 1997).

II. Conditions Associated with Vascular Remodeling

1. Hypertension

Treatment with phosphoramidon has been shown to lower MABP in sponta-
neously hypertensive rats (SHR), DOCA-salt hypertensive rats (MCMAHON
et al. 1993; Yano et al. 1991), and in renal-artery ligated hypertensive rats
(VEMULAPALLI et al. 1993b) (see Chap. 16). Similar to phosphoramidon, infu-
sion with CGS 26303, subcutaneously via implanted osmotic minipumps, also
reduced MABP in conscious SHR (DE LoMBAERT et al. 1994b). No effects were
seen with CGS 24592, a structural analogue of CGS 26303 and a selective NEP
inhibitor. Oral administration of SLV 306 likewise produced natriuretic and
diuretic effects in conscious rats after volume loading and lowered MABP in
DOCA-salt hypertensive rats (MEIL et al. 1998). However, with different
classes of antihypertensive drugs currently available, ECE inhibitors or ET
receptors antagonists are not likely to be developed as a monotherapy.

2. Congestive Heart Failure

Phosphoramidon was reported to attenuate the extent and size of myocardial
ischemia in rat isolated hearts (GROVER et al. 1992). Oral administration of SLV
306 also reduced cardiac hypertrophy as well as pulmonary congestion in rats
with congestive heart failure caused by aortic stenosis (MEIL et al. 1998). Infu-
sion of phosphoramidon increased the forearm blood flow in chronic heart
failure patients already treated with ACE inhibitors and diuretics (LovE et al.
1996). The fact that phosphoramidon has demonstrated vasodilatory effects
even in patients receiving ACE inhibitors suggests that an add-on therapy may
provide greater benefits.

The acute effects of a specific ECE inhibitor (FR 901533) were compared
to those of FR 139317, a selective ET, receptor antagonist, on cardiorenal
and endocrine functions in dogs with rapid right ventricular pacing (270bpm,
14 days)-induced congestive heart failure (Wapa et al. 1999). Both drugs
decreased a number of hemodynamic parameters and plasma levels of
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neurohumoral factors (see Table 5). Overall, FR 139317 exerted a greater
vasodilatory effect on systemic and renal vasculature than FR 901533.
However, FR 910533 reduced the activated secretion of factors in proportion
to the severity of congestive heart failure, providing tangible data supporting
investigations into the usefulness of long-term treatment with ECE inhibitor
in this disease (WaDA et al. 1999).

3. Post-Angioplastic Restenosis

Dual NEP/ECE inhibitors such as CGS 26303 and its prodrug CGS 26393 were
tested against neointimal formation following balloon angioplasty of the rat
carotid artery (PHAM et al. 1998). A 2-week treatment, initiated immediately
following balloon angioplasty, provided significant inhibition of neointimal
proliferation with i.p., s.c., or i.v. administration of CGS 26303 or with
CGS 26393, p.o. CGS 24592, a selective NEP inhibitor, had no effect. Phos-
phoramidon was also tested and clearly shown to reduce the size of the neoin-
tima in this rat model (MiNaMINO et al. 1997). These results further support a
role for ETs in the pathogenesis of angioplasty-induced lesion formation and
suggest that inhibitors of ECE(s) could be as effective as the ET receptor
antagonists or any other agents thus far investigated in this animal model
towards attenuating restenosis following percutaneous transluminal coronary
angioplasty in patients.

III. Renal Failure

In a common rat model of ischemic acute renal failure (the renal artery of one
kidney is clamped for 30-40min, and reperfused for 1-2 hr) in which glomeru-
lar filtration rate (GFR) is decreased and fractional sodium excretion (FEy,)
and urinary protein are increased, pre-treatment with phosphoramidon
increased GFR, and suppressed FEy, and proteinuria (VEMULAPALLI et al.
1993a). Similar results were obtained with phosphoramidon in ischemic,
uninephrectomized rats (BIrp et al. 1995). In the remnant kidney model of
chronic renal failure in the rat, subcutaneous administration of SCH 54470 at
30mg/kg, b.i.d., for 2 weeks significantly decreased the MABP, proteinuria, and
FEy. with concomitant increases in the glomerular filtration rate and renal
plasma flow when compared with the untreated controls (VEMULAPALLI et al.
1997). However, since similar renal protective effects have been observed
with dual inhibitors of ACE and NEP, whether the ECE-1 inhibitory activity
of SCH 54470 has additive/synergistic effects remains to be investigated
(see Chap. 18).

IV. Pulmonary Vascular Diseases

Subcutaneous administration of FR 901533 via osmotic mini-pumps attenu-
ated the development of right ventricular overload and medial thickening of
pulmonary arteries in a rat model of monocrotaline-induced pulmonary
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hypertension (TAkAHASHI et al. 1998). In another study, injection of phos-
phoramidon decreased the cardiopulmonary bypass-induced increases in
pulmonary arterial pressure and indexed pulmonary vascular resistance in
pigs (KirsaBoM et al. 1995) (see Chap. 15).

V. Pulmonary Respiratory Diseases

CGS 26303 was reported to attenuate the translocation and accumulation of
cells in the bronchoalveolar space of C57BL/6 mice infected with a combina-
tion of the antigen Sacharopolyspora rectivirgula and the Sendai virus as a
model of extrinsic allergic alveolitis (BEauDOIN et al. 1999). The number of
total cells in the lavage decreased significantly while the number of macro-
phages and lymphocytes also decreased upon treatment with CGS 26303 when
compared with the untreated controls.

E. Conclusions and Perspectives

Numerous lines of evidence strongly support pathogenic roles for ETs in
various cardiovascular, renal, and central nervous system diseases such as
hypertension, myocardial infarction, congestive heart failure, renal failure,
nephrotoxicity, pulmonary hypertension, and cerebral vasospasm following
subarachnoid hemorrhage (FErRrO and WEBB 1996; KoHAN 1997; PATEL 1996).
Therefore, inhibition of the biological effects of ETs would be beneficial for
treatment of these diseases.

Two classes of compounds have been developed for this purpose: ET
receptor antagonists and ECE-related inhibitors. Most major pharmaceutical
companies have chosen to target the ET receptors to inhibit ET-mediated
effects (see Chap. 9).To date, two mammalian ET receptor subtypes have been
identified (SAKURAI et al. 1992) (see Chap. 4). While the ET, receptor has
higher affinity for ET-1 and ET-2 than ET-3, the ET receptor exhibits similar
affinity for all three ETs. Binding of ET-1 to ET, or ETj receptors in vascu-
lar smooth muscle cells causes constriction. In contrast, binding of ET-1 to ETg
receptors on endothelial cells triggers the release of nitric oxide and prosta-
cyclin, which in turn mediate vasodilatory effects. In the respiratory system,
however, binding of ET-1 to ET, receptors in epithelial cells triggers the
release of nitric oxide and prostacyclin in both guinea-pigs (FILEP et al. 1993;
BATTISTINI et al. 1994) and rabbit trachea (GRUNSTEIN et al. 1991). Conversely,
binding of ET-1 to the ET, or ETy receptors in underlying non-vascular
smooth muscle cells causes bronchoconstriction in guinea-pigs (BATTISTINI
et al. 1994).

Three types of ET receptor antagonists have been synthesized: dual
ETA/ET;, selective ET,, and selective ETg receptor antagonists (see Chap. 9).
However, pharmaceutical companies are unlikely to develop ETg receptor
antagonists as a class of new therapeutic agents for cardiovascular-related dis-
eases since, in general, administration of selective ETg receptor antagonists
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elevates systemic blood pressure in human subjects (WEBB et al. 1995) (see
Chap. 19). At the beginning, most of the ET receptor antagonists were pep-
tides, which had poor oral bioavailability and were subjected to proteolytic
degradation. Ro 462005 (Hoffmann-La Roche) presented the first non-
peptidic, orally active dual ETA/ETy receptor antagonist (WEBB and MEEK
1997). The pharmacological properties of several potent, non-peptidic ET
receptor antagonists have been recently reviewed in great details (WEBB and
MEEK 1997; DoucLas 1997; BartisTinT and DussauLt 1998c).

Due to the dual vasodilatory and vasoconstrictive effects mediated by the
ETg receptors, it is still not clear if selective ET4 or dual ETA/ETg receptor
antagonists would be more efficacious. In addition, other receptors, such as the
ETc receptor, yet to be cloned in mammalians, have been proposed. In many
pathologic conditions, elevated ET levels have been found in the plasma, bron-
choalveolar lavage fluid, cerebrospinal fluids, as well as in tissue samples.
Further increases in the circulating ET-1 levels have been noted upon treat-
ment with bosentan, a non-selective ETA/ETg receptor antagonist, in human
(WEBER et al. 1996). Infusion of the ETjy receptor antagonist BQ-788 reduced
ET-1 clearance rate in rats, suggesting that ETg receptors play an important
role in such a process (FUKURODA et al. 1994). Whether the excessive ET gen-
erated could produce non-specific effects remains to be investigated. In this
regard, ECE inhibitors offer an alternative approach to inhibit the biological
actions of ETs. Some of these compounds have been derived from existing
ACE and/or NEP inhibitors. Nevertheless, a number of potent and selective
ECE inhibitors have now been synthesized as described above. To date, three
classes of ECE inhibitors have been reported: dual NEP/ECE, triple ACE/
NEP/ECE, and selective ECE inhibitors. Considering that dual inhibitors of
NEP and ACE have already been shown to be excellent agents for the treat-
ment of congestive heart failure and chronic renal failure, the addition of an
ECE inhibitory activity may well be beneficial. However, no selective ECE or
triple inhibitors are in clinical trials at present. These compounds are expected
to suppress the biosynthesis of ET-1 and therefore should have effects similar
to that obtained using the dual ETA/ETg receptor antagonists but without
raising circulating ET levels.

Since the relative population of ET, and ETjy receptors varies between
tissues, vascular beds, and species, the use of ECE inhibitors could be more
attractive for it would inhibit ET mediated-responses in pathological condi-
tions regardless of the ET receptor subtypes involved in these responses (BAT-
TISTINI et al. 1994). In addition, other physiological substrates for ECE-1, in
addition to big ET-1, have not been thoroughly investigated, at least in vivo.
One recent report by JoHNsON et al. (1999) also revealed that other vasoac-
tive mediators or hormones constitute excellent substrates for ECE. The
effects of elevated levels of these substrates due to ECE inhibition are
unknown. Furthermore, ECE may not be the only enzyme responsible for
producing the ETs; the existence of alternative pathways has not been fully
explored.
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Table 6. Criteria to consider toward the development and use of ECE inhibitors

1 Alternative pathways How to achieve selectivity with the cloning of even
leading to the production more ECE isoenzymes (plasticity) and the existence
of ETs of non-specific pathways

2 Other physiological ECE inhibition may affect the balance of the
substrates (ex. All, physiological substrates since the degradation of
BK, SP) for ECEs such peptides would be impaired

3 Optimal selectivity Inhibiting either the plasma membrane ECE
(single, double, triple (ectoenzyme) and/or intracellular ECE (also related
therapy) to pH) and/or other converting/degrading enzyme

such as ACE and NEP

4 Selective regulation Inhibiting either the constitutive pathway (ex.

pre-stored ETs) and/or the regulated pathway (de
novo stimulated synthesis)

5 Advantage versus the Blocking the up-regulated synthesis right at the site of
use of ET-receptor biosynthesis, preventing ET-mediated responses
antagonists compared to the selective inhibition at the sites of

receptor binding; keeping note that ETy receptors
are involved in the clearance of circulatory ET-1

It should be noted that the alternative approach to inhibit the effects
of ET by means of selective ECE-1 inhibitor may not be fully efficacious,
since ECE-2a/-2b and ECE-3 are involved in the biosynthesis of ET-1.
Dual inhibitors of ECE and NEP may also present additional benefits for the
treatment of cardiovascular and renal dysfunction than the use of a selective
ECE inhibitors. On the other hand, since NEP is shown to degrade ETs, ele-
vation of ET levels due to an inhibition of the degradation of these peptides
by NEP inhibitors may lead to further physiopharmacological effects (see
Table 6).

Since ACE and/or dual ACE/NEP inhibitors have been shown to be excel-
lent agents for the treatment of hypertension, congestive heart failure, or
restenosis (DE LoMBAERT et al. 1996), compounds that simultaneously inhibit
the activities of ACE, NEP, and ECE may be novel drugs for these diseases.
As an example, both ACE inhibitors, blocking the production of Ang II, and
losartan, an angiotensin AT, receptor antagonist, are efficacious in the rat
model of restenosis, a model in which ECE inhibitors have also been demon-
strated to have beneficial effects. Treatment with dual ACE/NEP or triple
ACE/NEP/ECE inhibitors may give additive/synergistic results. This syner-
gism can be envisaged since ET-1 increases the conversion of Ang I to Ang II
in cultured pulmonary artery endothelial cells (KawacucHi et al. 1990), and
reciprocally, Ang II induces ET-1 production (EMori et al. 1991).

Undoubtedly, clinical development of the ET receptor antagonists is more
advanced than that of the ECE inhibitors. Could there be any benefits in using
ECE inhibitors vs ET receptor antagonists? Only more pre-clinical studies and
clinical trials could provide the much needed comparisons between ET recep-
tor antagonists and ECE inhibitors as therapeutic agents. Thus far, the overall
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results obtained using ECE inhibitors compare favorably with those obtained
using selective ET 4 and/or dual ETA/ETg receptor antagonists.
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CHAPTER 8

Endothelin Converting Enzymes and
Endothelin Receptor Localisation in
Human Tissues

A.P. DaveNpPorT and F.D. RUSSELL

A. Introduction

ET-1 is the principal isoform of endothelin in the human cardiovascular
system. ET-1 is continuously released from vascular endothelial cells, to
produce intense vasoconstriction of the underlying smooth muscle and so
maintain endogenous vascular tone. ET-1 released from other epithelial cells
situated at the interface between biological compartments may have a range
of actions in humans as well as functioning as a neuropeptide in the brain.
Overexpression of ET-1 has been implicated in a number of pathophysiolog-
ical conditions such as coronary artery disease (see Chaps. 12-19). Two strate-
gies have emerged to block undesirable actions of ET-1 in diseased tissue:
receptor antagonists and inhibitors of the enzymes responsible for ET-1 syn-
thesis. Given the wide distribution and emerging multifunctional role of the
peptide, determining the anatomical localisation of endothelin converting
enzymes (ECE) is important in understanding the mechanism of production
of ET and identification of the receptor sub-type interacting with the released
peptide.

B. Endothelin Converting Enzymes
I. ECE-1

In mammals, including humans, analysis of cDNAs encoding ECE-1 revealed
the existence of more than one isoform, ECE-1ac and ECE-1f (SHIMADA
et al. 1995a, b) and ECE-1la and ECE-1b (VALDENAIRE et al. 1995), leading
to the development of two separate nomenclatures (TURNER et al. 1998)
(see Chaps. 3, 7). Subsequently, SCHWEIZER et al. (1997) proposed that a
third isoform may exist in humans. Combining the two nomenclatures,
ECE-10/ECE-1c consists of 754 amino acids in humans (and rats and cattle).
Evidence is emerging that this isoform is the most abundant in a number of
human tissues measured by immunoassays (MOCKRIDGE et al. 1998).

ECE-1b is proposed to encode a 770 amino acid protein that is identical
to ECE-1a/ECE-1c, except for an additional 17 amino-acids deduced to be
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present at the N-terminus, replacing the first methionine of ECE-1a. ECE-1b
cDNA has only been identified in humans (SCHWEIZER et al. 1997).

ECE-1B/ECE-1a consists of 758 amino acids in humans; selective antisera
have detected this isoform as well as ECE-1¢ in human umbilical endothelial
cells (RUSsSELL et al. 1998b).

1. Localisation of mRNA Encoding Isoforms of ECE-1

Messenger RNA encoding ECE-1 is widely distributed in human tissue
(ScaMIDT et al. 1994; Rossi et al. 1995; VALDENAIRE et al. 1995; SCHWEIZER et
al. 1997) although the use of homogenates in these studies precludes the iden-
tification of the precise cell type expressing ECE mRNA. ECE-1a (ECE-1c)
mRNA predominated in human tissues as measured by ribonuclease protec-
tion assay (SCHWEIZER et al. 1997). These studies revealed unexpected anom-
alies. Levels of mRNA encoding ECE-1 isoforms were apparently low in
human brain compared with peripheral tissues such as the lungs.

2. Localisation of ECE-1 Using Inmunocytochemistry

Conservation of the C-terminus has permitted the development of antisera
which could cross-react with all ECE enzymes discovered to date in human
tissue. DAVENPORT et al. (1998b, ¢) used site-directed antisera raised against the
C-terminus of mammalian ECE-1 (bECE-1,44755) (XU et al. 1994) that is con-
served in both human ECE-1a (ECE-1c), ECE-1b and ECE-183 (ECE-1a) with
the exception of a single residue, where the Pro for His substitution represents
a minor change. The antisera also cross-reacted with the C-terminus of the
deduced amino-acid sequence of bovine ECE-2 (bovine ECE-2, 75;) (EMoTO
and YANAGISAWA 1995) that has four identical amino-acids to ECE-1 at the
extreme C-terminus. Staining revealed using these antisera will be referred to
as ECE-like immunoreactivity. Where antisera to the C-terminus have been
reported not to cross-react with ECE-2 (PupiLLI et al. 1997), staining is
referred to as ECE-1-like immunoreactivity.

3. Quantification of ECE-1 Isoforms

A second strategy has been to develop antisera that can distinguish between
the isoforms of human ECE-1. Site directed antisera to the deduced amino
acids in the N-terminus of human ECE-10, 5y (STRYKRATLDEEDLVD)
and ECE-18 (PLQGLGLQRNPFLQG) have been extensively characterised
(MockRIDGE et al. 1998; RUSSELL et al. 1998b, ¢). These antisera were used in
a sensitive competition ELISA to measure the amount of immunoreactive
enzyme in microsomal fractions prepared from homogenates of human tissue.
In the heart, levels of ECE-1o were 0.88 = 0.27 pmol/g and 0.43 £ 0.08 pmol/g
wet weight in the atria and ventricles respectively and 0.38 £ 0.05 pmol/g wet
weight in the lungs. These levels are comparatively low, reflecting the locali-
sation of the enzyme to endothelial or epithelial cells, which represent only a
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small proportion of the cell type within the heart and lungs. The concentra-
tion of ECE-1f was below the level for detection in the competition ELISA,
suggesting ECE-1a was the predominant isoform. Using more sensitive
immunocytochemical techniques, both enzymes were localised to the cyto-
plasm of endothelial cells from the human umbilical vein (HUVECs) as
well as human coronary arteries, suggesting that ECE-18 may be widely
distributed in human vascular endothelium (RuUssELL et al. 1998c).

A third antisera to the deduced extended N-terminus of human ECE-
1b;;5s (MRGVWPPPVSALLSA) has been used to localise intense ECE-1b
immunoreactivity within renal and pulmonary epithelial cells with lower levels
of staining displayed by perivascular astrocytes and neuronal processes in the
cerebral cortex from the brain. In diseased vessels, ECE-1b antisera stained
macrophages infiltrating atherosclerotic plaques within coronary arteries.
These results suggest ECE-1b may also be expressed in normal and diseased
human tissue (DavenporTt and Kuc 2000). The physiological significance of
multiple ECE isoforms in human tissue is unclear. The three ECE-1 isoforms
have the same kinetic rate constants for cleaving Big ET-1 when expressed in
cells lines and would be expected to synthesise comparable amounts of the
mature peptide. It is possible that the isoforms may occupy different com-
partments within the same cell. A second possibility is that expression may
vary according to cell type: this may account for the particularly intense stain-
ing with antisera to ECE-1b in epithelial cells whereas endothelial cell stain-
ing was difficult to detect (Davenport and Kuc 2000).

II. ECE-2

Emoto and Yanacisawa (1995) discovered a second bovine enzyme, ECE-2,
that has 59% overall homology with bovine ECE-1. Following expression in
CHO cells, the cloned enzyme was also found to be a membrane bound met-
alloprotease. The two enzymes can be differentiated biochemically. ECE-2 has
an optimum pH for activity of 5.5 compared with 6.8 for ECE-1. Cloned
ECE-2 is 250-fold more sensitive to phosphoramidon than ECE-1, but insen-
sitive to PD069185, a novel ECE-1 selective inhibitor (AHN et al. 1998).

C. ECE and ET Receptor Sub-Types in the
Peripheral Vasculature

I. Ultrastructural Localisation of ECE-1 in Endothelial Cells

ET-1, together with its precursor Big ET-1, is the predominant isoform syn-
thesised and released from the human endothelium. The mature peptide has
been localised in endothelial cells of all human vessels examined including
large conduit and small resistance vessels (HEMSEN et al. 1991; Howarb et al.
1992; AsHBy et al. 1995; PLumprON et al. 1996b). The processing of Big ET-1
to ET-1 has been attributed to activity of one or more converting enzymes that
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are located mainly on the plasma membrane or within intracellular compart-
ments. Studies using endothelial cells isolated from animal tissues (HARRISON
et al. 1995; CorpER et al. 1995; TAKAHASHI et al. 1995; BARNES et al. 1996, 1998)
or transformed endothelial cell lines (WAXMAN et al. 1994) have concluded that
ECE or ECE activity is localised to the cell surface and the enzyme acts mainly
in a post-secretory processing role.

However, Gur et al. (1993), Xu et al. (1994), DAVENPORT et al. (1998b) and
RusseLL et al. (1998b-d) provided evidence that ECE is either primarily
expressed or has predominant activity within intracellular compartments. The
co-localisation of the mature peptide and Big ET-1 within endothelial cells
implies at least some ECE activity is located intracellularly. DAVENPORT et al.
(1998b) compared the ability of permeabilised and non-permeabilised
HUVECG:s to convert Big ET-1 to the mature peptide and found about 85% of
ECE activity was located in intracellular compartments. In both cases, activ-
ity was inhibited by phosphoramidon but not thiorphan.

Scanning electron microscopy revealed, as expected, low levels of ECE-
like immunoreactivity on the surface of the plasma membrane of cultured
HUVECGCs (Fig. 1B) (RUSSELL et al. 1998b) as well as en face preparations of

Fig.1A~D. Scanning electron microscope images of the surface of HUVECs growing
in culture and an en face preparation of endothelial cells lining human coronary artery.
A Only moderate staining for ECE was detected on the plasma membrane of cultured
HUVECS visualised using secondary antisera conjugated to colloidal gold particles
(black arrows). B Pre-immune control. C Filamentous vWF immunoreactivity (white
arrows) was detected on the border between coronary artery endothelial cells. D ECE-
like immunoreactivity (white arrows) was moderate in comparison. Scale bar = 2 um.
(Modified from RUSSELL et al. 1998b)
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human coronary artery (Fig. 1D), suggesting ECE-1 may function in part as
an ectoenzyme to cleave circulating Big ET-1.

These authors analysed the subcellular expression of Big ET-1, ECE-1a
and ECE-1J compared with von Willebrand Factor, a marker of Weibel-Palade
bodies, in HUVECs that had been permeabilised to allow access of antisera
to sub-cellular structures. The resulting cells were optically sectioned using
confocal microscopy (Fig. 2). In agreement with the results of the scanning
electron microscopy, only moderate levels of ECE-1a were detected over the
plasma membrane. ECE-1a, ECE-1f and Big ET-1 were found to co-localise
with von Willebrand factor in the Weibel-Palade bodies. Co-localisation of
ECE isoforms to Weibel-Palade bodies was confirmed by immunoelectron
microscopy in ultra-thin sections of human coronary artery. These numerous
rod-shaped structures, about 0.2um in diameter and 2-3um in length, are
located beneath the plasma membrane and are specific to endothelial cells.
Stimulation by the calcium ionophore released ET-1 from cultured HUVECs.
These results suggest ET-1 is synthesised by the regulated pathway and
released in response to external stimuli (RUSSELL et al. 1998b).

In addition, intense staining with antisera to ECE was also discovered in
smaller punctate vesicles (Fig. 2), establishing that ET is also synthesised via
the constitutive secretory pathway. These results are in agreement with the
ultrastructural localisation of the mature peptide in human coronary artery.
Quantitative immunoelectron microscopy revealed the presence of ET-like
immunoreactivity in the secretory vesicles as well as the Weibel-Palade bodies
(RusskeLL et al. 1998d). The combined results demonstrate that ET is released
from human endothelial cells via two distinct pathways. It is proposed that
ET is continuously transported in and released from secretory vesicles by the
constitutive secretory pathway, contributing to the maintenance of normal
vascular tone. Continuous release from this pathway accounts for the rise in
the concentration of plasma ET following systemic administration of ET
receptor antagonists in volunteers (PLuMPTON 19962). In addition, ET stored
in Weibel-Palade bodies may be released following a physiological or patho-
physiological stimulus by the regulated pathway, to cause additional local
vasoconstriction (RusseLL and DAVENPORT 1999b).

II. Evidence for Smooth Muscle Cell ECE and
Upregulation in Cardiovascular Disease

Big ET-1 infused into the forearm of human volunteers caused pronounced
vasoconstriction that was accompanied by a corresponding increase in ET and
the biologically inactive C-terminal fragment (PLumMPTON et al. 1995). This con-
strictor action was blocked by phosphoramidon, an inhibitor that does not
normally cross the plasma membrane, implying local conversion by an
ectoenzyme at the site of action. Little or no conversion of Big ET-1 to ET-1
has been detected in human blood in vitro (WATANABE et al. 1991) and Big
ET-1 constricts human vessels denuded of endothelium (MomBouLi et al. 1993;
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MaAGUIRE et al. 1997b; MaGUIRE and DAvENPORT 1998b). Like endothelial cell
ECE, this activity could be distinguished from neutral endopeptidase (that can
also cleave Big ET-1) by being inhibited by phosphoramidon but not thior-
phan (MAGUIRE et al. 1997b; Rizz1 et al 1998) and being blocked by a selec-
tive inhibitor of ECE-1 (over ECE-2), PD159790 (MAGUIRE et al. 1999).

However, comparison of confluent cultures containing similar densities
of human umbilical vein smooth muscle (HUVSMCs) and endothelial cells
revealed important differences in the processing of exogenous Big ET-1 and
Big ET-3. ECE activity was mainly located on the plasma membrane of
smooth muscle cells which converted about 20% of Big ET-1 compared
with permeabilised HUVECs (representing the combined extra and inter-
cellular activity). Conversion of Big ET-3 was not detected in either intact or
permeabilised endothelial cells, whereas the precursor was converted by a
phosphoramidon-sensitive/thiorphan-insensitive enzyme in muscle cells
(DavenPorT et al. 1998b). This was not an artefact of cultured cells, since
isolated vessel denuded of endothelium also efficiently converted both Big
ET-1 and Big ET-3, measured by analysing the contents of the bathing
medium using a radioimmunoassay (MAGUIRE et al. 1997b).

Does smooth muscle ECE have a physiological role in processing Big
ET precursors at target sites? Big ET-1 does escape conversion by either the
intracellular or cell-surface enzyme of the endothelium, since both ET-1
and Big ET-1 are secreted into the medium from HUVEC: in a ratio of 4:1
(PLumpTON et al. 1994) and circulates in human plasma (MATsuMoTo et al.
1994). Human endothelial cells do not synthesise ET-3 but the mature peptide
and Big ET-3 can also be detected in the plasma. A further possibility is that
smooth muscle ECE may be a site of conversion for Big ET-3 released for
example, from secretory cells of the medulla of the human adrenal gland. This
suggests that, in humans, ECE activity may be localised into two pools, one
intracellular, responsible for synthesis of ET-1 and extracellular ECE, respon-
sible for the further post-secretory processing of Big ETs. ECE staining was
found in smooth muscle cells from umbilical vessels although the intensity was
less than that of the endothelium but was more difficult to detect in smooth
muscle cells of vessels from adults (DAVENPORT et al. 1998b; FUurRUkawA et al.
1996). Combining the functional studies, the results suggest ECE activity in

Fig.2A-K. Confocal microscope images showing dual-staining for von Willebrand
Factor (vWF) and ECE in permeabilised human umbilical vein endothelial cells.
A Intense ECE-1a-like immunoreactivity was detected in small vesicles within the per-
inuclear region (PN) and the larger Weibel-Palade bodies (WP), with only modest
staining over the plasma membrane (PM), compared with the pre-immune control
shown in B. Cells were labelled with either ECE-1o C, ECE-13F or big ET-1I as well
as VWF, as a marker of Weibel-Palade bodies D, G, J. Digitally everlaying the two
images revealed a proportion of ECE-1a E, ECE-18 H and big ET-1 K could be
localised to Weibel-Palade bodies, with remaining ECE and Big ET-1 localised to small
secretory vesicles. (From RUSSELL et al. 1998b)
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smooth muscle of normal vessels is low, with conversion only seen in the pres-
ence of high, non-physiological but possibly pathophysiological concentrations
of Big ET-1. Does smooth muscle ECE have a pathophysiological role? In
endothelium-denuded human coronary arteries the response to Big ET-1 was
significantly enhanced in vessels containing atherosclerotic lesions with a cor-
responding increase in mature ET formed in the bathing medium, compared
with non-diseased arteries. There were no differences in responses of arteries
from either group to ET-1, demonstrating upregulation of ECE activity
rather than to an augmented response of the arteries to ET-1 (MAGUIRE and
DaveNPORT 1998b). The identity of the ECE upregulated is unclear. MINAMINO
et al. (1997) reported ECE-1 immunoreactivity was present in both smooth
muscle cells and macrophages in two human coronary atherectomy samples.
In occluding saphenous veins used for by-pass grafts in eight individuals
retrieved 2-8 years later, intense ECE staining localised to the endothelium
and infiltrating macrophages, but there was little evidence of increased ECE-
like immunoreactivity within the media or proliferated smooth muscle of the
occlusive lesion (Fig. 3). Both the mature peptide, Big ET-1 (BAcoN et al. 1996)
and ET-1 mRNA (WINKLEs et al. 1993) are increased in atherosclerotic vessels,
but the peptide is confined to the infiltrating macrophages of the lesion and
not the smooth muscle. Thus macrophages may be an additional source of the
peptide and Big ET-1, and may in addition to smooth muscle ECE, locally
increase conversion of Big ET-1 in the blood vessel wall.

III. ECE-2

Using the biochemical criteria outlined above, RUSSELL and IDAVENPORT
(1999a) detected ECE activity with an acid pH optimum in subcellular frac-
tions of HUVECs. At a pH of 5.4 this activity was unaffected by PD159790
but was inhibited markedly by low concentrations of phosphoramidon (ICs, =
1.5nmol/l), indicating ECE-2 as well as ECE-1 were co-expressed in these
cells. These results were confirmed using antisera raised against the deduced
amino acid sequence of bovine ECE-2 (bECEgy;_76), that is distinct from the
ECE-1 isoforms. Confocal microscopy revealed a punctate pattern of ECE-2-
like immunoreactive staining in the cell cytosol, suggesting a possible locali-
sation to secretory vesicles indicating a role in processing Big ET-1 whilst in
transit to the cell surface via the constitutive secretory pathway, although local-
isation to other membranous structures cannot be excluded. In contrast to
ECE-1, no staining was detected in storage granules. ECE-2-like immunore-
activity was also detected in coronary artery endothelial cells (RUSSELL et al.
1998c) suggesting the enzyme may be widely expressed in the human vascu-
lature as well as the CNS (Davenrort and Kuc, 2000).

Does ECE-2 have a physiological or pathophysiological role in human
endothelial cells? Surprisingly, mature ET could still be measured in mouse
embryos in which the ECE-1 gene had been deleted, leading YANAGISAWA et
al. (1998) to suggest expression of a second ECE protease, such as ECE-2.
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Fig.3. A Brightfield photomicrograph showing an example of a transverse section of
an occluding saphenous vein stained with haematoxylin and eosin. M media, ] intima.
B Adjacent section showing immunoreactive ECE localised to endothelial cells lining
the lumen (arrows) and infiltrating macrophages. Little or no staining was detected
within the smooth muscle of the media or thickened intima. C Adjacent section stained
with antisera to CD68, to confirm co-localisation of immunoreactive ECE with
macrophages. Scale bar = 250 um. (Modified from DAVENPORT et al. 1998b)

Since ECE-2 requires an acidic pH for optimum activity, Emoro and
Yanacgisawa (1995) predicted that the enzyme would be restricted to the acid-
ified environment of the trans-Golgi network or vesicles of the secretory path-
way. In agreement with this hypothesis, native ECE-2-like immunoreactivity
was localised to secretory vesicles in HUVECs (RusSseLL and DAVENPORT
1999a), suggesting ECE-2 could contribute to synthesis of ET under phy-
siological conditions. Alternatively, synthesis of ET-1 by ECE-2 may become
significant under pathophysiological conditions in which cellular pH is
reduced, such as ischaemic heart disease where intracellular pH values of
5.8 have been detected in hearts subjected to global ischaemia (DOCHERTY
et al. 1997), and a correlation between myocardial ischaemia and increased
plasma levels of ET is now well established (ToNNESSEN et al. 1993; ConN,
1996).
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IV. ET Receptor Sub-Types

ET-1 causes potent and sustained constriction of human vessels in vitro includ-
ing coronary (FrRaANCO-CERECEDA 1989; DAVENPORT et al. 1989; Bax et al. 1993,
1994; SAETRUM OPGAARD et al. 1994; GODFRAIND et al. 1993; MAGUIRE and
DaveNPORT 1995) pulmonary (Hay et al. 1993; Fukuropa et al. 1994; MAGUIRE
and DAVENPORT 1995), internal mammary (CosTeELLO et al. 1990; LUSCHER
et al. 1990; WHITE et al. 1994; MAGUIRE and DAVENPORT 1995) and renal arter-
ies (MAGUIRE et al. 1994). Veins are also constricted (LUSCHER et al. 1990;
CosTELLO et al. 1990; SEo et al. 1994; MAGUIRE and DAVENPORT 1995). In con-
trast to other endothelium derived vasoactive factors, a human vessel that does
not respond to ET-1 has yet to be reported. The decrease in vascular resis-
tance caused by infusion of ET antagonists in vivo has established that ET has
a physiological role in humans, contributing to the maintenance of normal vas-
cular tone (HayNEs and WEBB1994; HAYNES et al. 1996; PLumMPTON et al. 1995)
(see Chap. 19).

ET, receptors are the principle sub-type in the medial layer that is
comprised mainly of smooth muscle in human arteries and veins. ETy
mRNA and a small population of receptors could be detected in the medial
layer (denuded of endothelium) from certain vessels (DAVENPORT et al. 1993,
1995a, b, 1998a; Bacon and DAVENPORT 1996). Electron microscope autoradi-
ography confirmed the presence of high densities ET, with a low density
of ETg receptors in smooth muscle cells but little or no receptors of either
sub-type associated with the surrounding collagen (Fig. 4) (RUSSELL et al.
1997).

The most potent ETy agonist, sarafotoxin S6c (see Chap. 2) does cause
vasoconstriction in some, but not all, human vessels such as saphenous vein
and internal mammary artery, but these responses are variable occurring in
less than 50% of individuals (DAVENPORT and MAGUIRE 1994). Although the
constrictor actions of sarafotoxin S6c are potent, the magnitude of the
response is much less than that of ET-1. Therefore whilst some individuals may
have functional constrictor ETj receptors, the poor response to ET-3 in these
vessels suggests that these receptors may have limited physiological impor-
tance in the cardiovascular system. In agreement, ET, antagonists cause par-
allel and rightward shifts of the ET-1 concentration response curves in these
vessels with no portion of the curve resistant to ET, blockade (DAVENPORT
and MAGUIRE 1994; MAGUIRE and DAVENPORT 1995: MAGUIRE et al. 1997a). ET,
receptors also predominate in the media of diseased arteries but are down-
regulated (together with ETy receptors) in the intimal smooth muscle. The
density of ET}y receptors does (BAcon et al. 1996) increase in atherosclerotic
coronary arteries (DAGAssAN et al. 1996) but these are localised to infiltrating
macrophages and the increase in endothelial cells associated with neovascu-
larization (BAcoN et al. 1996). In agreement, ET 4 antagonists also fully reverse
ET-1 induced vasoconstriction in diseased vessels (MAGUIRE and DAVENPORT
1998a, 1999).
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Fig.4A-D. Electron micrographs showing the distribution of ET receptors in ultrathin
sections of human coronary artery. A ["*I]-ET-1 binding to receptors was visualised as
developed silver grain (black coiled ribbons) overlying the plasma membrane of indi-
vidual vascular smooth muscle cells but not the surrounding collagen. B ETA recep-
tors localised to the vascular smooth muscle cells (VSMC). C Only low densities of
ETg receptors were detected. D Non-specific binding. Scale bar =1 um. (From RUSSELL
et al. 1997)

In animals, endothelial ETy receptors are thought to be present on
endothelial cells and cause vasodilatation through release of nitric oxide,
prostacyclin, or an endothelium-derived hyperpolarizing factor, opposing the
constrictor response (see Chap. 11). Expression of endothelial ETy receptors
in human vessels may be more heterogeneous. ETy (but not ET,) mRNA
has been detected in HUVECs (O’REILLY et al. 1993), where the receptor
(Funtani et al. 1992) mediates a range of functions including induction of IL6
gene expression (STANKoOVA et al. 1996), proliferation and migration of the cells
(ZicHE et al. 1995). The initial reduction in forearm blood flow following infu-
sion of low doses of ET-1 into the brachial artery in vivo is thought to occur
by ETg mediated vasodilatation (Kiowski et al. 1991) although other investi-
gators only observed vasodilatation in response to high concentrations of
ET-3 (Haynes et al. 1995). In contrast, ETy receptors were not detected
by electron microscope autoradiography in coronary artery endothelial
cells (Fig. 4) (RusseLL et al. 1997). Using sarafotoxin Sé6c as the agonist, ETg



220 A.P. DavenporT and F.D. RUSSELL

mediated vasodilatation was not observed in either large (~600um in diame-
ter) or small (~300um) coronary arteries (PIERRE and DAVENPORT 1998a, b)
nor in other peripheral vessels including internal mammary (SEo et al. 1994),
radial (L1u et al. 1996) and small omental arteries (RIEZEBOS et al. 1994). ETy
mediated relaxation did occur in isolated preconstricted temporal and cere-
bral arteries (Lucas et al. 1996; NiLssoN et al. 1997). It is unclear if these results
reflect true heterogeneity in endothelial ETy receptor expression within
human vessels. It is possible that ETy mediated vasodilator responses can be
‘unmasked’ in vivo by blocking constrictor ET4 receptors using selective ET 4
antagonists, conferring an additional advantage to the use of these compounds
as originally proposed (DAVENPORT and MAGUIRE 1994).

D. ECE and ET Receptor Sub-Types in Organ Systems
I. Heart

In addition to the detection of ECE-1a, ECE-1f and ECE-2 immunoreactiv-
ity in the cytoplasm of endothelial cells from epicardial coronary arteries
(RusskELL et al. 1998c), immunoreactive ECE, together with mature ET and
Big ET-1, have also been localised to the endothelial cells of intramyocardial
vessels with a range of diameters, from all regions of the heart, including the
atria, right and left ventricle (DAVENPORT et al. 1998¢). No staining was detected
within the smooth muscle or myocytes of the surrounding heart muscle.
Synthesis of ET-1 by one or more of these enzymes within endothelial
cells throughout the coronary tree may contribute to the normal regulation of
cardiac perfusion. Overexpression of ECE within atherosclerotic lesions may
increase levels of ET within coronary arteries, contributing to vasospasm and
the progression of the disease. ECE-1 mRNA was increased following myocar-
dial infarction, although cells expressing increased levels of the enzyme were
not identified (BOHNEMEIER et al. 1998).

Staining for ECE was also detected within endocardial endothelial cells
lining the ventricle, a second major source of cardiac ET-1 (PLumMPTON 1996b).
Both receptor sub-types are present in the myocardium of atria, ventricles
(Bax et al. 1993; MOLENAAR et al. 1992, 1993; PETER and DAVENPORT 1995,
1996a; PONICKE et al. 1998) and septum of the heart although the ET, sub-
type was more abundant, comprising 90% of the ET receptors in isolated
myocytes. The density of this sub-type is increased by 50% in the ventricle of
patients with ischaemic heart disease, whereas ETjy receptors are unaltered
compared to non-failing hearts (PETER and DAVENPORT 1996b). In the atri-
oventricular conducting system, this pattern was reversed with a higher pro-
portion of ETj receptors (MOLENAAR et al. 1993). ET-1 is a potent positive
inotropic agent, acting directly on heart muscle (Moravec et al. 1989;
DAVENPORT et al. 1989). Synthesis of ET-1 by ECE within the endocardial
endothelial cells may not only modulate the inotropic state of the heart but
also exert effects on the conducting system in close proximity to endocardial
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cells. Fukuchi and Giaip (1998) found immunoreactive ET and ECE-1 within
macrophages that were abundant in infarcted regions of failing hearts but rare
in healthy cardiac tissue. They concluded that vascular endothelial cells and
macrophages were the principal sites of ET-1 synthesis in these failing hearts.

II. Lungs

In normal lung tissue, ET, Big ET-1 and ECE-like immunoreactivity were co-
localised to the endothelium of pulmonary vessels having a range of lumen
diameters, traversing the lung parenchyma. These included relatively thin-
walled vessels in close association with airways that are characteristic of pul-
monary arteries. Immunoreactive ECE was visualised within the epithelial
cells lining airways of the lung including bronchioles (airways <2mm in diam-
eter) and small bronchi (airways 2-5mm in diameter) (DAVENPORT et al.
1998c¢). Airway epithelia also stained positively for Big ET-1 and Big ET-3,
while staining for all three Big ET precursors was present in submucosal
glands (MARCINIAK et al. 1992). Little or no staining for either enzyme of ET
peptides was observed in lung parenchyma or cartilage. ECE expression may
be upregulated in scarring and thickening of the lung tissue associated with
idiopathic pulmonary fibrosis: strong staining for the enzyme was observed in
airway epithelium, proliferating type II pneumocytes, endothelial and inflam-
matory cells (SALEH et al. 1997). Similarly in the upper respiratory tract,
immunostaining for ET-1 and ECE-1 was seen in the surface epithelium,
endothelial cells, submucosal glands, and infrequently in vascular smooth
muscle cells of the nasal mucosa with ECE-like immunoreactivity increased
in inflammatory cells in chronic rhinitis (FURUKAWA et al. 1996).

Human lungs contains one of the highest densities of ET receptors
(McKay et al. 1991; HENRY et al. 1990; MARCINIAK et al. 1992; KNorT et al. 1995;
RusseLL and DAVENPORT 1996). Autoradiography shows that the sub-types are
differentially distributed. ET4 receptors were the only sub-type detectable in
resistance vessels (40-90 um in diameter) and predominated in conduit arter-
ies, comprising 90% of the medial layer from the main pulmonary artery. ET,
receptors were present on lung parenchyma, submucosal glands, airway
smooth muscle and epithelial cells. High densities of ETy receptors localised
to airway smooth muscle, with lower levels in parenchyma, airway submucosal
glands and small conduit arteries. Little or no binding was detected to con-
nective tissues, submucosal layer and cartilage (RUSSELL and DAVENPORT
1995).

ET-1 has two main actions in the lungs, long lasting vaso- and bron-
choconstriction, but the relative contribution of the sub-types is unclear. Syn-
thesis and release of ET-1 from the pulmonary vascular endothelium is
thought to cause constriction of pulmonary arteries predominantly via the
ET, sub-type (Hay et al. 1993; MaGUIRE and DAVENPORT1995), although
McCuLLocH et al. (1996) have proposed a significant contribution of ETg
receptors in resistance arteries (150-200 um in diameter). In the bronchus, the
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constrictor action of the peptide released from epithelia and diffusing onto the
underlying airway smooth muscle is via ETy receptors (ADNER et al. 1996;
TakaHASHI et al. 1997; Hay et al. 1998) although FukuropaA et al. (1994)
detected an ET, component. Constriction may be modulated by the release
of nitric oxide from activation of ET, receptors present on epithelial cells
(NALINE et al. 1999). ET-1 levels are elevated in patients with acute asthma;
ET-1 potentiates proliferative actions of airway smooth muscle mitogens via
ET, receptors (PANETTIERI et al. 1996) (see Chap. 14). ET4 receptor antago-
nist may be sufficient to reverse vasoconstriction associated with pulmonary
hypertension without affecting ETp-mediated contractile effects of airway
smooth muscle (see Chap. 15). Pulmonary diseases associated with a range of
pathologies such as asthma may require blockade of both sub-types, which
may also be accomplished by ECE-inhibition.

III. Adrenal Gland

ECE-like immunoreactivity was not detected in the secretory cells of the
cortex or medulla but was confined to the vascular endothelium in the human
adrenal (DAVENPORT et al. 1998¢). Staining was localised to the endothelial cells
(but not the smooth muscle) from arteries surrounding the gland as well as
the smaller resistance vessels within the capsular plexus and the endothelium
of the central vein. There was no staining in the capillary sinusoids that
descend from the capsular plexus through the secretory cells of the medulla
to converge on the central vein. A similar pattern of staining in the adrenal
vasculature was found for ET-1 and Big ET-1 (DAVENPORT et al. 1996). Syn-
thesis and release of ET-1 by the endothelium is consistent with the proposed
role for the peptide in locally controlling the flow of blood into the adrenal
(Hinson et al. 1991) mediated via ET4 receptors that are present on smooth
muscle cell of the arteries and the smaller vessels within the capsular plexus.
ETjy receptors were not discernible on the smooth muscle.

Similar densities of ET-1 receptors have been detected in the three regions
of the cortex (zona glomerulosa, fasiculata and reticularis) that secrete
steroid hormones as well as the catecholamine secreting cells of the medulla
(DAVENPORT et al. 1989) but the two sub-type have a differential distribution
within the gland. ET, receptors were limited to the zona glomerulosa where
ET-1 was more potent than ET-3 in stimulating aldosterone which is exclu-
sively released from this region, from isolated human adrenals (HINSON et al.
1991). ETg receptors were present throughout the zona fasiculata, reticularis
and medulla (DAVENPORT et al. 1996). ET-1 and ET-3 are equipotent in stimu-
lating the release of cortisol, a marker of zona fasiculata and reticularis activ-
ity, consistent with activation of ETy receptors. Thus ET-1 may function as
an intraglandular factor stimulating steroid secretion via ETy receptors but
regulating blood flow through the adrenal via ET, sub-type.

The adrenal gland may also be a source of Big ET-3. Antisera to these
precursor stained secretory cells of the medulla, although mature ET-3, were
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not detected within homogenates of adrenal tissue. If released, further pro-
cessing of Big ET-3 could occur within the vasculature, and the adrenals may
be a source of the ET-3 that can be detected in human plasma. Alternatively,
a homologue of an ECE isolated from bovine iris microsomes (HASEGawa et
al. 1998) that has specificity for Big ET-3 may also exist in humans.

IV. Kidney

The kidney efficiently clears ET-1 from the circulation (Gasic et al. 1992) and
may be partly responsible for excreting the peptide. However, demonstrating
the presence of mRNA encoding ET-1 and the detection of the peptide and
its precursor by HPLC and RIA (KArer and Davenport 1993, 1996a) estab-
lished that ET-1 was also synthesised within the kidney and could function as
a locally-acting renal peptide.

Levels of ECE-1 mRNA measured by Northern analyses were quantita-
tively similar in both the cortex and medulla (PupiLL1 et al. 1997). These
authors used an antiserum directed to the C-terminus of bovine ECE-1 (which
would be expected to cross-react with all human ECE-1 isoforms) although
this antisera was reported not to cross-react with ECE-2. In the cortex, ECE-
1-like immunoreactivity was detected in endothelial cells throughout the renal
vasculature including the arcuate arteries which give rise to numerous inter-
lobular arteries and arterioles (Fig. 5). Weaker but specific immunoreactivity
was present over some proximal and distal tubules although the distribution
was not homogeneous. Few endothelial glomerular cells were stained. In the
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Fig.5. A Schematic diagram summarising the distribution in human kidney of ET, (H)
and ETg receptors (@). B ET-1 and ECE-1-like ((J) immunoreactivity
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medulla, ECE-1 immunoreactivity was observed in the vasa recta bundles and
capillaries. ECE-1 immunostaining was also detected in the outer and inner
medullary collecting ducts and thin limbs of the loop of Henle. Using a selec-
tive antisera to ECE-1¢, RUsSELL et al. (1998a) found an essentially similar
distribution in the endothelial cells lining the renal blood vessels in the kidney,
with no detectable staining of the smooth muscle layer. However, intense
staining was detected within the endothelial cells of the glomeruli, distal con-
voluted tubules and epithelial cells of the collecting ducts. ECE-1p-like
immunoreactivity was difficult to detect in these regions.

Combining the results from a number of studies using immunocytochem-
istry and in situ hybridisation to localise ET, Big ET-1 or ECE, there was a
good match throughout the kidney between the peptide and its synthetic
enzyme in the endothelial cells of renal vasculature and epithelial cells of
collecting ducts (Fig. 5). There were some discrepancies: whilst ECE-1 mRNA
was localised to the thin loops of Henle little of no immunoreactive ET was
detected (PupiLLI et al. 1997). At present the function, if any, of ECE-1 within
the loop of Henle is unclear. The majority of studies have used normal kidney.
One possible explanation (as in glial cells which express the enzyme but not
the peptide) is that levels of ET precursor are upregulated in these regions
during disease. In support of this hypothesis, ET immunoreactivity can be
detected in these structures in pathophysiological tissue. RUSSELL et al. (1998a)
found enzymatic processing of ['*I]-Big ET-1 was highest in sections of human
kidney compared with other human tissue such as the heart. Binding of the
resulting cleaved peptide, ['“I]-ET-1, was to ETy receptors. If significant
amounts of ECE-1 are expressed on the surface of these cells, the enzyme
could contribute to clearance of Big ET-1 from the circulation (Kuc et al.
1995).

The localisation of ECE-1 and ET-1 to the endothelial cells and epithelial
cells is consistent with the two main actions of locally generated ET-1, vaso-
constriction and natriuresis, which may be mediated by different receptor sub-
types (NamsI et al. 1992). Although the human kidney is rich in ETj receptors
(comprising 70% in both cortex and medulla), most of the ET4 receptors are
localised to renal vessels of the medulla and cortex including the main renal
arteries, arcuate arteries and adjacent veins at the cortico-medullary junction
as well as intra-renal resistance vessels and arterioles supplying the glomeru-
lus (DAvVENPORT et al. 1994) (Fig. 5). ETy receptors were difficult to detect in
the smooth muscle layer of renal vessels but were localised to non-vascular
structures such as the tubules and collecting ducts. (KARET et al. 1993;
DAVENPORT et al. 1994; MAGUIRE et al. 1994).

Like other human vessels, ET-1 constriction of isolated renal arteries and
veins is mediated mainly via the ET, sub-type (MAGUIRE et al. 1994). In agree-
ment with isolated tissue, systemic infusion of ET-1 into humans, to achieve
pathophysiological levels caused pronounced vasoconstriction. ET-3, which
has at least low affinity for the human ET4 receptor, infused to achieve similar
levels, had no effect on blood pressure, renal haemodynamics or electrolyte
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excretion (KAASJAGER et al. 1997). ET, (but not ETg) mRNA was downregu-
lated in renal biopsies transplant recipients receiving cyclosporin, suggesting
an adaptive response to the overproduction of ET and vasoconstriction asso-
ciated with this therapy (KARET and DavenporT 1996b). ECE may have a
central role in regulating local ET production within the kidney which on
release mediates responses primarily via ET 4 receptor. The ETy sub-type may
also have a role as a ‘clearance receptor’, removing ET and locally converted
Big ET (RussELL et al. 1998a) from the plasma.

V. Central Nervous System

1. Cerebral Vasculature

ET-1 constricts vessels from the brain including basilar (PApapOPOLOUS et al.
1990), cerebral (ADNER et al. 1994) and pial arteries (HARDEBO et al. 1989;
THORIN et al. 1998; PiErRE and DAVENPORT 1998b, 1999) and may be involved
in the genesis or maintenance of cerebrovascular disorders such as the
delayed vasospasm associated with subarachnoid haemorrhage or stroke
(see Chap. 13). The small pial arteries and arterioles penetrating into the brain
are of particular importance, playing a major role in the maintenance of cere-
bral blood flow (autoregulation). ET-1 does not cross the blood brain barrier
in rats and ET-1 synthesised in the peripheral vasculature in humans is there-
fore unlikely to cross the blood brain barrier, unless this has been compro-
mised by subarachnoid haemorrhage, stroke or head injury. Thus there are two
potential targets for overexpressed ET-1 in human brain: vascular receptors
mediating cerebrovasospasm that may be responsible for delayed cerebral
ischaemia seen after aneurysmal subarachnoid haemorrhage and could con-
tribute to ischaemic core volume in stroke. Second, neural receptors mediat-
ing increases in intracellular free calcium (MorTON and DAVENPORT 1992) that
initiates the pathophysiological processes leading to neuronal death.

ET and ECE-like immunoreactivity was localised to the vascular endothe-
lium of the small pial vessels (diameter <50 um) within sulci of the human cere-
bral cortex. As in the peripheral vasculature, little or no staining for either
peptide or enzyme was detected in the vascular smooth muscle layer (Fig. 6).
Staining was visible on the outermost surface of pial vessels which may cor-
respond to the flattened mesothelial cells of the pia mater that is attached to
the surface of the brain, continuing into the sulci and around the penetrating
pial vessels. Intense ECE-like immunoreactivity was detected within endothe-
lial cells lining the numerous smaller vessels within the grey and white matter
(DAVENPORT et al. 1998b).

Raised local ET levels may elicit constriction in both large arteries and
small cerebral vessels where smooth muscle cells only express the ET4 sub-
type (ADNER, et al. 1994; Yu et al. 1995; Lucas et al. 1996; HARLAND et al. 1995,
1998; PierrE and DAVENPORT 1995, 1998b, 1999). Cerebral arterioles are par-
ticularly sensitive to ET-1 compared to other agonists. Importantly, ET, selec-
tive antagonists can relax pial arteries preconstricted with ET-1 (PIERRE and
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Fig.6A-E. ECE-like immunoreactivity in the cortex of human brain. A Staining was
visualised in the endothelium (arrow) of pial arteries lying within a sulcus (S) between
neuronal tissue (n) of the cerebral cortex. B ECE-like immunoreactivity within the
fibres of the glial limitans (g/), the outer glial membrane covering the nervous tissue
and long fibres perpendicular to the pial surface in the grey matter indicated by the
open arrow. Staining was also present in endothelial cells lining the numerous smaller
vessels (V). C An example of weakly stained neuronal cell bodies (solid arrows)
with a mixed morphology including pyramidal cells, within the deeper layers of the
cortex together with penetrating blood vessels (V). D In the white matter, occasional
astrocytes (a) were stained as well as penetrating vessels (V); E in some cases
astrocytic processes terminated upon small vessels (V') within the white matter. (Scale
bar = 100 um)

DAVENPORT 1999) suggesting these compounds would reverse or prevent
cerebrovasospasm.

ETg mediated relaxation has been reported to occur in isolated precon-
stricted temporal arteries and small (200um in diameter) cerebral arteries
(Lucas et al. 1996; NiLsson et al. 1997). Intriguingly, ligand binding (YAMAGA
et al. 1995) and functional evidence suggests that human brain endothelial cells
isolated from capillaries (diameter <10 um) that form the blood brain barrier
and larger microvessels, express ET, receptors linked to phospholipase C and
IP; accumulation (STaNIMIROVIC et al. 1994; Spatz et al. 1997). It is unclear why
capillary endothelial cells have evolved to express different sub-types to
peripheral endothelial cells but ET, receptors may have a role at the blood
brain barrier. ET-1 acting via this sub-type has been proposed to increase
capillary permeability leading to oedema (Purkiss et al. 1994).



Endothelin Converting Enzymes and Endothelin Receptor Localisation 227

2. Neurones

In the grey matter of human cortex, ECE-like immunoreactivity was visualised
in sparse but intensely staining long fibres perpendicular to the pial surface
(DaveNPoRrT et al. 1998c). The orientation and length of these processes is char-
acteristic of afferent and efferent fibres of neurones. Neuronal cell bodies of
mixed morphology, including pyramidal cells (Fig. 6C) were also stained
although less intensely compared with the endothelial cells. The cell bodies
occurred mainly in the deeper layers (layers III-VI). Less intense staining was
also found in neuronal cell bodies many having the morphological features of
pyramidal cells in layers III-VI. GiaID et al. (1991) localised ET-1 mRNA and
ET-like immunoreactivity to fibres and neuronal cell bodies to the same layers
of the human cortex. BARNES et al. (1997) detected ECE-like immunoreacti-
vity to the pyramidal cells of the rat hippocampus. The presence of ET and
ECE-like immunoreactivity within neurones provides further support for the
hypothesis that ET may function as a neuropeptide in the human brain.

3. Astrocytes

Neuroglia comprise all non-neural cells and constitute nearly half of the mass
of the CNS. Intense staining for ECE occurred in fibres of the glial limitans
or outer glial membrane covering the nervous tissue. Within the sub-cortical
white matter, occasional astrocytes (Fig. 6D) were stained, sometimes with
astrocytic processes terminating upon small vessels (Fig. 6E). Staining was not
detected within oligodendrocytes. Staining was also found for the ET peptides
in the pial arteries, glial limitans and to a lesser extent within neurones and
processes of the cortex. In agreement with G1aID et al. (1991) staining for ET
was not found within astrocytes from normal human brain. Astrocytes have
an important role in repair of CNS tissue following injury. Interestingly, intense
ET staining was detected in reactive astrocytes surrounding metastases
(Znanc and OvssoN 1995) and following viral infections (Ma et al. 1994) as
well as in rat perivascular astrocytic processes in an animal model of ischaemia
(Gaskowska and MossakowskI 1995).

Why has little transcription of mRNA encoding isoforms of ECE-1 been
detected in human brain (ScuMIDT et al. 1994; VALDENAIRE et al. 1995) com-
pared with peripheral tissue? This is surprising since a phosphoramidon-
sensitive ECE has been detected in this tissue (WARNER et al. 1992). In bovine
brain, Xu et al. (1994) localised ECE-1 mRNA as expected to the endothe-
lium of cerebral vessels, but hybridisation of the probe was not detected over
neuronal cells in the cortex. High levels of ECE-2 mRNA were found in the
bovine cerebral cortex by Northern blot analysis although the identity of cells
expressing this enzyme was not determined (EMoTo and YANAGIsawa 1995).
Analysis of individual murine Purkinje neurones and Bergmann glial cells
revealed mRNA for both ECE-1 and ECE-2 (ScumIDT-OTT et al. 1998). It is
not yet known whether both enzymes are expressed in human brain but
the antisera used by DAVENPORT et al. 1998c would also cross-react with the
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C-terminal sequence of ECE-2 if this is conserved in the human enzyme. ECE-
2 differs from ECE-1 by requiring an acidic pH optimum and is virtually inac-
tive at neutral pH and would be expected to be associated with the acidic
conditions of the trans-Golgi network (EMoro and YaNaGisawa 1995). If ECE-
2 is the predominant isoform in neural tissue, the enzyme may be activated
under the acidic conditions associated with ischaemia when the pH of glial
cells falls to 5.5 or less (ExHOoLM et al. 1991), to increase synthesis of ET.
Increased levels of ET have been reported in tissues following focal cerebral
ischaemia (BARONE et al. 1995).

Although ET-1 is more abundant, ET-3 is also present in human brain
(TakaHasHI et al. 1991). The efficiency of converting Big ET-3 to the mature
peptide by cloned ECE-1 is low or not detectable and the ECE activity iso-
lated by WARNER et al. (1992) from human brain did not convert Big ET-3,
suggesting the existence of an additional ECE selective for Big ET-3 as iso-
lated by HASEGAwA et al. (1998) from bovine iris microsomes.

4. Neural Receptors

The ETg receptor subtype accounts for about 90% of endothelin receptors in
the normal cerebral cortex (HARLAND et al. 1995) being localised to neuronal
regions particularly level III and IV of the cortex. The small proportion of ET
receptors were localised in high densities to the leptomeninges, pial arteries
and intracerebral vessels, with much lower but detectable levels in the grey
and white matter. ETy receptors were not detected in the vascular structures
or leptomeninges. In primary cultures from rat cerebellum, single cell dynamic
video imaging of intracellular free calcium ions and autoradiography showed
glial cells expressed receptors characteristic of the ETy sub-type, whereas
the responses of neurones were of the ET, (MorToN and DAVENPORT 1992;
DavenporT and MortoN 1991). Antagonism of both receptor sub-types may
be necessary to confer neuroprotection.

E. Conclusions

A consensus is emerging that ET, receptors predominate on the smooth
muscle in the peripheral vasculature of humans and ET, receptor antagonists
can fully reverse ET-1 induced constriction in both normal and diseased
vessels. It is less clear whether endothelial ETy receptors have a similar ubig-
uitous distribution. However, beneficial vasodilatation may possibly be
‘unmasked’ in the presence of ET, selective antagonists that block the more
powerful constrictor action of the peptide. Non-vascular ETy receptors that
occur in high densities in tissues such as the kidney may also have a benefi-
cial role in removing ET from the circulation. In human brain, ET4 receptors
exclusively mediate constriction in the larger cerebral vessels; activation of
endothelial ETy receptors causes significant vasodilatation. Surprisingly, ET s
and not ETj receptors are present on the capillary endothelial cells that form
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the blood brain barrier. Neural tissue is rich in ETj receptors but it remains
to be determined whether neurones also express ET, receptors that, when
activated by ET-1, cause an increase in intracellular calcium as proposed in
these cells from animals. If correct, blockade of ET4 receptors is predicted to
reduce cerebrovasospasm whereas mixed ETA/ETy antagonists would be
needed for neuroprotection.

ECE-like immunoreactivity is widely expressed in the human endothelium
and parallels the distribution of ET-1 and Big ET-1. Some ECE activity is on
the cell surface but most is intracellular, where ET synthesis appears increas-
ingly complex. ECE-1a, ECE-18 and ECE-2 immunoreactivity have all been
localised to human endothelial cells, although ECE-1¢ is emerging as the pre-
dominant isoform. ET-1 is unusual compared with other vasoactive peptides in
being synthesised by two distinct pathways. ECE-1¢ and EC-1f are localised
to storage granules of the regulated pathway; both isoforms are present with
the possible expression of ECE-2, in vesicles of the secretory pathway.

There are discrepancies and questions. ECE activity is upregulated in
coronary artery disease. How important is long range signalling by Big ET pre-
cursors and subsequent processing at target sites? Whilst human endothelial
ECE is specific for Big ET-1, smooth muscle ECE can also convert Big ET-3
and may be one site for ET-3 synthesis. Do smooth muscle cells express an
additional ECE, possibly more selective for Big ET-3? Glial cells within the
brain appear to express the enzyme but not the peptide until these cells have
been transformed to reactive astrocytes. Is this a significant source of ET in
neural tissue following injury or disease? The importance of each enzyme as
a target for inhibitors in pathophysiological conditions where ET levels are
known to be elevated remains to be determined.
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CHAPTER 9
Endothelin Receptor Antagonists

J.D. ErriorT and J.-N. XIANG

A. Peptide Endothelin Receptor Antagonists
I. ET, Selective Antagonists

The earliest reported endothelin (ET) receptor antagonists were peptide
in nature and arose structurally from relatively minor modifications to
endothelin-1 (ET-1) (SpiNeLLA 1991). The most significant early departure
from this paradigm came with the discovery of BE-18257B, a competitive and
selective endothelin-A (ET,) receptor antagonist isolated from the fermen-
tation products of Streptomyces misakiensis (IHARA 1991). BE-18257B is a
cyclic pentapeptide, cyclo(D-Trp-p-Glu-Ala-p-Allo-Ile-Leu), which binds
selectively to ET, receptors with an ICs, of 1.4 umol/l (porcine aortic smooth
muscle cells) and functionally antagonizes ET-1 induced vasoconstriction in
the rabbit iliac artery with a pA, of 5.9. Shortly after the discovery of BE-
182578, a similar series of cyclic pentapeptides was identified from a strain of
Streptomyces (Miyata 1992). The most potent compound in this series,
WS-7338B, is structurally identical to BE-18257B. In vivo evaluation in the
spontaneously hypertensive rat showed that pretreatment with 10mg/kg of
WS-7338B reduced the pressor effect of ET-1 (3.2 ug/kg; 55% inhibition),
while leaving unaffected the initial depressor response, the pressor and depres-
sor responses being mediated by ET, and endothelin-B (ETg) receptors,
respectively. While the selectivity profile of BE-18257B is attractive, the mod-
erate activity and poor water solubility of the compound have restricted its
use as a tool in pharmacological studies. Chemical modification of BE-18257B
led to a series of antagonists which not only exhibit higher affinity for the ETx
receptor but also possess good solubility in aqueous solution. Thus BQ 123
(Fig. 1), cyclo(p-Trp-p-Asp-Pro-p-Val-Leu), emerged as a high affinity ETa
receptor antagonist (ICsy of 22nmol/l) with greatly enhanced water solubility
(THARA 1992; IsHikAWA 1992). The significantly lower affinity of this compound
to the ETg receptor (ICs, of 18 umol/l) was demonstrated using porcine cere-
bellum, a tissue rich in this subtype, indicating that BQ-123 is almost 1000-fold
selective for ET, receptors. Functionally, BQ-123 antagonizes ET-1-induced
contraction of porcine coronary arteries with a pA, of 7.4, a value that is in
accord with its ICs, for binding to ET, receptors. In vivo, BQ-123 produces a
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Fig.1. ET,-selective peptide antagonist BQ-123

dose-dependent decrease in the ET-1-induced pressor response in the con-
scious rat, without affecting the initial depressor response, further indicative
of selectivity for the ET, receptor (IHARA 1992). Due to its high potency,
selectivity, and aqueous solubility, BQ-123 has been widely used in the inves-
tigation of the distribution of ET receptor subtypes. Furthermore, BQ-123 has
been shown to be efficacious in in vivo models of disease, most notably hyper-
tension (OHLSTEIN 1993) and acute renal failure (GeLLAI 1994). More recently,
evidence that treatment with BQ-123 markedly ameliorates the long-term sur-
vival and hemodynamic parameters in rats with chronic heart failure (Sakar
1998) provides support for a role for ET in the etiology of this condition.

Solution conformations derived from NMR studies for BQ-123 (Bean
1994; KrysTE 1992) and for the related compounds cyclo[p-Trp-b-Asp-Pro-p-
Val-(N-Me)Leu] [9] and cyclo[p-Trp-Cys(SO; Na*)-Pro-p-Val-Leu], BQ-153
(BoGusky 1994) have been reported. In both hydrophilic and hydrophobic sol-
vents, these compounds exhibit a highly stable backbone conformation com-
posed of a type II S-turn containing leucine and tryptophan in the i+1 and i+2
positions, respectively, and a jturn centered on proline. Side-chain positions
in aqueous solvent, methanol, and dimethyl sulfoxide are quite ordered, par-
ticularly about Leu-p-Trp where a strong hydrophobic interaction exists
between the leucine side chain and the indole ring. In chloroform, however,
the side chains of BQ-123 have a significantly higher mobility, showing no pre-
ferred orientation (BEaN 1994). The conformational stability of BQ-123 sug-
gests a potential peptidomimetic strategy for the identification of non-peptide
endothelin receptor antagonists. To date, however, this approach has only met
with limited success (MURUGESAN 1995).

A number of linear tripeptide antagonists have been obtained as a result
of structure-activity relationship studies based upon BQ-123. Representa-
tive examples include BQ-610, FR 139317 (Aramor1 1993) and PD 151242
(DaveNPorT 1994) (Fig. 2). BQ-610, {N-[(hexahydro-1-azepinyl)carbonyl)]}-L-
Leu-p-(1-CHO)Trp-p-Trp, inhibits ET-1 binding to ET4 receptors in porcine
aortic smooth muscle (ICs, = 0.7 nmol/l), and has significantly lower affinity for
ETg receptors in porcine cerebellum (ICsy = 24 umol/l). Functionally, BQ-610
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Fig.2. Structures of linear tripeptide antagonists; BQ 610, FR139317, and PD151242

antagonizes ET-1 induced contraction in porcine coronary arteries with a pA,
value of 8.2. In a study in-vivo in the rat, selective ET, receptor blockade by
BQ-610 improved hemodynamics in the intact circulation by causing a reduc-
tion in afterload and an increase in myocardial contractility (BEYER 1998). BQ-
610 has no effect on blood pressure and heart rate, but causes vasodilatation
with a corresponding increase in stroke volume, cardiac output, and ejection
fraction. These positive inotropic effects may be mediated by endogenous
ET-1 acting at ETy receptors, following selective ET, receptor blockade.
Another important example of the linear tripeptide series is FR 139317,
{N-[(hexahydro-1-azepinyl)carbonyl]}-Leu-p-(1-Me) Trp-p-Pya [Pya is (2-
pyridyl)alanine] (AraMort 1993). FR 139317 is a potent, highly selective ETx
antagonist with K; values of 1nmol/l and 7 umol/l, respectively, for the cloned
human ET, and ETj receptors. FR 139317 functionally inhibits ET-1 induced
contraction of the rabbit aorta (pA,=7.2) and in conscious normotensive rats
FR 139317 inhibits, in a dose-dependent manner, the ET-1 induced pressor
response. In an experimental canine model of subarachnoid hemorrhage,
intracisternal administration of FR 139317 significantly inhibits vasocon-
striction of the basilar artery, suggesting a role for ET in this pathological
condition (CARDELL 1993).

Linear hexapeptide antagonists have also been reported to have been
derived from FR 139317. In common with the tripeptide series, these hexa-



242 J.D. ELLioTT and J.-N. X1ANG

OH
Fig.3. Structure of TTA-386

peptides contain the alkylmethyleneiminocarbonyl group at the N-terminus,
D-amino acids and an aromatic side chain at selected positions. All of these
features are important for receptor binding affinity. A representative com-
pound in this series is TTA-386 (Fig. 3), { N-[(hexahydro-1-azepinyl)carbonyl]}-
Leu-p-Trp-p-Ala-f-Ala-Tyr-p-Phe) (Kitapa 1993), which exhibits high affinity
to ET s receptors (ICs, value of 0.34 nmol/l, porcine cardiac ventricular muscle)
and has no appreciable binding to ETy receptors in bovine whole brain. This
compound is a competitive antagonist of ET , receptors in porcine cardiac ven-
tricles as confirmed by Scatchard analysis. Functional activity for TTA-386 and
selectivity for ETs receptors was demonstrated in A-10 cells, which respond
to ET-1 by an increase of cytosolic free calcium concentration. TTA-386
(10mmol/l) completely inhibits calcium mobilization induced by ET-1
(1nmol/l) in this cell line, while TTA-386 alone has no effect on calcium levels
in these cells.

II. ETg Selective Antagonists

In order to help define a pharmacological role for the ETy receptor subtype,
efforts have also been directed towards the discovery of ETg selective recep-
tor antagonists. The first peptide ETj selective antagonist was designed based
on the observations that all three ET isopeptides bind with equivalent affin-
ity to the ETy receptor, and that the 14 C-terminal residues are essentially
conserved in ETs 1-3. Thus, IRL 1038 was prepared, which corresponds to
residues 11-21 of ET-1 (UraDE 1992) in which the cysteines at positions 11
and 15 are linked via a disulfide bridge not present in the intact peptides ET
1-3{i.e.,[Cys"-Cys"”]-ET-1(11-21)}. IRL 1038 has much higher affinity for ETj
receptors (K; = 6-11nmol/l) than for ET4 receptors (K;=0.4-0.7 umol/l). Func-
tionally, IRL 1038 (3 umol/l) antagonizes ET-3-induced contraction of guinea
pig ileal and tracheal smooth muscle mediated by the ETj receptor. The
compound itself is devoid of agonist activity and has no effect on the ET,
receptor-mediated contraction of rat aortic smooth muscle.

During the extensive structure-activity relationship studies conducted on
linear tripeptides (see above), it was observed that replacement of the aro-
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Fig.4. BQ-788, an ETjy selective tripeptide
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matic residue at the C-terminus (e.g., tryptophan in BQ 610) (Fig. 2) with an
alkyl amino acid selectively increased affinity for the ETg receptor. As a result
of further elaboration, the potent and selective ETy receptor antagonist,
BQ-788 [N-cis-2,6-dimethylpiperidinocarbonyl-L-»MeLeu-p-Trp(1-CO,Me)-
p-Nle] (Fig. 4) was discovered (IsHikawa 1994). BQ-788 competitively inhibits
['IJET-1 binding to the ETg receptor on human Girardi heart cells with an
ICs, value of 1.2nmol/l and shows poor affinity for ET, receptors (ICsy =
1.3 umol/l) on SK-N-MC cells, a human neuroblastoma cell line. Furthermore,
BQ-788 is highly selective for the ETy receptor as evidenced by its lack of
ability to affect the binding of the physiologically relevant ligand to the
angiotensin II (AIl) AT, and calcitonin receptors. Functionally, BOQ-788 antag-
onizes the contractions induced by a selective ETg-agonist, BQ-3020, in iso-
lated rabbit pulmonary arteries (a tissue rich in ETy receptors) with a pA,
value of 8.4. BQ-788 alone at a concentration of 10 mmol/l shows no effect on
basal tension in this tissue. In vivo in the rat, BQ-788 (1 mg/kg, i.v.) completely
suppresses the transient depressor response produced by ET-1, resulting in the
more rapid onset of an enhanced pressor response. This result supports the
contention that the transient depressor response to ET-1 in rats is mediated
by the ETj receptor and substantiates the value of receptor subtype selective
antagonists for such pharmacological investigations. Contemporaneously
with the discovery of BQ-788, an ETj selective cyclic peptide antagonist,
RES-701-1 (Fig. 5), was isolated from a fermentation broth of Streptomyces
(MorisHITA 1994). RES-701-1 binds to CHO cells transfected with the human
ETjy receptor with an ICs, value of 10nmol/l and has no effect on [*“IJET-1
binding to the human ET, receptor. This compound selectively inhibits the
ET-1-induced increase in intracellular Ca®* concentration in COS-7 cells
expressing the ETy receptor, but does not inhibit the Ca** transient in ET,-
expressing cells. In anesthetized rats, RES-701-1 (250nmol/kg) abolishes the
initial depressor response to ET-1 but enhances the subsequent pressor
response, corroborating the in-vitro data which suggest that RES-701-1 is a
potent and specific antagonist for the ETj receptor. Recent data with synthetic
RES-701-1 (He 1995) suggest a much weaker binding affinity and poorer selec-
tivity for the ETy receptor than those results obtained with RES-701-1 from
natural sources. Further work will be needed to resolve this anomaly.
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Fig.5. RES-701-1, an ETgselective peptide obtained from a fermentation broth

III. ET,/ETg Balanced Antagonists

During the course of SAR studies on ET-1 itself, certain analogs were pre-
pared such as ET-1[Thr", -Me-Leu'’] and ET-1[Thr'®, Leu"] which demon-
strated non-selective ETA/ETp antagonism (WAKiMAasU 1993). The
hydrophobic character of the C-terminal region of the ET isopeptides is
crucial for receptor recognition, and truncation of the ET-1 sequence led to
the discovery that the C-terminal hexapeptide, ET 16-21, possesses noticeable,
albeit, low-affinity for both ET, and ETj receptors (MAGGrt 1989). A mono-p-
amino acid scan of the C-terminal hexapeptide revealed that the most signif-
icant increase in binding affinities to both ET, and ETj receptors was
achieved with a p-His residue at position 16. Thus, Ac-p-His-Leu-Asp-Ile-Ile-
Trp is a non-selective antagonist with ICs, values for binding to ET, (rabbit
renal artery vascular smooth muscle cells) and ETjy receptors (rat cerebellum)
of 8.9 umol/l and 9.1 umol/l, respectively (DoHERTY 1993). Replacement of D-
His with p-Phe at position 16 maintains the nonselective profile of the antag-
onist, while moderately (four-to fivefold) enhancing the affinity to both
receptor subtypes. Based on these observations, extensive studies around the
16-position were carried out in which p-Phe was replaced with various p-aro-
matic amino acids (DoHERTY 1993; Copy 1992a,b, 1993). As a result it was dis-
covered that increased steric bulk at this position provides a series of
compounds with substantially increased binding affinities for both receptor
subtypes. Thus, PD 142893 (Fig. 6), Ac-p-Dip-Leu-Asp-Ile-Ile-Trp (Dip = 3,3-
diphenylalanine), is a functional antagonist and possesses high affinities for
both ET, (cultured rabbit renal artery vascular smooth muscle cells, ICs, = 31
nmol/l) and ETj (rat cerebellum membranes, ICs, = 54 nmol/l) receptors. Fur-
thermore, PD 142893 antagonizes ET-1-induced contraction of the rabbit
femoral (ET,) and pulmonary (ETg) arteries with pA, values of 5.95 and 6.31,
respectively (HINGORANI 1992; LADoOUCEUR 1992; WARNER 1993). Further
enhancement of binding affinity at both receptors was obtained by the sub-
stitution of the unnatural tricyclic amino acid, p-Bhg, 2(R)-10,11-dihydro-5H-
dibenzo[a,d]cycloheptene glycine, at position 16, leading to PD 145065
(Fig. 6). This molecule is a linear hexapeptide which binds to ET, and ETy
receptors with ICs, values of 3.5nmol/l and 15nmol/l, respectively. PD 145065
is also a competitive antagonist, which inhibits the ET-1- and sarafotoxin-6c-
induced contractions in rabbit femoral (ET,) and pulmonary arteries (ETg),
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Fig.6. Balanced ET4/ETy hexapeptide endothelin receptor antagonists

with pA, values of 6.9 and 7.1, respectively. In vivo, in ganglion-blocked rats,
PD 145065 inhibits, in a dose-dependent manner, both the depressor and
pressor responses induced by infusion of ET-1.

While balanced (ET/ETg) antagonists such as PD 142893 and PD 145065
possess quite potent receptor binding characteristics, they are however rela-
tively unstable towards enzymatic degradation, as evidenced in vitro in a rat
intestinal perfusate assay. This instability is probably due to carboxypeptidase
activity and, indeed, co-incubation of PD 145065 with carboxypeptidase
inhibitors greatly increases its half-life in the rat intestinal perfusate. An N-
Me amino acid scan revealed that N-methylation of Ile20 provided a com-
pound (Ac-p-Bhgl6-Leu-Asp-Ile-[NMe]lle-Trp21, PD 156252 [Fig. 6]) which
retained full receptor affinity at both ET receptor subtypes while possessing
enhanced proteolytic stability and cellular permeability (Copy 1997).

B. Non-Peptide Endothelin Receptor Antagonists
I. ETL/ET; Balanced Antagonists

While peptide endothelin receptor antagonists were important tools for early
pharmacological studies, a very significant advance in the field came with the
disclosure of the non-peptide antagonist Ro 46-2005. Ro 46-2005 (Fig. 7) was
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Fig.7. Pyrimidine-based, orally bioavailable, balanced ET,/ETjy receptor antagonists;
Bosentan, the first non-peptide agent advanced to human clinical trials

described as the first orally active endothelin receptor antagonist (CLOZEL
1993) and was the result of structural modification of a lead first synthesized
as part of an antidiabetic effort. Ro 46-2005, which is devoid of hypoglycemic
activity, inhibits the binding of ['*I]ET-1 to human vascular smooth muscle
cells (ET, receptors) and rat aortic endothelial cells (ETg receptors) with ICs,
values of 220nmol/l and 1 umol/l, respectively. The in vitro activity of Ro 46-
2005 was further evaluated in functional assays for both ET4- and ETg-medi-
ated effects. Thus, Ro 46-2005 produces a parallel rightward shift in the
concentration-response curve to ET-1 in endothelium-denuded isolated rat
aortic rings (ET4 receptors), with no effect on maximal response. The pA,
value for Ro 46-2005 in this tissue is 6.50 and Schild analysis of the data is con-
sistent with competitive antagonism (slope of regression = 1.05). Functional
activity at the ETy receptor was evaluated in isolated rat small mesenteric
arteries which were preconstricted with methoxamine. Under these conditions,
Ro 46-2005 produced a parallel rightward shift in the concentration-response
curve to sarafotoxin 6¢, with no depression of the maximal response, yielding
a pA, value of 6.47. Schild analysis of the data was once again consistent
with competitive antagonism. Additional experiments confirmed the selectiv-
ity of Ro 46-2005 for endothelin receptors in that, at a concentration of up to
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30 umol/l, the compound did not affect contractions evoked by angiotensin II,
serotonin, norepinephrine, potassium chloride, or prostaglandin F,,.

Subsequent structure-activity relationships in this series led to the dis-
covery of Ro 47-0203, bosentan (Fig. 7), a more potent, balanced endothelin
receptor antagonist than Ro 46-2005 (CLozeL 1994). Bosentan binds to CHO
cells separately expressing ET and ETj receptors with K; values of 6.5nmol/l
and 343 nmol/l, respectively. In vitro,bosentan blocks, in a competitive manner,
both the ET, mediated functional response to ET-1 in the rat aorta
(pA; = 7.2) and the ETp mediated response to sarafotoxin 6¢ in rat trachea
(pA; = 6). Bosentan shows no inherent effects on blood pressure from in vivo
studies in the pithed rat, but when dosed intravenously or orally does inhibit
the pressor response to big ET-1, co-administered intravenously. Furthermore,
it has been demonstrated clinically that bosentan reduces blood pressure in
humans with essential hypertension, as effectively as enalapril, and is not asso-
ciated with reflex neurohormonal activation (Krum 1998) (see Chap. 19).
Bosentan has been advanced to phase III clinical trials in congestive heart
failure patients and early results suggest beneficial effects on hemodynamic
parameters (Kiowski 1995).

Since bosentan possesses only moderate affinity for ET4 and ETg recep-
tors, further optimization around this scaffold has been examined, guided by
a 3-D model of antagonist-receptor interaction (BReu 1995). The focus of the
effort has centered around modifications of the hydroxy substituent incorpo-
rated in the 6-position, as well as the size and lipophilicity of the substituents
in the 2- and 4-positions, of the central pyrimidine ring. As a result, Ro 48-5695
(Fig. 7) was identified as the most potent, balanced ETA/ETg antagonist in this
series. Ro 48-5695 binds to ET, and ETy receptors separately expressed in
CHO cells with ICs, values of 0.7nmol/l and 5nmol/l, respectively. Function-
ally, Ro 48-5695 blocks both the ET, mediated functional response to ET-1
in rat aorta (pA; = 9.3) and the ETy mediated response to sarafotoxin 6¢ in
rat trachea (pA, = 7.6), showing an approximately 100-fold enhancement for
both receptors relative to bosentan. This compound also inhibits intracellular
calcium mobilization induced by ET-1 in both ET, and ETjy receptor trans-
fected HEK-293 cells, with ICs, values of 0.9nmol/l and 6 nmol/l, respectively.
Despite the low water solubility (sodium salt, 2 mg/l) of Ro 48-5695, the com-
pound proved to be orally active in both dogs and rats with 40-60% bioavail-
ability and showed good in vivo activity in a variety of animal models
(NEIDHART 1997).

The lead structure SK&F 66861 (Fig. 8) arose through screening a selec-
tion of compounds similar in structure to known ligands of G-protein coupled
receptors (ErLriorr 1994). SK&F 66861 is a diphenylindene carboxylic
acid which binds to ET, receptors in the rat mesenteric artery but has no
detectable affinity for ETy receptors in rat cerebellum. Subsequent studies
with cloned human endothelin receptors gave K; values of 7.3 umol/l and
>30 umol/l, for ET, and ETjy receptors, respectively. Significantly, SK&F 66861
was found to be a functional antagonist of endothelin-1 at the ET4 receptors
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in rat aorta (K, = 6.6 umol/l). The oxidative lability of the indene nucleus
present in SK&F 66861 led to investigation of the indane counterpart and
trans,trans-1,3-diphenylindane-2-carboxylic acid (Fig. 8) was shown to have a
receptor binding profile similar to SK&F 66861 itself.

The evolution of the indane series of ET receptor antagonists, relied
heavily on peptidomimetic hypotheses and took advantage of a 'H-NMR
derived structure of ET-1 (Enpo 1989; MiLLs 1991a,b; SAUDEK 1989). Specifi-
cally, elaboration of the indane structure was directed by the hypothesis that
the 1 and 3 phenyls, and the 2 carboxylic acid are mimetics of Phel4, Tyr13,
and Asp18 of ET-1, respectively. Introduction of a carboxylic acid moiety onto
the 3-phenyl of the small molecule to mimic the C-terminus of ET-1 led to
the very potent balanced ET,/ETy antagonist, SB 209670 (Fig. 8) SB 209670
was the first reported subnanomolar, non-peptide antagonist of the human
ET, receptor and the compound has substantial, albeit weaker, affinity for the
ETg receptor (K; values: ET, = 0.43nmol/l; ETg = 14.7nmol/l) (OHLSTEIN
1994). Functionally, this ligand produces parallel rightward shifts in the
concentration-response curve to ET-1 in isolated rat aorta (ET,-mediated)
with a K, value of 0.4nmol/l. The maximal contractile response to ET-1 is not
affected by SB 209670 at concentration up to 1 umol/l and Schild analysis of
the data is consistent with competitive antagonism. Likewise, SB 209670 com-
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petitively antagonizes ET-1-induced contraction mediated by ETj receptors
in the isolated rabbit pulmonary artery with a somewhat weaker K, value of
199 nmol/l. Furthermore, SB 209670 does not possess noticeable affinity for a
range of other G-protein coupled receptors including angiotensin II AT;, vaso-
pressin Vi, and o-adrenergic.

When administered intravenously, SB 209670 is effective in a number of
animal models of disease including hypertension (see Chap. 16), acute renal
failure (GELLAI 1994; see Chap. 18), and restenosis following percutaneous
transluminal coronary angioplasty (DoucrLas 1994; see Chaps. 12, 16).
Although efficacious as an intravenous agent, SB 209670 has limited oral
bioavailability in the rat (4%). In an effort to enhance the oral bioavailability
of compounds of this class, screening of a series of structurally related indane
antagonists for enhanced permeability in intestinal tissues was conducted. As
a result, SB 217242 (Fig. 8) was discovered to have substantially increased oral
bioavailability in the rat (66%). SB 217242 binds with high affinity to human
ET4 receptors (K; = 1.1nmol/l), and is somewhat more selective versus the
ET; subtype (K; =111 nmol/l) than SB 209670. Functionally, SB 217242 antag-
onizes ET-1-induced contraction of the isolated rat aorta, mediated by ET,
receptors, with a Ky, value of 4.4 nmol/l. SB 217242 is currently in phase II clin-
ical trials for the treatment of pulmonary hypertension secondary to COPD.

Another approach to identify lead ET antagonist structures relied upon
the recognition of structural and functional similarities between the ET and
AlI receptor-ligand systems. Furthermore, these two G-protein coupled recep-
tors exhibit similar preferences for aromatic and acidic groups in their respec-
tive agonists. Thus, screening of compounds previously prepared as All
antagonists led to the discovery of the ETA/ETy antagonist containing a 2,5-
dibromo-3,4-dimethoxyphenoxyacetic acid, shown in Fig. 9 (WaLsH 1995). This
compound showed weak binding affinities to both ET, and ETg receptors with
1Cs, values of 11 umol/l and 31 umol/], respectively. In common with other ET
antagonist series, a significant potency enhancement accrues from the intro-
duction of a methylenedioxyphenyl moiety. Replacement of the carboxylic
acid present in this lead by an acylsulfonamide, in consideration of potential
DMPK advantages, led to L-746072 (Fig. 9), which binds to cloned human ET,
and ETjy receptors with 1Csy values of 26 nmol/l and 60nmol/l, respectively.
Interestingly, along with the dramatically enhanced binding affinity to ET
receptors, L.-746072 retains potent affinity for both AT; and AT, receptors
(ICsps = 13nmol/l and 32nmol/l, respectively). Thus, L-746072 is a relatively
potent antagonist of both subtypes of the ET and AII receptors and possesses
an intriguing profile for a potential antihypertensive agent.

Attempts to simplify the structure of L-746072 led to discovery of L-
754142 (Fig. 9), which shows high specificity for ET receptors (WiLLIAMS 1995).
L-754142 binds to cloned human ET, and ETj receptors with K; values of
0.062nmol/l and 2.25nmol/l, respectively, and has no noticeable affinity for
either the AT, or AT, receptors. In vitro, L-754142 antagonizes ET-1-induced
phosphatidyl inositol hydrolysis in Chinese hamster ovary (CHO) cells sepa-
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Fig.9. o-Phenoxyacetic acids and the corresponding acylsulfonamides, potent
balanced ETA/ETg antagonists

rately expressing cloned human ET receptors (ICsss, ET A = 0.35nmol/l, ETg =
26nmol/l). Furthermore, the compound inhibits ET-1-induced contraction of
rabbit iliac artery rings (pA, = 7.74) and rat aortic rings (pA, = 8.7), in both
tissues the effect being mediated via ET, receptors. L-754142 blocks the
pressor response to big ET-1 in the conscious rat with EDs, values of 0.3 mg/kg
i.v. and 0.56 mg/kg p.o. Finally, drug metabolism and pharmacokinetic studies
in the rat support a long duration of action (>12h) for L-754142, following oral
dosing at 3mg/kg.

The prototypical pyrrolidine-3-carboxylic acid antagonists (Fig. 10) were
developed based upon the indane series described earlier and they possess
ET, selectivity (see below). Additional SAR studies in this series, however,
revealed that transposition of the carbonyl group of the amide in A-147627
along the side-chain led to an antagonist with a significantly diminished affin-
ity to ET, receptor (56-fold), thereby rendering the compound less subtype
selective (ICses, ET, = 20nmol/l, ETg = 850nmol/l). Further pursuit of this
finding revealed that the corresponding sulfonamides, represented by A-
182086 (Fig. 10), have excellent affinities for both ET, and ETjy receptors. A-
182086 is a potent balanced ET+/ETy antagonist with subnanomolar affinities
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Fig.10. Development of pyrrolidine-based ET/ETy dual antagonist A-182086

IRL 2500 IRL 3630

Fig.11. IRL 3630, a balanced antagonist, resulted from modification of IRL 2500, an
ETsj selective antagonist

to both receptors (ICss, ET = 0.1nmol/l, ETy = 0.3nmol/l). The pharmacoki-
netic characteristics of A-182086 are also excellent with a bioavailability of
54% and Ty, of 8h when dosed orally in the rat (JaAe 1997).

By way of contrast with A-182086 the balanced ETA/ETg antagonist IRL
3630 (Fig. 11) was developed based upon an earlier discovery of the ETj selec-
tive antagonist, IRL 2500 (Kis, ET = 440nmol/l, ETg = 1nmol/l) (FrRun 1996;
Sakaki 1998a,b). Structural modification of IRL 2500 indicated that the affin-
ity to the ET, receptor could be enhanced by replacement of the biphenyl
moiety with a 4-isoxazolyl phenyl group. Subsequent replacement of the tryp-
tophan residue by valine and the carboxylic acid present in IRL 2500 by an
acylsulfonamide led to the balanced ET,/ETy antagonist IRL 3630 (Fig. 11,
Kis, ET = 1.5nmol/l, ETy = 1.2nmol/l). This molecule, despite its “peptide-
like” character, is described as being resistant to degradation by plasma in rat,
mouse, guinea pig and, most importantly, human.
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Fig.13. WS009 A and B, early examples of non-peptide endothelin receptor
antagonists

Another balanced ET/ETg antagonist to be derived from an earlier ET4
selective antagonist within the chemical series is PD 160874 (Fig. 12). Thus,
replacement of 3,4,5-trimethoxyphenyl group in the ET selective compound,
PD 156707, with a cyclohexyl moiety greatly enhanced the affinity for the ETg
receptor without affecting ET, binding. Further modification of the sub-
stituents on the methoxyphenyl ring provided PD 160874, which binds to
cloned human ET, and ETg receptors with ICss of 3.5nmol/l (ET,) and
8.9nmol/l (ETg) respectively (DoHERTY 1996).

II. ET, Selective Antagonists

The earliest identified non-peptide antagonists of ET receptors came from
natural product screening and interestingly, they shared an ETa-selective
profile. WS009 A and B (Fig. 13) were isolated from a strain of Streptomyces.
Competition binding studies using ['*I]ET-1 demonstrated that WS009 A and
B bind with low affinity (ICs, values of 5.8 umol/l and 0.67 umol/l, respectively)
to membranes from porcine aorta, a tissue rich in the ET, receptor subtype
(Mryata 1992b,c). Both WS009 A and B are without effect on the ETg recep-
tor present in porcine brain. ET, receptor selectivity was also demonstrated
in that neither WS009 A nor B affected the appropriate ligand binding to a



Endothelin Receptor Antagonists 253

Shionogi 50-235 Shionogi 97-139

Fig.14. Myricerone derivatives identified as endothelin receptor antagonists

range of other receptors, including the peptide receptors, AII AT; and sub-
stance P (MivaTa 1992a).

Lineweaver-Burk analysis of the inhibition of ET-1 binding to porcine
aortic membranes is consistent with competitive antagonism. Functionally,
WS009 A and B inhibit, albeit weakly, the ET-1-induced contraction of
isolated rabbit aorta (Mivata 1992a). Furthermore, in the spontaneously
hypertensive rat, a 10mg/kg, i.v. dose of WS009 A blocked the pressor, but
not the depressor response to an exogenous challenge of ET-1 (3.2 ug/kg),
consistent with the ET,-selective nature of the antagonist. Finally, WS009
A competes with [“IJET-1 binding to membranes from human aorta
(ICso = 13 umol/l). No more recent reports have emerged on WS009 A or B,
nor has there been any description of their binding characteristics to cloned
human ET receptors.

Shionogi 50-235 (Fig. 14) (Fusmmoto 1992) is also a natural product, in this
case isolated from an extract of the bayberry, Myrica cerifera. Shionogi 50-235
inhibits, in a concentration-dependent manner, ['**IJET-1 binding to rat aortic
smooth muscle A7r5 cells that express ET, receptors (K; = 51 nmol/l), whereas
["*IJET-1 binding to Girardi heart cells (ETg receptors) is unaffected (MIHARA
1993b). Selective ET, antagonism was also demonstrated in a functional assay
where ET-1-induced calcium mobilization was inhibited by Shionogi 50-235
in a dose-dependent fashion (ICsy = 11nmol/l), while the response to potas-
sium chloride and bombesin were unaffected. Similar functional studies in
Girardi heart cells failed to show an effect of Shionogi 50-235 on the ET-1-
induced response, as anticipated from the radioligand binding data (see
above). The compound also inhibits the mitogenic effects of ET-1 on A7r5 cells
with an ICs, of approximately 100nmol/l (MiHARA 1993a). This latter result
further supports the notion that Shionogi 50-235 is a functional antagonist of
ET, receptors, inasmuch as the smooth muscle proliferative effects of ET-1
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have been shown to be mediated by ET, receptors (OHLSTEIN 1992; see
Chaps. 12 and 16).

While the structure of Shionogi 50-235 is relatively complex, it is
amenable to some straightforward chemical modification. Thus elaboration of
the caffeoyl moiety of Shionogi 50-235 gave Shionogi 97-139 (Fig. 14), a com-
pound with some 50-fold enhanced affinity for ET, receptors (MIHARA 1994).
Shionogi 97-139 inhibits the binding of ['*I] ET-1 to rat A7r5 cells (ET 4 recep-
tors) with a K; of 1nmol/l. Unlike Shionogi 50-235, however, the compound
also has some affinity, albeit very weak, for ETy receptors on human Girardi
heart cells (K; = 1000nmol/l). Shionogi 97-139 produces a concentration-
dependent inhibition of the ET-1-induced increase in intracellular calcium
levels in A7r5 cells (ICs of 2.6 nmol/l). Furthermore, this compound blocks the
mitogenic effects of ET-1 in A7r5 cells with an I1Cs, of 0.92 nmol/l. In isolated
rat aortic ring segments, Shionogi 97-139 produces parallel rightward shifts in
the ET-1 concentration-response curve (pA, = 8.8), without affecting the
maximal contractile response. A direct comparison of BQ-123 and Shionogi
97-139 in these in vitro assays showed the latter compound to be nearly an
order of magnitude more potent. However, this enhanced potency of Shionogi
97-139 relative to the peptide antagonist, BQ-123, was not reflected in
improved efficacy in animal models. Thus, Shionogi 97-139 was approximately
equipotent to BQ-123 in its ability to block the pressor response to exogenous
ET-1 challenge in the pithed rat. Further evidence suggests that this discrep-
ancy results from enhanced plasma albumin binding of Shionogi 97-139
relative to BQ-123.

In contrast to the structural complexity of the natural product lead com-
pounds discussed thus far, the discovery that a relatively simple compound,
asterric acid (Fig. 15), inhibits ET-1 binding to ET, receptors present in A10
cells (ICsy = 10 umol/l) was regarded with some interest (OHASHI 1992). The
compound, a natural product from the fungus Aspergillus, is selective in
binding to the ET, receptors on A10 cells versus atrial natriuretic peptide or
AT, AII receptors, which are also present in these cells.

While asterric acid contains features in common with other ET antago-
nists, no reports have directly connected the molecule to efforts to produce
more potent antagonists.

As part of a screening program aimed at the identification of compounds
capable of inhibiting ['*1]ET-1 binding to vascular smooth muscle A10 cells,
it was discovered that the sulfonamide antibacterial sulfathiazole has low affin-
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Fig.15. Asterric acid, one of the first non-peptide endo-

OMe thelin receptor antagonists to possess a relatively simple
Me chemical structure
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ity for the ET4 receptor (ICs, = 69 umol/l) (STEIN 1994). Subsequently, another
member of this class, sulfisoxazole was found to have substantially higher affin-
ity for the ET, receptor (ICs = 0.78 umol/l) (STEIN 1994). Despite the encour-
aging binding data, sulfisoxazole is less potent in its ability to block ET-1
induced calcium mobilization in A10 cells (ICs, = 40 umol/l) and, at a concen-
tration of 100 umol/l, the compound failed to affect the concentration-response
curve to ET-1 in isolated rabbit carotid artery rings. Irrespective of the dis-
parity between binding and functional data for sulfisoxazole, it has proven to
be a valuable lead structure. As was the case for bosentan and Ro 46-2005,
sulfisoxazole contains a secondary sulfonamide but lacks the carboxylic acid
moiety found in the earlier antagonists. The relatively acidic N-H present in
sulfisoxazole is, however, critical for binding activity. Thus, substitution of the
sulfonamide nitrogen with an alkyl group (e.g., methyl) or replacement of the
sulfonamide with a simple amide leads to a total abrogation of binding
to the ET, receptor.

Further SAR studies in this series were focused on the benzenoid ring of
the sulfonamide. It was observed that an increase in size and lipophilicity of
this substituent greatly improved the binding affinity to ET, receptors,
ultimately leading to the naphthalene sulfonamide BMS 182874 (Fig. 16).
BMS 182874 binds to A10 cells (ET4 receptors) with a K; of 55nmol/l, while
binding to rat cerebellar membranes (ETj receptors) is much weaker, with a
K; of more than 200 umol/l, making the compound some 3600-fold selective in
binding to the ET, receptor. Functionally, BMS 182874 is somewhat less
potent with the K, value of 520nmol/l for the blockade of ET-1 induced con-
traction of the rabbit carotid artery (Wu-WonG 1994). In vivo, BMS 182874
was demonstrated to lower blood pressure within 1h of dosing (p.o., 100
mmol/kg) to DOCA-salt rats. Similar results were obtained in a separate
experiment in which an i.v. bolus of BMS 182874 was dosed to conscious,
unrestrained DOCA-salt hypertensive rats and led to a reduction of blood
pressure and an increase of total peripheral conductance (YU 1998).

O N Q. __NH Oy NH
O//S O/ O//s
NH, NH; NC
sulfathiazole sulfisoxazole BMS 182874

Fig.16. Sulfonamide antagonists reported to be selective for ET, receptors
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Fig.17. TBC 11251 a potent, orally bioavailable ET, selective antagonist

For optimal potency in this series, substitution of the isoxazole is limited to
small, lipophilic groups (e.g., Me, Cl) (STEIN 1994). However, the benzenoid ring
can be replaced by a variety of groups including a thiophene moiety.
Modification in this manner was examined by another research group, who
independently discovered that sulfisoxazole binds to the ET4 receptor. Thus,
TBC11241, a member of the thiophenesulfonamide class of ET, selective
antagonists (CHAN 1996; Raju 1997a—-d) (Fig. 17), displays potent and selective
binding to ET, receptors (ICsxs, ETa = 3.4nmol/l, ETgz = 40.4 umol/l)
(Wu 1997a). Although TBC11241 is a potent ET4 selective antagonist in vitro,
it lacks oral bioavailability in the rat (8%) as well as possessing a short in vivo
half-life (2.5h), perhaps as a result of proteolytic cleavage of the amide bond.
To circumvent this problem, the amide was replaced with a ketomethylene
moiety, leading to TBC11251 (Fig. 17) (Wu 1997b) which maintains the in vitro
binding affinity of its amide congener while enhancing the oral bioavailability
and duration of action. TBC11251 binds competitively to human ET4 receptors
with an ICs of 1.4nmol/l (ICs, for ETy = 9800 nmol/l). The compound inhibits
ET-1-induced stimulation of phosphoinositol turnover with a pA, of 8.0, and
is 60-100% orally bioavailable in both rat and dog, with a 67 h serum half-life
in both species. TBC11251 has been advanced to phase II clinical trials for the
treatment of severe congestive heart failure and initial results show a statisti-
cally significant improvement in pulmonary artery pressure versus placebo.

Further investigation of the sulfonamide BMS 182874 has been conducted
using robotic synthesis, leading to the discovery that the isoxazole ring could
be replaced by a pyrazine without loss of ET, receptor affinity (Fig. 18, com-
pound A) (BRANDBURY 1997). Replacement of the dansyl group in compound
A by a biphenylcarboxamide gave a novel series of compounds exemplified
by compound B (Fig. 18) (MorrLock 1997). In radioligand binding studies
involving displacement of ['**I]JET-1 from membranes prepared from MEL
cells transfected with cloned ET4 receptors, compound B has a pICs, value of
9.3, while it is without measurable affinity for the human ETj receptor (<50%
inhibition at 10 umol/l). When dosed at 2.5mg/kg orally in the conscious rat,
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Fig.18. Potent ET, selective sulfonamide antagonists

compound B inhibits the pressor response to exogenously administered ET-1
with a duration of action in excess of 4 h, supporting the in vitro potency data
and suggesting good metabolic stability.

The pyrrolidine series of antagonists represented by A-127722 was
designed principally from the indane antagonist SB-209670. In contrast to
the indane antagonist series, where additional substitution at the 2-position
of the 4-methoxy bearing phenyl ring is required for optimal potency, very
potent pyrrolidine antagonists have been obtained which bear a simple
4-methoxyphenyl at C-2. In the pyrrolidine series the nitrogen substituent
exerts a profound effect on activity and the extremely potent compound, A-
127722, has an N,N-dibutyl acetamide installed at this position (WINN 1996).
A-127722 exhibits high affinity for cloned human ET 4 receptors (ICsy = 0.082
nmol/l) and is more than 1000-fold selective in binding versus ETg receptors
(ICso = 114nmol/l). Functionally the compound inhibits ET-1 induced con-
traction in the isolated rat aorta with a pA, of 9.20. Furthermore, A-127722 is
a potent functional antagonist of ET-1 stimulated phosphoinositol hydrolysis
in MMQ cells (ICs, = 0.16nmol/l). The resolution of A-127722 has been
achieved through formation of chiral salt with R-(+)-o-methylbenzylamine.
As would be anticipated, based upon the absolute configuration of the indane
SB 209670, the activity of A-127722 resides mainly in the RRS antipode
(Fig. 19). Pharmacokinetic studies with A-147627 (the most active enantiomer
of A-127722, shown in Fig. 19) have been performed in the rat with i.v. and
oral administrations of 5mg/kg and 10mg/kg, respectively. The oral bioavail-
ability of this compound is estimated to be 70% and plasma clearance is very
low (<5ml/min per kg). SAR studies around A-127722 have provided a second
generation of antagonists with much greater selectivity for ET, receptor
binding. Thus, replacement of the pendant p-anisolyl group in A-127722 with
simple aliphatic chains afforded compounds with greater ET, selectivity, as is
the case with A-216546 (Fig. 19) which incorporates an n-pentyl substituent at
this position (L1u 1998). A-216546 binds to CHO cells permanently transfected
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Fig.19. A-127722 and A-216546, highly potent ET, selective antagonists
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Fig.20. LU 110897, an antagonist lead structure generated via high throughput screen-
ing and LU 127043, an potent, orally bioavailable ET, selective antagonist

with human ET, or ETy receptors with ICs, values of 0.46nmol/l and 13
umol/l, respectively. Based on the overall superior affinity, high selectivity for
the ET, receptor, and good oral bioavailability (48% in rats), A-216546 has
been selected as a potential clinical backup for A-147627 (the active enan-
tiomer of A-127722).

LU 110897 (Fig. 20), a compound originally prepared as a herbicide, was
discovered as a lead antagonist structure through high-throughput screening
with the recombinant human ET, receptor (RiecHERS 1996). The compound
has moderate binding affinity for the ET4 receptor (K; = 160nmol/l) and is
somewhat selective versus the ETy receptor (K;=4.7 umol/l). Since LU 110897
contains two chiral centers, the focus of chemical efforts has been to enhance
binding affinity while simplifying the structure. As a result, LU 127043
(Fig. 20) was prepared which exhibits K; values of 6 nmol/l and 1000 nmol/l for
ET. and ETg receptor binding, respectively. The (S)-enantiomer, whose
absolute configuration was confirmed by X-ray analysis and asymmetric syn-
thesis, was found to be 50 times more active than the (R)-enantiomer in ET,
binding [(S)-enantiomer, K; = 3nmol/l]. Functionally, LU 127043 inhibits
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Fig.21. Ro 61-1790, a water soluble ET, selective Q.0
antagonist derived from bosentan N NS
/U N Na OMe
0
|
NN
N~
N7 N~ Na* OH
NN

ET-1 induced contraction of rabbit aortic rings, in which the endothelium is
intact, with a pA, of 7.34. The oral bioavailability of LU 127043 was assessed
in a rat model of ET-induced death. Following treatment with 30mg/kg
LU 127043 p.o., complete protection was observed after 4h. At a higher dose
(100 mg/kg p.o.), complete protection persisted to 8h, indicating the effective-
ness and long duration of action of this molecule.

Several groups have shown interest in the development of an ET,
antagonist to be administered intravenously for the treatment of subarachnoid
hemorrhage. Thus, a potent member of the class of trifunctionalized hetero-
arylsulfonamide pyrimidines has been designed with good water solubility. Ro
61-1790 (Roux 1997) (Fig. 21) is a competitive ET antagonist with an affinity
for the ET4 receptor in the subnanomolar range. It has an approximately 1000-
fold selectivity for the ET, versus the ETg receptor as assessed by functional
assays (e.g., ET-1-induced inositol-1,4,5-triphosphate release or ET-1-induced
intracellular calcium mobilization). Functionally, Ro 61-1790 inhibits ET-1
induced contraction of isolated rat aorta with a pA, of 9.5 (ET, receptors),
while exhibiting a pA, of 6.4 for inhibition of sarafotoxin Sé6c contraction of
rat trachea (ETg receptors). In vivo, Ro 61-1790 inhibits the pressor response
to big ET-1 in pithed rats with an IDs, value of 0.05mg/kg. An i.v. bolus of
Ro 61-1790 induces a long-lasting antihypertensive effect in DOCA salt
rats instrumented with telemetry. In a canine double-hemorrhage model of
subarachnoid hemorrhage, Ro 61-1790 both prevents and reverses cerebral
vasospasm in a dose-dependent manner. In an established cerebral vasospasm,
3mg/kg per day Ro 61-1790 dosed i.v. was only half as efficacious as intra-
basilar papaverine, and when dosed at 20mg/kg per day totally prevented the
occurrence of vasospasm. These data demonstrate that Ro 61-1790 is a potent
and selective ET, receptor antagonist, suitable for parenteral use. Further-
more, the compound has considerable therapeutic potential for the preven-
tion of delayed ischemic deficit in patients with subarachnoid hemorrhage.

Another member of the pyrimidine sulfonamide class of ET receptor
antagonists, designed around the bosentan framework, is T-0201 (Fig. 22)
(OunisHI 1998). While T-0201 is more than 1000-fold selective for ET A recep-
tors versus ETg receptors (K; values of 0.015 nmol/l and 41 nmol/l, respectively),
it is nonetheless quite a potent ETy receptor antagonist. Thus in conscious
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Fig.22. T-0201, an ET, selective antagonist

normal dogs, T-0201 significantly inhibits the initial hypotension resulting from
exogenous ET-1 administration and attenuates the subsequent hypertension;
effects which are mediated by ETy and ET4 receptors, respectively.

Considerable therapeutic interest has centered around the observation
that plasma ET levels are elevated in patients suffering from congestive heart
failure (CHF). To evaluate the therapeutic potential of an ET antagonist for
this indication, T-0201 was dosed orally to dogs with CHF, induced by rapid
right ventricular pacing (22 days, 270 beats/min). Thus, at a dose of 0.3mg/kg
per day given for 15 days, beginning 8 days after pacing, T-0201 significantly
prevented the deterioration of cardiorenal function during the development
of CHEF, as evidenced by a decrease in cardiac pressure and an increase in
cardiac and urine output. Since, at the dose given, both ET, and ETjy recep-
tors would be effectively blocked, these results suggest that chronic antago-
nism of ET receptors can prevent the progressive exacerbation of CHF.

Another unique series of non-peptide ET, selective antagonists to have
emerged from high-throughput screening are the butenolides, which began
with the micromolar antagonist PD 012527 (Part 1997). Following a Topliss
decision tree analysis this lead was parlayed into a nanomolar compound, PD
155080. Further structural modifications to the aryl substituents appended to
the butenolide ring led to the subnanomolar ET, selective antagonist PD
156707 (Fig. 23), [ICses in binding = 0.3nmol/l (ET,) and 780nmol/l (ETg)].
PD 156707 inhibits the ET, receptor mediated release of arachidonic acid
from rabbit renal artery vascular smooth muscle cells with an ICs,of 1.1 nmol/l
and also antagonizes the ET-1 induced contraction of rabbit femoral artery
rings (ET, mediated) with a pA, = 7.6. This compound also displays in vivo
functional activity in rats, i.e., inhibition of the hemodynamic response due to
exogenous administration of ET-1. Pharmacokinetic parameters for PD
156707 in rats and dogs are similar, with a bioavailability of approximately
60% in fasted animals. In the dog the mean plasma terminal elimination half-
life was 1.9h following oral dosing and 0.62h following intravenous dosing.
PD 156707 has been demonstrated to be efficacious in a cat model of stroke,
suggesting a possible therapeutic utility (PaTeL 1995).

An intriguing feature of many of the more potent ET receptor anta-
gonists reported to-date is the inclusion of a methylenedioxyphenyl benzo-
dioxole moiety, within their structure, which is important for binding affinity.
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Fig.23. Elaboration of the high throughput screening lead PD 012527 which led to the
potent, orally bioavailable ET, selective antagonist, PD 156707

While literature precedent exists to support the interaction of such a group
with cytochrome P450 enzymes this has apparently not been a liability for the
ET antagonists thus far advanced to human clinical trials. Nevertheless, a
number of research groups have set as their objective the replacement of the
methylenedioxyphenyl group, with retention of high antagonist affinity
towards the endothelin receptors. Thus, in the pyrrolidine series of antagonists,
exemplified by A-127722, it was demonstrated that a 2,3-dihydrobenzofuranyl
moiety could replace the methylenedioxyphenyl without penalty with respect
to receptor affinity (TasKeErR 1997). In other antagonist series such as the
butenolides and the dansylsulfonamides, a benzothiadiazole has been shown
to function as a methylenedioxyphenyl bio-isostere, providing compounds of
equivalent or even greater potency (ANzALI 1998; Mepuski 1998). Thus, EMD
122801 (Fig. 24) displayed clearly superior functional activity as compared to
PD 156707, with a pA, value of approximately 8.5 vs 7.6.

Based upon the most critical structural elements needed for receptor affin-
ity of the ETA/ETy indane antagonist SB 209670, namely appropriately juxta-
posed methylenedioxyphenyl and carboxyl groups, database searching led to
the identification of the benzylimidazole, SK&F 107328, as a lead structure.
This compound was originally prepared as part of an AII receptor antagonist
program and it is a weak, non-selective antagonist of ET receptors (Ks
ET4 = 400nmol/l, ETy = 3400 nmol/l), possessing moderate affinity for the AlI
AT, receptor (K; = 180nmol/l) (KEENAN 1992).

Molecular modeling overlays of the benzylimidazole SK&F 107328 with
the indane SB 209670 suggested an analog in which a phenyl substituent cor-
responding to the indane 3-phenyl ring is placed at the 3-position of the acrylic
acid. On the basis of known SAR in the angiotensin receptor antagonist area
it was further anticipated that such a molecule would lack affinity for the AT,
receptor. The resulting compound, SB 209834 (Fig. 25), is indeed a potent ET
selective antagonist (K;s ET, = 2nmol/l, ETg = 500nmol/l) which is selective
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Fig.24. Identification of surrogates of the methylenedioxyphenyl (benzodioxole)
moiety

for endothelin receptors versus the AII AT, receptor (ELLioTT 1996). While
SB 209834 lacks the stereochemical complexity of SB 209670, geospecific syn-
thesis of the tetrasubstituted olefin still presents a significant challenge. Some-
what surprisingly SAR studies around SB 209834 showed that the 3 aryl
substituent could be transposed to the N-1 position of the imidazole without
loss of activity. Further modification of this framework led to the discovery of
SB 224519 (Fig. 25), a potent selective ET, antagonist (Kis ET, = 0.2nmol/l,
ETg = 700nmol/l) (X1aNG 1999) with a bioavailability of 44% in the rat and a
moderate plasma clearance of 21 ml/min per kg.

Further SAR studies based upon SB 224519 revealed that the imidazole
ring could be replaced with the phenyl group to provide the biphenyl com-
pound SB 227543 (Fig. 25) (X1anG 1997) which maintains the potency and
selectivity of its imidazole congener (K;s ET = 0.18 nmol/l, ETg = 340 nmol/l).
SB 227543 has good oral bioavailability in the rat and dog, with values of 50%
and 23%, respectively and, SB 227543 displays a superior duration of action
than SB 224519 in-vivo in the rat (7h vs 2.5h).

Both SB 224519 and SB 227543 represent attractive development candi-
dates studies by virtue of their potency, selectivity, pharmacokinetic proper-
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Fig.25. SK&F 107328, a lead generated via screening of compounds containing key
features present in the indane SB 209670. SB 209834, a potent ET, selective antagonist
designed from overlays of SK&F 107328 and indane SB 209670 (Fig. 8). SB 224519, SB
227543 and SB 247083, a series of potent orally bioavailable ET 5 selective antagonists
related structurally to SB 209834

ties, and simplified structures relative to the indane series of antagonists.
However, as a result of steric congestion around the phenyl-imidazole C-N or
biphenyl C-C bonds, atropisomeric interconversion is slow even at ambient
temperature. To obviate the need for resolution of the atropisomers a search
for alternative heterocycles with lower rotational barriers around the aryl-
heteroaryl bond was instigated. This led to the pyrazole series of antagonists
represented by SB 247083, (X1anG 1997) (Fig. 25), which also incorporates a
2,3-dihydrobenzfuranyl moiety in place of the ubiquitous methylene-
dioxyphenyl group. SB 247083 is a potent ET, selective antagonist (K;s
ET4 = 0.4nmol/l, ETg = 467 nmol/l) (DoucLas 1998) which functionally, in
vitro, inhibits ET-1-induced rat aortic ring contraction with a Kj, of 3.5nmol/l.
The compound is significantly less potent as a functional ETy antagonist with
K, value of 0.34 umol/l in the inhibition of sarafotoxin S6c induced rabbit pul-
monary artery contraction. Pharmacodynamic and pharmacokinetic studies
reveal that SB 247083 is effectively absorbed from the gastrointestinal tract.
A single bolus dose inhibits the hemodynamic actions of ET-1 for up to 8h in
the rat, a species in which the molecule is 46% bioavailable (DoucLAs 1998).
Thus, SB 247083 represents an attractive candidate for a therapeutic agent.



264 J.D. ELLiorT and J.-N. X1ANG

III. ET; Selective Antagonists

In contrast to the burgeoning literature on ET, selective antagonists, efforts
to provide non-peptide ETjy selective compounds have been less well docu-
mented. The first non-peptide ETj selective antagonist to emerge in the liter-
ature was Ro 46-8443 (Breu 1996; CLozeL 1996) (Fig. 26), a member of the
pyrimidine benzenesulfonamide series which includes bosentan. Ro 46-8443
competes for binding with ['*I]JET-1 to the human ETj receptor, transfected
into CHO cells, with an ICs, of 69 nmol/l. The selectivity of Ro 46-8443 binding
to ETg versus ET4 receptors is apparent from the micromolar ICs, value found
for this compound in competitive binding studies with ['*I]JET-1 on cultured
human vascular smooth muscle cells (ET, receptors). Functionally, Ro
46-8443 inhibits the sarafotoxin-6¢c-induced contraction of rat tracheal rings
with a pA, of 7.1.

The pyrrolidine framework has been previously discussed in connection
with both balanced and ET, selective compounds (see above). As further evi-
dence of the utility of this structural type, A-192621 (Fig. 26) has been pre-
pared, which is more than 1000-fold selective for the ETy receptor (Von
GELDERN 1999). A-192621 binds ETg and ET, receptors with ICs, values of
4.5nmol/l and 6.3 umol/l, respectively. The compound is orally bioavailable in
the rat (35%), with a half-life of 5h. In vivo, A-192621 causes sustained and
progressive hypertension in rats and should be an important tool to help define
the potential therapeutic utility of an ETjy selective antagonist.

Finally, as outlined above, the potent ETy selective antagonist IRL 2500
(Fig. 11) (FruH 1996) was the starting point for investigations which led to a
balanced ET/ETy antagonist IRL 3630.

During the decade that has elapsed since the elucidation of the structure
of ET-1, many receptor antagonists have been described, with selectivities
encompassing the gamut of possibilities for the two characterized human
receptor subtypes. Several of these agents have progressed into clinical trials
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Fig.26. Ro 46-8443 and A-192621, ETj selective antagonists
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and encouraging results have emerged with respect to the treatment of con-
gestive heart failure. Further work will be needed with compounds of diverse
selectivity to help define the appropriate profile for any particular therapeu-
tic indication.
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