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I. Introduction et al., 1988b) stimulated worldwide interest and unprec-

The discovery of a peptidergic EDCFt (Hickey et al.,
1985) and the isolation, sequencing, and cloning of this
peptidergic EDCF and naming it endothelin (Yanagisawa

t Abbreviations: EDCF, endothelium-derived contracting factor;
ACE, angiotensin-converting enzyme; ADP, adenosine diphosphate;
ANP, atrial natriuretic peptide; ATP, adenosine triphosphate; AVP,
arginine vasopressin; BNP, brain natriuretic peptide; Ca®*, calcium
ion; [Ca®);, intracellular free calcium ion concentration; cAMP, cyclic
adenosine 3’,5’-monophosphate; cDNA, complementary deoxyribonu-
cleic acid; cGMP, cyclic guanosine 3’,5’-monophosphate; CNS, central
nervous system; COS, simian virus 40-transformed monkey kidney cell
line; CSF, cerebrospinal fluid; DAG, sn-1,2-diacylglycerol; ECE, endo-
thelin-converting enzyme; EDRF, endothelium-derived relaxing factor;
ET, endothelin; ET-1, -2, -3, endothelin types 1, 2, 3; ET, s, ¢, endo-
thelin receptor subtypes; G-protein, guanine nucleotide-binding pro-
tein; GFR, glomerular filtration rate; GTP, guanosine triphosphate;
HUVEC, human umbilical vein endothelial cell; IP,, 1,4,5-inositol
triphosphate; irET, immunoreactive endothelin; K*, potassium ion; K,
ultrafiltration coefficient; LDL, low-density lipoprotein, MMP, mem-
brane metalloendopeptidase; mRNA, messenger ribonucleic acid; Na*,
sodium jon; NE, norepinephrine; NEP, neutral endopeptidase; L-
NMMA, NS®-monomethyl-L-arginine; NMR, nuclear magnetic reso-
nance; NO, nitric oxide; PAF, platelet-activating factor; PDGF, plate-
let-derived growth factor; PGI,, prostacyclin; PI, phosphoinositide;
PKC, protein kinase C; PLC, phospholipase C; PMN, polymorphonu-
clear neutrophil; pO,, partial pressure of oxygen; RBF, renal blood
flow; SAH, subarachnoid hemorrhage; SHR, spontaneously hyperten-
sive rat; SMC, smooth muscle cell; STX, sarafotoxin; TGF, transform-
ing growth factor; TXA;, thromboxane A;; VOC, voltage-operated
channel; VSMC, vascular smooth muscle cell; WKY, Wistar Kyoto
(rat); AP-1, mammalian transcription factor activator protein-1.

edented research activity. Six years later, it is now evi-
dent that the discovery of the ET peptide family initiated
a new field of biomedical research which promises to lead
to better understanding of the pathomechanism of sev-
eral diseases and to the development of novel therapeu-
tics.

Within this relatively short period of 6 years, signifi-
cant progress has been made in ET research. Three
different ET genes have been identified in the human
genome that have different chromosomal locations and
are differentially regulated; the latter processes led to the
expression of three different ET isopeptides (ET-1, -2,
-3) in animals and humans. The putative enzyme con-
verting the biologically inactive precursor, big ET, to the
biologically active mature peptide (ECE) has been puri-
fied and characterized. Two different ET receptors (and
possibly a third) have been cloned, and the biological
(pharmacological) activity of ETs has been tested in
numerous animal and human tissues in vivo and in vitro.
Signal transduction pathways, mediating both rapid and
long-lasting changes in cell function after ligand-receptor
interaction, have been identified. The development of
sensitive and specific techniques to detect gene expres-
sion and mature ET synthesis and production in vitro
and in vivo, as well as the discovery of selective ET
receptor antagonists, ECE inhibitors, and anti-ET anti-
bodies, have provided the necessary tools to unravel the
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physiological and pathophysiological importance of en-
dogenous ETs.

Although an attempt was made to summarize most of
the important developments in ET research in the past
6 years, space limitations prevent us from including all
of the more than 2500 published original research papers
in this review. For more details, the reader is referred to
a recently published monograph (Rubanyi, 1992a) and
the more than 70 review articles, including general over-
views of ET research (Anggard et al., 1990; Chabrier and
Braquet, 1990; Doherty, 1992; Haynes and Webb; 1992;
Huggins et al, 1993; Lovenberg and Miller, 1990;
Luscher, 1991; Marsden and Brenner, 1991; Masaki and
Yanagisawa, 1992; Masaki et al., 1992; Miller et al., 1993;
Nayler, 1990; Rubanyi and Botelho, 1991; Schini and
Vanhoutte, 1991; Webb, 1991; Whittle and Moncada,
1990) and reviews concerning specific areas, including
the historical background of EDCFs (Rubanyi, 1988,
1992b; Ryan and Rubanyi, 1988; Vanhoutte and Katusic,
1988; Karwatowska Prokopczuk and Wennmalm,
1990b), endothelial dysfunction (Rubanyi, 1991, 1993;
Rubanyi and Vanhoutte, 1990), molecular biology (Yan-
agisawa and Masaki, 1989; Hiley, 1989; Masaki et al.,
1990b, 1991a; Phillips et al., 1992), biosynthesis and ECE
(Opgenorth et al., 1992), ET receptors (Sokolovsky, 1991,
1992a,b; Sakurai et al., 1992b; Huggins et al.,, 1993),
signal transduction pathways (Highsmith et al., 1992;
Masaki et al., 1990c; Simonson and Dunn, 1990a; Ta-
kuwa et al., 1989c), release of vasoactive mediators by
ETs, including PGI; and NO (Botting and Vane, 1990;
Hyslop and De Nucci, 1992), growth regulation (Battis-
tini et al., 1993), cardiovascular effects (Goto et al., 1992;
Lerman et al., 1990), effects on coronary arteries (Stew-
art, 1991), vascular pharmacology (Randall, 1991), heart
(Kramer et al., 1992), blood pressure regulation (Masaki
et al., 1990a), congestive heart failure (Cody, 1992), kid-
ney (Kon and Badr, 1991; Simonson et al., 1992c; Si-
monson, 1993), renal diseases and failure (Firth et al.,
1988; Kon and Awazu, 1992; Perico and Remuzzi, 1992;
Shultz, 1992; Gross et al.,, 1993a), lung and airways
(Lagente et al., 1990; Hay et al., 1993), CNS (Greenberg
et al., 1992; Shigeno and Mima, 1990), eye (Chakravarthy
and Archer, 1992), and perinatal pharmacology and phys-
iology (Masaki et al., 1991b; Mitchell, 1991).

After a brief historical recollection of the discovery of
ETs, the review is divided into several major sections in
which are summarized the progress and present state-of-
the-art of ET research in the fields of molecular biology,
protein chemistry and biochemistry (gene structure and
localization, gene expression, biosynthesis, ECE, peptide
structure, receptors, structure-activity-relationship), sig-
nal transduction mechanisms, pharmacology (reviewing
the various in vitro and in vivo biological/pharmacolog-
ical actions of ETs in different tissues and organs),
potential physiological roles of ETs (giving a mostly
hypothetical integrated view of how the various biological

actions of ET's may fit into complex homeostatic mech-
anisms in the organism, the potential autocrine-, para-
crine-, and endocrine-signaling modes of the peptides,
and their presence, metabolism, and elimination in the
circulation), and the potential pathophysiological impor-
tance of the peptides in various human diseases.

I1. Discovery of Endothelins

Key discoveries in the past 15 years revealed that
endothelial cells synthesize and release vasorelaxant
(e.g., PGI; and EDRF; Moncada et al., 1976; Furchgott
and Zawadzki, 1980), and vasoconstrictor (EDCF; De
Mey and Vanhoutte, 1982; Rubanyi and Vanhoutte,
1986) substances. In 1982, an improperly designed bioas-
say study led to the discovery of a peptidergic EDCF
(Hickey et al., 1985). The plan was to test the biological
activity of the culture medium of bovine aortic endothe-
lial cells on isolated pig coronary arteries. It was expected
that cultured endothelial cells release EDRF into the
culture medium, which will then relax the smooth muscle
preparation. Because of the extreme lability of EDRF,
no relaxing activity was observed when the culture me-
dium was added to the smooth muscle preparation, be-
cause the donor (endothelial cells) and acceptor (smooth
muscle) were in two different laboratories. Instead, the
culture medium triggered a slowly developing and long-
lasting contraction of the vascular smooth muscle, which
could not be attributed to any known vasoconstrictor
mediators and was shown to be of a peptidergic nature
(fig. 1) (Hickey et al., 1985). This pioneering observation
was confirmed in subsequent studies (Gillespie et al.,
1986; O’Brian et al.,, 1987). In 1987, Masaki and his
colleagues isolated, purified, sequenced, and cloned this
peptidergic EDCF, which they named ET (Yanagisawa
et al., 1988b).

The 21-amino acid peptide, ET, has no similarity in
its sequence to the known peptides of mammalian origin.
However, half a year later, the sequence of a rare snake
venom, STX, was reported to be very similar to that of
ET (Kloog and Sokolovsky, 1989). One of the most
remarkable steps in the progress of ET research, follow-
ing its discovery, was the identification of isotypes of
ET. Analysis of human genomic sequences revealed the
existence of three distinct genes for ET; these encode
three distinct ET peptides (Inoue et al., 1989a,b) and
were named ET-1, ET-2, and ET-3.

ETs are widely distributed in the organism of mam-
mals, including humans and nonhuman primates. ET-
like immunoreactivity is also found in several species of
invertebrates and fish (Kasuya et al., 1991), indicating
that ETs found in humans have a long evolutionary
history.

II1. Structure of Endothelin Peptides

The ET family consists of the three ET isoforms and
four highly homologous cardiotoxic peptides isolated
from the venom of Atractaspis engaddensis, the STXs
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F1G. 1. Discovery of the peptidergic EDCF by bioassay (from
Hickey et al., 1985) later identified as the 21-amino acid peptide ET.
Conditioned media from cultured bovine aortic endothelial cells evoke
concentration-dependent long-lasting contractions of isolated strips of
porcine coronary arteries without endothelium. EC, endothelial cell.
Reproduced with permission of the American Physiological Society.

(fig. 2). All family members contain 21 amino acid resi-
dues and show complete identity at ten positions, includ-
ing all four cysteine residues (positions 1, 3, 11, and 15),
as well as at positions 8 (aspartic acid), 10 (glutamic
acid), 16 (histidine), 18 (aspartic acid), 20 (isoleucine),
and 21 (tryptophan). Variant amino acids at the other
positions tend to be closely related with respect to charge
and hydrophobicity, with the exception of the presence
of charged residues at position 4 (lysine) in three of the
STXs, at position 7 of ET-3 (lysine), and the substitution
of a negative for a positive charge at position 9 of STX-
c. The COOH-terminal hexapeptide regions of these
peptides are largely hydrophobic.

All three ET isoforms are synthesized as larger prepro-
forms which are processed by dibasic amino acid endo-
peptidase activities to propeptides of 37 to 41 amino
acids, the so-called big ETs (fig. 3). The subsequent
cleavage of these propeptides to the mature ETs is inef-
ficient both in vitro and in vivo, because big ETs have
been identified in plasma (Miyauchi et al., 1989) and in
the media of cultured cells (Parker-Botelho et al., 1992).
The COOH-terminal portions of the big ETs share con-
siderable sequence homology, although to a somewhat
lesser degree than the corresponding mature ETs.

In the ETs, all four cysteine residues participate in
disulfide bonding (Cys'-Cys'®; Cys®-Cys®!). It is interest-
ing to note that this disulfide pattern is distinct from

that of another naturally occurring toxic peptide, the bee
venom protein apamin (Cys'-Cys'!; Cys3-Cys!®) (Pease
and Wemmer, 1988). It is now appreciated that the
disulfide bonds present in the ETs are vital for high-
affinity binding to one class of ET receptors (ET4) but
less important in recognition by another class of ET
receptors (ETg) (see section VI).

Although a preliminary report of the crystallization of
ET-1 has appeared (Wolff et al., 1992), to date no de-
tailed X-ray crystal structure has been published for any
member of the ET family. In any event, such a static
structure may bear little resemblance to the biologically
active conformation, because in a small protein interac-
tions between molecules in the crystal lattice are likely
to play a dominant role. Several groups have proposed
solution structures of ETs based on proton NMR meas-
urements and distance geometry calculations (Andersen
et al., 1992; Aumelas et al., 1991; Dalgarno et al., 1992;
Donlan et al., 1992; Endo et al., 1989; Mills et al., 1992;
Munro et al., 1991; Reily and Dunbar, 1991; Saudek et
al., 1989, 1991; Tamaoki et al., 1991a). From these stud-
ies, it seems clear that ETs exist in solution as highly
compacted structures. Although there is a good deal of
consensus about certain structural elements, the physical
properties of ET itself have complicated the collection
and interpretation of NMR data. ET-1 has been shown
to exhibit limited solubility in aqueous solution at neutral
pH, to partition into ether/water interfaces (Spinella et
al., 1989), and to form micellar aggregates (Calas et al.,
1992) with a critical micellar concentration of 22 uM

A.

2 P4 5 6 7 8 9 10 10 12 13 14 15 16 17 18 19 20 21
ET-1 C-5-C-5S-S-L-M-D-K-E-C-V-Y-F-C-H-L-D-1-1-W
€1-2 -W-L-
£T-3 T- -F-T-Y-K- Y
STX-a -K-D-M-T- -L-N- -Q- -v-
STX-h -K-D-M-T- -1- -Q- -v-
STX-c -T- -N-D-M-T- -E-  -L-N- -Q- -v-
STX-d -T- -K-D-M-T- -L- - -Q-

* L3 * X %k X %k %k X %k

B.

FiG. 2. Structure of the ET/STX family of peptides. A, primary
structures of all three human ET's and four STXs are identical at ten
of the 21 positions (indicated by asterisks). Residues that differ from
the sequence of human ET-1 are shown. B, secondary structure of ET
family peptides (key features are indicated in Roman numerals): I, two
pairs of disulfide bonds define the compact NH;-terminal core region
consisting of inner and outer loops; II, residues 4 to 7 make up the
most highly variable region of these peptides; III, residues 8 to 10 have
a net charge of —1 in all family members except STX-c, which has a
net charge of —3; IV, residues 12 to 14 are highly nonpolar in all family
members; V, COOH terminus (residues 16 to 21) is the most highly
conserved region. The terminal tryptophan residue is essential for
biological activity.
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A 1 50 53 90 212

Preproform  NH,-| J-x-m{_ FR-R-( }-coom

4 5

Diabasic Endopeptidase Cleavage
Carhoxypeptidase

53 72 75 90

Big Endothelin-1 NH,-| J-xk-»{____]-coon
* Endothelin Converting Enzyme
53 72
Endothelin-1 NH,-[ ]-w-CcOOH
BET-1
(human)
BET-2
(human)

F1G. 3. Posttranslational processing of prepro-ETs. A, 203-amino
acid human prepro-ET-1 peptide is cleaved by dibasic amino acid
endopeptidase action at two sites (arrows, top), followed by sequential
carboxypeptidase activity (small curved arrows) to yield prepro-ET-1
(53 to 91), referred to as pro-ET-1 or big ET-1 (middle). (The COOH-
terminal portion of preprop-ET-1 contains the ET-like peptide; see fig.
4.) Big ET-1 is then cleaved by ECE (arrow) at the Trp™ to Val™ bond
to yield the final 21-amino acid product, ET-1 (63 to 73). B, amino acid
sequences of the three human big ET-1 isoforms are shown. Arrows
indicate the sites of ECE action. ®, amino acid sequence changes

compared to the originally identified porcine big ET-1 sequence (Yan- .

agisawa et al., 1988a,b). Illustrations taken from Phillips et al., 1992,
and used with permission of Oxford University Press.

(Bennes et al., 1990). Therefore, in most studies, NMR
measurements have been made in the presence of organic
solvents, or at nonphysiological pH ranges in aqueous/
organic solvent mixtures.

Several groups have examined ET-1 structure in di-
methyl sulfoxide (Endo et al., 1989; Munro et al., 1991;
Saudek et al., 1989, 1991). One common conclusion from
these studies was that a helix-like region (although not
a regular a-helix) dominates the central portion of the
molecule. The data were interpreted as showing a helical
region between residues Lys® and Cys!®, thus encompass-
ing both disulfide bridges (Endo et al., 1989; Saudek et
al., 1991), or between Leu® and Cys!! (Munro et al., 1991).
There was no consensus reached about the structure of
the COOH-terminal hexapeptide. One model suggested
that the tail folded back toward the helical region (Sau-
dek et al., 1991), whereas the other studies concluded
that the COOH terminus was flexible and could adopt a

number of conformations (Endo et al., 1989; Munro et
al., 1991).

Recognizing that dimethyl sulfoxide is a denaturing
solvent and that motional averaging is a significant prob-
lem in this solvent (Andersen et al., 1992), subsequent
studies of ET-1 structure have used aqueous/organic
mixtures (Aumelas et al., 1991; Reily and Dunbar, 1991).
In these studies, lack of a single prominent conforma-
tional isomer was noted. The data appeared to rule out
extensive randomization of the structure and to rather
support the conclusion that there was rapid interconver-
sion between several tightly defined conformers (Ander-
sen et al., 1992). In agreement with the earlier studies,
there was general consensus concerning the presence of
a helical core in the region Lys®-Cys'®. This was true
both of native ET-1 and of the isosteric norleucine’
analog of ET-1 (Aumelas et al., 1991). According to one
model (Krystek et al.,, 1991), the two disulfide bonds
within the helical region are present on one face of the
helix, whereas several residues that contribute to biolog-
ical activity (e.g., Glu'® and Phe!*) are present on the
opposite face. The structure of the COOH-terminal tail
region of the norleucine analog in 60%/50% CDs;CN/
water (pH 3.9) was characterized as having considerable
mobility, with no evidence of any close interaction with
the helical core region (Aumelas et al., 1991). A similar
conclusion was reached about the tail region of native
ET-11in 30% CDsCN (pH 5.4) (Reily and Dunbar, 1991).
Others have interpreted their NMR data as indicating
that, in mixed water/ethylene glycol, ET-1, and in par-
ticular the tail region, may exist in solution in one of
several conformations, including states in which the tail
resides in close proximity to the helical core (Andersen
et al., 1992; Krystek et al., 1991). The conformation of
the NH,-terminal region was not well defined in any of
the studies.

Based on far ultraviolet circular dichroism spectra,
others have disputed the conclusions from the NMR
studies that ET-1 possesses a central helical core (Calas
et al., 1992). Instead, a structural model featuring a series
of 8-turns was proposed.

Two studies have used proton NMR to examine the
structure of ET-3 (Bortmann et al., 1991; Mills et al.,
1992). It is not surprising that many of the overall
structural features of ET-3 appear to be similar to those
of ET-1, considering the degree of homology between the
ET isoforms. Both studies proposed a well-defined ex-
tended conformation at the NH, terminus, a less con-
strained turn region (residues 5 to 7), an irregular helical
core region between residues Lys® and Cys'®, and a
COOH-terminal tail that folds back toward the core. As
was the case for ET-1, these investigators concluded that
ET-3 can exist in one of several interconvertible confor-
mations, which makes the precise localization of criti-
cally important residues, such as the COOH-terminal
tryptophan, difficult to define.
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The structure of big ET-1 was studied under acidic
conditions (Donlan et al., 1992). As with ET-1, a family
of possible conformations was calculated that exhibit a
B-turn at residues 5 to 8 and a helical region between
residues 9 and 16. The COOH-terminal portion (residues
17 to 38) was described as a series of different conformers
in dynamic equilibrium.

In conclusion, NMR studies have suggested some gen-
eral features of the tertiary structure of the ETs. What
is lacking is a precise picture of the conformation of the
peptides when they are bound to the high-affinity recep-
tor sites (in the case of the ETs) or at the active site of
the relevant ECE (in the case of big ET). Such data will
be of great value in the rational design of ET antagonists
and ECE inhibitors.

IV. Endothelin Genes
A. Chromosomal Localization

Screening of genomic libraries at reduced stringency
with ET-1 gene fragments has shown that there are three
distinct ET-related genes in humans and other mam-
malian species (Inoue et al., 1989a,b; Itoh et al., 1988,
1989; Kimura et al., 1989a; Marsden et al., 1992; Onda
et al., 1991). Southern blot analysis of the mouse genome
(Saida et al., 1989) revealed, in addition to mouse ET-1,
a second gene whose expression was limited to the intes-
tine. The product of this second gene was named VIC
(vasoactive intestinal contractile peptide). The vasoac-
tive intestinal contractile peptide gene was later identi-
fied as the mouse homolog of the rat ET-2 gene (Bloch
et al., 1991). In the human, the ET-1, ET-2, and ET-3
genes have been mapped to chromosome 6 (Arinami et
al., 1991; Bloch et al., 1989a,b; Hoehe et al., 1993),
chromosome 1 (Arinami et al., 1991; Bloch et al., 1991),
and chromosome 20 (Arinami et al., 1991; Bloch et al.,
1989a; Rao et al., 1991), respectively. Genetic fine map-
ping studies of the human ET-1 gene, using a four-allele
Tagql polymorphism (Berge and Berg, 1992), localized it
to the telomeric region of chromosome 6p, close to the
gene encoding the a-subunit of clotting factor XIII
(Hoehe et al., 1991).

B. Gene Structure

The human ET-1 gene contains five exons, four in-
trons, and 5’- and 3’-flanking regions and spans approx-
imately 6.8 kb of DNA (Inoue et al., 1989a,b) (fig. 4).
Each of the five exons encodes a portion of prepro-ET-
1: exon 1 encodes the 5’-untranslated region and the
first 22 amino acids of the precursor, including the entire
signal sequence (Fabbrini et al., 1991); exon 2 encodes
the complete sequence of ET-1, the Trp-Val cleavage site
at which the ECE processes big ET, and the first four
residues of the COOH-terminal portion of big ET-1; exon
3 contains the coding region of the remainder of big ET-
1 as well as the “ET-like” peptide of prepro-ET-1; the
fifth exon specifies the COOH-terminal portion of pre-

o ol e
ﬁ] e

@ Prapro ET-1 —»

F1G. 4. Structure of the human ET-1 gene. The 6.8-kb coding region
(center) comprises five exons (boxes) interrupted by four introns. The
primary transcript (ET-1 mRNA, bottom) is 2.3 kb in length and
directs translation of the precursor prepro-ET-1 peptide (box). Each
of the five exons encodes a portion of prepro-ET-1, including the
sequences of pro-ET-1 (“big ET”) and the ET-like peptide (“ETLP”).
Also shown (top) is the structure of the ET-1 promoter, which contains
two functional transcription start sites (Benatti et al., 1993). Also
shown are the approximate locations of several important regulating
sequences, including consensus TATAA and CAAT boxes, binding sites
for nuclear factor-1 (“NF-1"), GATA-2, AP-1/jun, and acute phase
reaction regulatory elements (“APRE”). For details, see text.

pro-ET and the 3’-untranslated region of the mRNA.
The primary transcription start site in endothelial cells
was mapped by S1 nuclease protection to a position 98
base pairs downstream from a CAAT box and 31 base
pairs from a TATAA box (Inoue et al., 1989a,b). More
recently, a larger transcript was cloned from a human
placental cDNA library and was found to contain an
additional 80-nucleotide segment 5’ to the previously
identified cap site (Benatti et al., 1993). Primer extension
and polymerase chain reaction analysis revealed the ex-
istence of additional transcription initiation sites.

Several characteristic regulatory elements are found
within the ET-1 gene (fig. 4). Motifs of the consensus
binding sequence for the transcription factor nuclear
factor-1 (Gronostajski, 1987) were identified at the 3’-
end of intron 1 (Bloch et al., 1989a,b) and in intron 4
and exon 5 (Inoue et al., 1989a,b). Although the possible
function of these sequences has not been defined, nuclear
factor-1-binding sites are known to be involved in the
induction of the mouse type I collagen gene by TGFS8
(Rossi et al., 1988). Interestingly, TGFS induces ET-1
gene expression in cultured porcine aortic endothelial
cells (Kurihara et al., 1989b). Four copies of the hexa-
nucleotide CTGGGA, the acute phase reaction regulatory
element, are found within the gene, two in the 5’-flanking
region, one within intron 1, and the other within intron
4 (Inoue et al., 1989a,b). One or more of these elements
may participate in the known induction of the ET-1 gene
following surgery, myocardial infarction, and other
stresses (Miyauchi et al., 1989).

Sequences highly homologous to the octanucleotide
consensus AP-1/Jun-binding site are present at three
positions in the 5’-flanking region and could explain the
rapid induction of ET-1 mRNA following treatment of
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umbilical vein endothelial cells with phorbol ester (Inoue
et al., 1989a,b).

C. Patterns of Gene Expression

Although originally isolated and purified from the
culture media of porcine aortic endothelial cells (Yana-
gisawa et al., 1988b), ET isoforms are produced in a
variety of tissues and cell types and there are tissue-
specific patterns of isoform expression. Sensitive immu-
nological methods have been developed to detect ET and
big ET production in the fentomole range. These meth-
ods are not entirely satisfactory for fully characterizing
patterns of ET expression, however, because the anti-
bodies used generally show some degree of cross-reactiv-
ity between different isoforms. ET gene expression has
also been detected by Northern analysis, reverse tran-
scriptase/polymerase chain reaction, in situ hybridiza-
tion, and RNase protection techniques. Although the
data obtained are mainly qualitative in nature, gene
probes can be designed with sufficient specificity such
that each ET isoform can be studied separately.

The overwhelming majority of studies have focused on
ET-1 expression (table 1). Endothelial cells, regardless
of their origin, appear to express ET-1 mRNA. This
includes umbilical vein (Inoue et al., 1989a,b), mesenteric
artery (Dohi et al., 1992), glomerulus (Marsden et al.,
1991), corpus cavernosum (Saenz de Tejada et al., 1991),
aorta (Tokunaga et al., 1992), and brain microvessel
(Yoshimoto et al., 1990). It is now evident that VSMCs
as well are capable of ET-1 mRNA expression (Resink
et al., 1990a; Tokunaga et al., 1992) and production of
mature ET-1 (Resink et al.,, 1990a). Northern analysis
has suggested that ET-2 and ET-3 are not expressed in
either vascular endothelium or smooth muscle (Bloch et
al., 1989a,b; Firth and Ratcliffe, 1992).

Far from being confined to cells of the vascular wall,
ET-1 gene expression also occurs in many other cell
types, including breast epithelium (Baley et al., 1990),
keratinocytes (Imokawa et al., 1992; Yohn et al., 1993),
endometrial stromal and glandular epithelial cells (Econ-
omos et al., 1992a,b), macrophages (Ehrenreich et al.,
1990; 1993b), bone marrow mast cells (Ehrenreich et al.,
1992), astrocytes (Ehrenreich et al., 1993a), mesangial
cells (Sakamoto et al., 1990), neurons of the spinal chord
and dorsal root ganglia (Giaid et al., 1989, 1991), avas-
cular human amnion (Casey et al., 1991), and cardio-
myocytes (Suzuki et al., 1993). Among tumor-derived
cells, endometrial carcinoma (Economos et al., 1992a,b),
pulmonary squamous cell carcinoma and adenocarci-
noma (Giaid et al., 1990), HEp-2 hepatocarcinoma and
HeLa cells (Shichiri et al., 1991a,b), and renal adenocar-
cinoma (Tokito et al., 1991) have all been shown to
express ET-1.

Few data concerning expression of mRNA for ET-2 or
ET-3 in specific cell types have been reported, although

a human renal adenocarcinoma cell line was shown to
express ET-2 (Tokito et al., 1991).

At the tissue level, much more is known about the
expression of all three ET isoforms. In the adult rat, ET-
1 expression was observed, using Northern analysis, in
vascular endothelium, lung, brain, uterus, stomach,
heart, adrenal gland, and kidney (Sakurai et al., 1991).
In a separate study, Northern blots of eye ball, subman-
dibular gland, brain, kidney, jejunum, stomach, and
spleen were positive for ET-3 mRNA (Shiba et al., 1992).

A survey of ET gene expression, using a very sensitive
RNase protection assay, indicated that mRNAs for ET-
1 and ET-3 were detectable in every organ examined
(heart, lung, liver, spleen, kidney, placenta, stomach,
small and large intestine, testis, skeletal muscle, salivary
gland, and brain) (Onda et al., 1990; Firth and Ratcliffe,
1992). Lung was the predominant site of ET-1 expres-
sion, being 5-fold higher than large intestine and at least
15-fold higher than any other organ. Major sites of ET-
3 expression were small intestine, lung, large intestine,
kidney, brain, and stomach. The expression of ET-2
mRNA was much more limited: large and small intestine
predominated, with skeletal muscle, heart, and stomach
showing much less activity. All other organs tested were
negative.

The results of a number of studies of the expression of
ET isoforms are summarized in table 1 (for further
details see also section VIII).

D. Regulation of Gene Expression

Many of the details of the biosynthetic pathways in-
volved in the production of mature ET isoforms remain
to be elucidated. It is clear, however, that regulation of
the transcription of ET mRNA plays an important and
probably predominant role. The ET-1 promoter region
in endothelial cells has been studied extensively to iden-
tify cis-acting sequences involved in the cell-specific
expression of the gene. Bovine aortic endothelial cells
were transfected with a series of reporter gene constructs
in which the expression of chloramphenicol acetyltrans-
ferase was driven by human ET-1 promoter sequences
(Lee et al., 1990b). Deletion mutants identified a 143-
base pair region upstream of the ET-1-coding region that
promoted chloramphenicol acetyltransferase expression.
This region was found to contain two sequences, an AP-
1 binding motif immediately downstream from a se-
quence similar to the consensus Eryf-1 (GATA-1) bind-
ing motif found in erythroid cells, both of which were
required for full chloramphenicol acetyltransferase
expression in the transfected cells. Expression of this
reporter construct was endothelial cell specific. Site-
directed mutagenesis of the AP-1 site at position —109
of the ET-1 gene resulted in a 30-fold reduction in
promoter activity, whereas gel shift assays using anti-fos
and anti-jun antibodies confirmed the ability of these
endothelial cell nuclear factors to bind to and activate
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TABLE 1
ET gene expression in cells and tissues*
Cell/tissue Method of detection Expression Reference
Adrenal gland (human) Northern, RIA Positive for ET-1 and ET-3 inadenoma and Imai et al., 1992a,b
adjacent normal tissue
Aorta (human) In situ hybridization Strongly positive for ET-1 in endothelial cells;  Tokunaga et al., 1992
weakly positive for ET-1 smooth muscle
cells
Astrocyte (rat) RT/PCR, RIA Positive for ET-1 Ehrenreich et al.,
1993a,b
Amnion (human) Northern, RIA Positive for ET (isoform specificity of probes Casey et al., 1991
not reported); ET expression induced 20-
fold by prolactin
Breast epithelial cell (human) Northern Positive for ET-1; negative for ET-2, ET-3 Baley et al., 1990
Carcinoma Cell Lines (human)
HeLa, HEp-2 Northern Positive for ET-1 Shichiri et al., 1991a,b
ACHN (renal adenocarcinoma) Northern Positive for ET-2 Tokito et al., 1991
Endometrial carcinoma PCR Positive for ET-1 Pekonen et al, 1992
HEC 1A endometrial carci- Northern, RIA Positive for ET-1; upregulated by TGFS + cy-  Economos et al.,
noma cloheximide 1992a,b
Cardiomyocytes (rat neonatal) RT/PCR Positive for ET-1 Suzuki et al., 1993
Endometrial Tissue
Endometrium (human) Northern, RIA Positive for ET-1 in glandular epithelial Economos et al.,
stromal cells 1992a.b
Endometrium (human) RT/PCR Positive for ET-1, ET-2, ET-3 throughout O’Reilly et al., 1992
menstrual cycle
Endothelial Cells
Brain microvessel (porcine) Northern Positive for ET-1 Yoshimoto et al., 1990
Corpus cavernosum (human) Northern Positive for ET-1 Saenz de Tejada et al.,
1991
Dental pulp (human) Immunohistochemistry  Positive for ET-1 Casasco et al., 1991
Glomerulus (bovine) Northern Positive for ET-1; upregulated by bradykinin, Marsden et al., 1991
thrombin
Hybrid cell line EA, hy 926 Northern Positive for ET-1 Saijonmaa et al., 1990
(human)
Mesenteric artery (rat) Northern, RIA Positive for ET-1; upregulated by angiotensin Dohi et al., 1992
I
Hypothalamus (human) In situ hybridization Positive for ET-1 in neurons and vascular en- Lee et al., 1990a,b,c
dothelium
Keratinocytes (human) Northern Positive for ET-1 Imokawa et al., 1992;
Yohn et al., 1993
Kidney (rat) PCR Positive for ET-1: glomerulus > inner medul- Uiiie et al., 1992
lary collecting duct
Negative for ET-1: proximal convoluted tu-
bules, medullary thick ascending limbs
Macrophage (human) Northern, RIA Positive for ET-1; upregulated by phorbol es- Ehrenreich et al., 1990
ter
Mast cell (murine) RT/PCR, RIA Positive for ET-1; upregulated by phorbol es- Ehrenreich et al., 1992
ter or cross-linked IgE
Mesangial cells (rat) Northern Positive for ET-1 Sakamoto et al., 1990
Neuron (human) In situ hybridization; Positive for ET-1 in spinal cord and corsal Giaid, 1989; Giaid,
immunocytochemis- root ganglia 1991
try Positive for all 3 ET’s in neuronal cell bodies
Parathyroid gland (human) Northern Positive for ET-1 Eguchi et al., 1992a,b
Pituitary gland (human) Northern Positive for ET-1 Takahashi et al.,
1992a,b
Placenta (human) Norther, RIA ET-1 = bET-1=ET-3>ET-2 Benigni et al., 1991a,b
Northern Positive for ET-1; enhanced expression at Fant et al., 1992
term
Northern Positive for ET-1 Onda et al., 1990
Pulmonary Tumor (human) In situ hybridization Positive in squamous cell carcinoma and ade- Giaid et al., 1990

nocarcinoma
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TABLE 1
Continued

Cell/tissue Method of detection

Expression Reference

Various tissues (rat) RNase protection

ET-1: Lung > intestine > other organs

Firth and Ratcliffe,

ET-2: Intestine > stomach = heart >» other 1992

organs
ET-3: Intestine = lung = kidney > other or-

gans
Renal ischemia: ET-1 increased, ET-3 de-
creased

Northern

Positive for ET-1 in vascular endothelial cells,

lung, brain, uterus, stomach, heart, adrenal
gland, kidney

* Abbreviations: RIA, radioimmunoassay; RT, reverse transcriptase; PCR, polymerase chain reaction; TGF, transforming growth factor.

transcription at this site (Lee et al., 1991a,b). Two groups
independently cloned the cDNA for the protein ex-
pressed in HUVECSs that binds to the GATA-like region
of the human ET-1 promoter (Dorfman et al., 1992; Lee
et al., 1991a,b). This protein, GATA-2, which was down-
regulated by retinoic acid treatment of endothelial cells
(Lee et al., 1991a,b), is apparently responsible for the
inhibitory effects of retinoic acid on ET-1 expression in
HUVECs (Dorfman et al., 1992).

It now appears that ET-1 gene transcription can occur
from one or more distal promoter elements, at least in
some tissues. As mentioned above, a second species of
ET-1 mRNA was recently described, which is transcribed
from a promoter region upstream from the transcription
start site originally identified in endothelial cell ET-1
mRNA (Benatti et al., 1993). This upstream promoter
was found to be efficient in directing transcription of a
chloramphenicol acetyltransferase reporter gene con-
struct in COS-1 cells, a kidney epithelial cell line, even
in the absence of the downstream GATA-2-binding site
which is required for efficient transcription of ET-1
mRNA (mRNA-2; see fig. 4) in endothelial cells (Lee et
al.,, 1991a,b). Thus, ET-1 gene expression seems to be
differentially regulated in these two cell types.

An important feature of the ET-1 mRNA, conserved
among different species, is the presence of two AUUUA
sequences in the 3’-untranslated region. These sequences
are known to mediate selective mRNA degradation, and
probably account for the short half-life of the message,
and the ability of cycloheximide to cause superinduction
(Inoue et al., 1989a,b).

Regulation of endothelial cell ET-1 expression has
been studied extensively. Increased message levels have
been observed after treatment of cultured endothelial
cells with growth factors and cytokines such as thrombin
(Emori et al., 1992; Kurihara et al., 1989b; Maemura et
al., 1992; Marsden et al., 1991), TGFB (Kurihara et al.,
1989b; Yanagisawa et al., 1989; Maemura et al., 1992;
Zoja et al., 1991), tumor necrosis factor-a (Lamas et al.,
1992; Maemura et al., 1992; Marsden et al., 1992), inter-
leukin-1 (Maemura et al., 1992), and insulin (Hu et al.,
1993; Oliver et al., 1991). Although interferon-y alone

had no effect on ET-1 mRNA expression, it potentiated
the effects of tumor necrosis factor-a when the two were
added simultaneously to endothelial cell cultures (Lamas
et al., 1992). Vasoactive substances, such as angiotensin
IT (Dohi et al., 1992; Imai et al., 1992b), AVP (Imai et
al., 1992b), and bradykinin (Marsden et al., 1991), also
increased ET-1 mRNA expression in endothelial cells,
as did exposure of cells to oxidized or acetylated low-
density lipoprotein (Boulanger et al., 1992) or to phys-
iologically low oxygen temsion (Kourembanas et al.,
1991).

In vitro experiments have indicated that expression of
ET mRNA and release of ET from cultured endothelial
cells are regulated by fluid shear stress. In primary
human umbilical vein endothelial cells, exposure to high
shear rates (25 dynes/cm?) sharply decreased ET-1
mRNA levels relative to control cultures (Sharefkin et
al. 1991). Similarly, bovine aortic endothelial cells exhib-
ited a dose-dependent decrease in ET-1 mRNA expres-
sion with increasing shear stress (Malek and Izumo,
1992). On the other hand, it was reported that low shear
stress (5 dynes/cm?) increased ET mRNA expression
and ET release transiently in cultured porcine aortic
endothelial cells, whereas higher shear rates had no effect
(Yoshizumi, et al. 1989). These contrasting results may
reflect differences based on the origins of the endothelial
cells used or in the specific culture conditions.

Regulation of ET mRNA expression has been studied
in other cell types as well. Rat VSMCs in culture in-
creased their expression of ET-1 in response to TGFg,
platelet-derived growth factor-AA, angiotensin II, AVP,
and ET-1 itself (Hahn et al., 1990). Expression of ET-1
has also been detected in cells of the hemopoietic system.
In cultured human macrophages, expression was stimu-
lated by lipopolysaccharide and phorbol esters (Ehren-
reich et al., 1990), whereas in murine bone marrow mast
cells cross-linked immunoglobulin E, as well as phorbol
ester, was stimulatory (Ehrenreich et al., 1992). In hu-
man breast epithelial cells in culture, prolactin caused a
20-fold induction in ET-1 mRNA (Baley et al., 1990).
TGFB and interleukin-1 stimulated ET-1 expression in
endometrial stromal cells, and in cultured human avas-
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cular amnionic cells, epidermal growth factor, interleu-
kin-1, and tumor necrosis factor-a were all found to
increase expression of this gene (Casey et al.,, 1991).
Tumor necrosis factor was also found to exert a positive
effect in cultured rat mesangial cells (Kohan, 1991), and
TGFB was similarly effective in the canine kidney cell
line MDCK (Horie et al., 1991).

V. Endothelin Biosynthesis and Endothelin-
converting Enzyme

From the cDNA sequence one can assume that the
primary translation product of the human ET-1 gene is
a 212-amino acid prepropeptide (Inoue et al., 1989a,b).
Processing occurs in three stages (fig. 3): (a) dibasic
amino acid endopeptidase(s) cleaves the precursor at
Arg®*-Cys®® and at Arg*-Ala®; (b) carboxypeptidase(s)
sequentially trims the Arg” and Lys® residues from the
COOH terminus to produce pro-ET-1, more commonly
known as big ET-1; (c) specific cleavage between Trp™-
Val™ by ECE yields ET-1.

The proposal that an enzyme activity must exist that
specifically converts pro-ET-1 (big ET-1) to the mature
21-amino acid peptide was contained in the original
report of the cloning of porcine ET-1 (Yanagisawa et al.,
1988b). The physiological importance of the conversion
of big ET to ET was demonstrated by the observation
that ET-1 was 140-fold more potent as a vasoconstrictor
compared to the precursor peptide (Kimura et al., 1989b),
whereas the prepopeptide is devoid of any vasoconstric-
tor action (Cade et al., 1990). Now more than 6 years
later, the nature of ECE remains controversial.

Interestingly, there is now evidence that the biosyn-
thesis of at least one member of the STX family, STX-
¢, is radically different from that of the ETs (Takasaki
et al., 1992). A partial genomic clone covering the coding
region and the immediate flanking sequences of STX-c
was isolated from A. engaddensis. Sequence analysis
showed that the characteristic dibasic amino acid pair
immediately upstream of the first residue in all three ET
isoforms was not conserved in the STX. Furthermore,
the nucleotide sequence immediately following the
COOH-terminal Trp residue of STX-c was quite differ-
ent from those of the ET peptides as well. Based on the
partial sequence of this gene, the characteristic recogni-
tion sequence for ECE, Trp-Val(Ile), is not present in
STX-c. Thus, it is possible that the genes for the ETs
and the STXs are not evolutionarily related.

A. Vascular Responses to Exogenous Big Endothelin
in Vivo

When administered to animals intravenously, big ET-
1 is converted to ET-1 in vivo but not in the plasma in
vitro (Hemsen et al., 1991b). The great majority of the
available data point to the importance of phosphorami-
don-sensitive mechanisms in regulating the in vivo con-
version of exogenously administered big ET-1 and the
resulting vascular responses. An early study (Fukuroda

et al., 1990) demonstrated that both blood pressure ele-
vation and airway contractile responses in rats or guinea
pigs to intravenous big ET-1, but to not to ET-1, were
blocked by phosphoramidon [N-(a-(-rhamnopyranosy-
loxyhydroxy-phosphinyl)-L-Leu-L-Trp]. Similar obser-
vations have been made by others in anesthetized rats.
One group (McMahon et al., 1991a,b) showed that the
membrane MMP I (neutral endopeptidase; EC 3.4.24.11)
inhibitor, thiorphan, was also effective, albeit less potent
than phosphoramidon, whereas other known protease
inhibitors, such as kelatorphan and captopril (metalloen-
dopeptidases), leupeptin (serine proteases), and trans-
epoxysuccinyl-L-leucylamido-(4-guanidino) butane (cys-
teine proteases), were ineffective. The inhibition of big
ET-1-induced vascular responses by phosphoramidon
appeared to be competitive in nature (Pollock et al.,
1993). This compound also blocked responses to big ET-
3 (Pollock et al., 1993). A phosphoramidon analog lacking
the rhamnose sugar was also found to be effective in vivo
(Pollock et al., 1992). In another study (Bird et al., 1992),
both phosphoramidon and the cathepsin E inhibitor SQ-
32056 blocked the pressor responses in conscious rats
challenged with a bolus intravenous injection of big ET-
1. However, unlike phosphoramidon, SQ-32056 also in-
hibited ET-1-induced pressor responses, suggesting that
this compound did not act via inhibition of ECE. When
injected into the brains of rats (Hashim and Tadepalli,
1991) or dogs (Shinyama et al., 1991), big ET-1 caused
increases in systemic blood pressure that were effectively
blocked by phosphoramidon, suggesting that phosphor-
amidon-sensitive ECE activity exists in the CNS as well.
In addition to causing pressor responses, exogenous
ET-1 and, less potently, big ET-1 have been shown to
increase vascular permeability in the rat trachea, lung,
pancreas, liver, spleen, kidney, heart, and diaphragm
(Lehoux et al., 1992). Pretreatment of animals with
phosphoramidon blocked the big-ET-1-induced permea-
bility changes without affecting the responses to ET-1.

B. Characterization of Endothelin-converting Enzyme

1. Endothelial cell endothelin-converting enzyme. ECE
activity has been studied most extensively in endothelial
cells. The total homogenate of cultured bovine aortic
endothelial cells converted big ET-1 to material with the
immunological and chromatographic properties of ET-1
(Ohnaka et al., 1990). The pH dependence of the conver-
sion showed two distinct pH optima (3.0 and 7.0), which
apparently represented different proteases based on sen-
sitivity to inhibitors and thermolability. The acidic pro-
tease activity was completely inhibited by pepstatin A
but was insensitive to metal ion chelators ethyleneglycol-
bis(8-aminoethylether)-N,N’-tetraacetic acid and ethyl-
enediamine tetraacetic acid. The neutral protease exhib-
ited the opposite pattern of inhibition by these agents.
Neither activity was affected by various serine protease
inhibitors, sulfhydryl reagents, or the ACE inhibitor
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captopril. Thus, endothelial cells appeared to contain
aspartyl and metalloprotease activities capable of con-
verting big ET-1 to ET-1 in vitro.

The acidic, pepstatin-sensitive ECE, present in the
cytosolic fraction of endothelial cells (Sawamura et al.,
1990a) as well as in bovine adrenal chromaffin granules
(Sawamura et al., 1990b), was shown to be similar to
cathepsin D based on chromatographic behavior and
inhibition by anti-cathepsin D antisera. Subsequent
work with purified enzymes suggested that another as-
partyl protease, cathepsin E, was a more specific ECE in
vitro, because it cleaved specifically between Trp* and
Val® of big ET-1 but, unlike cathepsin D, did not signif-
icantly degrade ET-1 further under the conditions used
(Lees et al., 1990).

The characterization of ECE as an aspartyl protease
was unsatisfying for several reasons, however. As dis-
cussed above, phosphoramidon inhibited the pressor re-
sponse to exogenous big ET-1 and lowered blood pressure
in SHR. Aspartyl protease inhibitors lack such activity.
In cultured endothelial cells, phosphoramidon (Sawa-
mura et al., 1991; Ikegawa et al., 1990), but not pepstatin
(Ikegawa et al., 1990), significantly increased the ratio of
endogenously synthesized and secreted big ET-1/ET-1.
Phosphoramidon was similarly effective in suppressing
the conversion of exogenously added big ET-1 by endo-
thelial cell cultures (Ikegawa et al., 1991). Thus, atten-
tion has focused on the characterization of a neutral
metalloprotease as a possible candidate for the “physio-
logical ECE” in endothelial cells.

At pH 7.0, ECE activity of crude membranes from
cultured porcine aortic endothelial cells was sensitive to
phosphoramidon (Matsumura et al., 1990; Galvani et al.,
1991), whereas the cytosolic fraction contained a neutral
pH optimum activity that was insensitive to this agent
(Matsumura et al., 1990). The membrane activity was
insensitive to the MMP I inhibitor thiorphan (Matsu-
mura et al., 1991b,e) and the ACE inhibitor captopril
(Ahn et al., 1992). Limited substrate structure-activity
relationship data have been published concerning this
membrane ECE from endothelial cells. In one study, big
ET-1 and big ET-3 were converted at comparable rates
(Matsumura et al., 1992a). However, in another report
(Okada et al., 1990), the rate of big ET-2 hydrolysis was
only 5% of that seen using big ET-1 as substrate, and
big ET-3 was not hydrolyzed at all. These observations
are difficult to reconcile even considering the different
assay conditions used. In the latter study, several human
big ET-1 fragments were also examined as substrates for
the membrane ECE. Big ET-1 (1 to 37), lacking the
COOH-terminal serine residue, showed activity compa-
rable to the full-length peptide. The NH,-terminally
truncated analog, big ET-1 (16 to 37), was actually
cleaved at 3-fold the rate of full-length big ET-1, whereas
the COOH-terminal hexapeptide truncated form, big
ET-1 (1 to 31), was essentially inactive as a substrate.

Thus, the COOH terminus of big ET-1 may influence
the conformation of the cleavage site or may interact
with a site on the enzyme to promote hydrolysis at the
Trp?-Val® bond.

2. Smooth muscle cell endothelin-converting enzyme.
ECE activity has also been characterized in cultured
VSMCs (Hioki et al., 1991; Matsumura et al., 1991e;
Ikegawa et al., 1991). In intact cells incubated with
exogenous big ET-1, phosphoramidon (100 uM) strongly
suppressed the conversion of the precursor to ET-1 with-
out affecting basal release of ET-1 (Matsumura et al.,
1991b,d,e; Ikegawa et al., 1991). Cytosolic fractions pre-
pared from cultured VSMCs contained both pepstatin
A-sensitive (acidic pH optimum) ECE activities and
phosphoramidon-sensitive (neutral pH optimum) ECE
activity (Hioki et al., 1991). These data suggest that
unprocessed big ET-1, secreted from endothelial cells or
SMCs, may be converted to the active, vasoconstricting
peptide at the surface of the SMCs, where it would be
available for binding to cell surface ET receptors.

3. Purification of endothelin-converting enzyme. Pro-
gress in the purification of a neutral membrane MMP
with ECE activity has been slow, despite the intense
interest and effort of many academic and industrial
research groups worldwide. The reasons for this lack of
rapid success in the molecular characterization of ECE
probably include (a) the relatively low level of expression
of activity in most cells and tissues studied; (b) the
technical difficulties involved in measuring the amount
of true product formation against the background of
other nonspecific cleavages of the substrate in crude
extracts; (c) the ability of several different classes of
proteases to catalyze the in vitro conversion of big ET
to ET; and (d) uncertainties about the precise physiolog-
ical sites of big ET conversion, which led various groups
to focus on different tissues and subcellular fractions as
the starting material for purification efforts.

In endothelial cells, ECE activity has been solubilized
from the membrane fraction using 3-[(cholamidopro-
pyl)dimethylammonio}-1-propanesulfonic acid (Matsu-
mura et al., 1992a), Lubrol PX (Ohnaka et al., 1992), or
Triton X-100 (Ahn et al., 1992). The nonionic detergents
are preferable to 3-[(cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid because the latter detergent is
inhibitory to the activity in vitro (Ahn et al., 1992;
Ohnaka et al., 1992). After solubilization, the crude ac-
tivity exhibited an apparent molecular weight, on gel
filtration chromatography in the presence of micellar
detergent, of 300 to 350 kDa (Ahn et al., 1992; Matsu-
mura et al., 1992a). The enzyme may be glycosylated
because the Lubrol-solubilized activity was retained on
a Ricinus communis agglutinin lectin affinity column
(Ohnaka et al., 1992). Elution of the activity from a R.
communis agglutinin affinity column by the competing
sugar D-galactose resulted in a 25-fold purification. An-
other 20-fold purification was achieved by peanut agglu-
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tinin chromatography, because most of the protein re-
tained by the R. communis agglutinin column also bound
to this column, whereas ECE did not. A final 2-fold
purification by high-pressure liquid chromatography an-
ion exchange yielded an ECE preparation enriched 2100-
fold over the crude membrane fraction. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of the purified
material revealed two major silver-stained bands of 100
and 120 kDa. At this stage of purity, the activity was
inhibited by phosphoramidon (ICs, = 0.8 uM) but not by
thiorphan.

Another significant advance in our understanding of
ECE was the purification to apparent homogeneity of a
phosphoramidon-sensitive activity from rat lung micro-
somes (Takahashi et al., 1993b). The Triton-solubilized
enzyme was sequentially purified over wheat germ agglu-
tinin affinity, zinc chelating, and blue dye agarose col-
umns to achieve an overall enrichment of 6200-fold with
an overall yield of 42%. The final preparation exhibited
a single major silver-stained band on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, under reduc-
ing conditions, of 130 kDa. The elution position of the
130-kDa band was correlated with that of ECE activity
during chromatography of the purified material on anion
exchange and gel filtration columns.

The lung enzyme exhibited properties similar to those
of partially purified endothelial cell ECE. Both enzymes
were inhibited by phosphoramidon, ethylenediamine tet-
raacetic acid, and o-phenanthroline but not by thiorphan
or captopril. Both cleaved big ET-1 in a specific fashion
at Trp?'-Val®2. Both exhibited fairly sharp pH optima
between 6.6 and 6.8, and neither preparation degraded
ET-1 itself.

C. Membrane Metalloendopeptidase I (EC 3.4.24.11)

This enzyme, more commonly known as NEP or en-
kephalinase, plays an important role in vivo in the ca-
tabolism of a number of biologically active peptides,
including atrial natriuretic peptide, enkephalins, brady-
kinin, and substance P (Erdos and Skidgel, 1989). MMP
I is expressed on the external surface of the plasma
membrane of a variety of tissues and cell types and is
particularly abundant in the kidney (Turner, 1987). This
zinc metalloendopeptidase, identical with common acute
lymphocytic leukemia antigen, a cell surface antigen
expressed on B-lymphocytes (Letarte et al., 1988), has
been shown to efficiently cleave mature ET-1, rendering
the peptide biologically inactive (Sokolovsky et al., 1990;
Vijaraghavan et al., 1990; Fagny et al., 1991). MMP I
may be an important ET-1-degrading enzyme in vivo,
because SQ-29,072, a potent inhibitor of this enzyme,
increased urinary excretion and plasma levels of ET-1 in
rats (Abassi et al., 1992). The enzyme is potently inhib-
ited by phosphoramidon, thiorphan, and kelatorphan.

Because others had shown that phosphoramidon and
to a lesser extent thiorphan could inhibit the pressor

effects of exogenous big ET-1 (McMahon et al., 1991a,b),
it seemed possible that MMP I might also have ECE
activity. When 3 uM human big ET-1 was incubated with
purified rabbit kidney MMP I, a time-dependent accu-
mulation of ET-1 was observed (Patterson et al., unpub-
lished observations, 1991). However, the concentration
of ET-1 quickly reached a steady state at approximately
30 nM, whereas degradation products of ET-1 continued
to accumulate, probably reflecting a greater catalytic
efficiency of MMP I in the ET-1-degradative reaction
versus the ECE reaction. Whether MMP I plays any role
in vivo in the conversion of big ET to ET remains to be
determined. However, it is interesting to note that a
potent inhibitor, SQ-28,603, inhibited the hemodynamic
responses to exogenous big ET-1, but not to ET-1, in the
rat (Gardiner et al., 1992). This effect might have been
caused by inhibition of MMP I itself or by an MMP I-
like ECE activity.

VI. Endothelin Receptors

A. Pharmacological Studies Suggesting the Presence of
Multiple Receptor Subtypes

Shortly after the cloning and characterization of the
three ET isoforms, it became obvious that saturable,
high-affinity-binding sites for these peptides exist on cell
membranes. It was presumed that, like other bioactive
peptides, ETs produced their physiological effects
through binding to these putative receptor sites. Many
studies further suggested that the many diverse physio-
logical and pharmacological effects of ETs could not be
mediated by a single receptor subtype. Prior to the dis-
covery of specific ET receptor antagonists, receptor sub-
type classifications were made on the basis of rank order
potencies of either binding or function.

Early studies of the effects of administration of exog-
enous ET to anesthetized animals revealed a biphasic
systemic blood pressure response: a rapid transient de-
crease, followed by a slowly developing, sustained in-
crease (Spokes et al., 1989). The structure-activity rela-
tionships for these two phases were distinct. For the
hypotensive phase, ET-1 = ET-2 = ET-3, whereas for
the hypertensive phase, ET-1 > ET-2 > ET-3. In vitro
correlates of these in vivo effects of different ET isoforms
were found by studying isolated rings of rat thoracic
aorta with the endothelium either intact or removed
(Takayanagi et al., 1991). In the intact rings, ETs in-
voked slowly developing constriction, ET-1 having
greater potency than other ET-related peptides. In rings
precontracted with phenylephrine, however, ET-1 was
equipotent as other ET-related peptides in causing relax-
ation. ET-1-selective binding activity was found on mem-
branes prepared from the medial (smooth muscle) layer,
whereas membranes from the scraped endothelial layer
showed equivalent binding activity for all ET-related
peptides tested. Data such as these led to the general
concept that vasoconstricting, ET-1-prefering receptors
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were located on vascular smooth muscle, whereas vaso-
dilating, ET isotype-nonselective receptors resided in the
endothelial cell.

Studies of other smooth muscle preparations showed
that this concept was too simplistic, however. In the
guinea pig pulmonary artery, for example, ET-3 was a
much less potent contractile agent than ET-1 or ET-2,
whereas in the trachea the three isoforms were equipo-
tent in promoting contraction (Cardell et al., 1992).
These results suggested that different receptors mediated
the contractile effects of ET in these tissues. In another
study, several different preparations of smooth muscle
were stimulated with ETs, STX-b or the COOH-terminal
hexapeptide of human ET-1 (Maggi et al., 1989a,b,c,d).
In some smooth muscle preparations (e.g., rat thoracic
aorta, guinea pig ileum, human urinary bladder), the
hexapeptide showed little contractile activity, and the
ET receptors were termed ET s, whereas in other tissues
(e.g., guinea pig bronchus, rat vas deferens, rabbit pul-
monary artery), the hexapeptide was shown to be a full
agonist and the receptors were termed ETg. Although
subsequent studies have shown that the COOH-terminal
hexapeptide exhibits very low receptor-binding potency
relative to mature ET peptides (Doherty, 1992), the
original receptor nomenclature has become universally
accepted. (For further details, see section VIIIL.)

The development of novel ET receptor agonists and
antagonists (table 2) provided tools for the identification
of multiple ET receptor subtypes in various tissues and
has enhanced our understanding of the coupling of recep-
tor activation to physiological responses. STXs contain-
ing Glu® (STX-c and [Glu®’]STX-b), for example, are
potent, highly selective agonists of ET receptors (Tak-
ayanagi et al., 1991; Williams et al., 1991b). In the
isolated rat thoracic aorta, [Glu®’]STX-b evoked endo-
thelium-dependent relaxation of rings precontracted
with phenylephrine but, unlike ET-1, did not itself con-
tract endothelium-denuded preparations. In the same
study, binding of *I-[Glu®)STX-b was limited to endo-
thelium, whereas binding of labeled ET-1 was observed
in both endothelium and smooth muscle. Data such as
these provided strong evidence that activation of ETp
receptors on endothelial cells causes release of EDRF,
whereas activation of ET, feceptors on smooth muscle
triggers contraction (see also figs. 8 to 10).

In addition to the clear evidence that there are differ-
ent ET receptor subtypes differing in their ligand selec-
tivity, recent studies suggest that receptors with similar
ligand selectivities, but different ligand affinities, may
coexist within the same tissue (Sokolovsky et al., 1992).
At present it is not known whether separate genes encode
receptors with either high (K4 = nM) or “super high” (K,
= pM) affinities or whether posttranslational modifica-
tions of ET receptors can control ligand affinity.

The existence of a third subtype of ET receptor, with
a proposed rank order of affinity of ET-3 > ET-1 (i.e.,

selective for ET-3), has remained controversial. Evidence
in favor of a third receptor is derived largely from phar-
macological data concerning the relative potency of dif-
ferent ET isoforms in provoking a biological response
(Kloog et al., 1989). ET-3 was shown to be the most
potent isoform tested in the inhibition of prolactin se-
cretion from pituitary lactotrophs (Samson et al.,
1991a,b,c). In cultured bovine carotid artery endothelial
cells, ET-1 failed to compete with the binding of 0.25 pM
125].ET-3 to cell surfaces or to evoke increases in intra-
cellular calcium, whereas ET-3 was effective in both
cases (Emori et al., 1990). The conclusions from the
latter study were disputed by other investigators who
claimed that, in ageing endothelial cell cultures, ETp
receptors were converted to ET-3-preferring receptors
(Takayanagi et al., 1991). ET-3 also appeared to be more
potent than ET-1 in the activation of PLC in astrocytes
(Frelin et al., 1991)

B. Molecular Cloning and Characterization of
Endothelin Receptors

Initial progress in the isolation and purification of ET
receptor proteins was relatively slow (see below). How-
ever, application of direct expression-cloning techniques
yielded, by the end of 1990, cDNA for A-type and B-type
receptors. Even today, much of what we know about
these receptors as molecular entities derives from the
deduced amino acid sequences and the molecular probes
that these cDNAs provided. Recently, a third receptor
conforming generally to the definition of a C subtype
(ET-3 selective) has been cloned in Xenopus laevis. To
date no evidence has been presented that a mammalian
homolog of this receptor exists, however.

1. Cloning of endothelin type A and B receptor comple-
mentary deoxyribonucleic acids. The original report of
the successful cloning of ET, receptor cDNA (Arai et
al., 1990) appeared simultaneously with that of the clon-
ing of ETg receptor cDNA (Sakurai et al., 1990). Because
no protein sequence information was available, expres-
sion-cloning techniques were used to isolate these
c¢DNAs. For the ET, study, a bovine lung cDNA library
was expressed in Xenopus oocytes and screened with a
voltage clamp method, whereas in the ETg study, a rat
lung cDNA library was screened in COS-7 cells, which
do not normally express measurable levels of specific,
high-affinity binding of ET. The bovine lung ET, cDNA
contained an open reading frame encoding a 427-amino
acid protein (Arai et al., 1990), and in the rat lung study
(Sakurai et al., 1990), a 415-amino acid protein sequence
was predicted. The bovine receptor cDNA, transfected
into COS-7 cells, encoded a high-affinity ET-binding
protein whose isoform selectivity was ET-1 = ET-2 >
ET-3 and, to conform with the previous pharmacological
characterization, was called ET,. The rat lung cDNA
was shown to encode a 415-amino acid protein whose
binding specificity was ET-1 = ET-2 = ET-3 and thus
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TABLE 2
Structure and activities of ET receptor agonists and antagonists
ICw
Com Structure Refe;
pound Type ET, T, rence
ET-selective
BQ-123 Antagonist  cyclo (-D-Trp-D-Asp-Pro-p-Val-Leu) 22 nM 18 uM Ishikawa et al.,
1988
FR-139317 Antagonist  2(R)-[2(R)-[2(S)-[[1-(hexahydro-1H-azepinyl)]car- 1nM T uM Aramori et al.,
bonyljamino-4-methylpentanoyljamino-3-[1- 1993
methyl-1H-indolyl)Jproprionyl}amino-3-(2-pyri-
dyl)propionic acid
50-235 Antagonist  27-0-caffeoyl myricerone 78 nM >1 uM Fujimoto et al.,
1992
ETjp-selective
ET-3 Agonist I . 1: 4.5 nM 70 pM Saeki et al.,
C-T-C-F-T-Y-K-D-K-E-C-V-Y-Y C-H-L-D-I-I-W 1991
STX-¢ Agonist M - 1 R 4.5 uM 20 pM Williams et al.,
C-T-C-N-D-M-T-A-E-E-C-L-N-F-C-H-Q-D-V-I-W 1991a,b
4Ala-ET-1 (10-21) Agonist E-A-V-Y-F-A-H-L-D-I-I-W 9.9 uM 12 nM Saeki et al.,
1991
BQ-3020 Agonist Ac-L-M-D-K-E-A-V-Y-F-A-H-L-D-I-I-W 940nM 200 pM Thara et al.,
1992a,b
IRL-1620 Agonist Suc-D-E-E-A-V-Y-F-A-H-L-D-I-I-W 16 pM 200 pM Thara et al.,
1992a,b
IRL-1038 Antagonist 9 nM 700 nM Urade et al.,
C-V-Y-F-C-H-D-L-1I-I-W 1992
Nonselective
ET-1 Agonist [ — " 160 pM 110 pM Saeki et al.,
C-S-C-S-S-L-M-D-K-E-C-V-Y-F-C-H-L-D-I-I-W 1991
Thr'®y-methyl- Antagonist T — ) ] 0.7 nM 0.25nM  Shimamoto et
(Leu®)-ET-1 C-S-C-S-S-L-M-D-K-E-C-V-Y-F-C-H-L-T-v- al,, 1993
methyl-Leu-I-W
PD-142893 Antagonist  Ac-D-diphenylalanine-L-D-I-I-W 15 nM 150 nM Cody et al.,
1992a,b
Ro 46-2006 Antagonist  4-t-butyl-N-[6-(2-hydroxy-ethyoxy)-5-(3-methoxy- 220 nM 1uM Clozel et al.,
phenoxy)-4 pyrimidinyl-benzenesulfonamide 1993a,b

fulfilled the pharmacological criteria of ETg. Subse-
quently, rat A10 VSMC ET, cDNA was identified by
expression cloning using an elegant photoemulsion tech-
nique (Lin et al., 1991), and porcine cerebellar ETy
c¢DNA was cloned by screening pools of transfected COS-
7 cells for high-affinity ET-1 binding (Elshourbagy et
al., 1992).

Homologs of these cloned receptors have been isolated
from other species and tissues by screening cDNA li-
braries with oligonucleotide probes designed around se-
quences identified from the expression-cloned ET recep-
tors (for review, see Sokolovsky, 1992a,b). Based on the
nucleotide sequences of these cloned ET receptor cDNAs,
considerable homologies exist between ET, and ETp in
a given species (approximately 50% identity at the amino
acid level; Arai et al., 1993) and between individual

.subtypes across mammalian species (approximately 85%

for human vs. bovine ET, for example; Haendler et al.,
1992). The mature receptor proteins predicted from these
cDNAs all have molecular weights in the range of 45,000
to 50,000 Da. Thus, there is no evidence that ET receptor

transcripts exist that encode proteins with molecular
weights in the 30,000 to 35,000 Da range, as some mem-
brane cross-linking studies might have suggested. In-
stead, these smaller ET receptor forms appear to arise
from discrete proteolytic cleavage of the mature ET
receptor within the NH,-terminal extracellular domain
(Elshourbagy et al., 1992; Saito et al., 1991).

2. Cloning of endothelin type C receptor complementary
deoxyribonucleic acid. To date, no ET-3-selective recep-
tor subtype has been cloned by screening cDNA libraries
prepared from mammalian cells with probes derived from
either ETA or ETg sequences. Furthermore, genomic
Southern analysis of human DNA probed with gene
fragments derived from ET, or ETy failed to provide
evidence that other closely related genes exist (Haendler
et al., 1992; Sakamoto et al., 1991).

Recently (Karne et al., 1993), a cDNA was cloned from
dermal melanophores of the frog X. laevis that encoded
a receptor displaying some of the pharmacological attri-
butes of ETc. In the melanophore, ET-3 was known to
stimulate pigment dispersion >400-fold more potently
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than either ET-1 or ET-2, thus making this cell a good
candidate for ET¢ expression. The key step in the cloning
strategy was the use of polymerase chain reaction to
amplify a fragment from total melanophore mRNA using
degenerate oligonucleotide primers derived from the
most highly conserved region of several members of the
G-protein-coupled receptor superfamily (transmembrane
regions III to IV). The cloned cDNA encoded a protein
predicted to have the seven-transmembrane domain
structure typical of members of this superfamily, includ-
ing ETA and ETB.

In radioligand-binding studies, neither the wild-type
receptor in dermal melanophores nor the cloned ET¢
receptor expressed in HeLa cells exhibited the dramatic
ET-3 selectivity seen in the biological response of pig-
ment dispersion. In fact, ET-1 was only 4-fold less potent
than ET-3 in competing for *I-ET-3 binding to the ET¢
receptor. This finding suggests that very subtle confor-
mational parameters may control the ability of the li-
gand-receptor complex to activate the signal transduc-
tion apparatus. Whether the cloning of this amphibian
ETc-like receptor leads to the identification of mamma-
lian homologs remains to be determined.

3. Structural predictions from cloned endothelin recep-
tor complementary deoxyribonucleic acids. Hydropathi-
city analyses of the deduced amino acid sequences of
ETa, ET3, and the recently identified amphibian ET¢
receptors revealed a series of seven 20 to 27 residue
stretches containing considerable hydrophobic character
(Arai et al., 1990; Sakurai et al., 1990; Karne et al., 1993).
Sequence homology studies readily identified these pro-
teins as members of the rhodopsin superfamily of trans-
membrane, G-protein-coupled receptors (Birnbaumer et
al., 1990). By analogy, the ET receptors A, B, and C are
predicted to have an extracellular NH,-terminal domain,
a seven-transmembrane-spanning domain, and an intra-
cellular COOH-terminal domain (fig. 5).

The NH;-terminal domains of these receptors are 75
to 100 residues long, considerably larger than the adre-
nergic receptors, for example, as is typical of the peptide
receptors of this class (Nagayama et al., 1991). All three
ET receptor subtype cDNAs contain putative NH,-ter-
minal hydrophobic signal sequences. This property is not
shared with the adrenergic receptors and seems to be
confined to receptors with long NH,-terminal extracel-
lular domains (Saudou et al., 1990). Consensus sequences
for N-linked glycosylation, Asn-X-Ser/Thr, (Hubbard
and Ivatt, 1981) are present in all cloned ET receptor
cDNAs. In fact, indirect evidence exists that ET, present
on the surface of Swiss 3T3 cells is a glycoprotein
(Devesly et al., 1991). However, to date no reports of the
carbohydrate content of a purified ET receptor have
appeared.

The transmembrane domains of the ET receptors con-
sist of seven amphipathic membrane-spanning helices
joined together by three intracellular and three extracel-

F1G. 5. Primary structure of the human ET, receptor. The receptor
is proposed to consist of an extracellular NH,-terminal region, seven
transmembrane helices (Roman numerals) separated by three extra-
cellular and three cytoplasmic loops, and a cytoplasmic COOH-terminal
region. @, residues that are conserved in the human ETj receptor
sequence. Also shown are two potential N-linked glycosylation sites in
the NH;-terminal region (arrows), the conserved sequence Asp-Arg-
Tyr (D-R-Y) at the end of transmembrane helix III, which may be
important in G-protein coupling, and the sequence Cys-Leu-Cys-Cys-
Cys-Cys (C-L-C-C-C-C) in the COOH-terminal region believed to
direct the myristylation of a cysteine residue, which may be important
in stabilization of the extracellular ligand-binding site. See text for
details.

lular loops (fig. 5). The sequences of the transmembrane
helices, in particular, are highly conserved between mem-
bers of the superfamily. In particular, the Asp-Arg-Tyr
motif in the second intracellular loop at the end of the
third transmembrane helix of all three ET receptors is
apparently involved in G-protein coupling (Franke et al.,
1990).

The COOH-terminal intracellular domain of the ET
receptor subtypes shows considerable sequence diversity.
One common motif is the sequence Cys-Leu-Cys-Cys-X-
Cys that occurs shortly after the end of the seventh
transmembrane helix. By analogy to the human g,-adre-
noceptor (O’Dowd et al., 1989), this sequence may be a
site for membrane anchoring via palmitoylation. There
are several serine residues near the COOH terminus that
might serve as phosphorylation sites, although no data
have been published that directly support or refute the
role of phosphorylation of the receptor.

4. Sequence homology among endothelin receptors.
Among the cloned members of a single ET receptor
subtype, there is a high degree of sequence identity at
the amino acid level (approximately 90%). However,
there is considerably less identity between receptor sub-
types. As reported by Karne et al. (1993), the optimal
alignment of the sequences of rat lung ET, (Arai et al.,
1990), bovine lung ETp (Sakurai et al., 1990), and X.
laevis ET¢ reveals that each receptor is only about 50%
identical with the others. The greatest diversity occurs
in the NH,-terminal extracellular domain, in the extra-
cellular loops, and in the COOH-terminal cytoplasmic
domain.

5. Identification of ligand-binding sites on endothelin
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receptors. The role of the NH,-terminal extracellular
domain of the ET receptors in ligand binding is unclear.
Binding of ET-1 to the ET 4 receptor in Swiss 3T3 cells
was inhibited by pretreatment of the cells with the lectin
wheat germ agglutinin (Devesly et al., 1991). However,
the finding that binding to the receptor was not inhibited
by treatment of the cells with endoglycosidases suggested
that the inhibition by wheat germ agglutinin was strictly
steric in nature and not indicative of a role for the
(putative) carbohydrate residues in ligand binding. In a
study on the rat cerebellar ETp receptor, a different
conclusion was reached (Bousso-Mittler et al., 1991).
These workers reported that sialidase treatment of the
membranes led to decreased ET-1 binding. What is clear
is that glycosylation of human ETj is not absolutely
essential for binding, because Escherichia coli, expressing
the transfected receptor, demonstrated high-affinity ET
cell surface binding (Haendler et al., 1993).

Akiyama (1992) purified the full-length human placen-
tal ETs receptor, as well as a proteolytic fragment lacking
essentially the entire NH:-terminal extracellular do-
main. This truncated ETy receptor was equivalent to the
full-length receptor in its ability to bind ET-1. Similar
results were reported for the purified bovine lung ETs
receptor (Kozuka et al., 1991). However, deletion of 51
amino acids at the NH; terminus of the human placental
ET, receptor expressed in COS-7 cells resulted in the
complete loss of binding activity, although a mutant
receptor lacking only the first 25 NH,-terminal residues
(and expressing one of the two potential N-linked gly-
cosylation sites) retained normal binding activity (Hash-
ido et al., 1992). Finally, chimeric human ET, and ETs
receptors in which the NH,-terminal extracellular do-
mains were swapped showed no dramatic alterations in
ligand-binding activity (Sakamoto et al., 1993).

A human placental ET, receptor mutant in which the
entire COOH-terminal intracellular domain was deleted
was expressed in COS-7 cells. Immunostaining, using
specific monoclonal antibodies, demonstrated that the
mutant receptor was present in the cell membrane. How-
ever, no specific ET-1 binding to this truncated ETx
receptor could be detected. Therefore, the COOH-ter-
minal portion of ET, may play a significant role in
anchoring the receptor properly within the lipid bilayer
to maintain the extracellular ligand-binding site.

Chimeric ET receptors represent the state-of-the-art
in discovering the function of different domain structures
in the binding of agonists and antagonists. The close
structural similarities between the ET, and ETg receptor
subtypes is evidenced by the fact that such chimeras
continue to bind ET-1 and couple to signal transduction
pathways with activities equivalent to the wild-type
receptors. The structural basis for the selective affinity
of BQ-123 (table 2) for the ET, receptor was investigated
in a series of receptor chimeras between ET, and ETg
expressed in Chinese hamster ovary cells (Adachi et al.,

1992). The results suggested that the first extracellular
loop contains an important binding determinant for
high-affinity binding of BQ-123. An essentially similar
conclusion was reached in a more recent study. Using
receptor chimeras to explore the structural basis of the
ability of NH:-terminally truncated, linear analogs of
ET-1 (BQ-2030 and IRL-1620; see table 2), Sakamoto et
al. (1993) found that they function as potent, ETg-
selective agonists. The results pointed to the permissive
role of transmembrane domains 4 to 6 of ETg (with
adjacent intracellular and extracellular loops) in high-
affinity binding of ETg-selective agonists. In fact, the
chimera, containing this region of ETj substituted for
the corresponding region of ET,, exhibited high affinity
for both BQ-123 and the ETg agonists (Saeki et al.,
1991).

Further studies using genetically engineered mutants
can be expected to enhance our understanding of the
precise structural features that produce the unique ligand
selectivities of the ET receptors.

6. Endothelin receptor gene structure. The human ET,
(Hosoda et al., 1992) and ET (Arai et al., 1993) receptor
genomic DNAs have been cloned and characterized.
Southern analysis revealed a single copy of each gene in
the human genome. As is typical for members of the G-
protein-coupled receptor superfamily, the genes for ET',
and ETg are large, spanning 40 and 24 kb of DNA,
respectively. Human ET, gene, present on chromosome
4, contains eight exons and seven introns, and ET gene,
present on chromosome 13, comprises 7 exons and 6
introns. The major overall structural difference between
these two genes is the presence of an extra intron in the
5’-noncoding region of ETs. Otherwise, the exon-intron
splice sites are conserved between the two receptors,
suggesting their evolution from a common ancestor gene.
Introns 2 to 7 of ET4 (1 to 6 of ETg) occur within the
coding region immediately preceding or following one of
the transmembrane helix domains, suggesting that the
corresponding exons may encode functional units. The
5’-flanking regions of both genes lack consensus TATAA
or CAAT boxes but contain putative Spl-binding sites,
GATA-binding motifs, and sequences that in other genes
interact with members of the basic helix-loop-helix tran-
scription factor family, such as MyoD, a muscle gene-
regulating protein. The ET receptor gene 5’-flanking
regions also contain acute phase regulatory element-
binding motifs, thought to play a role in gene induction
under acute stress in vivo. Despite these gross similarities
in the ET, and ET gene 5’-flanking regions, the tissue-
specific patterns of expression of these two genes are
very different.

7. Tissue-specific expression of endothelin receptors.
With the cloning of ET receptors, and the identification
of receptor subtype-specific ligands, powerful tools be-
came available with which to characterize tissue-specific
patterns of expression.
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A variety of different techniques and approaches have
been used to localize ET receptors. Electron microscopy
coupled with autoradiography was used to visualize *°I-
ET-1-binding sites within the kidney and lung of rats in
which labeled peptide was intravenously injected (Furuya
et al., 1992). In the kidney, silver grains were localized
primarily to the fenestrated endothelial cells of glomeruli
and to peritubular endothelial cells, whereas few grains
were observed on the arteries and large arterioles. This
is a gross method, however, and does not give information
about the receptor subtype of these binding sites. More
precise information has been gained through the use of
reverse transcriptase/polymerase chain reaction along
microdissected segments of the rat nephron (Terada et
al,, 1992). The results suggested that ETp receptors
predominate in the collecting duct system, and ET, was
prominent in the vasa recta bundle and in arcuate arter-
ies. Both receptor subtypes were significantly detected
in the glomeruli.

8. Regulation of endothelin receptor expression. ET
receptors, like many other peptide cell surface receptors,
are subject to ligand-induced downregulation. As early
as 1988, studies of VSMCs demonstrated that ET-1
pretreatment caused a substantial decrease in '*I-ET-1-
binding sites and at the same time attenuated the ability
of ET-1 to increase intracellular calcium (Hirata et al.,
1988). Similar observations have also been made in Swiss
3T3 cells (Devesly et al., 1991), hepatocytes (Gandhi et
al.,, 1992a), liver Kupffer cells (Gandhi et al.,, 1992b),
cardiocytes (Hirata et al., 1989a), osteosarcoma cells
(Sakurai et al., 1992b), astrocytes (Ehrenreich et al.,
1993a), and mesangial cells (Thomas et al., 1991). Ho-
mologous downregulation of ET-1-binding sites in
smooth muscle occurred within 30 minutes of ET-1 ex-
posure and persisted for up to 18 hours (Roubert et al.,
1990; Miasiro and Paiva, 1990b). In Swiss 3T3 cells,
known to express ET, receptors exclusively (Devesly et
al., 1990), this receptor underwent continuous turnover
in the absence of ligand, whereas exposure of cells to
ligand increased the rate of receptor turnover (Devesly
et al., unpublished observation). In ROS osteosarcoma
cells, mRNA for the ETg receptor was transiently de-
creased between 2 and 4 hours by incubation of cells with
either ET-1 or ET-3. The level of ETz mRNA then
returned to control values by 24 hours, even in the
continued presence of ligand. Because the ETs mRNA
exhibited a half-life of at least several hours in these
cells, it was suggested that ligand-induced downregula-
tion of the message might be due to increased mRNA
degradation (Sakurai et al., 1992b). The sensitivity of
cell surface ET receptors to ligand-induced downregula-
tion may have therapeutic implications. For example, in
mesangial cells (ET,) or endothelial cells (ETg), treat-
ment with the ECE inhibitor phosphoramidon decreased
ET release but increased receptor-mediated binding of
exogenous ligand and potentiated the ability of ET-1 to

release arachidonic acid in mesangial cells (Clozel et al.,
1993b).

Other factors have been shown to downregulate cell
surface ET receptors. In human VSMCs, activation of
PKC by phorbol esters led to a rapid and sustained 50%
decrease in ET-1-binding sites as well as ET-induced
production of inositol phospholipid second messengers
(Resink et al., 1990c). In calf adrenal zona glomerulosa
cells, phorbol ester-mediated ET receptor downregula-
tion was inhibited by PKC inhibitors, whereas ET-in-
duced receptor downregulation was unaffected. These
results suggested that autologous downregulation of ET
receptors was not a PKC-dependent process (Cozza et
al., 1990).

9. Isolation of endothelin receptor proteins. Prior to the
expression cloning of ET, and ETg receptors, a consid-
erable body of work characterizing ET-binding sites on
membranes had been reported (for review, see Sokolov-
sky, 1992a,b). Affinity-labeling studies using bifunctional
cross-linking reagents identified major bands with mo-
lecular weights ranging from about 30 to >70 kDa. Often,
multiple minor bands were also observed. An affinity-
labeled protein of M, 40 kDa was isolated from human
placenta but not extensively characterized (Wada et al.,
1990). At approximately the same time, a report appeared
concerning the successful solubilization, using 3-[(cho-
lamidopropyl)dimethylammonio]-1-propanesulfonic
acid and digitonin, of human placental ET receptor
activity in a ligand-binding-competent form (Nakajo et
al., 1990). The apparent molecular weight of the receptor
complex in micellar detergent was estimated to be
340,000 Da, suggesting that the receptor protein was
present in an aggregated state. Later, when conditions
for the solubilization of bovine lung ET receptor in a
nonaggregated, ligand-binding-competent state were de-
vised, affinity labeling of the solubilized material yielded
two bands of 34 and 52 kDa (Hagiwara et al., 1991).
Protease inhibitor experiments suggested that the
smaller band was a limit degradation product of the
larger species. Incubation of the solubilized proteins with
biotinylated ET-1, followed by avidin affinity chroma-
tography, yielded a purified preparation of the 34-kDa
species. Microsequencing of two tryptic peptides gave
fragmentary structural data about what was later shown
to be bovine lung ETg. It is likely that such an approach
would have soon yielded an ET receptor cDNA had not
the expression-cloning efforts described above been suc-
cessful. Later, the same group succeeded in isolating the
52-kDa form of the bovine lung ETp receptor and showed
that the smaller form was generated by a specific metal-
loprotease-catalyzed cleavage of the intact receptor in
the NH,-terminal extracellular domain (Kozuka et al.,
1991). Interestingly, this biotin affinity purification
scheme has not been successfully used to purify the ET,
receptor protein. Apparently, biotinylated ET-1 can bind
to ET, with high affinity, but the ligand-receptor com-
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plex is too unstable to survive the avidin affinity chro-
matography step (Takasuka et al., 1992).

10. Structure-activity relationship of endothelin recep-
tor agonists and antagonists. Because all known actions
of the ETs and STXs are mediated by binding to high-
affinity receptors, the structure-activity relationships
among the members of this family are primarily defined
by two parameters: (a) relative affinity in binding to and
discriminating between the various ET receptor subtypes
and (b) the ability of the ligand-receptor complexes to
couple to the appropriate signal transduction mecha-
nism(s). A large number of studies have addressed these
issues both in vitro and in vivo (for review, see Sokolov-
sky, 1992a,b; Erhardt, 1992).

All of the known naturally occurring members of the
ET family of peptides share a high degree of homology,
both at the level of amino acid sequence and (probably)
structurally (fig. 2). In particular, the disulfide-bonding
patterns are invariant among these peptides, and the
COOH-terminal hexapeptide sequences are nearly iden-
tical. Both of these features are functionally relevant. It
is known that either reduction of the disulfide bonds or
scrambling of the bonds leads to peptides that are less
active in promoting vasoconstriction via activation of
ET. receptors (Randall et al., 1989; Kitazumi et al.,
1990). In addition, deletions from or additions to either
the NH;- or COOH terminus of ET-1 vastly reduce or
abolish the ability of these peptides to interact with ET,.
Single amino acid substitutions in ET-1 have established
that Asp®, Glu'®, and Phe'* are critically important resi-
dues for vasoconstrictor activity.

Different structural constraints govern interactions
with ETy receptors (table 2). Linear ET analogs, such as
[Ala!?!*18]ET-1, are potent in the mediation of systemic
vasodilation (via ETg), although they lack the sustained
vasoconstricting properties (via ET,) of the native pep-
tide (Bigaud and Pelton, 1992). Even NH,-terminal trun-
cations of these linear ET analogs [e.g., N-acetyl-4Ala
ET-1 (10 to 21)] remain potent agonists of the ETg
receptor but lack ET,-binding activity (Erhardt, 1992).
Thus, the generalization can be made that ET, binding
and activation require both the highly ordered helical
core region and the linear COOH-terminal domain pres-
ent in the native ETs, whereas binding and activation of
ETs needs only the latter structural feature.

Further refinement of this general model has begun
through the design and chemical synthesis of analogs of
the known ET receptor-specific antagonists. The most
intensively studied antagonist is the ET s-selective cyclic
pentapeptide BQ-123. This potent antagonist was de-
signed based on the structure of a naturally occurring
component of a bacterial fermentation broth (Ihara et
al., 1991a, 1992a,b). A series of amino acid replacements
of BQ-123 were then synthesized and tested, and several
analogs were identified that had moderately increased
selectivity toward ET, (Ishikawa et al., 1988). Several

NMR studies on the solution conformation of BQ-123
have been reported (Atkinson and Pelton, 1992). Al-
though the cyclical nature and small size of the peptide
have allowed a good picture of the antagonist to emerge,
it is not clear exactly which epitope or epitopes of the
ET-1 are modeled by BQ-123.

The development of linear hexapeptide antagonists,
modeled after the COOH terminus of ET-1, which retain
submicromolar binding potency to both ET, and ETp
receptors (Cody et al., 1992b), has provided another
promising avenue for exploration of the structure-activ-
ity relationships of these receptors.

Most recently, random screening of a large chemical
library resulted in the identification of a novel class of
pyrimidinyl sulfonamides with weak ET receptor antag-
onist activity. Optimization of this template yielded a
moderately potent, orally active, ET,/ETp receptor an-
tagonist, Ro 46-2005 (Clozel et al., 1993a) (table 2). This
promising lead compound has already shown efficacy in
animal models of postischemic renal vasoconstriction
and cerebral ischemia following subarachnoid hemor-
rhage (Clozel et al., 1993a).

VII. Signal Transduction Mechanisms

Among the many biological actions of ETs observed
so far, the vasoconstrictor property of ET-1 was the first
to be recognized and most widely studied. Similarly, the
signal transduction mechanisms triggered by binding of
ET-1 to ET4 receptors in vascular smooth muscle are
the most extensively analyzed and best understood so
far.

Signal transduction pathways stimulated by ETs in
other biological systems are only briefly discussed here.
They will be mentioned in more detail in the sections
describing the actions of ET's in a particular biological
system (see section VIII).

A. Signal Transduction Pathways Mediating Short-
Term Changes in Cell Function

ET-1-induced contractions of isolated blood vessels
are more slowly developing, are maintained for a longer
time, and are more resistant to agonist removal than are
contractions evoked by most other vasoconstrictor
agents. It is generally accepted that, in most vascular
smooth muscle preparations, ET-1 interacts with a spe-
cific cell surface receptor, the ET, receptor subtype. In
some vascular beds, ET receptor subtype is also involved
in smooth muscle contraction (for details see section
VIIL.A.3). Several receptor signal transduction mecha-
nisms were suggested to be involved in ET-1-induced
vascular contraction, and include (a) increase in cytosolic
free calcium concentration ([Ca®**);) by facilitation of
Ca** influx and mobilization of intracellular Ca®*; (b) G-
protein-mediated activation of PL.C, leading to phospha-
tidyl inositol hydrolysis and rapid formation of IP; and
sustained DAG accumulation; (c) activation of PKC; (d)
activation of phospholipase A; and D and arachidonic
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acid metabolism; and (e¢) changes in intracellular pH
(alkalinization) via stimulation of Na*-H* exchange (fig.
6).

1. Increase of cytosolic calcium concentration. Similar
to several other vasoconstrictor agonists, ET-1-induced
vascular contraction is accompanied by an increase in
[Ca?*]; which, in most preparations, consists of two com-
ponents: (a) a rapid initial transient phase, which is not
dependent on the presence of extracellular Ca®* and is
the result of mobilization of Ca?* from intracellular
stores (presumably the sarcoplasmic reticulum), and (b)
a sustained phase, which is dependent on external Ca?*
and is the result of transmembrane Ca®* influx.

a. STIMULATION OF INFLUX OF EXTRACELLULAR CAL-
CIUM. The first demonstration of the involvement of
extracellular calcium in the vascular smooth muscle con-
traction produced by the peptidergic EDCF was carried
out by Hickey et al. (1985) who found that EDCF-
induced coronary artery contraction was attenuated by
both removal of Ca®* from the medium and by the
addition of the L-type Ca** channel antagonist verapa-
mil. Because of the structural similarities between the
newly discovered ET-1 molecule and a-scorpion toxin
and the attenuation of ET-1-induced vascular contrac-
tion by dihydropyridine Ca?* channel blockers, Yanagi-
sawa et al. (1988b) postulated that the peptide is an
endogenous agonist of the voltage-operated L-type Ca®*
channel.

In the past 6 years numerous studies addressed this
question utilizing various techniques, including testing
the effect of L-type Ca’** channel blockers on ET-1-
induced vasoconstriction in vivo and in vitro, “*Ca-up-
take measurements in isolated blood vessels and SMCs
in culture, measuring changes in [Ca®*); by the fura-2
technique in cultured cells and blood vessels, detecting
Ca®* conductance through single channels by patch-
clamp techniques, studying the Ca®* sensitivity of myo-
filaments, and analyzing the binding of ET-1 to L-type
Ca?* channels and the binding of Ca** antagonists to ET
receptors.

Antagonists of L-type Ca’* channels of different struc-
tural classes (e.g., verapamil, diltiazem, and the dihydro-
pyridines nifedipine, nicardipine, nitrendipine, isradi-
pine, etc.) were found to markedly attenuate ET-1-in-
duced vasoconstriction in pig coronary arteries in vivo
(Egashira et al., 1990), isolated bovine cerebral arteries
(Encabo et al., 1992), isolated rat aorta (Sakata et al.,
1989; Godfraind et al., 1989), rat mesenteric resistance
arterioles (Luscher et al., 1990; Godfraind et al., 1989),
isolated pig coronary arteries (Kasuya et al., 1989a,b;
Goto et al., 1989), isolated human pial arteries (Hardebo
et al., 1989), isolated guinea pig portal vein (Inoue et al.,
1990), rat cremaster arterioles in vivo (Lougee et al.,
1990), human foram circulation (Luscher et al., 1990),
and perfused rat kidney vasculature (Takenaka et al.,
1992). However, several studies found no or only mar-

Fi1G. 6. Signal transduction mechanisms involved in ET-1-induced
short-term (e.g., contraction of vascular smooth muscle) and long-term
(e.g., mitogenesis) modulation of cell function. For details, see section
VIL. Abbreviations (see also footnote *): CaM, calmodulin; ETg, ET
receptor; ?, link between ETr and VOC opening is uncertain; G, G-
protein; IP,, 1,3,4,5-inositol tetrakisphosphate; MLCK, myosin light
chain kinase; PA, phosphatidic acid; PC, phosphatidylcholine; PGE,,
prostaglandin E,; PIP,, phosphatidylinositol diphosphate; PLA,, phos-
pholipase A,; PLD, phospholipase D; ROC, receptor-operated calcium
channel.

ginal effect of the same Ca’* antagonists on ET-1-in-
duced vasoconstriction in rat mesenteric arteries (Wall-
nofer et al., 1989), rat aorta (Blackburn and Highsmith,
1990; Chabrier et al., 1989; Turner, 1987), rabbit pul-
monary vein (Steffan and Russell, 1990), human internal
mammary artery (Luscher, 1992), various rabbit and dog
blood vessels (D’Orleans-Juste et al., 1989b), human
uterine arteries (Bodelsson et al., 1992), and pig coronary
artery (Blackburn and Highsmith, 1990).

Similar contradictory observations were made when
the effect of L-type Ca®* channel blockers was tested on
ET-1-induced “*Ca** uptake or increase in [Ca®*}; in
cultured SMCs. The Ca’* antagonists produced no, or
very limited, effect on *Ca®** uptake or the sustained
phase of [Ca?*}; elevation in rat aortic SMCs (Mitsuhashi
et al., 1989; Chabrier et al., 1989), in A10 SMCs (Mul-
doon et al., 1989; Simpson and Ashley, 1989; Takuwa et
al., 1991), in rat renal VSMCs (Suzuki et al., 1991c), and
in porcine coronary artery SMCs (Wagner Mann et al.,
1991; Wagner Mann and Sturek, 1991). Significant in-
hibition of “*Ca** uptake or the sustained phase of in-
crease in [Ca?*]; by Ca®* channel blockers was detected
in A10 SMCs (Xuan et al., 1989, 1991), rat aortic SMCs
in primary culture (Kai et al., 1989), A7r5 SMCs (Huang
et al., 1989), rat SMCs (lijima et al., 1991), and cultured
human umbilical artery SMCs (Gardner et al., 1992).

Comparing the effect of ET-1 with the L-type Ca**
channel activator dihydropyridine compound, Bay K
8644, showed similarities (Encabo et al., 1992; Godfraind
et al., 1989) but also striking dissimilarities (D’Orleans-
Juste et al., 1989a; Hom et al., 1992).

The fact that these results are dependent on the dose
of ET-1, the Ca®* antagonist, and the source of the blood
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vessel and VSMC used may explain some of the hetero-
geneous and apparently contradictory observations. In-
deed, Sakata and Karaki (1992) reported that, although
verapamil strongly inhibited ET-1-induced contractions
in the nonpregnant rat uterus, the Ca’* antagonist had
little effect in the pregnant uterus.

Several investigators tested the original proposal that
ET is an endogenous direct activator of L-type Ca®*
channels (Yanagisawa et al., 1988a,b; Goto et al., 1989).
All studies, without exception, showed that ET-1 does
not compete or displace the binding of several L-type
Ca®* channel ligands (Kasuya et al., 1989a,b; Gu et al.,
1989b; Hamilton et al., 1989) and that the Ca’* channel
antagonists do not interfere with ET-1 binding to blood
vessels or isolated SMCs (Clozel et al., 1989; Gardner et
al., 1992; Hirata et al., 1988). Therefore, it is certain that
ET-1 is not a ligand of L-type Ca’* channels and the
observed activation of Ca’* entry via VOC in some
preparations must be the consequence of indirect gating
of VOC by ET-1.

Studies of single-channel Ca’* currents using the
patch-clamp technique confirmed this conclusion. ET-1
does not activate isolated L-type Ca®>* channel activity
(Naitoh et al., 1990) but increases the activity of an L-
channel in cells clamped in the whole cell-attached mode
(Inoue et al., 1990; Silberberg et al., 1989; Goto et al.,
1989). For example, Silberberg et al. (1989) found that
in freshly isolated SMCs from pig coronary artery, stud-
ied in the whole cell-attached mode, ET-1 increased Ca**
channel activity without any effect on channel open time
or conductance, suggesting that ET-1 acts on these chan-
nels via a second-messenger system.

Several indirect mechanisms were proposed for ET-1-
induced Ca?* influx via VOCs. The first possibility is
that activation of VOC -is secondary to ET-1-induced
membrane depolarization. Indeed, ET-1 induced sus-
tained depolarization in a variety of smooth muscle prep-
arations including VSMCs (Korbmacher et al., 1989; Lee
et al., 1990a; Nakao et al., 1990; Van Renterghem et al.,
1988; Wallnofer et al., 1989; Iijima et al., 1991; Takenaka
et al., 1992). However, in some preparations the mem-
brane depolarization is very modest and significantly less
than that caused by NE or AVP (Kasuya et al., 1989a,b;
Wallnofer et al., 1989). The ionic basis of ET-1-induced
membrane depolarization is poorly understood. The most
convincing indirect mechanism to date is the involve-
ment of activation of Cl~ channels (Iijima et al., 1991;
Takenaka et al., 1992; Klockner and Isenbery, 1991).
The CI~ channel antagonist, indanyloxyacetic acid (IAA-
94), inhibited the ET-1-induced sustained phase of
[Ca**]; increase and membrane depolarization in cul-
tured VSMCs (lijima et al., 1991; Takenaka et al., 1992)
and effectively blocked ET-1-induced glomerular affer-
ent arteriolar vasoconstriction in isolated perfused rat
kidney (Takenaka et al., 1992). According to this group,
ET-1 stimulates intracellular Ca®>* mobilization (via IP3),

which activates Ca®*-dependent Cl~-permeable channels,
resulting in an efflux of ClI- and membrane depolariza-
tion which, in turn, activates VOCs and causes Ca’*
influx.

In addition to activation of Cl~ channels, several other
mechanisms have been proposed to explain the ionic
basis of ET-1-induced membrane depolarization, includ-
ing an increase in the intracellular free sodium ion con-
centration (Nakao et al., 1990; Okada et al., 1991) either
via inhibition of Na*/K*-ATPase (Meyer Lehnert et al.,
1989) or by stimulation of the Na*/H* antiporter (Dan-
thuluri and Brock, 1990).

The findings of Muldoon et al. (1991) that in rat-1
fibroblasts high [Ca?*); can inhibit ET-1-induced Ca®*
influx may provide some explanation for the observed
heterogeneity, because the ET-1-induced initial increase
in [Ca®*]; may be very different at various doses of ET-
1 and also in various preparations. Another explanation
for the contradictory findings in cultured SMCs relative
to ET-1-induced Ca’* influx was provided by Suzuki et
al. (1991c), who demonstrated that, in growth-arrested
ATr5 SMCs, ET-1 causes only mobilization of intracel-
lular Ca®*, whereas in growth-stimulated A7r5 cells, ET-
1 stimulated Ca®* influx without intracellular Ca?* mo-
bilization. ET-1 can also cause membrane hyperpolari-
zation, presumably by enhancing efflux of K*. In pig
coronary artery SMCs, ET-1 stimulated Ca?*-activated
K* channel activity (Hu et al., 1991).

In addition to membrane depolarization, several sec-
ond messengers were proposed to be involved in ET-1-
induced stimulation of Ca** uptake into VSMCs. For
example, in rat and rabbit VSMCs, PAF antagonists
(CV-6209 and WEB-2086) and inhibitors of arachidonic
acid metabolism (e.g., indomethacin) significantly inhib-
ited an ET-1-induced increase in [Ca?*); (Takayasu et
al.,, 1989), suggesting that PAF or TXA; (or another
arachidonic acid metabolite) mediates the Ca?* uptake.
It was also postulated that a G-protein (maybe G;) cou-
ples the ET receptor to the VOC.

Considerable evidence exists that ET-1 may stimulate
Ca** influx into VSMC via non-dihydropyridine-sensi-
tive Ca®* channels. Several studies demonstrated that at
low doses (10~° M) ET-1-induced vascular contraction is
predominantly dependent on extracellular Ca®* (i.e., cal-
cium removed from the medium abolishes the response)
but L-type Ca?* channel antagonists are not or are only
partially effective (Stasch and Kazda, 1989; Wallnofer et
al., 1989; Nakamura et al., 1992; Muldoon et al., 1991).
Studies demonstrating that Ni?*, which has no effect on
L-type Ca?* channels (Blackburn and Highsmith, 1990),
La®* (nonspecific cation channel blockers) (Steffan and
Russel, 1990), but not L-type Ca®* channel antagonists
blocked ET-1-induced contraction or [Ca’*]; increase,
indicating that Ca** channels other than L-type VOCs
(e.g., other VOCs, voltage-insensitive receptor-operated
channels or a nonselective cation channel) may be in-
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volved in ET-1-induced increased Ca?* influx. Indeed,
directly measuring Ca’* conductances in patch-clamped
cells, Inoue et al. (1990) found that ET-1 stimulated a
nifedipine-insensitive Ca’* channel activity.

Although two studies suggested that ET-1 might acti-
vate the Na*/Ca?* exchange system (Borges et al., 1989a;
Criscione et al., 1990), the potential contribution of this
ion exchanger in ET-1-induced Ca’* uptake remains
speculative.

b. MOBILIZATION OF INTRACELLULAR CA?* Numerous
studies with cultured SMCs (Bialecki et al., 1989; Dan-
thuluri and Brock, 1990; Gardner et al., 1992; Hirata et
al., 1988; lijima et al., 1991; Kai et al., 1989; Little et al.,
1992; Meyer Lehnert et al., 1989; Mitsuhashi et al., 1989;
Muldoon et al., 1989; Nakamura et al., 1992; Okishio et
al., 1992; Simpson and Ashley, 1989; Suzuki et al., 1991c;
Takayasu et al., 1989; Takuwa et al., 1991) and with
isolated blood vessels (Pang et al., 1989; Ozaki et al.,
1989; Sakata et al., 1989) demonstrated that one of the
early cellular events after ET-1 stimulation is a rapid
transient increase in [Ca®*};. This initial transient phase,
in contrast to the subsequent sustained elevation of
[Ca®*];,, is not sensitive to removal of extracellular
Ca?*(Danthuluri and Brock, 1990; Kai et al., 1989; Mars-
den et al., 1989; Muldoon et al., 1989; Nakamura et al.,
1992; Ozaki et al., 1989; Takuwa et al., 1991) or L-type
Ca®* channel blockers (lijima et al., 1991, Kai et al., 1989;
Mitsuhashi et al., 1989; Sakata et al., 1989; Simpson and
Ashley, 1989; Suzuki et al., 1991c; Takuwa et al., 1991;
Wagner Mann et al., 1991) but can be reduced or com-
pletely prevented by previous treatment of tissues and
smooth cells with caffeine in the absence of extracellular
Ca?* (Kai et al., 1989; Wagner Mann et al., 1991) or by
ryanodine, a selective inhibitor of Ca?* release from the
sarcoplasmic reticulum (Wagner Mann et al., 1991).

Because generation of IP; (the intracellular signal
molecule that stimulates the release of Ca?* from the
sarcoplasmic reticulum and calciosome) is also a very
early event in SMCs stimulated by ET-1 (within approx-
imately 10 seconds), it is proposed that ET-1 mobilizes
intracellular Ca®** from a store (probably sarcoplasmic
reticulum), via IP;, which overlaps with a caffeine-sen-
sitive store. However, in rat aortic VSMCs in culture,
both ET-1 and ET-3 mobilize intracellular Ca?*, but only
ET-1 stimulates an increase in IP; (Little et al., 1992),
suggesting that molecules other than IP; (e.g., DAG; see
below) may also mediate the ET-induced Ca?* release
from intracellular stores. Huang et al. (1993) reported
recently that in A7r5 cells a dihydropyridine Ca?* antag-
onist inhibited both the transient and sustained phases
of ET-1-induced increase in [Ca®*};. Similar results were
obtained in human umbilical artery SMC in culture,
using the Ca®* channel antagonists verapamil and nicar-
dipine (Gardner et al., 1992), suggesting that influx of
extracellular Ca’* may trigger Ca®* release from intra-
cellular stores (Ca?*-induced Ca** release).

C. SENSITIZATION OF MYOFILAMENTS TO CALCIUM.
The ability of ET-1 to cause relatively small but well-
maintained vascular contractions in the absence of ex-
tracellular Ca?* (Ozaki et al., 1989; Kodama et al., 1989;
Ohlstein et al., 1989; Sakata et al., 1989; Wallnofer et
al., 1989; Cardell et al., 1990; Huang et al., 1990) and in
the absence of a measurable increase in [Ca?*]; (Ozaki et
al., 1989; Huang et al., 1990; Sakata et al., 1989) suggests
that, in addition to increased influx of extracellular Ca**
and mobilization of intracellular Ca?*, sensitization of
the contractile machinery to Ca?* may also contribute to
vasoconstriction under certain conditions. Indeed, in
rabbit mesenteric artery strips permeated by Staphylo-
coccus L-toxin ET-1 increased myofilament Ca** sensi-
tivity via a G-protein-dependent pathway probably in-
volving PKC (Nishimura et al,, 1992). The probable
involvement of PKC activation in ET-1-induced sensi-
tization of contractile proteins to Ca®* was suggested by
Sunako et al. (1989) as well.

PKC may phosphorylate contractile proteins. Indeed,
ET-1 caused phosphorylation of myosin light chain and
caldesmon in pig coronary artery SMCs (Abe et al., 1991)
and phosphorylation of myosin heavy chain and caldes-
mon in pig carotid artery SMC (Adam et al., 1990).

2. Stimulation of phospholipase C and phosphatidyli-
nositol hydrolysis. A wide variety of vasoactive agonists
induce contraction of blood vessels by activating PLC
and facilitated PI hydrolysis. PLC stimulation catalyzes
phosphatidylinositol 4,5-biphosphate breakdown which
results in the formation and accumulation of IP; and
DAG. Numerous reports indicate that ET-1 stimulates
PLC-mediated rapid transient IP; formation and more
sustained DAG generation in vascular smooth muscle.

Soon after the discovery of ET, studies of isolated
canine (Pang et al., 1989) and porcine coronary arteries
(Kasuya et al., 1989a,b) demonstrated that rapidly after
stimulation with ET-1 the tissue level of IP; increases
in parallel with enhanced “’Ca®* uptake and before the
onset of vascular contraction. ET-1 stimulates PI hy-
drolysis in dose-dependent manner, with an ECs, similar
to that of stimulating “*Ca®* uptake and contraction in
isolated canine coronary arteries (fig. 7) (Pang et al.,
1989). Similar rapid activation of PI hydrolysis has been
observed in VSMCs in culture (Van Renterghem et al.,
1988; Resink et al., 1988; Araki et al., 1989; Hirata et al.,
1988; Huang et al., 1989; Muldoon et al., 1989; Sugiura
et al., 1989), in isolated rat (Rapoport et al., 1990) and
rabbit aorta (Ohlstein et al., 1989), fibroblasts (Muldoon
et al., 1989; Takuwa et al. 1989a,c), glomerular mesangial
cells (Simonson et al., 1989; Badr et al., 1989b), and rat
atrial myocardial cells (Vigne et al., 1989).

Depending on the activity of kinases and phosphatases
in a given target cell, in addition to IP;, a variety of other
inositol phosphates may be found. For example, Simon-
son et al. (1989) described the formation of inositol
tetrakisphosphate in ET-1 stimulated glomerular mes-
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F1G6. 7. Concentration-dependent effects of ET-1 on isometric force
(A), rate of “Ca®™ uptake (B), and [*H}inositol monophosphate (IP)
accumulation (C) in canine coronary artery rings (from Pang et al.,
1889). Each parameter was tested in three separate rings isolated from
the same animal. Data are means + SEM on seven to 14 rings for seven
animals. Reproduced with permission of Raven Press.

angial cells via IP;-kinase activity, which is a Ca®*-
sensitive enzyme.

Consistent with earlier findings with other agonists,
ET-1-induced stimulation of PLC and PI hydrolysis in
smooth muscle results in a dose-dependent, biphasic
increase in DAG that is sustained for 20 minutes or
longer (Griendling et al., 1989; Lee et al., 1989a; Muldoon
et al., 1989; Sunako et al., 1989, 1990). In addition to PI
hydrolysis, the source of DAG may also be hydrolysis of
phosphatidylcholine by PLC or phosphatidic acid de-
graded by phospholipase D. Indeed, ET-1 stimulation
resulted in phosphatidylcholine hydrolysis and also ac-
tivation of phospholipase D in vascular smooth muscle
(Resink et al., 1990b). ET-1 stimulates phospholipase D
activity (measured as phosphatidylcholine hydrolysis) in
rabbit iris sphincter smooth muscle (Zhang et al., 1990),
in rat-6 fibroblasts (Pai et al., 1991), in C6 glioma cells
and rat-1 and Swiss 3T3 fibroblasts (Ambar and Soko-
lovsky, 1993), and in rat renal medullary interstitial cells
(Friedlander et al., 1993). In rat-6 fibroblasts, which
overexpress PKC g1, ET-1 stimulated [*H]thymidine
incorporation (Pai et al., 1991). The S-adrenoceptor an-
tagonist propranolol, which is also an inhibitor of phos-

phatic acid phosphohydrolase, decreased ET-1-induced
DAG formation in rat-6 fibroblasts (Pai et al., 1991),
suggesting that phosphatidic acid is an important source
of DAG formation in this cell type.

The two second messengers of the PI hydrolysis cas-
cade (IP; and DAG), formed rapidly after ET-1 stimu-
lation, play important roles in intracellular signaling. IPs
is responsible for stimulating the release of Ca®** from
the sarcoplasmic reticulum and calcisome (Bialecki et
al., 1989; Hirata et al., 1989c¢; Kai et al., 1989; Simpson
and Ashley, 1989). Inositol tetrakisphosphate, when
formed, acts in synergy with IP; to stimulate an increase
in [Ca®*]; in ET-1-stimulated cells, not only by mobili-
zation of Ca’* from intracellular stores but also maybe
by enhancing the influx of extracellular Ca®*, the endog-
enous activator of PKC. Neutral DAG, on the other
hand, could mediate ET-1-induced activation of PKC.

3. Activation of protein kinase C. PKC, a Ca**- and
phospholipid-dependent enzyme, can be activated by
DAG and tumor-promoting phorbol esters (Nishizuka,
1989). Several studies indicate that activation of this
enzyme is involved in ET-1-induced vascular contrac-
tion. The slowly developing and long-lasting contractions
caused by ET-1 are very similar to those evoked by
phorbol esters. Inhibitors of PKC, such as staurosporin,
inhibit ET-1-induced contractions. In rat aortic VSMCs,
ET-1 and phorbol-12-myristate-13-acetate (but not ion-
omycin) phosphorylated the same acidic 76-kDa protein,
which is a PKC-specific substrate (Griendling et al.,
1989). ET-1 also facilitated translocation of PKC from
the cytosol to the membrane in cultured bovine aortic
VSMCs (Lee et al., 1989a).

Several studies using activators (phorbol esters) and
inhibitors of PKC provided some evidence that activa-
tion of PKC may play a role in ET-1-induced vascular
contraction. However, the evidence to date is at best
circumstantial, because (a) the PKC inhibitors used (e.g.,
staurosporin, phloretin, H-7) lack specificity, especially
at the high doses at which they were used in most studies,
and (b) PKC exists in several (at least seven) isoforms
(Nishizuka, 1989) with different cellular localization and
biological activity (Farago and Nishizuka, 1990).

The PKC inhibitor H-7 effectively blocked ET-1-in-
duced contractions in rabbit pulmonary vein (Steffan
and Russell, 1990). Staurosporine, a more selective PKC
inhibitor than H-7, significantly attenuated ET-1-in-
duced coronary vasoconstriction in anesthetized pigs
(Egashira et al., 1990).

PKC activation-mediated intracellular alkalinization
(see below), DNA synthesis, gene transcription, and mi-
togenesis may play a significant role in ET-1-induced
nuclear signaling mechanisms and long-term regulation
of cellular function (see below).

4. Activation of phospholipase A; and arachidonic acid
metabolism. The first (indirect) evidence that ET-1 can
stimulate arachidonic acid metabolism via activation of
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phospholipase A; was provided by De Nucci et al. (1988)
who demonstrated that ET-1 caused release of PGI; and
TXA; from isolated perfused rat and guinea pig lung
preparations. (By now it is clear that at least PGI; comes
from endothelial cells after activation of ETp receptor
subtype by ETs; see section IX.A.2.a.) More direct evi-
dence for phospholipase A, activation by ET-1 came
from studies of cultured SMCs (Reynolds et al., 1989;
Resink et al., 1989), iris sphincter smooth muscle (Abdel
Latif et al., 1991), and mesangial cells (Simonson and
Dunn, 1990a,b). It is not known yet whether ET-1 acti-
vates phospholipase A; via a G-protein or indirectly by
increasing [Ca’*]; (Azelrod et al., 1988). In vascular
smooth muscle ET-1 activates PLC and phospholipase
A; in parallel but via independent mechanisms (Reynolds
et al., 1989).

In addition to the release of PGI; from vascular en-
dothelium, ETs were reported to stimulate arachidonic
acid metabolism and the consequent release of several of
its metabolites in various tissues, which mediate some of
the biological actions of the peptides. Stimulation of
renal prostaglandin synthesis/release was implicated in
some of the effects of ET-1 and ET-3 on the kidney
(Chou et al., 1990; Stier et al., 1992; Trybulec et al., 1991;
Watanabe et al., 1991; Telemaque et al., 1992). ET-1
stimulates the release of prostaglandin F,, in human
endometrium (Cameron et al., 1991), which may contrib-
ute to the oxytocic activity of the peptide.

ETs were reported to stimulate the release of prosta-
glandins in the intestine, mediating ion secretion (Brown
and Smith, 1991), in frog adrenal gland where they
mediate ET-induced steroidogenesis (Delarue et al.,
1990), in rat Kupfer cells (Gandhi et al., 1992b), in the
rabbit eye (Granstam et al., 1991), in gestational tissues
(Mitchell et al., 1990), in canine airways (Ninomiya et
al,, 1992b), and in pulmonary resistance vessels (Wang
and Coceani, 1992).

Release of TXA; and activation of TXA, receptors
were reported to be involved in ET-1-induced broncho-
constriction (Schumacher et al.,, 1990) and in ET-3-
induced inhibition of ganglionic transmission at pregan-
glionic sites in canine sympathetic ganglia (Kushiku et
al.,, 1991).

5. Intracellular alkalinization: stimulation of Na*-H*
exchange. A wide variety of agonists that are linked to
PLC activation and to Ca’* mobilization increase intra-
cellular pH via PKC-mediated activation of Na*-H*
exchange by increasing the intracellular H* affinity for
the antiporter (Grinstein and Rothstein, 1986). ET-1
stimulates cytosolic alkalinization in VSMCs, and this
effect appears to be a consequence of PKC stimulation.
ET-1 stimulates Na*-H* exchange and leads to intracel-
lular alkalinization in VSMCs (Koh et al., 1990; Lon-
champt et al., 1991; Rosati et al., 1990) and in human
skin fibroblasts (Gardner et al., 1989). The stimulation
of Na*-H* exchange and increase in intracellular pH

could be prevented by inhibition of PKC (Lonchampt et
al., 1991). The time course of intracellular alkalinization
is similar to that of the ET-1-stimulated DAG accumu-
lation. When cellular PKC activity was reduced by phor-
bol 12,13-dibutyrate or by staurosporine, the ET-1-in-
duced alkalinization response was completely blocked
(Brock and Danthuluri, 1992). ET-1-induced alkaliniza-
tion in cultured A-10 VSMCs is also inhibited by 5-N-
ethylisopropyl-amiloride, a specific inhibitor of the Na*-
H* antiporter, indicating that the cytosolic alkalinization
is a consequence of increased Na*-H* exchange (Brock
and Danthuluri, 1992).

6. G-proteins. Even before the cloning and discovery
of ET receptors (which belong to the G-protein-coupled
seven-transmembrane domain rhodopsin receptor super-
family; see section VI), several studies indicated that ET-
1 induced stimulation of PLC via receptor-ligand cou-
pling to a G-protein. In cultured VSMCs (Reynolds et
al., 1989) and in rat mesangial cells (Simonson and Dunn,
1990a,b), pertussis toxin significantly inhibited ET-1-
induced PI hydrolysis. Pertussis toxin also attenuated
the ET-1-induced positive inotropic effect in rat ventric-
ular myocytes (Kelly et al.,, 1990). In rat glomerular
mesangial cells, GTP vs potentiated ET-1-induced PI
hydrolysis (Simonson and Dunn, 1990a,b). All of these
observations suggested that ET-1-induced activation of
PLC and consequent PI hydrolysis is mediated by a
pertussis toxin-sensitive G-protein (G;).

However, pertussis toxin had no effect on ET-1-in-
duced PI hydrolysis in rat-1 fibroblasts (Muldoon et al.,
1989), in A-10 SMCs (Muldoon et al., 1989), or in cul-
tured VSMCs (Takuwa et al., 1990a). Similarly, pertussis
toxin did not suppress ET-1-induced contraction in rat
mesenteric arteries and ET-1-induced PI hydrolysis in
rat atrial tissue (Vigne et al., 1990a,b). These studies
suggest that multiple G-proteins may be involved in ET-
1-induced PLC activation in different target cells. The
lack of effect of pertussis toxin on ET-1-induced vaso-
constriction can also mean that PI hydrolysis plays only
a marginal role in mediating the cellular response (con-
traction) in this tissue.

In pig coronary artery SMCs, pertussis toxin ADP
ribosylated a 41-kDa membrane protein and selectively
attenuated ET-1-induced contraction and “*Ca’* uptake,
but not PI hydrolysis (Kasuya et al., 1992). This study
suggested that the various signaling pathways activated
in parallel by ET-1 in SMCs are coupled to different G-
proteins in the same cells. In saponin permeated rabbit
rectosigmoidal SMCs, antisera to G,, and G, had no
effect on ET-1-induced biphasic contraction (Bitar et al.,
1992). In contrast, antiserum to Gjs, prevented the early
transient phase of contraction, whereas antiserum to
Gii-2 , selectively inhibited the sustained phase of con-
tractions (Bitar et al., 1992), suggesting that different G;
protein subtypes are involved in the early transient (me-
diated by IP; generation and intracellular Ca’* mobili-
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zation) and later sustained contractions (mediated by
influx of extracellular Ca®**, DAG generation, and/or
PKC activation).

In cultured rat VSMCs expressing the ET, receptor,
ET-1 dose-dependently stimulated cAMP formation
(Eguchi et al., 1992b). In bovine aortic endothelial cells
expressing the ETp receptor subtype, ET-3 dose-depend-
ently inhibited forskolin-induced cAMP formation,
which could be prevented by pertussis toxin, which ADP
ribosylated the 41-kDa G;-protein in these cells (Eguchi
et al., 1992a).

These data suggest that, in addition to coupling to
PLC via G.-protein, ET, and ETy receptor subtypes are
coupled to adenylate cyclase, probably via G, in SMCs
(ETA receptor) and via G; in endothelial cells (ETs
receptor).

B. Nuclear Signal Transduction Mechanisms Mediating
Long-Term Effects of Endothelin on Cell Function

The findings that ET-1 is a weak mitogen for cultured
vascular smooth cells (Muldoon et al., 1989; Komuro et
al., 1988), fibroblasts (Muldoon et al., 1989; Takuwa et
al., 1989¢; Kraus et al., 1990), adrenal zona glomerulosa
cells (Mazocchi et al., 1992), and glomerular mesangial
cells (Simonson et al., 1989; Badr et al., 1989a,b) sug-
gested that, in addition to short-term signal transduction
pathways mediating rapid ET-1-induced biological ac-
tions such as smooth muscle contraction (see above),
ET-1 may regulate gene expression to evoke long-lasting
cellular responses as well.

Indeed, ET-1 stimulated the expression of the imme-
diate early response gene c-fos in VSMCs (Komuro et
al., 1988), 3T3 fibroblasts (Takuwa et al., 1989a), and
mesangial cells (Simonson et al., 1989). ET-1 also stim-
ulated the transcription of c-myc gene in VSMCs (Ko-
muro et al., 1988) and VL30 gene transcription in fibro-
blasts (Muldoon et al., 1989).

Although the signaling pathway(s) mediating the tran-
scription of genes after ET-1 binds to its specific receptor
on the plasma membrane are not known, elevation of
[Ca**];, activation of PKC, tyrosine, and threonine phos-
phorylation of mitogen-activated protein kinases, and
stimulation of Na*-H* exchange, and consequent cyto-
solic alkalinization, were all proposed to play some role
(Simonson and Dunn, 1990a) (Fig 6).

ET-1-induced stimulation of protein synthesis in rat
aortic SMCs was partially blocked by inhibitors of PKC,
suggesting that activation of PKC mediates, at least in
part, the effect of ET-1 on gene transcription in SMCs
(Chua et al., 1992).

In rat-1 fibroblasts, ET-1 rapidly increased mRNA
levels of five members of the fos/jun gene family (c-fos,
fos-B, fos-1, c-jun, and jun-B) (Pribnow et al., 1992).
Because the intracellular Ca?* chelator, 1,2-bis(2-ami-
nophenoxy)ethane-N-N-N’-N’-tetraacetic acid, blocked
this response, increased [Ca’*]; must be directly involved

in the induction of these fos/jun family genes by ET-1
in these cells (Pribnow et al., 1992). The role of increased
[Ca®*]; was further suggested by the finding that the Ca%*
channel blocker nifedipine significantly attenuated the
ET-1-induced stimulation of DNA synthesis in A7r5 and
1YBA SMC lines (Nakaki et al., 1989).

The ET-1-induced immediate early gene c-fos expres-
sion was prevented by inhibitors of PKC in VSMCs
(Bobik et al., 1990). Stimulation of Na*-H* exchange in
rat SMCs could be inhibited by PKC blockers (Lon-
champt et al., 1991).

Mitogen-activated protein kinase, which is activated
by various growth factors via phosphorylation of tyrosine
and threonine residues, plays an important role in the
signaling pathways between the growth factor receptors
and the nucleus. ET-1 has been reported to activate
(phosphorylate) mitogen-activated protein kinase in cul-
tured ventricular cardiomyocytes (Bogoyevitch et al.,
1993a), in cultured VSMCs (Koide et al., 1992a,b), and
in rat mesangial cells (Wang et al., 1992).

Irrespective of the exact mechanism of action, how-
ever, it is possible that via this signaling mechanism ET's
can participate in long-term adaptive changes in various
tissues, including vascular remodeling, cardiac hypertro-
phy, and bone remodeling, and also maybe in the path-
ogenesis of proliferative disorders, such as atherosclero-
sis, renal diseases and bronchial asthma (see section X).

ET-1 stimulated DNA synthesis ([*H]thymidine in-
corporation), protein synthesis, and/or proliferation in
pulmonary artery SMCs (Janakidevi et al., 1992), in rat-
6 fibroblasts (Pai et al., 1991), in A7r5 and 1YB4 SMC
lines (Nakaki et al., 1989), and in cultured VSMCs (Chua
et al., 1992). In contrast, ET-1 failed to stimulate prolif-
eration on its own in rat aortic SMCs (Koide et al.,
1992a,b) and pulmonary artery SMCs (Janakidevi et al.,
1992) and produced only very weak mitogenic activity in
rat SMCs (Lonchampt et al., 1991, Bobik et al., 1990).

In VSMCs, ET-1 stimulated c-fos and ¢c-myc expres-
sion, [*H]thymidine incorporation, and mitogenesis (Ko-
muro et al., 1988; Bobik et al., 1990), which was much
weaker than that produced by fetal calf serum or epider-
mal growth factor (Bobik et al. 1990).

ET-1-induced DNA synthesis in A7r5 and 1YB4 SMC
lines was significantly potentiated by subthreshold doses
of PDGF (Nakaki et al., 1989) and in rat SMCs by insulin
(Lonchampt et al., 1991).

ET-1 stimulated DNA synthesis and proliferation in
pulmonary artery SMCs only in the presence of calf
serum (Janakidevi et al., 1992). Antisera to PDGF and
epidermal growth factor prevented ET-1-induced prolif-
eration in the presence of calf serum, indicating that the
presence of these (or maybe of other) growth factors is
required for ET-1-induced SMC growth/proliferation.

Analyzing the potential signaling pathways mediating
ET-1-induced gene expression and proliferation in
VSMCs, Koide et al. (1992a,b) found that the peptide
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tyrosine and threonine phosphorylated at least five pro-
teins, two of which were identical with mitogen-activated
protein kinases 1 and 2 (i.e., recognized by anti-mitogen-
activated protein kinase antibody). Although these stud-
ies showed that ET-1 and PDGF tyrosine phosphorylated
the same proteins, ET-1 (in contrast to PDGF) failed to
stimulate DNA synthesis and cell proliferation, suggest-
ing that tyrosine phosphorylation of these proteins is not
sufficient to stimulate proliferation in these VSMCs
(Koide et al., 1992a,b).

In rat VSMCs, ET's had no mitogenic effect alone, but
all isopeptides potentiated the mitogenic action of PDGF
and calf serum (Weissberg et al., 1990). ET-1 and ET-2
were equipotent, whereas ET-3 had significantly lower
potency, suggesting that ET, receptors mediate the effect
(Weissberg et al., 1990).

These studies of cultured rat VSMCs suggest that ET-
1 is not a growth factor but may be a potent competence
and/or progression factor, stimulating transition from
Gy to G; in the cell cycle, leading to increased DNA
synthesis in certain conditions and to mitogenesis in
combination with other growth factors (e.g., epidermal
growth factor or PDGF). However, the lack of a direct
mitogenic effect to ET may be due to the different
conditions of cell growth in these studies (e.g., difference
in passage number, phenotypic changes during passage,
explant vs. enzymatically processed cells, species differ-
ences, etc.) (Serradeil Le Gal et al., 1991a).

VIII. Biosynthesis, Binding, and Pharmacological
Action of Endothelin in Various Biological
Systems

A summary of the site of biosynthesis, binding, the ET
receptor subtypes, and the pharmacological actions of
ETs in various organs and tissues is given in table 3.

A. Cardiovascular System

1. Hemodynamic actions. Intravenous infusion of ET-
1 causes rapid and transient vasodilation, followed by a
profound and long-lasting increase in blood pressure
(Yanagisawa et al., 1988a,b; Liu et al., 1990; De Nucci et
al., 1988; Hom et al., 1990). The vasodilator effect was
proposed to be due to activation of the vascular endothe-
lium, leading to formation of PGI; (De Nucci et al., 1988;
Thiemermann et al., 1989) and endothelium-derived NO
(Botting and Vane, 1990) or release of ANP (Winquist
et al., 1989a,b). However, indomethacin (Hom et al.,
1990) or ANP antagonists (Fozard and Part, 1990) had
no effect on the transient vasodilation, but they poten-
tiated the sustained pressor response. In some studies,
L-NC-nitro-L-arginine methyl ester and L-NMMA had
no effect (Lerman et al., 1992b), but other studies showed
that L-NC-nitro-L-arginine methyl ester can inhibit ET-
1-induced vasodilation (Gardiner et al., 1990; Fozard and
Part, 1992). Thus, the nature of the initial depressor
response is still uncertain and remains to be determined.

The pressor response is due to direct activation of

vascular smooth muscle contraction mediated predomi-
nantly by the ET, receptor subtype. However, in some
vascular beds activation of ETp receptors also causes
vasoconstriction both in vitro and in situ (for further
details, see section VIII.A.3). In anesthetized rats an
intravenous bolus of ETs and STXs caused a pressor
response with the following order of potency: STX 6b >
ET-1 > STX 6¢ > ET-3. BQ-123 (1 mg/kg) attenuated
the response (Ihara et al., 1992a,b; Douglas et al., 1992;
Cristol et al., 1993; McMurdo et al., 1993). The same
peptides were equieffective in causing renal vasoconstric-
tion in the same animals and BQ-123 was ineffective,
suggesting ETp receptor involvement in the kidney,
whereas ET, receptors were implicated in the systemic
pressor response (Cristol et al., 1993; Pollock and Opge-
north, 1993).

Intravenous injection of ET-1 (up to 300 pmol) to
anesthetized rats caused an initial transient depressor
response, followed by a sustained increase in systemic
arterial blood pressure (EDs, = 180 pmol) (MacLean et
al., 1989). The pressor response was due to increased
total peripheral resistance with no change in heart rate
or cardiac output. The increase in total peripheral resist-
ance was caused by vasoconstriction in the spleen, stom-
ach, large intestine, small intestine, kidney, and the
pancreas/mesentery beds. ET-1 increased blood flow
through the heart, lung, liver, fat, and skin because of a
redistribution of cardiac output to these vascular beds.

ET not only exerts direct vasoconstrictor effects but
also is able to potentiate, at threshold and subthreshold
concentrations, contractile responses to other vasocon-
strictor substances such as NE and serotonin (Tabuchi
et al., 1989; Yang et al., 1990c). In addition, the presence
of small amounts of other vasoconstrictor substances
(e.g., NE, serotonin, ouabain-like factor) amplified the
vasoconstrictor response to ET-1 (Yanagisawa and Ma-
saki, 1989; Dohi et al., 1992; Simonson et al., 1989;
Watanabe et al., 1990; Yamasaki et al., 1989). Thus, even
small (subthreshold) amounts of locally produced ET
may act as a regulator of vascular tone and reactivity in
the circulation.

Further details of the hemodynamic actions of ETs
are summarized in recent reviews (Lerman et al., 1990;
Goto et al., 1992; Randall, 1991; Masaki et al., 1990a).

2. Heart. a. BIOSYNTHESIS AND BINDING. ET is pro-
duced by cultured endocardial cells (Lewis and Shah,
1993). The secreted peptide may act in a paracrine fash-
ion on neighboring myocytes, the conduction system, or
coronary vessels. Neonatal rat cardiac myocytes express
prepro-ET-1 mRNA and synthesize and secrete mature
ET-1 (Suzuki et al., 1993), suggesting a potential auto-
crine mechanism of ET-1 in the heart.

ET-specific, high-affinity-binding sites were identified
in cardiac myocytes (Hirata et al., 1989a), in cardiac
membranes (Gu et al., 1989a, 1990), and at the atrioven-
tricular node (Yamasaki et al., 1989). In human heart, in
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TABLE 3
Biosynthesis, receptors, and pharmacological actions of ETs in various organs*
Organ Tissue/cell Biosynthesist Binding$ Receptors§ Actions|
Blood pressure ETA\ ETs Transient depressor effect
Sustained pressor effect
Heart Endocardium + + ET\ ETs ?
Myocardium
Ventricle + + ETA\ ETs Positive inotropy
Positive chronotropy
Growth (hypertrophy)
Prolongation of action poten-
tial duration
Atrium + + ETA\ ETs Positive chronotropy
Release of ANP
Shortening of action poten-
tial duration
Conduction - + ET\ ETs Arrhythmia
system
Coronary + + ETA\ ETs Vasoconstriction
vessels
Large vessels Endothelium + + ETs Release of PGI; and EDRF
(NO)
ET¢ (cultured Stimulation of mitogenesis
human)
ET, (brain mi- Stimulation of ACE
crovessel)
Smooth mus- - + ET\ ETs Contraction (veins > arteries)
cle _Potentiation of contraction
by other agonists
Endothelium-dependent re-
laxation
+ (culture) + ETa Stimulation of mitogenesis
Perivascular - + ETa Prejunctional inhibition of
nerves NE release
Postjunctional potentiation
of NE action
Microvessels (iso- Endothelium + + ET\ ETs Release of PGI; and EDRF
lated) (NO)
Mitogenesis
Smooth mus- - + ETa Contraction
cle
Pericytes - + ET. Contraction
(retina) Mitogenesis
Microcirculation (in + + ETa Vasoconstriction (arterioles >
situ) ETs; (pan- venules)
creas) Increased permeability
ETc (liver)
Spleen Blood vessels + (endothe- + A Vasoconstriction
lium) Prostanoid release
Capsule - + ETs Contraction
Lymphatic vessels ? + ? Contraction
Blood cells Platelets - - - Inhibition of aggregation (in-
direct via endothelium-de-
rived PGI;/NO)
PMNs - + ? Stimulation of aggregation
Stimulation of NO produc-
tion
Stimulation of PAF release
Potentiation of F-Met-Leu-
Phe-induced- O, release
Monocytes + + ? Chemotaxis (+)
Kidney Blood vessels + (endothe- + ETa\ ETs Vasoconstriction
lium)
Glomerulus + + ET\ ET» Vasoconstriction (efferent >
afferent)
Decrease in GFR

Decrease in K;
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TABLE 3
Continued
Organ Tissue/cell Biosynthesist Bindingt Raeceptors§ Actions|
Mesangial - + ETA\ ET» Contraction
cells Mitogenesis
Juxtaglo- - + ? Decrease in renin release
merular
cell
Tubulee/col- + (epithe- + ? Decrease in Na* reabsorption
lecting lium)
duct
Lung Blood vessels + (endothe- + ET\ ETs Vasoconstriction (artery >
lium) vein)
Increased vascular permeabil-
ity
Airway epi- + + ETa Stimulation of C1~ secretion
thelium Stimulation of mucous secre-
(trachea) tion
Stimulation of arachidonate
release
Stimulation of mitogenesis
Stimulation of ciliary beat
Airway - + ETA\ ETs Contraction
smooth Epithelium removal facili-
muscle tates contraction
(trachea
and bron-
chus)
Gastrointestinal Mucosa + (epithe- + ETa Vasoconstriction
tract (stomach) lium) ETs Ulcerogenicity
Smooth mus- + (myenteric + ETA\ ETs Contraction/relaxation
cle (ileum) nerves)
Mucoea (co- - + ET. Stimulation of ion secretion
lon)
Liver Portal blood +(endothe- + ETs Vasoconstriction
vessels lium) Contraction of sinusoidal
stellate cells
Hepatocytes - + ETA: ETs Glycogenolysis
Contraction of bile canaliculi
Cholestasis
Fat-storing - + ? ET internalization
cells/Kup-
fer cells
Urinary tract Bladder + (epithe- + ? Contraction
lium)
Urethra - + ? Contraction
Inhibition of supraspinal mic-
turition reflex
Female reproductive Uterine + (endothe- + ET\ ETs Vasoconstriction of spiral ar-
organs blood ves- lium) teries
sels
Endome- + + ET\ ET» Stimulation of PI hydrolysis
trium and PGF,, secretion
Progesterone-dependent ET
degradation
Myometrium - + ET. ET» Stimulation of rhythmic and
tonic contractions
Breast + (epithe- + (stroma) ? Mitogenesis
lium)
Placenta/am- + - - Vasoconstriction in placental
nion blood vessels
Ovaries ? + ? Stimulation of steroid syn-
thesis
Male reproductive Vas deferens ? + ET. Contraction
organs
Testis + (Sertoli + (Leydig cells) ? Stimulation of steroid syn-
cells) theeis
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TABLE 3
Continued
Organ Tissue/cell Biosynthesist Bindingt Receptors§ Actions|
Eye Retinal blood + (endothe- + (endothelium, ET ETs Vasoconstriction
vessels lium) smooth mus- Endothelial mitogenesis
cle, pericytes) Pericyte contraction/mito-
genesis
Iris (pupil) + + ETs Contraction of sphincter
Modulation of pupil size and
light reflex
Ciliary body ? + ? Inhibition of aqueous humor
production
Decrease in intraocular pres-
sure
Bone Osteoclasts - + ? Inhibition (direct)/stimula-
tion (indirect) of osteoclas-
tic bone resorption
Osteoblasts - + ? Stimulation of osteoblast pro-
liferation
Bone marrow + + ? ?
(endothelial
and mast
cells)
Skin Keratino- + ? ? ?
cytes
Melanocytes - + ? Stimulation of growth and ty-
roeinase activity
Adrenal giand Cortex (glo- - + ET\ ETs Stimulation of aldosterone
merulosa secretion synergy with an-
cells) giotensin II
Medulla - + ?ETc (PC12 Stimulation of catecholamine
cells) secretion
Hypothalamus + + ETA\ ETs Stimulation of luteinizing
hormone-releasing hor-
mone release
Inhibition of prolactin release
Stimulation of AVP secretion
Stimulation of oxytocin se-
cretion
Pituitary + + ET\ ETs Stimulation of adrenocortico-
tropic hormone release
ETc (rat ante- Stimulation of gonadotropin
rior pituitary (luteinizing hormone/folli-
cells) cle-stimulating hormone
release)
Thyroid gland + (follicular + (epithelial ? Inhibition of thyreoglobulin
cells) cells) secretion
Stimulation of epithelial cell
growth
Parathyroid gland ? + ? Modulation of parathormone
secretion
Pancreas + + ET\ ETs Vasoconstriction
Internalization by acinar cells
Central nervous sys- Neurons Hypothala- Cerebellum > ET,, ETs, ETc Increase/decrease of blood
tem Astrocytes mus > stri- cortex > pressure
Glia cells tatum > brain stem = Respiratory depression
hypophysis basal ganglia Elevation of plasma catechol-
> spinal = hypothala- amine, AVP, adrenocortico-
cord (hu- mus = su- tropic hormone and glucose
man) praoptic nu- level
cleus = Enhanced sympathetic effer-
subformical ent activity (kidney)
organ = Inhibition of water intake
spinal cord Stimulation of pyramidal
(human/rat) neurons
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TABLE 3
Continued
Organ Tissue/cell Biosynthesist Binding} Receptors$ Actions]
Decrease in regional cerebral
blood flow
Stimulation of glucose metab-
olism in the pituitary
Stimulation of substance P
release
Peripheral nervous Motor and Dorsal and ? ? Decrease of motor and sen-
system sensory ventral sory nerve conductance
nerves horn gan- Decrease of motor and sen-
glia in sory nerve blood flow
spinal cord Activation of spinal cord neu-
rons (via release of sub-
stance P)
Parasym- Myenteric Myenteric and ? Stimulation of acetylcholine
pathetic and submu submucosal release
nerves cosal plex- plexuses of Potentiation of acetylcholine
uses of the the colon action (intestine)
colon
Sympathetic ? ? ? Inhibition of NE release
nerves Potentiation of NE action
Suppression/augmentation of
baroreflexes

* For details and references, see section VIII.

t Expression of prepro-ET mRNA and/or production of mature ET was reported either in tissues in situ or in cells in culture (for more

details, see also Table 1).
{ Binding of "*I-ET was demonstrated.

$ Receptor subtypes were characterized predominantly by pharmacological rank order of potency of ET isopeptides and sarafotoxins or by
the use of selective receptor antagonists. In some instances, expression of ET receptor genes or cloning of the ET receptors was demonstrated

(see text for details).

| Actions were observed by exogenously administered synthetic ET peptides.

situ hybridization showed ET4 and ET receptor mRNA
localized to atrial and ventricular myocardium, the atri-
oventricular and endocardial conducting system, and
endocardial cells (Molenaar et al., 1993); these observa-
tions were verified by binding studies.

b. ACTIONS. Soon after the discovery that ETs evoke
sustained vasoconstriction, evidence that ETs have a
direct effect on cardiac tissue was demonstrated (Hu et
al., 1988b; Ishikawa et al., 1988). The direct cardiac
actions of ETs include positive inotropic and chrono-
tropic effects as well as a prolongation of the action
potential duration. ET's also affect heart function indi-
rectly via profound coronary vasoconstriction. Studies
with cultured myocytes suggest that ET's may be involved
in cardiac hypertrophy as well.

i. Positive inotropic effect. The positive inotropic
effect of ET has been documented in isolated perfused
hearts (Baydoun et al., 1989; Firth et al., 1990), in
isolated human, guinea pig, and rat atria (Davenport et
al., 1989), in ferret (Shah et al., 1989) and rabbit papillary
muscles (Watanabe et al., 1989a,b), and in isolated adult
rat and rabbit ventricular cells (Kelly et al., 1990). The
action of ET-1 on heart muscle resembles that observed

in vascular smooth muscle, with a delayed onset and a
prolonged duration of action (Ishikawa et al., 1988; Eglen
et al., 1989; Watanabe et al., 1989a,b; Borges et al., 1989a;
Vigne et al., 1989; Shah et al., 1989).

ii. Positive chronotropic effect. Intravenous injec-
tion of ET-1 causes bradycardia that is secondary to the
accompanying reduction on coronary flow (Karwatowska
Prokopczuk and Wennmalm, 1990a). In isolated, spon-
taneously beating atrial preparations, however, ET-1
causes a dose-dependent increase in heart rate (Ishikawa
et al., 1988).

iii. Action potential duration. The positive ino-
tropic response is accompanied by prolongation of the
cardiac action potential (Watanabe et al., 1989a,b). In
rabbit papillary muscle, for example, 10 nM ET-1 length-
ens the action potential duration by 16% (Watanabe et
al., 1989a,b). In isolated canine myocardium, ET-1 pro-
longed action potential duration (followed by early after-
depolarization) in His bundle and ventricular myocar-
dium but shortened action potential duration in atria
(Yorikane and Koike, 1990). These pharmacological ac-
tions of ET-1 may contribute to the proarrhythmogenic
property of the peptide observed frequently after sys-
temic or intracoronary administration (Hom et al., 1992).
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iv. Coronary circulation. ETs are potent coronary
vasoconstrictors. In anesthetized dogs, a bolus intracor-
onary injection of 30 pmol/kg ET-1 reduces coronary
blood flow by approximately 90% and may even cause
total coronary artery occlusion (Kurihara et al., 1989a,c).
This effect has been observed in several animal species
(Clozel and Clozel, 1989; Chester et al., 1989; Kasuya et
al., 1989b; Hom et al., 1992). Coronary veins are more
sensitive than are coronary arteries and the effect is
endothelium independent (Cocks et al., 1989a,b). Large
subepicardial coronary arteries appear to be more sensi-
tive than are endocardial vessels (Clozel and Clozel,
1989).

The coronary vasoconstrictor effect of ET-1 can have
serious consequences on heart function. These include a
decrease in segmental shortening, an increase in end-
diastolic pressure, electrocardiographic signs of myocar-
dial ischemia, a net release of lactate, and, at higher
doses, ventricular fibrillation and death (Ezra et al., 1989;
Hom et al., 1992; Clozel and Clozel, 1989; Karwatowska
Prokopczuk and Wennmalm, 1990a). Several pharma-
cological interventions, including the administration of
nitroglycerin and calcium antagonists, attenuate the con-
strictor response in large, as well as in small, coronary
vessels.

v. Cardiac output. In contrast to the positive ino-
tropic and chronotropic effects seen in isolated heart
studies, a decrease in cardiac output is seen with infusion
of ET in the intact animal (Lerman et al., 1991c, 1992b).
The mechanism of this action may be multifactorial.
Administration of ET systemically results in a significant
elevation in coronary vascular resistance (see above) and
a decline in myocardial perfusion. Decreased cardiac
output may also occur in response to increased afterload,
although venoconstriction leads to increased preload,
which should augment cardiac output.

vi. Signal transduction in cardiac myocytes. In
isolated adult rat ventricular myocytes, ET-1 at concen-
trations of less than 10 M caused a maximal inotropic
response without a detectable increase in [Ca’*]; (Kelly
et al., 1990), suggesting that ET-1 sensitizes the myofil-
aments to calcium. At higher concentrations (10~ to
1077 M), ET-1 triggers mobilization of intracellular Ca?*
and stimulates transmembrane calcium current in iso-
lated rabbit and rat cardiac myocytes (Kelly et al., 1990).
Stimulation of PLC resulting in PI hydrolysis has been
documented in neonatal ventricular myocytes (Galron et
al., 1990b).

Exposure of freshly isolated adult rat ventricular myo-
cytes to pertussis toxin completely abolished the positive
inotropic effect of the peptide (Kelly et al., 1990). In
contrast, pertussis toxin had no effect on the ET-induced
increase in IP; in isolated adult rat atrial myocytes
(Vigne et al., 1990a).

In cultured cardiac myocytes, ET-1 stimulated myelin
basic protein kinase, p42 and p44 mitogen-activated pro-

tein kinases (Bogoyevitch et al., 1993a), and the PKC,
isotype (Bogoyevitch et al., 1993b).

ET-1 (107" M) increased the contractile amplitude in
isolated adult rat myocytes (Kramer et al., 1991). Amil-
oride, an inhibitor of sarcolemmal Na*-H* exchange,
prevented the intracellular alkalinization response to
ET-1 and attenuated the inotropic effect. Nonspecific
inhibitors of PKC, such as H-7 and sphingosine, dimin-
ished or abolished the increase in intracellular pH. How-
ever, neither amiloride nor inhibitors of PKC could com-
pletely prevent the positive inotropic response (Kramer
et al., 1991).

Intracellular alkalinization and the expression of cer-
tain protooncogenes, such as c-fos and c-jun, may also
cause hypertrophic growth in cardiac myocytes. Shubeita
et al. (1990) demonstrated that ET can cause hypertro-
phy in cultures of serum-starved neonatal rat ventricular
myocytes which was accompanied by activation of im-
mediate early gene expression (e.g., c-fos). In ventricular
myocytes isolated from adult rat hearts, ET-1 stimulated
protein synthesis and PI turnover, via ET, receptors
(Sugden et al., 1993).

3. Large arteries and veins. ET-1 is the most potent
endogenous substance known to induce contraction of
isolated blood vessels. Ever since the pioneering obser-
vations with the peptidergic EDCF on porcine and bovine
coronary arteries (Hickey et al., 1985) and the bioassay
of the isolated and purified peptide on porcine coronary
arteries (Yanagisawa et al., 1988b), numerous studies in
the past 6 years confirmed it in arterial preparations of
various anatomical origin isolated from a variety of ani-
mal species and humans (for references, see reviews by
Randall, 1991; Rubanyi and Parker-Botelho, 1991; Ru-
banyi, 1992a). ET contracts arteries isolated from fish
(catfish mesenteric artery), amphibiae (frog systemic
arch), and reptiles (turtle left systemic arch) (Poder et
al., 1991), as well as the toad aorta (Doi and Fujimoto,
1993). The majority of studies also confirmed the original
observation that ET-1 induces slowly developing and
long-lasting contractions. The cloning of two different
ET receptor subtypes (Arai et al.,, 1990; Sakurai et al.,
1990), classification of them as ET, and ETg receptors
(Masaki et al., 1994), and the discovery of selective
antagonists and ligands for the two receptor subtypes
(Williams et al., 1991a,b; Thara et al., 1991a, 1992a,b;
Hiley et al., 1992; Webb et al., 1992; Ohlstein et al., 1992;
Atkinson and Pelton 1992; Miyata et al., 1992a,b,c; Bazil
et al., 1992) (for further details, see section VI) allowed
characterization of the receptor subtype(s) mediating
vascular smooth muscle contraction of large artery prep-
arations. In general, these contractions are initiated by
the binding of ET isopeptides to ET, receptors on vas-
cular smooth muscle, as evidenced by (a) the presence of
ET. receptors on these blood vessels (Arai et al., 1990),
(b) the order of potency of the various ET isoforms (ET-
1 = ET-2 > ET-3) (Masaki et al., 1994), and (c) the
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ability of the selective ET, receptor antagonists (e.g.,
BQ-123, FR-139317) to prevent or reverse these contrac-
tions (Ohlstein et al., 1992; Webb et al., 1992; Cardell et
al., 1993). However, recent studies demonstrated that, in
addition to ET,, activation of the ETg receptor subtype
can also mediate vasoconstriction in some vascular prep-
arations (Webb and Lappe, 1993; Harrison et al., 1992;
Moreland et al., 1992; Shetty et al., 1993; Pollock and
Opgenorth, 1993; Kleha et al., 1994; Noguchi et al., 1993).
For example, Kleha et al. (1994) showed that the selective
ETjy receptor ligand, STX 6c, contracts isolated rabbit
aortic rings, which are desensitized rapidly (fig. 8) and
are insensitive to the ET, receptor antagonist BQ-123
but can be antagonized with the mixed ETA + ETj
receptor antagonist PD 142,893 (fig. 9, bottom). In the
presence of the ET, receptor antagonist BQ-123, ET-1
triggers partial contraction of this preparation which can
be abolished by PD 142,893 (fig. 9, top). In contrast,
STX 6c¢ had no contractile effect on isolated rings of rat
aorta, and BQ-123 completely blocked the contractions
evoked by ET-1 (Kauser and Rubanyi, 1994), suggesting
that ETg receptors are not present in this smooth muscle
preparation. In vivo studies confirmed these in vitro
observations, showing ETy receptor-mediated vasocon-
striction in coronary arteries of isolated rat hearts (Bal-
wierczak, 1993), in resistance coronary arteries of the
dog (Rigel and Lappe, 1993), in the pulmonary circula-
tion of the rabbit (Clozel et al., 1992), in rat renal
vasculature (Pollock and Opgenorth, 1993; Cristol et al.,

Rabbit Aorta
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F1G. 8. Effect of the selective ET» receptor agonist STX 6c (Séc;
30 nM) on isolated rings of rabbit aorta with (a) and without (b)
endothelium. In both preparations STX 6¢ causes transient contrac-
tions. Desensitization of ETp receptors occurs very rapidly (transient
contraction) and is maintained for a long time (i.e., no repeated
response to STX 6¢ even after washout) when the aortic ring still
contracts in response to ET-1 (b). PE, phenylephrine (100 nM).
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F1G. 9. Dose-response curves to ET-1 (ET, and ET receptor ago-
nist; a) and STX 6c (S6c; selective ETp receptor ligand; b) in the
abseence (control) and presence of BQ-123 (10 uM; selective ET, recep-
tor antagonist) or PD 142,893 (30 uM; mixed ET, and ETp receptor
antagonist) in isolated rabbit aortic rings without endothelium. BQ-
123 partially (small but significant contraction could be still observed)
and PD 142,893 competitively antagonized ET-1-induced contractions
(a). BQ-123 had no effects, whereas PD 142,893 competitively antago-
nized STX 6c-induced responses (b). These data indicate that in this
preparation both ET, and ET receptors exist on SMCs and activation
of both cause vascular contraction.

1993), and in the systemic circulation of WKY and SHR
(Webb and Lappe, 1993) and guinea pigs (Noguchi et al.,
1993).

Although the majority of studies were performed on
isolated large arteries, several studies compared the effect
of ETs on large arteries and veins. In general, these
studies found that ET-1 is 3- to 10-fold more potent in
veins than in arteries. Cocks et al. (1989a) were the first
to demonstrate that dog veins from the coronary, mes-
enteric, femoral, renal, and internal mammary vascular
beds are 5- to 10 times more sensitive to ET-1 than the
corresponding arteries. The same authors found that it
is true for isolated human forearm vein and internal
mammary vein when compared to internal mammary
artery (Cocks et al., 1989b). These observation were later
confirmed by comparing the responses to ET's in isolated
human saphenous vein and internal mammary artery
(Costello et al., 1990), in human internal mammary vein
and artery (Yang et al., 1989, 1990b), in human uterine
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veins and arteries (Fried and Samuelson, 1991), in hu-
man saphenous vein and gastroepiploic artery (Mc-
Namara et al., 1992), in fetal lamb pulmonary vein and
artery (Wang and Coceani, 1992), in canine arteries and
veins (Miller et al., 1989b), and in catfish posterior caudal
vein and mesenteric artery (Poder et al., 1991). These in
vitro observations were also confirmed in vivo. Infusion
of ET-1 (5 pmol/min) into human forearm caused sig-
nificantly more pronounced constriction of dorsal hand
veins than arteries (Haynes et al., 1991). Ca®** antago-
nists were effective in preventing ET-1-induced vasocon-
striction only in arteries but not in hand veins (Haynes
et al., 1991), suggesting differences in signal transduction
pathways. Potential differences in ET-1 biosynthetic
pathways between arteries and veins were also demon-
strated in rabbit blood vessels (Auguet et al., 1992); pro-
ET-1 (big ET-1) induced vasoconstriction in both the
saphenous artery and vein, but phosphoramidon blocked
the effect only in the saphenous artery. Whereas ET-1
was 3-fold more potent as a vasoconstrictor in the sa-
phenous vein, big ET-1 was 2-fold more potent in the
rabbit saphenous artery (Auguet et al., 1992).

In contrast to these large blood vessels in the systemic
circulation, arteries are more sensitive than veins in the
pulmonary circulation and in some microcirculatory
beds. In the pulmonary circulation of the guinea pig,
pulmonary arteries were more sensitive to ET-1 than
were pulmonary veins (Cardell et al., 1990). These studies
suggested that the increased sensitivity may be due to
the difference in blood composition (e.g., lower pO; in
systemic veins and pulmonary artery). Indeed, hypoxia
causes increased sensitivity to ET-1 in arteries (Mac-
Lean et al., 1989; Douglas et al., 1991) and the heart (Lin
et al., 1989, 1990a).

In the microcirculation of the hamster cheek pouch,
rat cremaster muscle, and rat heart, arterioles are more
sensitive to ET-1 than are postcapillary venules (Brain,
1989; Joshua, 1990; Homma et al., 1992).

4. Isolated microvessels and microcirculation. Elevation
of systemic arterial blood pressure after an intravenous
injection of ET-1 (see section VIII.A.1) suggested that,
in addition to large arteries and veins, ET is also a potent
vasoconstrictor of resistance arterioles in the microcir-
culation. Direct proof for this hypothesis was provided
by studies of isolated microvessels in vitro and microcir-
culation in situ. Some studies with (cultured) cells iso-
lated from microvessels (endothelial cells or pericytes)
provided further evidence for the effect of ETs in the
microcirculation.

Using the wire myograph, Deng and Schiffrin (1991)
found that ET-1 is a potent vasoconstrictor in isolated
rat mesenteric microvessels with a potency higher than
ET-3, suggesting that ET, receptors mediate the vaso-
constriction. Topical application of ET-1 caused vaso-
constriction in the blood vessels of rat mesenteric micro-
circulation in situ (De Carvalho et al., 1990; Fortes et al.,

1991). Topical application of ET-1 caused long-lasting
contractions in both arterioles and veins in the rat cre-
master muscle in situ (Joshua, 1990; Lougee et al., 1990).

Similar observations were made in the microcircula-
tion of hamster cheek pouch (Boric et al., 1990; Brain,
1989; Schultz and Muller, 1990), in pial arterioles of
piglets (Armstead et al., 1989), rat cortical microvessels
(Willette et al., 1990, 1993), rabbit and human skin
(Brain et al., 1989), in rat cutaneous microvessels (Law-
rence and Brain, 1992), glomerular afferent and efferent
arterioles of the rat kidney (Kon et al., 1989; Edwards et
al., 1990; Fretschner et al., 1991), in perfused rat heart
(Homma et al., 1991), in the in situ canine heart (Hori
et al., 1991; Hom et al., 1992), in rat liver (Kurihara et
al., 1992), in rat gastric mucosa (Morales et al., 1992), in
dog gastric microcirculation (Wood et al., 1992), in rabbit
skeletal muscle and ear microvascular network (Randall
et al., 1989), in perfused rat lung (Rodman et al., 1992),
in ferret lung (Raj et al., 1992), in dog pancreas (Takaori
et al.,, 1992), in rat tumors implanted subcutaneously
(Tanda et al., 1991), and in rat peripheral nerve micro-
circulation (Zochodne et al., 1992).

In the pial arterioles of anesthetized piglets, topical
application of 0.1 ng/ml ET-1 caused vasodilation,
whereas higher concentrations (1 to 100 ng/ml) evoked
vasoconstriction along with a release of prostanoids
(PGI; and TXA;). Inhibitors of cyclooxygenase (indo-
methacin, aspirin) blocked vasodilation and reduced con-
striction, suggesting that prostanoids [both vasodilator
(PGI,) and vasoconstrictor (TXA;)] contribute to the
effects of ET-1 in porcine pial arterioles.

In the hamster cheek pouch, topical application of 3
pmol ET-1 contracted arterioles selectively (Brain,
1989), whereas higher concentrations (0.1 to 10 nM)
constricted both arterioles and venules (Boric et al.,
1990). Iloprost, a stable analog of PGI;, reversed ET-1-
induced arteriolar constriction in this preparation
(Schultz and Muller, 1990).

In rat cremaster muscle, topical ET-1 is a more potent
constrictor of arterioles than venules (Joshua, 1990) and
causes complete closure of second-, third-, and fourth-
order arterioles (Lougee et al., 1990). Cremaster arteri-
oles in the SHR are more sensitive to ET-1 than those
in WKY normotensive rats (Lougee et al., 1990). Ca**
antagonists reduce or inhibit ET-1-induced vasoconstric-
tion in this preparation (Lougee et al., 1990; Joshua,
1990).

The vessels in the mesenteric microcirculation of de-
soxycorticosterone acetate salt or Goldblatt renal hyper-
tensive rats are more sensitive to topical ET-1 than are
those from normotensive rats (De Carvalho et al., 1990).
Interestingly, no difference was found in ET-1 sensitivity
between aortic rings isolated from the same normoten-
sive and hypertensive rats.

In rat renal arterioles, ET-induced vasoconstriction is
mediated by ET, receptors (ET-1 > ET-3), and Ca**
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antagonists reduced the effect in afferent arterioles but
not in efferent arterioles (Edwards et al., 1990). In the
split hydronephrotic rat kidney, nitrendipine had no
effect on ET-1-induced afferent or efferent arteriolar
constrictions (Fretschner et al., 1991).

In isolated perfused rat heart, ET-1 (1 to 40 pmol)
constricted resistance arterioles with a higher potency
than it did larger arteries (Homma et al., 1991) or post-
capillary vessels (Homma et al., 1992). Topical epicardial
application of ET-1 (1 to 1000 pmol) causes microvessel
constriction and local ischemia (ST segment elevation)
in dog hearts in situ (Hori et al., 1991).

Although in most microvascular beds ET-1 is more
potent than ET-3 in eliciting vasoconstriction [an effect
mediated by ETs receptors; Edwards et al., 1990 (renal);
Lawrence and Brain, 1992 (skin); Deng and Schiffrin,
1991 (mesentery)], the opposite order of potency was
observed in rat liver microcirculation (ET¢ receptor?)
(Kurihara et al., 1992), and equal potency was found for
the three isopeptides in dog pancreas microcirculation
(ETg receptor) (Takaori et al., 1992).

In rat liver microcirculation, ET-3-induced, but not
ET-1-induced, vasoconstriction was suppressed by inhib-
itors of cyclooxygenase (indomethacin) and TXA; syn-
thase (OKY-046) (Kurihara et al., 1992), suggesting that
different signal transduction mechanisms are activated
by the two isopeptides in this preparation, and/or they
act on different cell types.

In perfused rat (Rodman et al., 1992) and ferret lung
(Raj et al., 1992), ET-1 predominantly constricts post-
capillary vessels, and in the rat lung, ET-1 causes edema
by this mechanism and not by increasing capillary endo-
thelial cell permeability (Rodman et al., 1992).

In rat gastric mucosa, ET-3 causes damage to capillar-
ies and venules, with a potency exceeding that of hista-
mine or leukotriene B, (Morales et al., 1992).

In the rabbit ear, ET-1 causes vasoconstriction in
first-, second-, third-, and fourth-order arterioles and
venules without contracting the central ear artery or
large veins (Randall et al., 1989).

In subcutaneously implanted hepatoma tumors in rats,
systemic injection of ET-1 increases blood flow to a lesser
extent than does angiotensin II (Tanda et al.,, 1991),
presumably because ET-1 (but not angiotensin II) causes
vasoconstriction of blood vessels in these tumors (the
increase in blood flow is the consequence of an elevated
perfusion pressure due to increased arterial blood pres-
sure).

In rat brain cortical microvessels (Willette et al., 1990)
and in the rat sciatic nerve microcirculation (Zochodne
et al., 1992), topical application of ET-1 causes a reduc-
tion in blood flow, vasospasm, and ischemia.

An analysis and demonstration of ET-1 synthesis/
release, binding, and action on endothelial cells and
pericytes isolated from microvessels and capillaries com-
plemented the above findings in isolated microvessels

and microcirculation in situ [Vigne et al., 1990b, 1991;
Frelin et al., 1991; Ishibashi et al., 1992 (brain microves-
sel and capillary EC); Takahashi et al., 1989 (bovine
retinal capillary EC); Lee et al., 1989b; Chakravarthy et
al., 1992 (bovine retinal microvascular pericytes); Frelin
et al., 1991 (astrocytes)].

Bovine retinal pericytes bind !*I-ET-1 with high affin-
ity (Chakravarthy et al., 1992). In the same cells, ET-1
(100 pM) caused contraction, mitogenesis, and increased
inositol phosphate turnover (Chakravarthy et al., 1992).
Endothelial cells isolated from bovine retinal capillaries
synthesize and release ET-1 (Takahashi et al., 1989),
which acts in a paracrine fashion on adjacent pericytes.

Astrocytes also respond to ETs with PLC activation
(Frelin et al., 1991). However, the order of potency of
ET isoforms (i.e., ET-3 > ET-1) suggested that the
receptor is neither ET, nor ET but probably a subtype
of them or a third receptor isoform (ETc) (Frelin et al.,
1991).

5. Vascular endothelium. a. STIMULATION OF THE SYN-
THESIS/RELEASE OF ENDOTHELIUM-DERIVED RELAXING
FACTOR (NITRIC OXIDE): ENDOTHELIUM-DEPENDENT VA-
SORELAXATION. ET-1 and ET-3 were reported to stim-
ulate the release of EDRF (NO) from bovine native
endothelial cells (Warner et al., 1992), from isolated
perfused rat and rabbit blood vessels (Warner et al.,
1989a,b), and from several other vascular tissues (Namiki
et al., 1992a; Botting and Vane, 1990).

In precontracted isolated rabbit mesenteric artery, but
not rabbit aorta (Kleha et al., 1994) and in isolated rat
aorta (Kauser and Rubanyi, 1994), the selective ETj
receptor ligand, STX-6¢, causes relaxation that can be
prevented by removal of the endothelium (fig. 10). In-

RAT AORTA
a. E* b. E-
S6¢ w Séc w
I!K
| ) ﬂ
pE " PE
c. E* +BQ-123 d. E*+PD 142893
PE PE

F1G. 10. Endothelium-dependent relaxation by the selective ETs
receptor ligand STX 6¢ (S6c, 30 nM) in isolated rat aortic rings. In a
ring with endothelium (E+, a), STX 6¢ causes transient relaxation of
phenylephrine-induced (PE, 10~ M) contraction (cf. with transient
contraction in rabbit aorta, fig. 8; a), which could be prevented by the
removal of endothelium (E—; b) or by pretreatment of the ring with
the mixed ETA + ETj5 receptor antagonist PD 142893 (30 uM; d) but
not by the selective ET, receptor antagonist BQ-123 (10 uM; c). W,
wash.
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domethacin had no effect, but N¢-nitro-L-arginine pre-
vented STX 6c¢c-induced endothelium-dependent relaxa-
tions, indicating that the relaxations were mediated by
EDRF (NO) release from the endothelium (Kauser and
Rubanyi, 1994). The relaxation response was insensitive
to the ET, receptor antagonist BQ-123 but could be
blocked by the mixed ET, + ETg receptor antagonist
PD 142,893 (fig. 10), indicating that endothelial ETg
receptors mediate the response. Similar endothelium-
dependent and ET}y receptor-mediated (i.e., ET-1 = ET-
3) vascular relaxation was observed in rat aorta (Karaki
et al., 1993; Moritoki et al.,, 1993), rabbit mesenteric
artery (Shetty et al., 1993), and cultured bovine endothe-
lial cells (Hirata et al., 1993).

Stimulation of NO synthesis in a neuronal cell line
was suggested to be involved in ET-1-induced relaxation
of guinea pig trachealis muscle (Uchida et al., 1991b) and
increase of cGMP (Reiser et al., 1990).

b. STIMULATION OF THE RELEASE OF PROSTACYCLIN:
ENDOTHELIUM-DEPENDENT INHIBITION OF PLATELET
ACTIVATION. ETs (ET-1 and ET-3) stimulate the release
of PGI; from bovine and human vascular endothelial
cells (Emori et al., 1991a; Filep et al., 1991a,b; Kato et
al., 1992; Kibira et al., 1991), from isolated rat mesenteric
arteries (Rakugi et al., 1989), from perfused rabbit heart
(Karwatowska Prokopczuk and Wennmalm, 1990a), and
from perfused rat lung (D’Orleans-Juste et al., 1992). Big
ET-1 was also reported to stimulate the release of PGI;
in vitro and in vivo (D’Orleans-Juste et al., 1991a) via
phosphoramidon-sensitive conversion to ET-1. ETs can
also stimulate PGI; release in vivo in rats (De Nucci et
al., 1988; Botting and Vane, 1990), beagle dogs (Filep et
al., 1991b,; Herman et al., 1989), and rabbits (Thiemer-
mann et al., 1989).

PGI; release was suggested to be responsible for the
hypotensive (at least in part) and anti-platelet aggrega-
tory effects of big ET-1, ET-1, and ET-3 in vivo (Filep
et al., 1991a,b; Thiemermann et al., 1989) (see also
section VIILA.7).

C. RECEPTORS AND SIGNAL TRANSDUCTION IN VASCU-
LAR ENDOTHELIAL CELLS. In contrast to findings in large
vessel endothelium (where only ETp receptors have been
identified so far), several studies showed that in addition
to ETg receptors on brain microvessels (Vigne et al.,
1991), capillary endothelial cells in culture contain ET,
receptors as well (ET-1 > ET-3) (Vigne et al., 1991;
Ishibashi et al., 1992). Stimulation of ET, receptors by
ET-1 in brain capillary endothelial cells activate PLC
via a pertussis toxin-insensitive G-protein and inhibit
adenylate cyclase via a pertussis toxin-sensitive pathway
(Ishibashi et al., 1992). Another study of brain capillary
endothelial cells showed that activation of ET, receptors
by ET-1 leads to mitogenesis (ET-1 being a more potent
mitogen than basic fibroblast growth factor; Vigne et al.,
1990b), via activation of PLC, Ca?* influx, and probably
PKC (Vigne et al., 1991). Stimulation of ETp receptors

in the same cells facilitates Na*/H* exchange via a PKC-
independent pathway (Vigne et al., 1991). Studies by
Frelin et al. (1991) confirmed that stimulation of ETs
receptors in brain microvascular endothelial cells leads
to facilitation of Na*/H* exchange, but they found that
it is linked to PKC activation.

6. Spleen. a. BIOSYNTHESIS. RNA blot hybridization
with restriction fragments derived from cDNAs and ri-
bonuclease protection assays revealed that ET-1, ET-2,
and ET-3 genes are all expressed in the human (Bloch
et al., 1989a,b) and rat spleen (Firth and Ratcliffe, 1992).
Analyzing the presence of irET by radioimmunoassay
and high-pressure liquid chromatography in pig tissues,
Hemsen and Lundberg (1991) found high irET-1 in the
spleen. Asphyxia for 2 minutes had no effect on plasma
irET-1 levels but stimulated overflow of irET-1 from the
rabbit spleen (Pernow and Lundberg, 1989; Pernow et
al., 1990). Transient release of irET was observed from
the spleen after endotoxin administration and after 2
minutes of asphyxia in pigs (Hemsen, 1991).

b. ACTION. In the isolated blood perfused spleen of the
dog (Withrington et al., 1992), ET-1 and ET-3 caused a
dose-dependent increase in vascular resistance, splenic
capsular contraction, and reduction in spleen volume.
ET-1 was more potent than ET-3 in evoking vasocon-
striction (ET, receptor), but the two isopeptides were
equipotent in causing contraction of the splenic capsular
smooth muscle (ETg receptor). ET s receptors are present
in porcine spleen (Hemsen, 1991; Hemsen et al., 1991a).
ET-2 and, to a lesser degree, ET-3 cause vasoconstriction
in the porcine spleen in vivo (Hemsen et al., 1991a). Big
ET-1 (700 pmol/kg) injection into pigs caused a 30%
increase in splenic vascular resistance that was accom-
panied by a 5-fold increase of plasma irET-1 levels
(Modin et al., 1991). ET-1 stimulates the release of PGI,,
prostaglandin E; and TXA; from perfused rabbit spleen
(Rae et al., 1989).

7. Platelets. a. IN VITRO PLATELET FUNCTION. The
surveyed studies, with few exceptions, demonstrated that
ET has no direct effect on aggregation of animal or
human platelets in vitro (Borges et al., 1989b; Edlund
and Wennmalm, 1990; Filep et al., 1991a,b; Patel et al.,
1989). In aqueorin-loaded gel-filtered human platelets,
ET-1 (up to 10~ M) had no effect on aggregation or
platelet ionized calcium levels (Joseph et al., 1991). It
showed no synergistic effect when platelets were stimu-
lated with collagen, thrombin, or PAF. ET-1 had no
effect on human platelet-rich plasma aggregation, TXA,
generation from platelets, and [Ca®'];, [cAMP}];, or
[¢cGMP]; in platelets (Kato et al., 1992). ET-1 (0.01 to 1
nM) had no effect on human platelets in vitro (Ohlstein
et al., 1990a). However, in rabbit and canine platelets,
ET-1 potentiated aggregation by low concentrations of
ADP.

In one study, preincubation of human platelets with
ET-1,ET-2, and ET-3 inhibited serotonin-induced plate-
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let aggregation via a mechanism involving PKC (Pie-
traszek et al., 1992) and probably via interaction with
serotonin receptors.

b. IN VIVO PLATELET FUNCTION. In contrast to the
lack of direct effect on platelets in vitro, several studies
showed that after injection of ETs to animals ex vivo or
in vivo platelet aggregation was suppressed. In anesthe-
tized beagle dogs, ET-1 (0.03 to 0.3 nmol/kg) injection
reduced blood pressure, increased plasma 6-keto-prosta-
glandin F,, levels and inhibited platelet aggregation in
vivo, as monitored by a filter-loop technique (Filep et al.,
1991b). Pretreatment of the dogs with indomethacin
prevented the antiaggregatory effect of ET-1, whereas
PGI; injection mimicked the effect.

ET-1 infusion to anesthetized rabbits stimulated PGI.
release and inhibited ex vivo platelet aggregation (Thie-
mermann et al., 1989) and also in vivo platelet aggrega-
tion, as assessed by ''In-labeled platelets (Thiemermann
et al., 1990).

The conditioned culture medium of ET-1-treated HU-
VECs significantly suppressed platelet aggregation,
TXA; generation, and [Ca?*); elevation and increased
platelet cAMP and cGMP levels. These effects could be
prevented by treatment of HUVECs with aspirin and L-
NMMA, suggesting that PGI; and EDRF (NO) released
from HUVECs by ET-1 are responsible for the antiag-
gregatory and platelet inhibitory actions (Kato et al.,
1992).

Addition of washed human platelets to cultured bovine
pulmonary artery endothelial cells, or to HUVECs, stim-
ulated both ET-1 secretion (Ohlstein et al., 1991, 1992)
and expression of prepro-ET-1 mRNA. Because platelet-
free buffer from agonist-induced platelet aggregation had
similar effects, substance(s) released from activated
platelets must mediate the response (Ohlstein et al.,
1991).

8. Polymorphonuclear neutrophils. a. BIG ENDOTHELIN
CONVERSION AND ENDOTHELIN DEGRADATION BY POLY-
MORPHONUCLEAR NEUTROPHILS. Activated, but not
resting, human PMNs cause marked degradation of '*I-
labeled ET-1 (Fagny et al., 1992). Phosphoramidon had
no effect the degradation (but soybean trypsin inhibitor
prevented it), suggesting the involvement of lysosomal
cathepsin G (released from activated PMNs) in ET-1
hydrolysis. Indeed, the purified enzyme led to similar
degradation products with a major cleavage site at His'®-
Leu'” (Fagny et al., 1992). Coincubation of formyl-Met-
Leu-Phe-activated human PMNs with cultured bovine
aortic endothelial cells resulted in a fast (approximately
15 min), and PMN number-dependent, degradation of
ET-1 in the medium (Patrignani et al., 1991). Resting
PMNs were ineffective. The supernatant of activated
PMNs was active as well, a result that could be prevented
by protease inhibitors, suggesting that activated PMNs
release an ET-1 degrading/inactivating protease(s) (Pa-
trignani et al., 1991). This mechanism could play a role

ET-1
:
ET

-1

E "

F1G. 11. Interaction between ET-1 and PMNs and monocytes. Ac-
tivated PMNs release proteases that convert big ET-1 to ET-1 and
also degrade ET-1. ET-1 potentiates PMN activation by F-Met-Leu-
Phe (fMLP). PMNs produce NO, which inhibits PMN activation and
ET-1 production, and also superoxide anion radical (-0,”), which
inactivates NO. Attachment of activated PMNs to endothelial cells
stimulates ET-1 synthesis and secretion (not shown). Monocytes se-
crete ET-1, which stimulates chemotaxis. For further details, see text.

in ET-1 degradation in acute inflammatory reactions
when activated PMNs adhere to vascular endothelial
cells.

Human PMNs contain serine proteases in their cyto-
solic fraction that convert big ET-1 to ET-1 (Kaw et al.,
1992a,b). These studies showed that human leukocyte
elastase forms an intermediate of big ET-1 which is
subsequently cleaved by a soluble protease(s) to form
mature ET-1 (Kaw et al., 1992a,b). Membrane prepara-
tions of PMNs degrade and inactivate ET-1, similar to
that which occurs with elastase (Kaw et al., 1992a,b) (fig.
11).

Big ET-1 is converted to ET-1 by peripheral human
PMNs (Sessa et al., 1991a,b). This conversion was more
pronounced in resting PMNs, suggesting a partial deg-
radation of converting enzyme activity in activated cells
(Sessa et al., 1991a,b). Phosphoramidon blocked the con-
version, whereas phenylmethylsulfonyl fluoride, pepsta-
tin, and trans-epoxysuccinyl-L-leucylamido-(4-guani-
dino) butane had no effect. Phenylmethylsulfonyl fluo-
ride prevented the degradation of ET-1 by PMNs (Sessa
et al.,, 1991a,b), suggesting that different neutral pro-
teases are responsible for converting big ET-1 to ET-1
and degrading mature ET-1 (fig. 11).

b. EFFECT OF ENDOTHELIN ON POLYMORPHONUCLEAR
NEUTROPHIL FUNCTION. In early studies, Borges et al.
(1989b) found no effect of ET-1 on PMNs. However,
later investigations provided evidence that ET-1 may
modulate (stimulate) PMN function (fig. 11). ET-1 dose-
dependently stimulated aggregation of human PMNs,
which could be prevented by antagonists of PAF recep-
tors (Gomez Garre et al., 1992). ET-1 also caused PAF
release from these PMNs which was accompanied by an
elevation of cytosolic [Ca®*], and the response was de-
pendent on extra- and intracellular Ca’* levels (Gomez
Garre et al., 1992).
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ET-1 had no effect on superoxide anion generation in
resting PMNs, but the peptide (107'° to 10~ M) signifi-
cantly potentiated superoxide generation stimulated by
formyl-Met-Leu-Phe (Ishida et al., 1990). ET-1 did not
cause an elevation of [Ca’*]; in PMNs, and the poten-
tiating effect was not dependent on extracellular or in-
tracellular Ca?* levels. ET-1 induced a dose-dependent
increase in cytosolic Ca®* concentration in isolated hu-
man and rat PMNs that was caused by both an influx of
extracellular Ca’?* and a mobilization of intracellular
Ca®*. L-Arginine blocked the ET-1-induced [Ca**}; in-
crease. L-NMMA reversed the inhibition by L-arginine,
suggesting that ET-1 stimulates NO synthase, and the
NO generated exerts a negative feedback influence on
PMN activation by ET-1 (fig. 11).

C. EFFECT OF POLYMORPHONUCLEAR NEUTROPHILS ON
ENDOTHELIN PRODUCTION. Activated human PMNs
caused a 6.3-fold increase in irET-1 release from cultured
porcine endothelial cells (Morita et al., 1993) only if they
were allowed direct contact. Cell-free PMN-conditioned
medium, or coculture in an Intercell chamber (no direct
contact of the two cell types), had no stimulatory effect
but, instead, decreased irET-1 levels (Morita et al., 1993).
These observations suggest that after direct contact ac-
tivated PMNs stimulate endothelial cell ET-1 gene
expression.

9. Monocytes. The effect of ETs on monocyte chemo-
taxis is controversial. Achmad and Rao (1992) found that
ET-1 increased monocyte chemotaxis in a dose-depend-
ent manner (fig. 11). Ca** channel blockers (nifedipine,
diltiazem, and verapamil), aspirin, and indomethacin
significantly suppressed monocyte migration, suggesting
that enhanced Ca?* influx produced by ET-1 and the
stimulation of arachidonic acid metabolism may contrib-
ute to the accelerated monocyte migration. ET-1-induced
monocyte chemotaxis was attenuated by the radical scav-
enger and lipid-lowering drug probucol (Achmad and
Rao, 1992).

In contrast, Bath et al. (1990) found no affect of ET
on monocyte superoxide anion production or monocyte
adhesion to porcine aortic endothelial cell monolayers.
ET also did not act as a chemoattractant for these
monocytes (Bath et al., 1990).

Immunoreactive ET-1 and ET-3 were found in a hu-
man promonocytic cell line (U937 cells), in freshly iso-
lated human monocytes, and in cultured human mono-
cytes (Ehrenreich et al., 1990). These cells secrete the
peptides into the culture medium, as measured by high-
pressure liquid chromatography and radioimmunoassay.
The secretion of ET-1, but not ET-3, could be stimulated
6- to 10-fold by lipopolysaccharide and phorbol esters.
No irET was found in extracts of human neutrophils and
lymphocytes (Ehrenreich et al., 1990).

Human immunodeficiency virus-1 envelope glycopro-
tein 120 stimulates ET-1 secretion from macrophages
(Ehrenreich et al.,, 1993b). ET-1 gene expression was

detected in circulating monocytes and cerebral macro-
phages of patients with human immunodeficiency virus
infection and human immunodeficiency virus encepha-
lopathy, respectively, suggesting that ET-1 may be in-
volved in the AIDS dementia complex.

10. Vascular permeability. Intravenous injection of ET-
1 (0.1 to 2.0 nmol/kg) increased the hematocrit in a dose-
dependent manner in rats (Filep et al., 1991c) and in-
creased vascular permeability (extravasation of Evans
blue) in the trachea, bronchi, stomach, duodenum, kid-
ney, and spleen. Because PAF antagonists attenuated
these responses, ET-1-induced stimulation of PAF secre-
tion was suggested to mediate, at least in part, the
increased vascular permeability.

In isolated blood perfused rat lungs, ET-1 increased
vascular permeability (Helset et al., 1993). In lungs per-
fused with leukocytes in Krebs-Ringer albumin solution,
or with plasma alone, ET-1 caused no change in perme-
ability, suggesting that the effect is dependent on the
presence of leukocytes and plasma components and is
not the result of a direct effect on the vasculature.

In anesthetized and nephrectomized rats, ANP anti-
body prevented an ET-1 (25 ng/kg/min) infusion-in-
duced increase in hematocrit, hemoconcentration, and
reduction of plasma volume via protein extravasation
(Valentin et al., 1991). These findings suggest that ET-
1-induced ANP secretion mediates the capillary perme-
ability increase produced by the peptide.

B. Kidney

ET is secreted at several sites in the kidney, where it
acts in a paracrine or autocrine fashion on ET receptors
on target cells. Because of its biological actions (including
vasoactive properties), ET probably contributes to the
control of RBF, renal plasma flow, GFR, and sodium and
water transport at different nephron sites.

1. Biosynthesis and binding. Prepro-ET-1 mRNA
expression was shown in cultured bovine glomerular
endothelial cells by Northern blot analysis (Lopez-Farre
et al., 1991b); this expression was enhanced by agonists,
such as bradykinin, thrombin, ATP, and PAF. Glomer-
ular endothelial cells were shown to release ET-1 that
could be enhanced by bradykinin (Lopez-Farre et al.,
1991b). A recent study showed that not only endothelial
but also glomerular epithelial cells in culture produce
ET-1 (Cybulsky et al., 1993). Autoradiographic studies
using ®I-labeled ET-1 revealed a high-affinity binding
to glomeruli, vasa recta bundles, and the inner medulla
(Kohzuki et al.,, 1989a; Kon et al., 1990; Kloog and
Sokolovsky, 1989). High-affinity-binding sites are also
present on cultured glomerular mesangial cells (Badr et
al., 1989a,b) and cultured renal epithelial cells (Neuser
et al., 1990b). Several renal epithelial cell lines (MDCK,
LLC-PK;) have been shown to release ET-1 (Kon and
Badr, 1991; Oishi et al., 1991). ET-1 mRNA expression
and biosynthesis was shown along rat nephron segments
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(Ujiie et al., 1992). The evidence for glomerular, endo-
thelial, and renal epithelial cell ET-1 biosynthesis and
release, and the widespread renal ET-1-binding sites,
raise the possibility of a local role of ET-1 in the modu-
lation of renal hemodynamics and glomerular and tubu-
lar functions.

2. Renal hemodynamics. Systemic infusion of ET-1
increases renal vascular resistance and markedly de-
creases RBF (Badr et al., 1989b; Cao and Banks, 1990;
Chou et al., 1990; Goetz et al., 1988, 1989; Hirata et al.,
1989b; King et al., 1989; Miller et al., 1989a). Similar to
the systemic effect of ET-1 on mean arterial pressure,
renal vasoconstriction is often preceded by a transient
renal vasodilation. Indomethacin or aspirin, which block
prostaglandin synthesis, potentiate the increase in renal
vascular resistance, which implies that vasodilatory pros-
taglandins attenuate ET-induced renal vasoconstriction
(Chou et al., 1990).

ET-1 reduces both cortical and medullary blood flow,
although the cortical vasculature is more sensitive to
ET-1 (Tsuchiya et al., 1989). ET-1-induced vasoconstric-
tion results from constriction of the glomerular afferent
and efferent arterioles and the arcuate and interlobular
arteries (Badr et al., 1989b; Edwards et al., 1990; Hirata
et al., 1989b; Kon et al., 1989; Loutzenhiser et al., 1990).
ET-1, ET-3, and the STXs 6b and 6c can equipotently
induce renal vasoconstriction in anesthetized rats (Cris-
tol et al., 1993), suggesting that the ETg receptor subtype
mediates the response. Indeed, ET-1-induced renal vaso-
constriction could not be attenuated by the ET, receptor
antagonist BQ-123 in rats (Pollock et al., 1993).

In addition to systemic infusions, which mimic an
endocrine rather than the most probable paracrine/au-
tocrine signaling mode of ETs in vivo, the direct intra-
renal actions of ETs were investigated in the isolated
perfused kidney or on tissue/cell preparations isolated
from the kidney. These experiments suggested that ET-
1 is indeed a potent renal vasoconstrictor. For example,
ET-1 is the most potent agent known to increase renal
vascular resistance (approximately 30 times more potent
than angiotensin II and 50 times more potent than NE)
when added to isolated perfused rat and rabbit kidneys
(Cairns et al., 1989; Ferrario et al., 1989; Perico et al.,
1990).

3. Glomerular function. a. GLOMERULAR FILTRATION
RATE. Intravenous administration of ET-1 in rats and
dogs produces a dose-dependent, sustained decrease in
GFR (Badr et al., 1989b; Cao and Banks, 1990; Choui et
al., 1990; Goetz et al., 1988; Hirata et al., 1989b; King et
al.,, 1989; Madeddu et al.,, 1989; Miller et al., 1989a).
Experiments with isolated perfused kidneys also dem-
onstrate that ET-1 reduces GFR (Cairns et al., 1988;
Ferrario et al., 1989; Perico et al., 1991). Decline of the
net filtration pressure across the glomerular capillary
(Edwards et al., 1990) and the K; (Badr et al., 1989a,b)
were postulated to contribute to the decrease in GFR.

However, low doses of ET-1 cause a greater increase in
efferent than afferent arteriolar contraction (King et al.,
1989). This would favor filtration, but a decline in K;
and a modest decrease in glomerular capillary flow rate
cause GFR to remain relatively constant at these low
doses of ET-1. Micropuncture studies of individual glo-
meruli demonstrate that ET-1 directly reduces K, (Badr
et al., 1989a,b; King et al., 1989; Kon et al., 1989). It was
postulated that mesangial contraction reduces filtering
surface area and K; (Badr et al., 1989b; Simonson and
Dunn, 1990a,b).

b. GLOMERULAR MESANGIAL CELLS. ET-1 contracts
and activates multiple cellular signaling pathways in
mesangial cells (Simonson et al., 1989; Simonson and
Dunn, 1990a,b). Several laboratories have demonstrated
an increase in mesangial [Ca®*}; in response to ET-1,
suggesting that increased [Ca®*); mediates the contractile
response (Badr et al., 1989a; Lin et al., 1991; Pernow et
al., 1989).

In addition to its potent contractile actions, ET-1 is
also a mitogen for mesangial cells in culture (Badr et al.,
1989a; Lopez-Farre et al., 1991b; Simonson et al., 1989;
Jaffer et al., 1990). ET-1 induces the expression of several
genes in quiescent mesangial cells, including the imme-
diate early response fos and jun family genes (Simonson
et al., 1992a), collagenase (Simonson et al., 1992a,b), and
platelet-derived growth factor A and B chains (Jaffer et
al., 1990).

Mesangial cells express both ET, and ETgy receptor
subtypes (Badr et al., 1989a; Baldi and Dunn, 1991), but
the receptor subtype responsible for the contractile and
mitogenic actions of ET on mesangial cells is not well
characterized (Simonson et al., 1989; Simonson and
Dunn, 1990a,b).

4. Tubular function. a. SODIUM EXCRETION. Systemic
infusion of ET-1 decreases natriuresis (sodium excre-
tion) because of the reduction in filtered load (Miller et
al., 1989a; Goetz et al., 1988; Hirata et al., 1989b). Infu-
sion of ET-1 also increases circulating aldosterone, which
may contribute to the antinatriuretic effect of circulating
ET-1 (see section VIIL.L). However, both the decrease in
filtered load and the increase in circulating aldosterone
occur when ET-1 is tested after systemic infusions (i.e.,
endocrine-signaling mode). In contrast, studies of the
isolated perfused kidney have consistently shown an
increase in sodium excretion (Ferrario et al., 1989; Perico
et al., 1990). Similarly, several studies document a natri-
uretic effect of ET-1 in vivo despite a decline in RBF
and GFR (Garcia et al., 1990; King et al., 1989; Perico et
al., 1991).

A possible explanation for these apparently contradic-
tory findings is that ET-1, acting in an intrarenal, par-
acrine, or autocrine mode, would be natriuretic, whereas
ET-1, acting in an endocrine mode, would be antinatri-
uretic (table 4).

b. WATER EXCRETION. Systemic infusion of pressor
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TABLE 4
Local (autocrine/paracrine) and systemic (endocrine) actions of
endothelin-1*
. Localt Systemic}
Blood vessels
Smooth muscle tone 1 )
Smooth muscle proliferation 1 ?
Endothelial PGI;/EDRF (NO) release 1 1
Heart
Contractility 1 18
Heart rate t It
Action potential duration 1
Arrhythmiat
ANP release ) 1
Coronary artery vasoconstriction ) )
Cardiac output s
Kidney
RBF/renal plasma flow l 11
GFR l 19
Na* excretion 1 1
Diuresis 1 i
Renin release l AR
Mesangial cell proliferation 1 ?
Adrenal gland
Aldosterone secretion (cortex) 1 1
Catecholamine secretion (medulla) 1 1
Reflex (neural) control
CNS
Sympathoadrenal activity 14t T
Vasopressin (antidiuretic hormone) 11t m
secretion
Peripheral reflexes
Baroreceptor sensitivity l -/t
Neuromuscular junction
Prejunctional l -/l
Postjunctional 1 1

* For details see text in sections VIII and IX.

t Local (direct) actions observed in isolated organs, tissues, or cul-
tured cells with exogenously administered ET-1.

1 Biological changes observed after intravenous systemic application
of ET-1 into intact animals. These effects are due to both direct and

§ The (opposite) effects observed after systemic ET-1 application
are due to severe coronary vasoconstriction-induced myocardial ische-
mia.

| Subpressor doses of ET-1 increase cardiac output due to venocon-
striction.

9 Decrease of RBF/RPF and GFR was observed after injection of
both pressor and subpressor doses of ET-1.

** The apparent antidiuretic and antinatriuretic actions were ob-
served after systemic application of pressor doses of ET-1. In contrast,
at subpressor doses (i.e., no effect on RBF or GFR) systemic application
of ET-1 causes natriuresis and diuresis.

tt The increased plasma renin activity observed after systemic ET-
1 application is due to indirect effects via activation of the sympathoad-
renal system and via renal vasoconstriction (stimulation of juxtaglo-
merular osmoreceptors).

11 Effect observed after intracerebroventricular (CNS) application
of ET-1 in intact animals.

11 Intravenous (systemic) application of ET-1.

doses of ET-1 decreased diuresis presumably indirectly
due to a reduction in RBF and GFR. However, in some
studies, systemic infusion of ET-1 increases diuresis
despite a decrease in RBF and GFR (Badr et al., 1989b;
Goetz et al., 1988). These studies suggested that ET-1

inhibits water reabsorption in the renal tubular network.
Indeed, ET-1 inhibits AVP-mediated cAMP accumula-
tion in the cortical collecting duct and in the outer and
inner medullary collecting duct (Tomita et al., 1990) and
inhibits AVP-stimulated water permeability in micro-
perfused inner medullary collecting duct segments (Oishi
et al., 1991).

Cultured rat inner medullary collecting duct cells ex-
press prepro-ET-1 mRNA and produce ET-1, both of
which are significantly inhibited by increasing media
osmolality (Kohan and Padilla, 1993). In cultured endo-
thelial cells, increased osmolality had no effect on ET-1
production. Urinary ET-1 excretion and inner medullary
collecting duct prepro-ET-1 mRNA expression were sig-
nificantly reduced in volume-depleted (high medullary
osmolality) versus volume expanded (low medullary os-
molality) rats (Kohan and Padilla, 1993). Because ET-1
is an autocrine inhibitor of inner medullary collecting
duct water and sodium reabsorption, these data suggest
that ET-1 may be an important link between volume
status and inner medullary collecting duct water and
sodium reabsorption.

C. Lung

1. Biosynthesis. Cultured guinea pig tracheal epithelial
cells produce ET-1, which is regulated by several growth
factors and cytokines (Endo et al., 1992); TGFg8, tumor
necrosis factor a, interleukins 1, 2, 6, and 8, and insulin-
like growth factor-1 increased ET-1 synthesis. Some of
them stimulated epithelial cell mitogenesis as well (in-
terleukins 2 and 6 and insulin-like growth factor-1). In
contrast, the growth factors epidermal growth factor,
PDGF, and granulocyte-monocyte colony-stimulating
factor promoted proliferation without a stimulation of
ET-1 synthesis. Thrombin stimulates ET-1 secretion
from rabbit tracheal epithelial cells (Rennick et al.,
1993). Endotoxin stimulates the production of ET-1 by
cultured guinea pig tracheal epithelial cells (Ninomiya et
al., 1991). ET-1 is secreted by human bronchial epithelial
cells and binds to human bronchial SMCs (Mattoli et

“al., 1990).

2. Airway smooth muscle. ET-1 is a potent constrictor
of smooth muscle in trachea and bronchus isolated from
mouse, rat, guinea pig, rabbit, and humans (Ninomiya et
al., 1992a; Uchida et al., 1988; Maggi et al., 1989a,d;
Advenier et al., 1990; Henry et al., 1990; Macquin-Mavier
et al., 1989; Grunstein et al., 1991a,b; Hay et al., 1993;
Sarria et al., 1990; McKay et al., 1991; Mattoli et al,,
1991b; O’Donnell et al., 1990; Battistini et al., 1990b, c;
White et al., 1991, 1992). Similar results were obtained
in vivo (Macquin-Mavier et al., 1989; White et al., 1991,
1992). Because of the three isopeptides, ET-1 proved to
be the most potent constrictor of airway smooth muscle
(Advenier et al., 1990), the response is probably mediated
by the ET, receptor subtype.

Removal of the epithelium potentiated the contractile
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effect of ET-1 (Maggi et al., 1989d; Hay et al., 1993),
suggesting that, similarly to the endothelium in blood
vessels, airway epithelium suppresses the direct smooth
muscle activation produced by ET-1. In rabbit trachea
half-maximally contracted with methacholine, low con-
centrations (<10~° M) of ET-1 caused a relaxation that
could be attenuated by indomethacin and removal of
epithelium (Grunstein et al., 1991a,b), suggesting that
smooth muscle relaxant prostanoids (e.g., PGI., prosta-
glandin E;) may mediate, at least in part, the relaxation.

Removal of the epithelium increased the responsive-
ness of isolated guinea pig trachea (Hay et al., 1993) and
guinea pig bronchus to ETs (Maggi et al.,, 1989d). In
trachea with epithelium, only phosphoramidon (but not
indomethacin, captopril, bacitracin, or leupeptin) mim-
icked the potentiation caused by epithelium removal,
suggesting that the increased responsiveness is caused
by removal of an epithelium-derived phosphoramidon-
sensitive peptidase (Hay et al., 1993). Indeed, epithelium
removal augmented ET-1- and ET-2-induced, but not
ET-3-induced, guinea pig tracheal contraction, an obser-
vation that could be mimicked by phosphoramidon
(Tschirhart et al., 1991), suggesting that enkephalinase
(EC 3.4.24.11) or another phosphoramidon-sensitive
peptidase in tracheal epithelium was able to degrade ET-
1 and ET-2 but not ET-3.

Intravenous administration of ET-1 (10~ mol/kg) to
guinea pigs caused tracheal smooth muscle relaxation,
followed by sustained contraction in vivo (White et al.,
1991). Both removal of the epithelium and indomethacin
attenuated the contraction but had no effect on the initial
relaxation. In contrast, topical application of ET-1 to the
epithelial surface of guinea pig trachea caused only a
contraction, which could be potentiated by epithelium
removal (White et al., 1992).

The signal transduction pathways mediating airway
smooth muscle contraction are less studied than those
present in vascular smooth muscle. Apparently, several
pathways are activated, including a stimulation of the
influx of extracellular Ca®>* (Advenier et al., 1990; Grun-
stein et al., 1991a,b), elevation of IP; (Grunstein et al.,
1991b), activation of PKC (Grunstein et al., 1991b),
increases in cyclooxygenase metabolites of arachidonic
acid (Macquin-Mavier et al., 1989; McKay et al., 1991;
O’Donnell et al., 1990), and increases in PAF (Battistini
et al., 1990c).

ET-1 also causes a bronchoconstriction in vivo (Mac-
quin-Mavier et al., 1989) that can be potentiated by the
B-adrenoceptor antagonist propranolol. These findings
suggest that systemic ET-1-induced sympathetic activa-
tion may counteract the direct bronchoconstrictor activ-
ity of the peptide. Indeed, the 8-adrenoceptor agonist
isoprenaline effectively attenuated the ET-1-induced air-
way smooth muscle contraction in vitro (Maggi et al.,
1989a,d).

3. Airway epithelium. ET stimulates chloride secretion

across canine tracheal epithelium (Plews et al., 1991;
Tamaoki et al., 1991b; Satoh et al., 1992). The response
was inhibited by the Na*/Cl~ cotransport inhibitor, fu-
rosemide. It was evoked with equal potency by ET-1 and
ET-2, whereas ET-3 was less active, suggesting that the
ET, receptor subtype on epithelial cells mediates the
response. Indomethacin attenuated the response, sug-
gesting that cyclooxygenase metabolite(s) of arachidonic
acid may be involved (Plews et al., 1991; Satoh et al.,
1992). ET-1 increased [*H]arachidonate release and also
increased [Ca?*]; and cAMP in these epithelial cells
(Plews et al., 1991).

ET stimulates mucus glycoprotein secretion from
feline tracheal submucosal glands via an elevation of
[Ca®*]; (Shimura et al., 1992).

ET-1 stimulates ciliari beat frequency in cultured ca-
nine tracheal epithelial cells by elevating [Ca®**]; (Ta-
maoki et al,, 1991b), suggesting that the peptide may
play a role in modulating airway mucociliary transport
function.

ET-1 (0.1 to 100 nM) inhibited methacholine and
phenylephrine-stimulated ferret tracheal submucosal
gland secretion of mucus and lysosomal enzymes and of
active albumin transport across the epithelium (Yurda-
kos and Webber, 1991; Webber et al., 1992).

D. Gastrointestinal Tract

1. Biosynthesis. Primary cultures of myenteric neu-
ronal cells (but not glia cells, fibroblasts, or SMCs) from
neonatal rat intestine express prepro-ET-1 mRNA and
secrete mature ET-1. Membrane depolarization or vera-
tridine had no affect on the rate of ET-1 secretion.

Rabbit gastric epithelial (mucosal) cells in culture
produce ET-1, which can act in a paracrine manner on
blood vessels and other tissues in the mucosa (Ota et al.,
1991).

2. Smooth muscle. ET-1 is a potent vasoconstrictor in
the isolated perfused rat stomach (Peskar et al., 1992;
Wallace et al., 1989a,b). Similar observations were made
in the rat stomach in situ after intravenous or intraar-
terial injections of ET (Wallace et al., 1989a,b; Whittle
and Esplugues, 1988; Whittle and Lopez Belmonte, 1991;
Masuda et al., 1992; Peskar et al., 1992). ET-1 was 10
times more potent than ET-3 in causing gastric vasocon-
striction after intravenous injection (Wallace et al.,
1989b), suggesting that ET, receptors mediate the re-
sponse.

In the isolated guinea pig ileum, cumulative applica-
tion of ET-1 had only minor effects on smooth muscle
tone, probably because of rapid desensitization (Borges
et al., 1989b). However, when ET-1 was applied in a
noncumulative fashion, it caused a biphasic response: an
initial transient relaxation, followed by a sustained con-
traction (Lin and Lee, 1990). Competitive binding assays
and affinity-labeling studies indicated a single class of
binding sites for ET in the guinea pig ileum (Galron et
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al., 1991; Wollberg et al., 1991). However, the biphasic
smooth muscle response (Lin and Lee, 1992) and cross-
tachyphylaxis observed between ET isopeptides (Miasiro
and Paiva, 1992) demonstrated the existence of at least
two different receptor types in this tissue. Indeed, the
initial relaxation was suggested to be mediated by the
ETs receptor subtype (BQ-123 had no effect, and ET-1
and ET-3 were equipotent) (Lin and Lee, 1992; Hiley et
al., 1992), whereas the sustained contraction was me-
diated by ET, receptors (BQ-123 effectively antagonized
it, and ET-1 was more potent than ET-3) (Lin and Lee,
1992; Hiley et al., 1992). In contrast, in the longitudinal
muscle of guinea pig ileum, the three isopeptides were
equipotent in evoking contractions (Yoshinaga et al.,
1992), suggesting that the ETp receptor mediates the
contraction. Urade et al. (1992) reported that the selec-
tive ETy receptor antagonist, IRL 1038, antagonized ET-
3-induced contractile responses in the guinea pig ileum.
It appears, therefore, that both ET, and ETy receptors
are present, and both may mediate contractions in the
guinea pig ileum.

Similar to ET-1 and ET-3, the COOH-terminal hexa-
peptide ET-1 (16 to 21) induced relaxation followed by
contraction in the guinea pig ileum (Miasiro and Paiva,
1990a; Miasiro et al., 1993). In contrast to ET-1 and ET-
3, however, the COOH-terminal peptide caused no de-
sensitization (tachyphylaxis). These findings suggest
that, whereas the COOH-terminal domain is responsible
for the biological effect, the NH,-terminal domain may
be responsible for the strong binding and tachyphylaxis
of ET-1 and ET-3.

The signal transduction pathways and cellular mech-
anism(s) of ET-1-induced relaxation and contraction of
intestinal smooth muscle are not clarified yet.

3. Intestinal mucosa. In isolated rat colon, ET-1 stim-
ulates an ion transport that involves ET, receptors and
may be mediated, in part, by PAF and prostanoids (Ki-
yohara et al., 1993; Brown and Smith, 1991).

In contrast to an ET-1-induced direct action on intes-
tinal smooth muscle (i.e., tetrodotoxin and cholinergic
or adrenergic antagonists had no effect) (Lin and Lee,
1990), stimulation of colonic mucosal secretion by ET-1
could be attenuated by tetrodotoxin and atropine (Ki-
yohara et al., 1993). These latter data suggested that ET-
1-induced colonic mucosal secretion is mediated, at least
in part, by submucosal cholinergic nerves.

E. Liver

Sinusoidal endothelial cells produce ET-1, which can
be stimulated by T'GF; (Rieder et al., 1991). After intra-
venous injection of 1?*I-ET-1, significant binding of ET-
1 was detected in the liver (Furuya et al., 1992). Electron
microscopic autoradiography revealed that the fat-stor-
ing cells had the highest binding, followed by Kupfer
cells and liver cells. Fat-storing cells internalized into

their cytoplasm most of the bound ET-1 (Shiba et al.,
1989; Sirvio et al., 1990).

ET-1 binds to hepatocytes with high affinity and is
rapidly internalized (Gandhi et al., 1992a). ET-1 stimu-
lates PI hydrolysis in these cells with an EDg of 1 pM
via a pertussis toxin-sensitive G-protein.

ET-1 causes portal vessel constriction and glycogeno-
lysis in the perfused rat liver (Gandhi et al., 1990; Ser-
radeil Le Gal et al., 1991b; Tran Thi et al., 1993; Yang
et al, 1990a). Whereas the glycogenolytic effect was
rapidly desensitized after repeated ET-1 challenge, the
vasoconstrictor effect was not, suggesting the involve-
ment of two different receptors. ET-1 had no effect on
liver cell cAMP but increased [Ca®*];. The glycogenolysis
effect was abolished by Ca®*-free solution but not by
Ca’* antagonists. Glycogen phosphorylase enzyme was
stimulated in hepatocytes by ET-1 with an ECs, of 0.03
pM (Serradeil Le Gal et al., 1991b).

In addition to stimulation of glycogenolysis and vaso-
constriction (Tran Thi et al., 1993), several biological
(pharmacological) actions of ET-1 were observed in var-
ious tissues in the liver, including contraction of bile
canaliculi in isolated rat hepatocytes (Kamimura et al.,
1993), contraction of sinusoidal stellate cells associated
with an increase in [Ca®*]; and IP; formation (Kawada
et al., 1993), cholestasis due to an increase in portal
pressure (Isales et al., 1993), and mediation of ethanol-
induced vasoconstriction (i.e., anti-ET-1 antibody caused
approximately 80% inhibition of ethanol-induced vaso-
constriction in rat liver) (Oshita et al., 1993). In perfused
rat liver, the ET-1 induced glycogenolysis, and elevation
in portal pressure can be attenuated by the stable PGI,
analog iloprost and by the NO donor Sin-1 (Tran Thi et
al., 1993).

F. Urinary Tract

ET-binding sites have been localized in the lower
urinary tract (bladder and urethra) of the rabbit (Garcia
Pascual et al., 1990), pig (Persson et al., 1992), and
human (Maggi et al., 1989a,c, 1990; Konda et al., 1992).
ET-1 is synthesized by the epithelium and SMCs of the
urinary bladder, and ET receptor subtypes were identi-
fied on bladder smooth muscle (Traish et al.,, 1992),
suggesting autocrine and paracrine regulation of bladder
function by the peptide. Indeed, ET-1 is a potent con-
strictor of human (Maggi et al., 1989a,c), porcine (Pers-
son et al., 1992), rat (Secrest and Cohen, 1989; Lecci et
al., 1991), and rabbit (Garcia Pascual et al., 1990) urinary
bladder. The contractions induced by ET-1 are accom-
panied by an elevation of intracellular [Ca®*] and stim-
ulation of PI hydrolysis in isolated pig urinary bladder
detrusor muscle (Persson et al.,, 1992) and in rabbit
detrusor and urethral smooth muscle (Garcia Pascual et
al., 1993).

Intracerebroventricular administration of ET-1 or ET-
3 (100 pmol) to rats inhibited the supraspinal micturition

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

ENDOTHELINS 367

reflex (Lecci et al., 1991). Guanethidine or vagotomy had
no effect. Intravenous injection of ET-1 (350 pmol) also
inhibited supraspinal micturition reflex with a delay of
several minutes, which could be attenuated by guaneth-
idine.

G. Female Reproductive System

1. Uterus. a. BIOSYNTHESIS BY THE ENDOMETRIUM.
IrET-1 was detected in glandular epithelium and vascu-
lar endothelium of human endometrium and myomet-
rium (Cameron et al.,, 1992). Specific immunostaining
for ET-1 was observed in the endometrium, but not the
myometrium, of rabbit uterus (Maggi et al., 1991). IrET-
1 is produced by rabbit endometrial, but not myometrial
cells, in culture (Orlando et al., 1990). ET-1 secretion
from primary cultures of rabbit endometrial cells is stim-
ulated by the neurohypophyseal hormones oxytocin and
vasopressin (Orlando et al. 1990). Human endometrial
adenocarcinoma cells express ET-1 (Pekonen et al.,
1992).

Human endometrium contains specific binding sites
for ET-1 and ET-3 (Davenport et al., 1991), and ET-1
stimulates PI hydrolysis and prostaglandin F,, synthesis
(Cameron et al., 1991) from explants of proliferative
human endometrium in culture (Ahmed et al., 1992).

b. BINDING AND ACTION IN MYOMETRIUM. Both ET,
(ET-1 > ET-3) and ETg (ET-1 = ET-3) receptor sub-
types are present in rabbit myometrium (Maggi et al.,
1991). Rat myometrium has '*I-ET-1-binding sites
(Borges et al., 1989b) and contains an ET receptor dif-
ferent from that of uterine vascular tissue (low affinity
vs. high affinity, respectively). ET-1-binding sites are
present in human nonpregnant and pregnant uteri and
uterine blood vessels (Svane et al., 1993). The existence
of ET, receptors in human myometrium was demon-
strated by expressing them in X. laevis oocytes (Kimura
et al., 1992).

In premenopausal, nonpregnant or pregnant women,
myometrial ET-binding sites are more abundant than in
the myometrium of postmenopausal women (Schiff et
al., 1993), suggesting that myometrial ET receptors are
under the control of ovarian steroid hormones.

ET-1, ET-2, and ET-3 cause contraction of rat (Borges
et al., 1989b; Kozuka et al., 1989; Sakata et al., 1989),
rabbit (Suzuki, 1990), guinea pig (Eglen et al., 1989),
sheep (Yang and Clark, 1992), and human uterus (Svane
et al., 1993). ET-1 causes two types of contractions in
rat uterus: phasic (rhythmic) contractions, which can be
inhibited by Ca?* channel antagonists, and tonic con-
tractions, which are extracellular Ca?* concentration de-
pendent but insensitive to Ca?* channel antagonists (Ko-
zuka et al., 1989). ET-1 contracts both nonpregnant and
midpregnant rabbit uterus, being more potent in non-
pregnant uterus (Suzuki, 1990). The phasic, but not the
tonic, contractions could be inhibited by Ca®* channel
antagonists.

In cultured human myometrial cells ET-1 dose-de-
pendently increased [Ca®*]; (Maher et al., 1991). Ca**
channel antagonists reduced the effect by approximately
50%, whereas removal of extracellular Ca** abolished it.
ET-1 induces PI hydrolysis in nonpregnant (Wollberg et
al., 1992a,b) and pregnant rat uteri (Okawa et al., 1991).
ET-3 increases [Ca**]; and causes myosin light chain
phosphorylation in human myometrium (Word et al.,
1990).

2. Placenta and amnion. Human placenta expresses
prepro-ET-1 mRNA and produces equal amounts of big
ET-1, ET-1, and ET-3 and very low amounts of ET-2
(Benigni et al., 1991a). ET-1 is synthesized in the human
amnion and can penetrate fetal membranes and the
endometrium toward the myometrium (Eis et al., 1992).

3. Estrus and menstrual cycle. Prepro-ET-1, -ET-2,
and -ET-3 mRNA are present in human endometrium
in all phases (proliferative, secretory, and menstrual) of
the menstrual cycle (O’Reilly et al., 1992). The ratio of
ET. and ETg receptor mRNA, however, changes during
the cycle. In the proliferative phase, only ETA mRNA
could be identified, whereas in the later phases, an in-
crease in ETg receptor mRNA occurred. Low-level im-
munostaining for ET was found in the stromal human
endometrium throughout the menstrual cycle (Salamon-
sen et al., 1992). Strong staining was present in luminal
epithelium during the secretory phase and in glandular
epithelium in the late secretory phase.

The effect of ETs was studied on rat uterus at different
stages of the estrus cycle (Wollberg et al., 1992b). The
rank order of sensitivity of the uterus to the contractile
effect of ET's was proestrus > estrus > metestrus.

The exact mechanism of menstruation is not fully
understood. Specifically, it is not clear what mediates
the progesterone withdrawal-related vasoconstriction of
the spiral arteries. It is believed that uterine prostaglan-
dins, increased during menstruation, may be responsible
for this vasoconstriction. Prostaglandins, however, may
not be the only factor initiating menstruation because
inhibitors of prostaglandin biosynthesis do not prevent
menstruation.

A steroid-dependent degradation system of ET-1
(NEP) has been identified in the human endometrium.
It has been found that NEP is a progesterone-dependent
protein in human endometrium. It correlates with plasma
progesterone levels in a highly significant manner (Casey
et al., 1992).

It has been suggested that the decreasing endometrial
enkephalinase at the time of luteolysis, together with the
increase in the synthesis of ET-1 by stromal cells, may
result in the increase in the local concentration of ET-1
and, in turn, in menstruation (Casey et al., 1992). Thus,
the ET-1/enkephalinase system in the endometrium may
be considered an important mechanism of menstruation
in humans.

4. Sexual steroid hormones. Ovarian steroid hormones
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changed the localization of ET-1 in rabbit endometrium:
in immature animals, ET-1 was present in epithelial
cells, whereas after estrogen treatment, the peptide was
localized primarily in stromal cells of the endometrium.

178-Estradiol treatment (but not estradiol + proges-
terone treatment) significantly increased ET receptors
in rabbit myometrium (Maggi et al., 1991). However,
estradiol failed to affect ET receptor number in primary
cultures of rabbit myometrium (Maggi et al., 1991), sug-
gesting that the effect is not direct, but other mediators
are also involved.

Uterus from ovariectomized rats showed weak respon-
siveness to ET’s. 178-Estradiol treatment increased sen-
sitivity significantly (Wollberg et al., 1992a).

Studying sexual dimorphism in circulating plasma
irET levels, Polderman et al. (1993) found that the irET
level is higher in men than in women and higher in
nonpregnant than in pregnant women. In 12 male-to-
female transsexuals treated with 178-estradiol and cy-
proterone acetate, the irET level decreased significantly,
whereas in 13 female-to-male transsexuals treated with
testosterone, irET levels increased significantly (Pold-
erman et al., 1993). These findings indicate that male
and female sexual steroid hormones have opposite effects
on irET levels.

H. Male Reproductive System

ET-1 gene is expressed and mature ET-1 is synthesized
and secreted in rat testicular Sertoli cells (Ergul et al.,
1993), irET was detected in the seminal fluid (Casey et
al., 1992), and specific ET-1 binding sites were detected
on rat testicular Leydig cells (Ergul et al., 1993). In
Leydig cells isolated from rat testis, ET-1 and, to a lesser
extent, ET-3 stimulate basal and human chorionic go-
nadotropin-induced testosterone production (Conte et
al., 1993). Indomethacin had no effect, but nifedipine
abolished ET-induced testosterone secretion. In a murine
Leydig tumor cell line (MA-10), ET-1 stimulated an
approximately 6-fold increase of progesterone production
and enhanced the expression of c-jun and c-myc pro-
tooncogenes. However, in contrast to epidermal growth
factor, ET-1 caused no mitogenesis in these cells.

These findings suggest that ET-1 may play a role in
modulating steroid production in the testis via a para-
crine mechanism.

I Eye

1. Biosynthesis. High levels of prepro-ET mRNA have
been found in the rat (MacCumber et al., 1989) and
rabbit (MacCumber et al., 1991) eye. In the rat, the levels
of ET mRNA in the iris are among the highest of all
tissues analyzed (MacCumber et al., 1989). IrET-1 and
irET-3 are present in the rat (MacCumber et al., 1989)
and rabbit eye (MacCumber et al., 1991). IrET-3 levels
are much higher than irET-1 levels, and irET-3 is most
concentrated in the iris and ciliary body in the rat and
rabbit eye (MacCumber et al., 1989, 1991). The source

of ETs is uncertain, but vascular endothelial cells and
neurons are the most likely sites of production.

Dense ET-binding sites are present in the iris, choroid,
and retina in the rat eye (MacCumber et al., 1989).
Mature ET-1 is produced by cultured human retinal
microvascular endothelial cells (Takahashi et al., 1989),
and these endothelial cells and corresponding pericytes
contain high-affinity-binding sites for ET-1 (Takahashi
et al., 1989).

2. Action. The reported biological (pharmacological)
effects of ET's in tissues of the eye include stimulation
of contraction and mitogenesis of human retinal peri-
cytes in vitro (Chakravarthy et al., 1992; Granstam et
al.,, 1992). Other effects include rapid and reversible
contraction of isolated retinal branches of bovine short
posterior ciliary arteries (Nyborg et al., 1991), constric-
tion of iris and preretinal blood vessels in the rabbit eye
(MacCumber et al., 1991), constriction of the pupil and
attenuation of the light response, and a marked reduction
of intraocular pressure in the rabbit eye (MacCumber et
al., 1991). The decrease in intraocular pressure is prob-
ably due to reduced production of aqueous humor by the
ciliary body rather than by an increased outflow
(MacCumber et al., 1991).

The effect of ET-1 and ET-3 on pupil size in the rabbit
eye depends on whether they are applied in vivo or in
vitro. In vitro both ET-1 and ET-3 cause pupillary con-
striction. In vivo, however, ET-1 causes dilation, and
ET-3 inhibits the light response. Two different receptors
were identified in the eye: an ET, receptor, presumably
on vascular tissue, and an ETy receptor, on the pupillary
sphincter (MacCumber et al., 1991).

In bovine retinal pericytes, ET-1 causes contraction
with a potency much higher than any other agonist tested
(Ramachandran et al., 1993).

In a coculture system, HUVEC cells stimulate bovine
retinal pericyte proliferation, which is mediated by ET-
1 produced by the endothelial cells (Yamagishi et al.,
1993). Retinal endothelial cells and pericytes influence
each others’ function (metabolic activity, growth/prolif-
eration), and coculture of these cells activates latent
TGF§B. Because active TGFS stimulates expression of
the ET-1 gene in endothelial cells and the secreted ET-
1 acts on pericytes, it is tempting to speculate that this
biofeedback mechanism plays some role in the mainte-
nance of normal retinal microvascular function. Dys-
function of this system in diabetes or hypertension may
play a pathogenic role in microangiopathies in the eye
(see section X).

J. Bone

Bone marrow-derived mast cells synthesize and secrete
ET-1 and have specific ET receptors (Ehrenreich et al.,
1992), suggesting that ET-1 may be involved in media-
ting long-term changes in the microenvironment of mast
cells, including bone remodeling.
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There is an abundance of ET-producing endothelial
cells with close proximity to bone-resorbing osteoclasts
in the bone marrow, and ET could be localized in osteo-
clasts themselves (Sasaki and Hong, 1991). Osteoclastic
bone resorption (studied by settling disaggregated osteo-
clasts from neonatal rat long bones on devitalized cortical
bone substrate) was significantly suppressed by ET-1 in
a dose-dependent manner (ECs 2.6 nM), without inhib-
iting acid phosphatase secretion (Alam et al., 1992). ET-
1 (ECs 8 nM) significantly suppressed, in a reversible
fashion, mobility of isolated osteoclasts without changing
[Ca?*); in these cells (Alam et al., 1992).

In osteoblast-like MC3T3-E1 cells, ET-1 stimulated
[*H]thymidine incorporation, synergistically stimulated
PDGF-induced [*H]thymidine incorporation (ECs 2.5
nM), and tyrosine phosphorylated several proteins
(Schvartz et al., 1992).

In UMR 106 osteoblastic cells, ET-1 increased [Ca®*];
and PI hydrolysis but had no effect on cAMP levels
(Tatrai et al., 1992b). Ca’* channel blockers had no
effect, but removal of extracellular Ca?* attenuated the
Ca®* transient. In cultured osteoblastic cells from rat
calvariae ET-1 activates PL.C and mobilizes intracellular
Ca** (Takuwa et al., 1989b, 1990b).

In contrast to the direct suppression of osteoclast
activity and stimulation of osteoblast proliferation, ET-
1 stimulated bone resorption in neonatal mouse calvaria
and fetal rat limb bone cultures, effects that could be
inhibited by indomethacin (Tatrai et al., 1992a). ET-1
stimulated collagen and noncollagen protein synthesis
only in the presence of indomethacin, suggesting that
the catabolic actions of ET-1 are mediated by endoge-
nous prostaglandins, compounds that mask the direct
anabolic effect of the peptide on bone metabolism. ET
stimulated PI hydrolysis, an effect that may be involved
in the anabolic actions of ET-1. Based on these obser-
vations, a potential role for ETs in bone remodeling was
proposed (Tatrai et al., 1992a,b).

K. Skin

Human keratinocytes in culture express prepro-ET-1
mRNA and secrete mature ET-1 (Yohn et al., 1993). In
the human epidermal-melanin unit, melanocytes produce
melanin and transfer it to neighboring keratinocytes,
which in turn produce factors that regulate melanocyte
function. ET-1 stimulates growth and tyrosinase activity
in human skin melanocytes.

ET-1 may act in an anti-inflammatory manner follow-
ing its stimulated local production by inflammatory cy-
tokines and as a consequence of its potent vasoconstric-
tor activity. Indeed, ET-1 inhibited edema formation and
neutrophil accumulation induced by chemotactic agents
in rabbit skin (Brain et al., 1989). In human skin, ET-1
evoked vasoconstriction, which was surrounded by a
flare, due to increased blood flow presumably as a con-
sequence of an axon reflex (Brain et al., 1989). However,

Biosynthesis

Action

Fi1G. 12. Interaction at the level of biosynthesis/release and biolog-
ical activity between ET-1 and various hormones. For details, see
section VIILL. ?, Effect unknown; Ang II, angiotensin II.

intrademal injection of ET-1 together with formyl-Met-
Leu-Phe did not suppress neutrophil accumulation in
rats (Chander et al., 1989).

L. Endocrine Systems

ETs interact with several endocrine systems and hor-
mones, including the renin-angiotensin system, aldoster-
one, AVP, and atrial natriuretic peptide. These interac-
tions exist at the level of both biosynthesis and biological
actions (fig. 12).

1. Renin-angiotensin system. ET modulates renal and
extrarenal renin secretion in vivo and in vitro, stimulates
angiotensin II production, and synergizes with many of

the biological actions of angiotensin II, which stimulates

ET-1 production in endothelial cells (fig. 12).

a. RENIN. Both in vitro and in vivo studies suggest that
ET can modulate the secretion of renin from the juxta-
glomerular cells of the renal cortex. However, these stud-
ies lead to apparently opposite results: in vitro ET-1
invariably suppressed renin secretion, whereas injection
of ET-1 into animals either did not affect or increased
plasma renin activity.

ET-1 suppresses renin secretion from isolated perfused
rat kidney (Munter and Hackenthal, 1989), rat kidney
cortical slices, dispersed rat juxtaglomerular cells (Mat-
sumura et al., 1989¢; Moe et al., 1991), and isolated rat
glomeruli (Rakugi et al., 1988; Takagi et al., 1988, 1989).
In isolated perfused rat kidney, ET-3 also suppressed
renin release (Yamada and Yoshida, 1991). ET-1 sup-
pressed not only basal, but also isoproterenol-induced,
release of renin from isolated juxtaglomerular cells (Moe
et al., 1991; Takagi et al., 1988).

The direct inhibitory action of renin release by ET-1
in these in vitro preparations is mediated by an elevated
intracellular calcium level, because (a) a decrease in the
cytosolic Ca®** concentration in juxtaglomerular cells [by
removal of extracellular Ca?* or by treatment with Ca®*
chelators (e.g.,, BAPTA) (Moe et al., 1991; Rakugi et al.,
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1988) or Ca?* antagonists (TMB-8; Takagi et al., 1989)]
stimulates renin release and (b) removal of extracellular
Ca’ prevented the inhibitory effect of ET-1 in juxtaglo-
merular cells (Takagi et al., 1988, 1989) in renal cortical
slices (Matsumura et al., 1989c¢) and in isolated perfused
rat kidney (Munter and Hackenthal, 1989).

In contrast to findings in vitro, systemic injection of
pressor doses (>0.2 nM/kg) of ET-1 to anesthetized
(Miller et al., 1989a; Otsuka et al., 1989) or conscious
(Goetz et al., 1988; Nakamoto et al., 1989) dogs caused
significant elevation of plasma renin activity. Subpressor
doses of ET-1 caused no changes in plasma renin activity
in conscious rats (Madeddu et al., 1989) or even signifi-
cantly reduced it in anesthetized dogs (Otsuka et al.,
1989) and conscious normal and cirrhotic rats (Claria et
al,, 1991a,b). Similar observations were made in healthy
human volunteers, in whom infusion of 1 to 5 ng/kg/min
ET-1, which elevated plasma irET-1 to levels similar to
that found in several pathological conditions, increased
diastolic blood pressure, reduced heart rate and renal
plasma flow, and increased renal vascular resistance but
had no effect on plasma renin activity (Gasic et al., 1992;
Vierhapper et al., 1990). Similarly to the in vitro findings,
infusion of ET-1 (1-4 ng/kg/min) directly into the renal
artery decreased renin release significantly in anesthe-
tized dogs (Chou et al., 1990) and in anesthetized rats
(Matsumura et al., 1989a). In conscious rats, ET-1 anti-
serum decreased plasma renin activity and increased
urinary sodium excretion (Yamada and Yoshida, 1991).
Subcutaneous infusion of ET-1 for a week (0.2 mg/kg/
h) decreased plasma renin activity in rats (Mazzocchi et
al., 1990b).

In extrarenal tissues (e.g., human decidua) ET-1, ET-
2, and ET-3 stimulated (rather than inhibited, as in the
kidney) prorenin and renin release (Chao et al., 1993).
The cause of opposite effects of ETs on renal and extra-
renal renin production is not understood.

b. ANGIOTENSIN-CONVERTING ENZYME AND ANGIO-
TENSIN 1I. Although ACE inhibitors do not affect the
conversion of pro-ET-1 (big ET-1) to ET-1 (Komuro et
al., 1988), several studies suggested an interaction be-
tween the two systems. Infusion of ET-1 (5 pmol/kg/
min) for 7 days into rats caused a sustained increase in
mean arterial blood pressure without changes in plasma
angiotensin II level. Coinfusion of captopril (1 mg/kg/h)
prevented ET-1-induced hypertension, suggesting either
that elevation of blood pressure is caused by ET-1-
induced stimulation of the renin-angiotensin system or
that existing levels of angiotensin II “permit” or facilitate
ET-1-induced vasoconstriction (Takeshita et al., 1991).

Similar observations were made by Yasujima et al.
(1991) who found that elevation of mean arterial blood
pressure by a 24-hour infusion of ET-1 (60 ng/kg/day)
to rats could be prevented by captopril and enalapril.
Because the effect of these ACE inhibitors could be
reversed by infusion of subpressor doses of angiotensin

II, these authors postulated that the ACE inhibitors act
by reducing the sensitivity of blood vessels to ET-1 (i.e.,
subpressor levels of angiotensin II increase the respon-
siveness). This hypothesis was supported by the finding
that treatment of SHR with enalapril reduced the ET-1
sensitivity of perfused hearts isolated from these animals
(Takeshita et al., 1991).

In the isolated perfused rat heart, captopril reversed
the ET-1-induced coronary vasoconstriction (Neubauer
et al., 1990). Neubauer et al. suggested an alternative
mechanism for the ACE inhibitors: vasodilation by in-
hibiting the breakdown of bradykinin, which in turn
stimulates the synthesis/release of the potent endoge-
nous vasodilator EDRF (NO).

In cultured HUVECS, captopril and enalapril inhibit
calf serum-induced ET release (Yoshida and Nakamura,
1992). Angiotensin II or ACE had no effect, but brady-
kinin and sodium nitroprusside inhibited ET production.
These findings suggest that by inhibiting bradykinin
breakdown, ACE inhibitors may increase EDRF (NO)
production, which inhibits ET-biosynthesis (Boulanger
and Luscher, 1990).

Another potentially important interaction between ET
and the renin-angiotensin system was identified by Ka-
waguchi et al. (1990, 1991). In cultured pulmonary arte-
rial endothelial cells, ET-1 dose-dependently increased
the conversion of angiotensin I to angiotensin II by an
enalapril-sensitive mechanism. ET-1 (1078 M) stimulated
ACE activity 2.5-fold in these cells.

As described above, ET-1 can augment the production
of angiotensin II, by elevating plasma renin activity and/
or by enhancing ACE activity. Angiotensin II is one of
the most potent stimulators of ET-1 synthesis/release
(Scott-Burden et al., 1991). Angiotensin II and ET-1 act
synergistically to induce vasoconstriction, VSMC prolif-
eration, and aldosterone secretion from the adrenal cor-
tex (Cozza et al., 1992).

2. Aldosterone. Specific ET-binding sites exist in the
aldosterone-producing zona glomerulosa of the adrenal
gland, and ETs stimulate aldosterone secretion both in
vitro and in vivo. There are no data available concerning
the effect of aldosterone on ET-1 production. Aldoster-
one and ET-1 influence renal tubular Na* reabsorption
in opposite directions (i.e., stimulation by aldosterone
and inhibition by ET-1) (fig. 12).

Tissue autoradiography studies revealed significant
13[.ET-1 binding in the medulla and zona glomerulosa
(but not in zona fasciculata or reticularis) of the rat
adrenal gland (Kohzuki et al., 1989b; Koseki et al., 1989).
Similar specific ET-1 binding was demonstrated in cul-
tured bovine adrenal glomerulosa cells (Cozza et al., 1989,
1992; Gomez-Sanchez et al., 1990) and in porcine, hu-
man, and rat adrenal gland (Nakamoto et al., 1991).

In bovine adrenal glomerulosa cells ET-1 stimulates
aldosterone (but not cortisol) secretion with an ECg of
300 pM (Cozza et al., 1992). Angiotensin II is a more
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potent agonist (ECs 40 pM). ET-1 potentiates angioten-
sin II-induced aldosterone secretion (Cozza et al., 1992).
ET-1 was more potent than ET-3, suggesting that the
ET receptor subtype mediates this effect in the bovine
adrenal gland (Cozza et al., 1989; Gomez-Sanchez et al.,
1990).

However, in isolated rat glomerulosa cells, ET-1, ET-
2, and ET-3 were equipotent in stimulating aldosterone
secretion, suggesting that ETy receptors mediate the
response in the rat adrenal tissue (Hinson et al.,
1991a,b,c). In frog adrenocortical slices, ET-1 stimulates
both aldosterone and corticosterone secretion, which
could be inhibited by inhibitors of prostaglandin synthe-
sis and Ca?* entry blockers (Delarue et al., 1990). In rat
dispersed zona glomerulosa cells, ET-1 stimulates aldos-
terone and corticosterone secretion and potentiates adre-
nocorticotropic hormone-induced aldosterone secretion
(Mazzocchi et al., 1990a). In rabbit dispersed adrenal
capsular cells, ET-1 stimulated aldosterone secretion
with an ECg of 107* M (Morishita et al., 1989). In
dispersed rat adrenal glomerulosa cells, ET-1 did not
affect basal release but potentiated adrenocorticotropic
hormone- and 8-Br-cAMP-induced aldosterone secretion
(Rosolowsky et al., 1990). In rat adrenal glomerulosa
cells, ET-1 stimulates aldosterone secretion via IP; for-
mation and elevation of [Ca’*]; (Woodcock et al., 1990).
Angiotensin II was more potent than ET-1 or vasopres-
sin.

In slices of normal human adrenal cortex, ET-1 stim-
ulates aldosterone but not cortisol secretion (Zeng et al.,
1992). However, ET-1 had no effect on adrenocortical
adenomatous tissue from patients with primary hyper-
aldosteronism (Zeng et al., 1992).

In the perfused rat adrenal gland, adrenocorticotropic
hormone stimulates the release of ET-1 (Hinson et al.,
1991c). In rat and human dispersed zona glomerulosa
cells, ET-1 and ET-3 stimulate aldosterone secretion
(Hinson et al., 1991a). In good agreement with these in
vitro observations, systemic injection of ET-1 in vivo
elevated plasma aldosterone levels in anesthetized dogs
(Tsuchiya et al., 1990b,c; Miller et al., 1989a), in con-
scious dogs (Goetz et al., 1988), and in conscious rats
(Mazzocchi et al., 1990b).

Subcutaneous infusion of ET-1 (0.2 mg/kg/h) to con-
scious rats for a week increased mean arterial blood
pressure and circulating levels of aldosterone and caused
hypertrophy of the zona glomerulosa (but not the zona
fasciculata) in the adrenal gland (Mazzocchi et al.,
1990b). Zona glomerulosa cells isolated from these ani-
mals secreted significantly more aldosterone and corti-
costerone under basal conditions than did cells isolated
from untreated rats (Mazzocchi et al., 1990b).

3. Arginine vasopressin. Several interactions between
ETs and AVP have been described, including stimulation
of ET-1 production by AVP, stimulation of AVP secre-

tion by ETs, and synergism, as well as antagonism, in
their biological activities (fig. 12).

a. ARGININE VASOPRESSIN STIMULATES ENDOTHELIN
SYNTHESIS/RELEASE. Infusion of AVP to conscious dogs
increased plasma irET-1 levels (Emmeluth and Bie,
1992). AVP stimulates ET production in human mesan-
gial cells (Bakris et al., 1991), in rat mesangial cells
(Sakamoto et al., 1992), in cultured bovine aortic endo-
thelial cells (Emori et al., 1991b), and in primary cultures
of rabbit endometrial cells (Oishi et al., 1991). ET and
AVP are colocalized in freshly harvested rabbit aortic
endothelial cells (Milner et al., 1990; Loesch et al., 1991).
In human mesangial cells, AVP-induced mitogenic action
is apparently mediated by ET-1, because ET-1 antibodies
suppressed the mitogenic action of AVP (Bakris et al.,
1991). In cultured bovine endothelial cells, AVP-induced
ET-1 production is mediated by V, vasopressinergic
receptors (Emori et al., 1991b). AVP induces ET-1 gene
expression in cultured bovine carotid endothelial cells
(Imai et al., 1992b).

b. ENDOTHELINS STIMULATE ARGININE VASOPRESSIN
SECRETION IN THE NEUROHYPOPHYSIS AND ELEVATE
PLASMA LEVELS OF ARGININE VASOPRESSIN. Infusion of
ET-1 (30 ng/kg/min) to conscious dogs increased circu-
lating plasma levels of AVP (Goetz et al., 1988). ET-1
(20 ng/kg/min) infusion for 1 hour decreased RBF and
blocked the antidiuretic effect of AVP in conscious dogs
(Miller et al., 1989a; Goetz et al., 1989). Intravenous
infusion of 40 fmol/kg/min ET-1 for 40 minutes de-
creased mean arterial blood pressure, baroreceptor sen-
sitivity, pressor response to NE and angiotensin II, and
circulating plasma levels of AVP (Nakamoto et al., 1991).
Infusion of higher doses of ET-1 (400 fmol/kg/min)
increased blood pressure and circulating levels of AVP,
suggesting that changes in blood pressure modulate AVP
secretion (Nakamoto et al., 1991).

Studies with centrally (i.e., into the third ventricle)
injected ET's confirmed these observations but suggested
that ETs can stimulate AVP secretion directly and that
the secreted AVP contributes to elevation of blood pres-
sure. Intracerebroventricular injection of ET-3 (11 and
23 pmol) caused a 2- and 5- to 7-fold elevation of plasma
AVP, respectively, and reduced stimulated water drink-
ing (Gasic et al., 1992). Intracerebroventricular applica-
tion of ET-1 increased mean arterial blood pressure, an
effect that was mediated, at least in part, by vasopressin
(i.e., vasopressinergic receptor blockade decreased the
pressor response) (Yamamoto et al., 1991, 1992b; Ka-
wano et al., 1989). These findings suggested that ET-1-
induced AVP secretion from the CNS, and the conse-
quent elevation in circulating plasma levels of AVP,
contributes to the pressor response to centrally applied
ET-1. Indeed, systemic injection of ET-1 (50 to 100 pmol)
enhanced the activity of neurons in the subfornical or-
gan, which lacks the blood-brain barrier, and stimulated
the secretion/release of AVP (Wall and Ferguson, 1992).
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Microinjection of ET-1 (5 pmol) into the subfornical
organ increased the activity of vasopressinergic neurons
in the neurohypophysis (Wall et al., 1992). Thus, both
systemically or centrally injected ET-1 can increase AVP
secretion in the hypothalamo-neurohypophysial system.

ET-1 and ET-3 potentiate membrane depolarization-
induced AVP release from isolated nerve endings of the
posterior pituitary via ET, receptor activation (Ritz et
al.,, 1992). The same nerve endings contain irET, the
level of which is regulated by homeostatic mechanisms
involved in water balance (Ritz et al., 1992). ET-1 (10~°
to 10~ M) stimulates AVP release from perfused rat
hypothalamus, an effect that can be blocked by the Ca?*
antagonist nicardipine (Shichiri et al., 1989). IrET-3 is
present in the median eminence and in the anterior and
neurointermediate lobes of the hypothalamus at concen-
trations much higher than those in the aorta (Samson et
al., 1991a,b,c). ET-1 and ET-3 stimulate release of AVP
from rat supraoptic nucleus in vitro (brain slices) with
equal potency, suggesting that the ETy receptor subtype
may mediate the response (Yamamoto et al., 1992a).

C. INTERACTION BETWEEN THE BIOLOGICAL ACTIONS
OF ENDOTHELINS AND ARGININE VASOPRESSIN. Several
reports indicate potential interactions between the bio-
logical actions of ET's and AVP. In general, ET and AVP
act synergistically as vasoconstrictors, but ET appears
to inhibit AVP-induced water reabsorption in renal col-
lecting tubules. ET-1 potentiates the vasoconstrictor ac-
tion of AVP in the perfused rabbit ear artery (Wong
Dusting et al., 1991) and the pressor effect of AVP in
pregnant rats (Molnar and Hertelendy, 1990).

In isolated mouse kidney cortical collecting tubules,
outer medullary collecting tubules, and inner medullary
collecting tubules, ET-1 (107*° to 10~ M) inhibited AVP-
induced cAMP accumulation. ET-1 had no effect on
AVP-induced cAMP accumulation in cortical and med-
ullary ascending limbs of the Henle loop or on parathor-
mone-, calcitonin-, glucagon-, and isoproterenol-induced
changes in cAMP in outer medullary collecting tubules
(Tomita et al., 1990). Tomita et al. postulated that the
observed effects of ET-1 may have the physiological
function of maintaining urine volume via an antagonism
of the AVP-induced reduction of urine volume. ET-1
counteracts the decrease in renal plasma flow and GFR.
Similarly, in freshly prepared rat renal papillary tubules,
ETs inhibited AVP-induced cAMP accumulation. ET-1
and ET-3 were equieffective, suggesting that the ETp
receptor subtype mediates the effects (Woodcock and
Land, 1992). Infusion of ET-1 into rats caused diuresis,
despite a decrease in the renal plasma flow and GFR
(Oishi et al., 1991). In isolated perfused rat inner med-
ullary collecting tubules segments, ET-1 (107 to 108
M) reversibly inhibited AVP-induced osmotic water
permeability without affecting AVP-stimulated urea
permeability or dibutyril-cAMP-induced osmotic water
permeability. These studies suggest that ET acts at these

cells at sites prior to cAMP production in the AVP-
induced signal transduction pathway (Oishi et al., 1991).

4. Atrial and brain natriuretic peptide. Interactions
between the ETs and ANP/BNP include stimulation of
ANP secretion by ET-1, inhibition of ET production by
ANP and BNP, and functional antagonism between ETs
and ANP in several biological systems (fig. 12).

a. EFFECT OF ENDOTHELINS ON ATRIAL NATRIURETIC
PEPTIDE/BRAIN NATRIURETIC PEPTIDE SECRETION. ET-
1 stimulates the release of ANP from isolated rat atrial
myocytes (Fozard and Part, 1990), neonatal rat cardio-
myocytes and fetal rat hypothalamic cell cultures (Gard-
ner et al., 1991; Uusimaa et al., 1992), rat atria (Hu et
al., 1988a), cultured fetal rat diencephalic neurons (Levin
et al., 1991), perfused rat heart (Mantymaa et al., 1990;
Pitkanen et al., 1990), superfused rat atria (Schiebinger
and Gomez Sanchez, 1990), isolated rat atria (Stasch et
al., 1989), and cultured rat atrial myocytes (Fukuda et
al., 1988). ET-1 also stimulates the release of BNP from
rat atrial and ventricular cardiomyocytes (Horio et al.,
1992).

ET-1-induced ANP release from rat atrial myocytes is
significantly higher in cells isolated from the SHR than
from normotensive WKY rats (Fozard and Part, 1990).
Similarly, ET-1 stimulates basal and stretch-induced
ANP release from perfused hearts, an effect that is more
pronounced in hearts from SHR than from WKY rats
(Mantymaa et al., 1990). ANP secretion stimulation by
ET-1 in cardiac myocytes involves an elevation of cyto-
solic Ca?* (Schiebinger and Gomez Sanchez, 1990) and
an activation of PKC (Mantymaa et al., 1990; Pitkanen
et al., 1991).

In good agreement with the in vitro studies, intrave-
nous injection of ET-1 elevates circulating plasma ANP
levels in the conscious newborn calf (Amadieu et al.,
1991), in conscious normal and cirrhotic rats (Stasch et
al., 1989; Claria et al., 1991b), in conscious dogs (Naka-
moto et al., 1991; Tsuchiya et al., 1990a,b,c), in anesthe-
tized rats (Ohman et al.,, 1990), and in anesthetized,
bilaterally nephrectomized rats (Valentin et al., 1991).
In anesthetized rats, ET-1 injection elevates plasma im-
munoreactive BNP (Valentin et al., 1991).

In several of these studies, only pressor doses of ET-1
elevated plasma ANP or BNP levels, an observation that
correlated well with increases in mean arterial pressure
(Horio et al., 1992; Tsuchiya et al., 1990a,b,c). Indeed,
subpressor doses of ET-1 had no effect on the plasma
ANP level in conscious dogs (40 pmol/kg) and in the
conscious newborn calf (T'suchiya et al., 1990a,b,c), sug-
gesting that, in contrast to in vitro studies (in which ET-
1 acted directly on cardiac myocytes), in vivo the stim-
ulus for ANP secretion is right atrial stretch due to
elevated blood pressure and right atrial pressure. How-
ever, in conscious rats ET-1 (0.3 to 3.0 nmol/kg) in-
creased plasma ANP with and without an elevation of
right atrial pressure, suggesting that ET-1 can act di-
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rectly on atrial myocytes in vivo as well (Ohman et al.,
1990). Indeed, in conscious dogs a subpressor dose of
ET-1 (40 fmol/kg/min) reduced blood pressure and in-
creased plasma ANP (Nakamoto et al., 1991). However,
in conscious and unrestrained rats, intravenous infusion
of 1 pmol/kg/min ET-1, which doubled circulating
plasma irET-1 levels, decreased plasma ANP (Shirakami
et al., 1993). In isolated perfused rat hearts, low concen-
trations (10! M) of ET-1 suppressed ANP secretion by
an indomethacin-sensitive mechanism (Shirakami et al.,
1993).

b. EFFECT OF ATRIAL NATRIURETIC PEPTIDE ON EN-
DOTHELIN PRODUCTION. The majority of studies showed
that ANP effectively reduced ET-1 production in cul-
tured cells. ANP was found to inhibit angiotensin II or
thrombin-induced ET-1 secretion from cultured bovine
aortic endothelial cells (Hu et al., 1992), cultured rat
mesangial cells (Kohno et al., 1992a), cultured HUVECs
(Kohno et al., 1991b), isolated porcine aorta (Kohno et
al., 1992d), and cultured human endothelial cells (Saijon-
maa et al., 1990). In contrast, in cloned rat parathyroid
cells and primary cultures of human parathyroid cells
(both have ANP/BNP receptors), ANP and BNP stim-
ulate ET-1 synthesis/release in parallel with an elevation
of cellular cGMP level (De Feo et al., 1991).

The ANP-induced elevation of cellular cGMP content
(Kohno et al., 1991b; 1992b) should play a role in the
inhibition of ET-1 production because the nitrovasodi-
lator sodium nitroprusside (Saijonmaa et al., 1990; Bou-
langer and Luscher, 1991), authentic NO and endothe-
lium-derived NO (Boulanger and Luscher, 1991), and 8-
Br-cGMP (Kohno et al., 1992b; Saijonmaa et al., 1990)
had similar effects. Only one study reported that ANP
inhibited ET-1 production in endothelial cells via a
mechanism different from elevation of cGMP (Hu et al.,
1992) This study demonstrated that the ANP analog, C-
ANP (4 to 23) (which acts only on C-receptors and does
not activate guanylate cyclase) had the same effect as
ANP (i.e., reduced ET-1 gene expression and mature
peptide production by approximately 50%). The guanyl-
ate cyclase antagonist LY 83583 did not affect the re-
sponse. Hu et al. speculated that C-receptor activation
by ANP or its analogs leads to a decrease in cellular
cAMP level which then mediates the suppression of ET-
1 gene expression and protein production (Hu et al.,
1992). In addition to ANP, the analogs BNP-45 (Kohno
et al., 1992c), CNP-22, BNP-26 (Kohno et al., 1992b,c),
and BNP-32 (Kohno et al., 1991b) also suppressed ET-
1 production via elevation of cGMP.

C. INTERACTION BETWEEN THE BIOLOGICAL ACTIONS
OF ENDOTHELINS AND ATRIAL NATRIURETIC PEPTIDE/
BRAIN NATRIURETIC PEPTIDE. ANP is a potent vasodi-
lator and, via stimulation of natriuresis, reduces plasma
volume and osmolarity. Theoretically, these actions of
the peptide can counteract the vasoconstrictor and renal
effects (reduction of renal plasma flow, GFR, and con-

sequently natriuresis and diuresis) of ET-1. Indeed, sev-
eral studies showed that ANP (and BNP) effectively
antagonizes the biological actions of ET-1 both in vitro
and in vivo.

In cultured VSMCs, ANP antagonized the mitogenic
activity of ET-1 and ET-3 (Neuser et al., 1990a). Blood
pressure elevation after an intracerebroventricular injec-
tion of ET-1 was effectively attenuated by coinjection of
BNP (Makino et al., 1990). Similarly, coinjection of BNP
reduces the elevation of plasma AVP level following
centrally applied ET-1 (Makino et al., 1992). Intravenous
infusion of ET-1 caused a pressor response in conscious
rats that was reduced by coinjection of ANP (Ohman et
al., 1990). ANP also inhibited ET-1-induced renal vaso-
constriction (Suzuki et al., 1991a). Earlier studies sug-
gested that ANP release may mediate the initial tran-
sient depressor response to a bolus injection of ET-1 in
rats (Winquist et al., 1989b). However, Fozard and Part
(1990) demonstrated that ANP plays no role in the
vasodilator response to ET-1 in the SHR. ANP may
attenuate the pressor response to ET-1, because anti-
ANP antibodies facilitated it in anesthetized rats (Val-
entin et al., 1991).

There are a few studies showing that ET-1 can also
effectively antagonize the biological actions of ANP. In
cultured rat diencephalic glia cells, ET-1 and ET-3 stim-
ulate mitogenesis and inhibit ANP-induced cGMP ele-
vation (Levin et al., 1992). Because ET-1 and ET-3 were
equipotent, the ETs receptor subtype was postulated to
mediate these effects.

ET-1 also effectively antagonized the cardiovascular
(decrease in blood pressure), renal (natriuresis and di-
uresis), and endocrine (AVP, renin, aldosterone) effects
of ANP in vivo (Ota et al., 1992).

5. Thyroid gland. In human thyroid epithelial cells
(isolated from patients with Grave’s disease), ET-1 (10~°
M) stimulated [*H]thymidine incorporation and mitogen-
esis (Eguchi et al., 1992a).

Primary cultures of human thyroid follicular cells pro-
duce irET (Tseng et al., 1993). TGFS increased irET
secretion, which could be significantly augmented by
thyroxine-stimulating hormone. Thyroxine-stimulating
hormone alone had no effect on irET production. Im-
munostaining for ET could be localized in these cells in
the perinuclear region; staining was augmented by thy-
roxine-stimulating hormone but not by TGFg (Tseng et
al., 1993). The thyroid follicular cells also exhibited a
specific high-affinity ET-1-binding site; these sites could
be increased by TGFg but not by thyroxine-stimulating
hormone (Tseng et al., 1993). These observations suggest
that ET may play an autocrine role in thyroid gland
cells.

6. Pancreas. Both prepro-ET-1 and ET-3 mRNA
expression and ET receptors were found in the pancreas,
where the ETs cause vasoconstriction. In dispersed rat
pancreatic acinar cells, specific and high-affinity '*I-ET
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binding was observed and identified as ET, and ETs
receptor subtypes. ETs, however, caused no change in
amylase secretion or intracellular Ca?*, IP;, or cAMP
levels. After binding to acinar cells, both ET-1 and ET-
3 were rapidly internalized, and the internalization could
be attenuated by the secretagogue cholecystokinin-8
(Hildebrand et al., 1993). These data suggest that pan-
creatic acinar cells may be involved in elimination (clear-
ance) of circulating or locally produced ETss.

M. Central Nervous System

Experimental evidence, such as the following, suggests
that ETs are localized in the CNS, modulate several CNS
functions, and, therefore, may be regarded as neuropep-
tides: (a) ET gene expression and mature ET production
can be detected in the brain, (b) specific ET-binding sites
are identified in various regions of the human and animal
brain, (c) ETs activate several cell types in the brain,
and (d) intracerebroventricular injection of ETs cause
significant changes in cardiovascular, respiratory, and
neuroendocrine system function and in fluid and electro-
lyte balance.

1. Endothelin gene expression and production in the
brain. RNA blot hybridization provided evidence of ET
gene expression in a variety of regions of the human
brain (Lee et al., 1990c) and spinal cord (Giaid et al.,
1989). Among the regions studied, the hypothalamus and
striatum have the highest density of cells containing
prepro-ET mRNA (Lee et al., 1990c). In the spinal cord,
laminae IV and VI of the dorsal horn and lamina IX of
the ventral horn showed the greatest activity (Giaid et
al., 1989). The presence of irET-1 and ET-3 was detected
in porcine brain (Shinmi et al., 1989a,b). ET-3 is pro-
duced in the magnocellular neurons of the hypothalamo-
neurohypophyseal system (Samson et al., 1991a,b,c).

Using highly specific and sensitive radioimmuno-
assays, Ando et al. (1991) found irET-1 and irET-3 in
human CSF. The concentration of irET-3 was 150%
higher than that of irET-1.

Circulating plasma ET-1 levels increase rapidly with
upright posture and decrease with volume expansion in
humans. The site of release was postulated to be the
neurohypophysis or anteroventral hypothalamus. This
sudden change in circulating irET level is in sharp con-
trast to the slow and delayed production of ET-1 in the
circulation by the endothelium, suggesting a different
mechanism of peptide release from the CNS.

2. Endothelin-binding sites in the brain. Specific ET-
binding sites labeled with '*I-ET-1 have been demon-
strated in human brain (Jones et al., 1989; Kurihara et
al., 1990). The highest levels were found in the stratum
molecular of the dentate gyrus and in the granular layer
of the cerebellum, with intermediate levels in the cau-
date, molecular layer of the cerebellum, and layer VI of
temporal cortex; low levels occurred in more superficial
cortical layers and in the spinal cord (Jones et al., 1989).

Binding sites for '*I-ET-1 and '*I-ET-3 have similar
distributions in rat brain (Nambi et al., 1990). High-
affinity binding of !%I-ET-1 was observed in cerebellar
granule cells and astrocytes (MacCumber et al., 1990)
and in primary cultures of brain capillary endothelial
cells (Vigne et al., 1990b).

Autoradiograms of 'I-ET-1 binding in the rat brain
demonstrated that ET receptors are predominantly lo-
calized in the brain stem, basal ganglia, and cerebellum
(Koseki et al., 1989). In addition, specific ET-1-binding
sites were identified in nuclei that are involved in the
CNS regulation of the cardiovascular system: nuclei of
the anteroventral hypothalamus, the supraoptic nucleus,
and the subfornical organ. ET-1-binding sites were also
detected on rat pituitary cell membranes (Calvo et al.,
1990).

Quantitative receptor autoradiographic methods re-
vealed high concentrations of specific '*I-ET-1-binding
sites in the choroid plexus, subfornical organ, lacunosum
molecular layer of the hippocampus, and granular layer
of the cerebellum of the rat brain (Niwa et al., 1991a,b).

12].ET-1 and *I-STX 6b bind to membranes of rat
cerebral cortex, hypothalamus, medulla, and spinal cord
on a single, high-affinity site. There was no difference
found in binding between WKY rats and SHR (Gulati
and Rebello, 1992).

3. Biological actions of endothelins in the brain and
neural tissues. Siren and Feurerstein (1989) first dem-
onstrated that intracerebroventricular injection of ET-1
(30 pmol/kg) in rats produced profound pressor and
vasoconstrictor responses. Similar observations were
made after a microinjection of ET-1 into the area pos-
trema (Ferguson and Smith, 1990), the fourth cerebral
ventricle of anesthetized rats (Hashim and Tadepalli,
1992), the cerebral ventricles of conscious rats (Kawano
et al., 1989; Makino et al., 1990; Yamamoto et al., 1991)
and conscious rabbits (Matsumura et al., 1991a), and the
cisterna magna of mongrel cats (Morimoto et al., 1991).

Microinjections of ET-1 into the area postrema region
of anesthetized rats resulted in complex changes in blood
pressure. Low doses of ET-1 (0.2 to 1.0 pmol) evoked
increases, a higher dose (5.0 pmol) evoked decreases, and
an intermediate dose (2.0 pmol) evoked biphasic (in-
crease followed by decrease) responses in blood pressure
(Ferguson and Smith, 1990). Because other vasoconstric-
tor substances (injected into the area postrema region)
had no effect on blood pressure, the effect of ET-1 on
area postrema appears to be specific for the peptide.

Micropneumophoresis of ET-1 (100 to 300 fmol) into
the nucleus tractus solitarius produced depressor and
bradycardic responses in anesthetized rats (Hashim and
Tadepalli, 1992). In anesthetized, but spontaneously
breathing, rats, injection of ET-1 (3 to 10 pmol) into the
fourth ventricle evoked respiratory depression and a
transient pressor response (Hashim and Tadepalli,
1992). Injection of ET-1 (10 to 1000 pmol) into the
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cisterna magna caused a significant decrease in regional
cerebral blood flow and an increase in arterial pressure
in mongrel cats (Morimoto et al., 1991).

In parallel with increased mean arterial blood pressure,
intracerebroventricular infusion of ET-1 in rats and rab-
bits increased plasma catecholamine, AVP, glucose, and
adrenocorticotropic hormone levels and enhanced renal
sympathic nerve activity (Makino et al., 1990; Kawano
et al.,, 1989; Yamamoto et al., 1991; Matsumura et al.,
1991a). V,-vasopressinergic receptor antagonists (e.g.,
TMe-AVP), a-adrenergic receptor antagonists (e.g., pra-
zosin), and ganglionic blockade (e.g., pentolinium, hexa-
methonium) attenuated or completely abolished the
pressor response (Kawano et al., 1989; Yamamoto et al.,
1991; Matsumura et al., 1991a), suggesting that centrally
administered ET-1 activates the sympathoadrenal and
AVP systems, which mediate the central pressor re-
sponse.

Coadministration of BNP (0.2 to 1.0 nmol) attenuated
intracerebroventricularly applied ET-1-induced pressor
responses and the increase in plasma AVP levels occur-
ring in conscious, freely moving rats (Makino et al.,
1992).

Systemic administration of ET-1 increased the activity
of subfornical organ neurons which have projections to
the paraventricular nucleus of the hypothalamus. Sys-
temic ET-1 (50 to 100 pmol) injection activated vaso-
pressin- and oxytocin-secreting neurons in the paraven-
tricular nucleus and supraoptic nucleus (Wall and
Ferguson, 1992). Because ET-1 does not cross the blood-
brain barrier (i.e., cannot act directly in paraventricular
nucleus and supraoptic nucleus) (Mima et al., 1989;
Kadel et al., 1990), it should act on the subfornical organ
which lacks this barrier. Indeed, in animals in which the
subfornical organ has been lesioned, systemic ET-1 had
little or no effect on vasopressin- and oxytocin-releasing
neurons (Wall and Ferguson, 1992).

Injection of ET-3 (100 pmol) into the cisterna magna
of anesthetized rats caused an initial increase in blood
pressure, heart rate, and renal sympathetic nerve activ-
ity, which was followed by a depression of all three
parameters (Gasic et al., 1992). Simultaneously, the ar-
terial baroreceptor reflex was significantly suppressed.
These cardiovascular effects of centrally applied ET-3
were abolished by hexamethonium but were not influ-
enced by vasopressin or angiotensin II antagonists.

When administered into the third cerebral ventricle,
ET-3 dose-dependently inhibited water intake in con-
scious rats exposed to exogenous and endogenous stimuli
for drinking (Gasic et al., 1992). Selective ET-3 antibod-
ies (injected into the third ventricle) potentiate angioten-
sin II-induced water drinking, suggesting that endoge-
nous ET-3 may play a role in the central control of fluid
and electrolyte homeostasis.

In conscious rats, intravenous injection of ET-1 (14
nmol/min) stimulates glucose metabolism exclusively in

the pituitary intermediate and anterior lobes, whereas
intracerebroventricular application (9 pmol) causes a
hypermetabolic response in several neuroendocrine
structures in the forebrain involved in the regulation of
fluid homeostasis, body temperature, and cardiovascular
system (Gross et al., 1993b).

ET-1 (Stojilkovic et al., 1990) and ET-3 (Samson et
al., 1991c; Kanyicska et al., 1991) stimulate gonadotropin
(luteinizing hormone or follicle-stimulating hormone)
release in the anterior pituitary, similarly to that pro-
duced by hypothalamic gonadotropin-releasing hormone.
Substance P was released from perfused rat hypothala-
mus and anterior pituitary after stimulation with ET-1
(Calvo et al., 1990). ET-3 inhibited prolactin release from
cultured pituitary cells (Samson et al., 1991a,b,c). ET-3
(probably the most abundant ET isoform in the CNS)
stimulated luteinizing hormone-releasing hormone re-
lease from the arcuate nucleus-median eminence in vivo
and from an luteinizing hormone-releasing hormone-
secreting GT1 neuronal cell line (Moretto et al., 1993).

ET-1 and the neurohypophyseal hormones AVP and
oxytocin are colocalized in the neural lobe of rat pituitary
(Nakamura et al., 1993).

4. Signal transduction in neural tissues. Less is known
about ET-activated signal transduction in neural than
in vascular tissue. Both ET-1 and ET-3 increase free
intracellular Ca®* levels in cultured astrocytes and C6
glioma cells (Marsault et al., 1990; Marin et al., 1991).
ETs stimulate the production of IP; in cerebellar and
cerebral cortical slices (MacCumber et al., 1990; Ambar
et al., 1989; Crawford et al., 1990), cultured cerebellar
granule cells and astrocytes (Lin et al., 1990b,c), and C6
glioma cells (Reiser et al., 1990), suggesting that release
of Ca?* from inositol phosphate-sensitive intracellular
stores contributes to the elevation of [Ca®*);. ET-1 does
not stimulate Ca®* influx or alter [Ca®*); levels in rat
brain synaptosomes (Hamilton et al., 1989), suggesting
that neuronal ET receptors involved in Ca®* signaling
may be localized preferentially to postsynaptic sites.
Both ET-1 and ET-3 promote astrocyte mitogenesis
(MacCumber et al., 1990; Supattapone et al., 1989).

Studies with NG108-15 neuroblastoma cells showed
that ET-1 produced a biphasic increase in [Ca?*];, which
consisted of a transient peak elevation, followed by a
sustained plateau (Chan and Greenber, 1991). Similar to
VSMCs (see section VII), both phases are dependent on
extracellular Ca**, but whereas plateau responses are
abolished by the L-type Ca®>* channel antagonist nimo-
dipine and enhanced by the dihydropyridine agonist Bay
K 8644, the phasic response is insensitive to these agents.
Neither component is affected by w-conotoxin or other
drugs that block dihydropyridine-insensitive voltage-op-
erated Ca?* channels.

N. Peripheral Nervous System

The presence of high-affinity-binding sites on ganglia
and nerve terminals of peripheral motor, sensory, and
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autonomic nerves and modulation of peripheral nerve
function by exogenously applied ETs suggests that the
peptides may play a role in peripheral nervous system
function.

1. Motor and sensory nerves. The presence of ET
mRNA in dorsal and ventral horn ganglia in the spinal
cord suggested that ET's may play some role in peripheral
motor and sensory nerve functions and/or spinal cord
motor and sensory reflexes (Giaid et al., 1989). ET-1
reduced sciatic and saphenous motor and sensory nerve
conductance in rats probably via reduction of endoneu-
rial nerve blood flow (Zochodne et al., 1992). In the
spinal cord, ET-1 activated neurons which were inhibited
by spandite, a substance P antagonist (Yoshizawa et al.,
1989).

2. Autonomic nervous system. a. SYMPATHETIC NERVES.
Most experimental evidence indicates that ETs (espe-
cially ET-1) inhibit neurotransmitter (NE) release from
sympathetic nerve terminals but potentiate the biological
actions of NE on postjunctional sites (vascular smooth
muscle) (Wong Dusting et al., 1989, 1990). In isolated
perfused rat mesenteric arteries, subthreshold (for direct
vascular contraction) doses of ET-1 (107" to 107° M)
significantly enhanced exogenous NE-induced vasocon-
striction but inhibited periarterial (transmural) nerve
stimulation-induced vasoconstriction (Nakamura et al.,
1989). These studies suggested that in subpressor doses
ET-1 modulates adrenergic neuroeffector mechanisms:
facilitates it at postjunctional sites and inhibits it pre-
junctionally. Indeed, ET-1 inhibited transmural electri-
cal stimulation-induced [*H]NE release in the same
preparation (Nakamura et al., 1989). Inhibition of [*H]
NE overflow was significantly less pronounced in mes-
enteric arteries isolated from SHR than from WKY rats
(Tabuchi et al., 1990).

ET-1, ET-2, and, to a lesser degree, ET-3 (0.3 to 30
nM) significantly potentiated electrical field stimulation-
induced contractions in mouse vas deferens, without
exerting any effect on basal tension (Rae and Calixto,
1990). Similarly, perivascular nerve stimulation-induced
[*H]NE release was suppressed, but exogenous NE-in-
duced vasoconstriction was potentiated, by ET-1 in iso-
lated guinea pig pulmonary artery (Wiklund et al.,
1989a,b). Infusion of ET's (0.3 to 3.0 ng/kg/min) into the
renal artery of anesthetized dogs suppressed NE efflux
but did not affect the decrease in RBF induced by low
frequency (0.7 to 1.2 Hz) renal nerve stimulation (Takagi
et al., 1991a).

In the rat and guinea pig vas deferens, ET-1 enhanced
nerve stimulation and exogenous ATP-induced contrac-
tion but had no affect on exogenous NE-induced con-
tractions (Wiklund et al., 1990). [*H]NE overflow evoked
by nerve stimulation was suppressed by ET-1, but not
by ET-3, in rat vas deferens (Wiklund et al., 1991).

In the venous system, ET-1 facilitated nerve stimula-
tion-induced venoconstriction (rat mesenteric vascular

bed) (Warner et al., 1990), and the stimulation of adre-
nergic nerves augmented the effect of ET-1 on venous
tone (Waite and Pang, 1992).

In dog cardiac sympathetic ganglia, ET-3 inhibited
ganglionic transmission at preganglionic sites via stim-
ulation of TXA; production (Kushiku et al., 1991).

Studies in healthy human volunteers showed that an
intraarterial infusion of low concentrations of ET-1 (1
pmol/min) had no effect on sympathetic nerve activation
(evoked by lower body negative pressure) or exogenous
NE-induced vasoconstriction in the forearm (Haynes et
al., 1991; Harrison et al., 1992; Cockcroft et al., 1991).
However, intravenous injection of subpressor doses of
ET-1 caused significant augmentation of renal sympa-
thetic nerves in dogs (Lerman et al., 1991c).

b. PARASYMPATHETIC NERVES. In contrast to sympa-
thetic neuroeffector mechanisms, very little is known
about the effect of ETs on parasympathetic neurons or
neuroeffector mechanisms. Using immunohistochemis-
try, Inagaki et al. (1991) localized ir-ET-1 in both the
parasympathetic myenteric and submucosal nerve plex-
uses of the human colon. In vitro autoradiography re-
vealed specific '**I-ET-1-binding sites in the same neural
plexuses, indicating a possible role of ET in the modu-
lation of parasympathetic innervation and mobility and
secretion in the human intestine (Inagaki et al., 1991).
Indeed, ET-1 stimulated acetylcholine release from par-
asympathetic neurons (Wiklund et al., 1989¢) and poten-
tiated acetylcholine-induced contraction of intestinal
smooth muscle. Prejunctional inhibition by ET-3 was
demonstrated on cholinergic (guinea pig ileum) neuro-
transmission (Wiklund et al., 1991).

3. Baroreflex. Local exposure of isolated and endothe-
lium-denuded carotid sinus of anesthetized dogs to ET-
1 (1077 M) produced vasoconstriction and suppression of
baroreceptor activity (Chapleau et al., 1992). At a lower
concentration (1078 M), ET-1 caused only vasoconstric-
tion, suggesting that at higher doses ET-1 acts directly
on baroreceptor nerve fibers. Such an action could limit
the buffering capacity of the baroreflex and promote
hypertension.

Baroreflex sensitivity was attenuated by intravenous
infusion of 40 fmol/kg/min ET-1 in conscious dogs but
was not affected by 400 fmol/kg/min ET-1 (Nakamoto
et al., 1991). Intravenous bolus injection of ET-1 (0.3 to
3.0 nmol/kg) had no significant effect on baroreceptor
activity in anesthetized rats (Ohman et al., 1990). In
conscious rats, intravenous ET-1 (0.67 nmol/kg) did not
alter baroreceptor reflex control of sympathetic efferent
nerve activity or heart rate (Knuepfer et al., 1989).

In contrast to topical (desensitization) and systemic
intravenous application (desensitization or no effect),
injection of ET-1, ET-2, or ET-3 (25 pmol/kg) into the
cisterna magna in conscious normotensive rats caused a
significant increase of baroreceptor sensitivity by affect-
ing the vagal, but not the sympathetic, component of the
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baroreflex (i.e., methylatropine, but not atenolol, pre-
vented the facilitation) (Itoh and Van Den Buuse, 1991).

Activation of the baroreflex stimulates ET release into
the plasma (Kaufmann et al., 1991). The results of stud-
ies in normal subjects and in patients with primary
autonomic failure (no baroreflex) showed that activation
of a baroreflex stimulates the release of ET into plasma
(probably from the neurohypophysis), and it was sug-
gested that impaired ET release may contribute to or-
thostatic hypotension of patients with primary auto-
nomic failure (Kaufmann et al., 1991).

O. Presence of Endothelins in Body Fluids

Significant quantities of irET-1 are detected in circu-
lating plasma in several species, including humans (Par-
ker-Botelho et al., 1992; Morel et al., 1989; Pernow et
al., 1989; Saito et al., 1989; Suzuki et al., 1990a,b; Yoshimi
et al., 1989). The circulating plasma concentrations of
ET-1 are in the low picomolar range in healthy humans,
which can be elevated 2- to 30-fold in various patholog-
ical conditions (for review, see Masaki et al., 1992).

In addition to the circulating peptide, irET has been
detected in human urine (Berbinschi and Ketelslegers,
1989). It was found that concentrations of ET were on
average 6-fold higher in urine samples than in plasma.
Similarly, ET is present in normal human CSF at levels
that are significantly greater (approximately 7-fold) than
in plasma (Hoffman et al., 1989; Nomura et al., 1989).
ET has also been quantified in bronchial lavage fluid
where the levels were elevated during the bronchospastic
phase of an asthma attack and returned to basal levels
after recovery (Nomura et al., 1989).

P. Plasma Half-Life, Elimination, and Metabolism of
Endothelins in the Circulation

Although ETs are stable in blood and plasma, the
plasma half-life of intravenously injected ETs is short.
After intravenous bolus injection of '*I-ET-1 the plasma
half-life of intact ET-1 in the rat was 40 seconds and of
total radioactivity 68 seconds in anesthetized rats (Sirvio
et al., 1990). This rapid decay was virtually unchanged
even when pressor amounts (1 to 2 nmol/kg) of cold ET-
1 were coadministered with the radiolabeled tracer. In
the pig, the plasma half-life of ET-2 and ET-3 was 1 to
2 minutes, whereas that of big ET-1 was 9 minutes
(Hemsen et al., 1991b).

In the anesthetized rat approximately 60% of intra-
venously injected ET-1 or ET-3 is removed from the
circulation within the first minute (Anggard et al., 1989).
The quick disappearance of ETs from the circulation is
due to first-pass elimination by the lung and kidney
(Striba et al., 1989). The role of the lungs in the removal
of circulating ET was demonstrated by De Nucci et al.
(1988) who found that more than 50% of infused ET-1
was removed by the lungs after one passage. Although
the lung removes approximately 90% of circulating ET',
excretion via the kidney, and to a smaller extent via the

liver, also contributes to the elimination of the peptides
from the circulation. For example, '*I-ET-1 was taken
up predominantly by the lungs (82%) and, to a lesser
extent, by the kidneys (10%), heart (3.6%), liver (2.7%),
and spleen (1.5%) in rats (Sirvio et al., 1990). Thus, the
characteristically long-lasting pressor responses evoked
by the ETs in whole animals are not due to their per-
sistence in the plasma but, rather, to the slow dissocia-
tion from the receptors.

The neutral metalloendopeptidase (EC 3.4.24.11; NEP
or MMP I) cleaves ET-1 and ET-3; this enzyme has been
identified in rat kidneys (Vijaraghavan et al., 1990).
Initial cleavage of ET-1 occurs between Ser® and Leu®
within one of the intramolecular loops, whereas the
action against ET-2 and ET-3 is initiated between Asp'®
and Ile* in the COOH terminus. Inhibition of NEP by
SQ-29,072 significantly elevated plasma levels and uri-
nary excretion of endogenous and exogenous ET-1 in
anesthetized rat (Abassi et al., 1992), suggesting that
ET-1 degradation by NEP contributes to the elimination
and inactivation of the peptide from the circulation in
vivo.

IX. Potential Physiological Significance of
Endothelins

The discovery that ETs, which are close structural and
functional relatives of components (STXs) of a deadly
snake venom, are expressed in several human tissues and
circulate in human blood did not inspire many in the
scientific community to envision a physiological role for
the peptides. Even after 6 years of extensive research, it
is widely assumed that ETs must contribute to many
pathological events (see section X) rather than to play a
role in physiological homeostatic mechanisms. Indeed,
at this time, it requires some stretch of imagination to
propose such a role for ETs, mostly because of lack of
sufficient data to support it. The mechanisms listed
below are hypothetical, and only future studies with
potent and selective tools (e.g., receptor antagonists) will
determine whether these hypothesis are true or not. In
addition to the few examples discussed here, potential
physiological roles of ETs were postulated in other or-
gans as well (e.g., contribution to menstruation), which
are briefly mentioned in previous sections.

A. Integrated Role of Endothelins in Cardiovascular
Homeostasis

1. Maintenance of basal vascular tone. In some vascular
beds, after all known neurohumoral control mechanisms
have been inhibited, the vascular smooth muscle is not
completely relaxed, indicating the presence of basal vas-
cular tone. The mechanism of maintenance of basal
vascular tone is still unknown. One postulate is an in-
trinsic mechanism in the SMCs sensitive to changes in
transmural pressure. Another possibility is a still un-
known circulating substance. A third is that the endo-
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thelial cells produce factors that may contribute to basal
vascular tone.

ET is produced by cultured endothelial cells at a slow
basal rate, and although its expression can be stimulated
by various agonists, facilitation of ET release is detect-
able only several hours after stimulation. There is no
evidence that ET is stored in endothelial cells; therefore,
its release may be directly connected to its de novo
synthesis. Because of its high vasoconstrictor potency
and long-lasting action, the continuous release of small
amounts of ET could contribute to the maintenance of
vascular tone (Rubanyi, 1989). An important feature of
ET-induced vascular contraction is that it can be inhib-
ited by most known vasodilator agents and by the potent
endogenous vasodilator EDRF (NO). If basal tone is
maintained by ET, it may be balanced by the tonic
release of EDRF (NO) under physiological conditions,
and it should be effectively antagonized by local vasodi-
lator mechanisms in case of increased metabolic require-
ments. An imbalance between the production of ET and
EDRF (NO) could lead to pathologically elevated vas-
cular tone (see section X).

2. Modulation of endothelin biosynthesis and action in
the vascular wall. Both biosynthesis by the endothelium
and bioactivity of ET-1 on vascular smooth muscle and
adrenergic nerve terminals are modulated by several
factors in the intact blood vessel wall (fig. 13).

a. MODULATION BY THE ENDOTHELIUM. ET-induced
contraction of isolated blood vessels in vitro is effectively
antagonized by the endothelium-derived vasorelaxant
substances, PGI, and EDRF (NO) (Schini et al., 1991;
Ito et al., 1991; Myatt et al., 1992; Ohde et al., 1992; Berti
et al., 1990). De Nucci et al. (1988), Otsuka et al. (1990),
and Hom et al. (1990), using inhibitors of cyclooxygenase
(e.g., indomethacin, aspirin), and Lerman et al. (1992b),
Madeddu et al. (1991), and Whittle et al. (1989), using
inhibitors NO synthase (e.g., L-NMMA), showed that
both PGI; and EDRF (NO) could suppress the pressor
activity of ET's in vivo.

PGI; and its stable analogs (e.g., carbacyclin) effec-
tively antagonize ET-1-induced DNA synthesis in cul-
tured VSMCs (Nakaki et al., 1991). Defibrotide pre-
vented ET-1-induced vasoconstriction in human saphen-
ous veins by releasing PGI, (Berti et al., 1990).

In addition to reducing bioactivity, nitric oxide
also inhibits endothelin production in vascular en-
dothelium. Boulanger and Luscher (1990) first demon-
strated that, in isolated porcine aortic preparations,
thrombin- and A23187-induced, stimulated release of
ET-1 could be potentiated by L-NMMA and methylene
blue and suppressed by superoxide dismutase and 8-
bromo-cGMP. Because thrombin and the Ca?* ionophore
both stimulate the release of EDRF (NO) as well, the
data suggested that NO could inhibit ET-1 synthesis/
release from the endothelium of porcine aorta. However,
basal release of ET-1 was not affected by any of the

Endothelium

Adrenergic
Nerve Terminal

F16. 13. Factors modulating the biosynthesis and bioactivity of ET-
1 in the blood vessel wall. ET-1, synthesized and secreted by endothelial
cells, acts on ET, and ETjp receptors on underlying vascular SMCs and
initiates contraction and mitogenesis in a paracrine fashion. ET-1 also
interferes with noradrenergic neurotransmission by inhibiting NE re-
lease from adrenergic nerve endings but potentiating NE action on
smooth muscle. ET-1 also acts on ET5 receptors on endothelial cells
in an autocrine-signaling mode stimulating EDRF (NO) and PGI;
synthesis and mitogenesis. ET-1 activates ACE, and angiotensin II
(Ang II) stimulates ET-1 biosynthesis and acts synergistically with
ET-1 on vascular smooth muscle contraction and mitogenesis (not
shown). EDRF (NO) inhibits ET-1 biosynthesis in endothelial cells
and together with PGI; inhibits smooth muscle contraction. SMCs
produce a diffusible factor(s) (smooth muscle-derived inhibitory factor,
SMIF) which inhibits conversion of big ET-1 to ET-1 in endothelial
cells (see also fig. 14). SMCs also convert big ET-1 to mature ET-1
(ECE) and contain proteases that degrade ET-1. For further details,
see section IX. Solid arrow, stimulation; dashed arrow, inhibition; «,
a-adrenergic receptor.

inhibitors used. In contrast, L-NMMA had no effect on
thrombin-induced ET-1 release from cultured endothe-
lial cells (Boulanger and Luscher, 1991), suggesting that
this interaction between NO (cGMP) and ET-1 synthesis
does not exist in cultured cells. It may require the pres-
ence of other cell types (e.g., smooth muscle) found in
the blood vessel wall (see below) or may be an inherent
property of native endothelial cells that are lost in cul-
ture. Indeed, cGMP-dependent protein kinase activation
rapidly declines in cultured endothelial cells after the
first few passages, providing a potential explanation for
why NO-induced, elevated cGMP is unable to modulate
ET-1 production in cultured endothelial cells after sev-
eral passages. However, Cocks et al. (1991) found that
oxyhemoglobin (which inactivates NO) increased the
production of ET-1 in cultured endothelial cells. In brain
microvessel endothelial cells, 8-Br-cAMP suppressed
ET-1 production (Durieu-Trautmann et al., 1993), sug-
gesting that both cyclic nucleotides may modulate ET-1
production. Exposure of cultured HUVECs to 6 to 25
dyn/cm? for 6 hours or more inhibited ET-1 release, an
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action that could be prevented or reversed by N¢-nitro-
L-arginine (Kuchan and Frangos, 1993). 8-Bromo-cGMP
and ANP mimicked, whereas isobutyl methylxanthine
potentiated, the inhibitory effect of shear stress, sug-
gesting that shear stress-induced inhibition of endothe-
lial ET-1 production is NO and cGMP mediated.

b. MODULATION BY SMOOTH MUSCLE CELLS. In cocul-
ture systems, the presence of vascular (Stewart et al.,
1990) or bronchial (Cade et al., 1991) SMCs significantly
inhibited the accumulation of ET-1 and big ET-1 in the
culture medium of endothelial cells. At least two mech-
anisms may be responsible for the observed phenomenon:
(@) SMCs release a diffusible factor(s) that suppresses
the production of ET-1 by endothelial cells and/or (b)
proteases associated with the SMC degrade ET-1 and
big ET-1.

Exposure of bovine pulmonary artery endothelial cells
in culture to conditioned medium of human bronchial
SMCs significantly suppressed the amount of ET-1 re-
leased from bovine pulmonary endothelial cell (Cade et
al., 1991). A decrease in the amount of ET-1 can be
explained by two different mechanisms: the diffusible
factor(s) either inhibits the production of ET-1 by endo-
thelial cells and/or proteolytically degrades it. The sec-
ond possibility could be ruled out because the conditioned
medium of human bronchial SMCs had no significant
effect on the concentration of ET-1 given to the medium
in the absence of bovine pulmonary endothelial cells.
Thus, the diffusible and stable (at least for 24 hours
under the given conditions) factor(s) (smooth muscle
inhibitory factor, or smooth muscle-derived inhibitory
factor) must inhibit the production of ET-1 by endothe-
lial cells. The observation that, in contrast to ET-1, the
amount of big ET-1 was not significantly influenced by
the conditioned medium of human bronchial SMCs (fig.
14) suggested that the diffusible factor(s) interfered with
the final step of ET-1 biosynthesis (i.e., conversion of
big ET-1 to ET-1 by ECE) (Cade et al., 1991). Neither
the precise mechanism of action nor the nature of the
diffusible factor(s) is known at the present time.

In contrast to the conditioned medium alone, the pres-

SMC
Media

ECkacx ECkax

ET-1 fmol00uL @

F1G. 14. Effect of culture media from human bronchial SMCs on
ET-1 and big ET-1 (BET-1) accumulation (24 hours) in bovine aortic
endothelial cell (EC) culture medium. Addition of SMC media to
cultured endothelial cells (right) significantly reduces ET-1, but not
big ET-1, accumulation, suggesting that an SMC-derived diffusible
factor(s) inhibits conversion of big ET-1 to ET-1 in endothelial cells.
For further details, see text.

ence of human bronchial SMCs themselves prevent the
accumulation of ET-1 and big ET-1 in the conditioned
medium of bovine pulmonary endothelial cell (Cade et
al., 1991). Because human bronchial SMCs had a similar
effect on ET-1 and big ET-1 in the absence of endothelial
cells, the phenomenon cannot be due to inhibition of
ET-1 production.

The factor(s) associated with the SMCs that prevents
ET-1 or big ET-1 from accumulating in the culture media
appears to be either physically attached to the human
bronchial SMC or present in higher concentrations only
when the SMCs are present. This is based on the fact
that no ET-1 or big ET-1 accumulated in cell cultures,
but the media from human bronchial SMC did not exert
the same effect as the cells themselves.

These mechanisms, if present in blood vessels in vivo,
may provide effective local protection against the potent
vasoconstrictor peptide.

3. Indirect control of vascular tone and plasma volume
via interaction with neuroendocrine mechanisms. In ad-
dition to direct contraction of vascular smooth muscle,
ETs may play a role in the control of vascular tone and
resistance by a variety of indirect mechanisms as well,
including (a) modulation of central control mechanisms
(via enhancing sympathetic nerve activity or vasopressin
release and baroreceptor sensitivity) by ET produced in
the CNS or circulating ET acting on areas of the CNS
lacking the blood-brain barrier (e.g., subfornical organ);
(b) ET released in the vicinity of baroreceptors (carotid
sinus, aortic arch, etc.) may suppress their activity; (c)
modulation of adrenergic neurotransmission in chromaf-
fin cells of the adrenal medulla and in the blood vessel
wall can lead to an increased/decreased liberation of NE,
respectively, and augmentation of postsynaptic effects of
the neurotransmitter; and (d) local modulation of the
synthesis/release of other endothelium-derived vasoac-
tive substances (EDRF, PGI;) and of angiotensin II.

The known effects of ET on renal function suggest a
synergistic action with aldosterone (i.e., antinatriuresis)
but via a different mechanism. Exogenous administra-
tion of ET causes a dose-dependent decrease in GFR.
Corresponding reductions in urine flow and sodium ex-
cretion occur, leading to Na* retention, increased plasma
osmolality, and volume. These latter changes can influ-
ence cardiovascular function (e.g., blood pressure) inde-
pendently of changes in vascular tone.

B. Regulation of Water Balance

Water loss stimulates compensatory mechanisms,
which include increased sympathetic activity, via baro-
receptor inhibition, and secretion of vasopressin or an-
tidiuretic hormone, via stimulation of osmoreceptors in
the CNS. Inhibition of baroreceptors can also stimulate
the release of antidiuretic hormone. Both mechanisms
will reduce water excretion in the kidney with resultant
normalization of plasma volume. Local production of ET
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(either in peripheral tissues or the CNS) may contribute
to these regulatory (homeostatic) pathways in several
ways: (a) inhibition of baroreceptor function, (b) con-
striction of glomerular afferent arterioles, (c) reduction
of GFR in the kidney, and (d) effects on vasopressin
(antidiuretic hormone) secretion (via a central mecha-
nism or through baroreceptor resetting) (for review, see
Rubanyi and Shepherd, 1992). An increase in circulating
ET was reported in severe hypotension (e.g., cardiogenic,
endotoxin, and hemorrhagic shock) and release of ET
from the neurohypophysis during water deprivation
(Yoshizawa et al., 1990). These data suggest that ET
may be involved in a compensatory homeostatic mecha-
nism controlling water balance. The demonstration that
centrally applied (or produced) ET-3 and ET-1 can in-
hibit water intake further supports this hypothesis.

C. Contribution to Local (Hemostasis) and Systemic
Homeostatic Mechanisms in Hemorrhage

The currently available data may suggest that the ET
system serves an important role in protecting the orga-
nism from the lethal consequences of hemorrhage, both
locally (hemostasis) and systemically (fig. 15). Thrombin
and T'GFg are potent stimulators of ET biosynthesis and
release. One may speculate that, in the event of blood
vessel injury and consequent blood coagulation, the lo-
cally generated TGFS- and thrombin-stimulated release
of ET and the long-lasting vasoconstriction triggered by
the peptide contribute to local hemostasis, a role thus
far attributed primarily to serotonin released from acti-
vated platelets (fig. 15). This mechanism may be espe-
cially effective in the case of endothelial dysfunction (i.e.,
loss of EDRF production), because thrombin is also a
potent stimulant of EDRF release.

At the systemic level, in the case of significant hem-
orrhage, there is marked activation of the sympathoad-
renal and the renin-angiotensin-aldosterone systems. As
noted already, angiotensin II is also a stimulator of ET
secretion, and the two vasoactive peptides act in synergy
in many biological systems, including vasoconstriction
and elevation of total peripheral vascular resistance.
Furthermore, ET might function systemically during
hemorrhage to enhance fluid retention via its indirect
antinatriuretic effects (reduction of glomerular filter load
in the kidney and stimulation of aldosterone secretion)
and to preserve perfusion pressure. Additionally, ET-
induced venoconstriction would increase preload,
thereby possibly further augmenting cardiac output in
It seems then that during hemorrhage ETs (especially
ET-1) might serve as important local mediators at the
site of bleeding to reduce the amount of blood loss, as
well as acting systemically to restore the balance between
vascular bed capacity and plasma volume via enhanced
fluid retention in an attempt to increase circulating
plasma volume and to maintain perfusion pressure

CNS
(Hypothalamus)

(___>Plasma
Volume |

Adrenal
CI Gland

Kidney
Blood vessel
Trvombin], g1
i
Vasolocal Vi : Anterial C
cuilt SN
I Hemostasis ] [ cot | |PressureI| lglasma Volume!l
Local Systemic

F1G. 15. Local (left) and systemic (right) effects of ET-1 that may
play a role in physiological homeostatic mechanisms in the cardiovas-
cular system after blood loss. Stimulation of ET-1 secretion by throm-
bin (and other locally produced factors, e.g., TGFBS) during vascular
injury and rupture of blood vessels (hemorrhage) cause long-lasting
vasoconstriction that contributes to local hemostasis. Decrease in
plasma volume following hemorrhage (and in other pathological con-
ditions, such as septicemia, congestive heart failure, etc.) initiates
complex neuroendocrine compensatory mechanisms. Circulating and
CNS-derived ET-1 was postulated to play a role in this homeostatic
mechanism by (a) stimulating AVP secretion and activation sympa-
thoadrenal centers in the CNS, (b) stimulation of aldosterone and
catecholamine secretion from the adrenal gland, and (c) reducing RBF
and GFR and, as a consequence, Na* (UNa*) and water excretion (V)
in the kidney. In synergy with renal actions of aldosterone (Na*
excretion) and AVP (water excretion), ET-1 may contribute to resto-
ration of plasma volume. In synergy with the sympathoadrenal system
and angiotensin II (not shown), ET-1 many contribute to the restora-
tion of systemic arterial blood pressure. Being a potent venoconstrictor
and positive inotropic and chronotropic agent in the heart (not shown),
ET-1 may increase cardiac output (CO). The following biological ac-
tions of locally produced ET-1 may cause effects that counteract these
systemic actions: (a) direct natriuretic and diuretic action in renal
tubules and augmented vascular permeability in the lung may lead to
reduction of plasma volume and (b) coronary vasoconstriction and
increased total peripheral resistance may reduce cardiac output. For
further details, see text.

through arterial vasoconstriction and increased cardiac
output (fig. 15).

D. Paracrine-, Autocrine-, and Endocrine-signaling
Modes of Endothelins

1. Paracrine-signaling mode. Data supporting a para-
crine action of ETs are numerous, and therefore, this
type of signaling mode of the peptides is the most widely
recognized and accepted to date. In general, the local
source of ETs is the endothelium (e.g., blood vessels,
heart), epithelium (e.g., airways, renal tubules/collecting
ducts, intestine, uterus, urinary tract), neurons (CNS,
intestine), or specialized cells (e.g., Sertoli cells in testis,
mast cells in bone marrow, keratinocytes in skin) (for
details, see section VIII).

Furthermore, because ET-1 appears to be released
from the posterior pituitary during water deprivation
and has been shown to promote vasopressin release, it
has been suggested that ET released from nerve termi-
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nals in the pituitary may act locally to modulate release
of neurosecretory hormones such as vasopressin and
oxytocin. Recently, a paracrine function for ET was also
proposed in human mammary tissue. Cultured breast
epithelial cells were found to exhibit low constitutive
expression of mRNA for ET-1, and release of immuno-
reactive peptide was enhanced in response to prolactin
administration. Breast stromal cells located proximally
to the epithelial cells did not express mRNA for ET but
were found to contain specific cell surface receptors for
ET-1; ET-1 mRNA is synthesized in close proximity to
ET-1-binding sites in several other organs tested, includ-
ing the lung, kidney, intestine, eye, bone, skin, testis,
and uterus.

2. Autocrine-signaling mode. Reports of the existence
of functional receptors on ET-producing cells, including
endothelial, smooth muscle, epithelial, and cancer cells,
raised the possibility that ETs may act in an autocrine
fashion as well.

Indeed, studies of brain and retinal microvessel and
capillary endothelial and neighboring cells (pericytes,
astrocytes) suggested that, in addition to paracrine mech-
anisms (pericytes, astrocytes), ET-1 produced by the
endothelium may act in an autocrine fashion to modulate
endothelial cell function as well (Vigne et al., 1990b,
1991; Frelin et al., 1991; Ishibashi et al., 1992; Chakra-
varthy et al., 1992; Takahashi et al., 1989; Yokokowa et
al., 1991a).

A potential sustained positive feedback loop of auto-
crine stimulation of VSMC growth/proliferation by ET
was proposed by Hahn et al. (1990). These authors
showed that, although quiescent rat VSMCs did not
constitutively express prepro-ET-1 mRNA, it could be
induced by various growth factors (e.g., TGFS, PDGF-
A), vasoactive hormones (angiotensin II and AVP), and
ET-1 itself. In addition, ET-1 stimulated the expression
of transcripts for PDGF-A chain, TGFg8, and thrombo-
spondin in quiescent VSMCs. In a recent study Alberts
et al. (1994) showed that transfection of SMCs with the
ET-1 gene leads to release of mature human ET-1 into
the culture medium which, in turn, stimulates SMC
proliferation in an autocrine manner.

Further sites of potential autocrine-signaling mode for
ETs include the cardiac myocytes, thyroid and parathy-
roid gland cells, renal inner medullary collecting duct
epithelial cells, and urinary bladder SMCs.

3. Endocrine-signaling mode. There are some data that
support a potential endocrine function of ETs. Exoge-
nously administered ETs have a wide range of actions
on cardiovascular, renal, and several endocrine systems.
However, in the majority of these studies pharmacologi-
cal doses of ET's were administered that increased plasma
irET to levels exceeding those observed in physiological
or pathological conditions (Haynes and Webb, 1991).

Three studies (one in dogs, two in healthy human
volunteers) tested the effects produced by a 2- to 3-fold

elevation of circulating plasma irET-1 level. In six
healthy, sodium-loaded human volunteers, injection of
human ET-1 (1, 2.5, and 5 ng/kg/min) increased ir-ET-
1 plasma levels from 1.2 £ 0.3 t0 3.2 +£ 1.9, 9.9 + 7.6, and
56.5 = 50.3 pmol/liter, respectively. Mean arterial blood
pressure and serum K* level increased and serum Na*
level decreased, but no change occurred in plasma aldos-
terone, renin, or ANP levels (Vierhapper et al., 1990).
The lowest dose, at which a 3-fold elevation in plasma
irET-1 was obtained, resulted in no significant change
in blood pressure. Higher doses caused a significant
reduction in RBF. Interpretation of this human study is
limited by the lack of monitoring of key parameters,
including cardiac output and systemic vascular resist-
ance, as these might have been changed by ET-1 despite
the lack of effect on mean arterial blood pressure.

Indeed, in another study with healthy human volun-
teers, infusion of 1 to 5 ng/kg/min ET-1 elevated plasma
irET-1 to levels similar to that found in several patho-
logical conditions and increased diastolic blood pressure,
reduced heart rate and renal plasma flow, and increased
renal vascular resistance (Gasic et al., 1992).

ET-1, infused into normal dogs at a dose that simu-
lated pathophysiological levels of plasma irET-1 levels
had no significant effect on systemic blood pressure but
caused a significant increase in systemic vascular resist-
ance, a reduction in RBF, and a decrease in cardiac
output (Lerman et al., 1991c). These studies showed that
moderate elevation of circulating ET-1 levels can cause
significant biological responses, suggesting an endocrine-
signaling mode for the peptide, especially in pathological
conditions in which plasma irET levels are high and/or
the responsiveness of target organs to ETs increases (see
section X). A summary of direct local (paracrine, auto-
crine) and indirect systemic (endocrine) actions of ETs
in several organ systems is presented in table 4.

X. Pathophysiology

Fulfillment of the following criteria would argue for a
role of ETs in the pathophysiology of human diseases:
(a) the local production by vascular (or other) tissues
and/or the circulating plasma levels of the peptide are
elevated because of increased production, decreased deg-
radation, and/or delayed elimination; (b) the vasocon-
strictor, proliferative, or other pathologically relevant
cellular responses of ETs are augmented either because
of increased responsiveness of target cells to ET and/or
because of reduced counterbalance mechanisms (e.g.,
reduced production of vasodilators or diminished degra-
dation/inactivation of the peptide); and (c) anti-ET an-
tibodies, selective ET receptor antagonists, or inhibitors
of its production show beneficial effects on the respective
pathology in animal models of the disease and, ulti-
mately, in humans.

In most of the diseases discussed below (for an over-
view, see table 5) the first and, in part, the second criteria
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TABLE 5
Diseases for which a pathophysiological role for ETs was postulated®
Cardiovascular diseases
Hypertensiont
Malignant forms/stages
Complications (stroke, acute myocardial infarction, renal failure)
Hemangioendothelioma}
Heart

Coronary vasospasm
Unstable angina
Myocardial ischemiat
Acute myocardial infarction
Reperfusion injury
Congestive heart failure

Brain
Vasospasm following SAHt
Stroke

Blood vessels
Restenosis following percutaneous transluminal coronary

angioplasty
Atherosclerosis
Raynaud’s disease
Diabetic microangiopathies (retinopathy, neuropathy,t
nephropathy)

Shock

Cardiogenic
Hemorrhagic
Septic

Kidney diseases

Acute renal failure due to:

Ischemia/reperfusiont
Cyclosporin At
X-ray contrast agents

Chronic renal failure (glomerulosclerosis)

Glomerulonephritis

Hepatorenal syndrome (cirrhosis of the liver)

Lung diseases

Bronchial asthma

Pulmonary hypertension

Hypozxic pulmonary vasoconstriction

Gastric ulcer

Inflammatory bowel disease

Crohn'’s disease
Ulcerative colitis
Disorders of the Female Reproductive System
Premature labort
Dysmenorrhea
Preeclampsia
Carcinogenesis

* Predominantly based on circumstantial evidence, including in-
creased local ET gene expression and production, elevated circulating
plasma irET levels, augmented binding and/or action of ET-1. (For
details, see text in section X.)

t Selective ET receptor antagonists (e.g., BQ-123, Ro 46-2005), ET
biosynthesis inhibitor (e.g., phosphoramidon), or anti-ET antibody
showed beneficial effects in animal models.

$ Tumor removal decreased blood pressure and plasma irET-1 level.

have been fulfilled. So far, only in a few cases were ET
receptor antagonists or ET production inhibitors used.
Thus, the demonstration of true pathological significance
of endogenous ETs in these (and maybe also in other)
disease states must await future animal and, eventually,
clinical studies with the available tools and also with the

more selective and potent receptor antagonists and ECE
inhibitors to be developed in the future.

A. Vasospasm

Being the most potent endogenous vasoconstrictor
known, ET-1 was initially postulated to be involved in
the pathogenesis of a local (vasospasm) or generalized
(hypertension) increase in vascular tone. The long-last-
ing vasoconstriction induced by ET-1 make it an ideal
candidate for initiation and/or maintenance of vaso-
spasm. The pathogenic role of overproduction of and/or
increased reactivity to ET-1 was considered in coronary,
cerebral, and peripheral (e.g., Raynaud’s disease) vaso-
spastic episodes.

1. Coronary vasospasm. The following findings support
a potential role of ET-1 in coronary vasospasm: (a) irET-
1 plasma levels are elevated locally (coronary circulation)
during vasospastic episodes (angina) in patients (Mat-
suyama et al., 1991; Toyo-oka et al., 1991; Toyo-oka and
Sugimoto, 1991); (b) ET-1 causes long-lasting (spastic)
contractions in human (Chester et al., 1992; Yang et al.,
1990b,c) and canine coronary arteries (Kurihara et al.,
1989a,c; Saito et al., 1992) which is augmented in coro-
nary arteries with endothelial denudation or dysfunction
due to ischemia or reperfusion (Clozel and Sprecher,
1991; Neubauer et al., 1991; Saito et al., 1992), and (c)
subthreshold concentrations of ET-1 potentiate the cor-
onary vasoconstrictor action of other substances (e.g.,
serotonin) in isolated human coronary arteries (Yang et
al., 1990b,c; Chester et al., 1992).

In patients with coronary artery disease, stimulation
of vasospasm by acetylcholine or ergonovine causes sig-
nificant elevation of irET-1 in coronary sinus plasma
without changes in the irET-1 plasma level of a periph-
eral artery (Toyo-oka et al.,, 1991) or the aortic arch
(Matsuyama et al., 1991). The latter study also found
that the irET-1 level increased only in patients whose
coronary sinus lactate levels were increased as well (sign
of myocardial ischemia). Elevated plasma irET-1 levels
were found in patients with provoked (acetylcholine,
ergonovine) coronary vasospasm, with signs of myocar-
dial ischemia (Miyauchi et al., 1991a).

2. Cerebral vasospasm following subarachnoid hemor-
rhage. SAH is followed by cerebral vasospasm in the
majority of patients. Several pathogenic factors (e.g.,
hemoglobin) were suggested to be responsible for the link
between SAH and vasospasm. The following evidence
(accumulated over the past years) suggest that ET may
be one of the potential factors mediating SAH-induced
cerebral vasospasm: (a) plasma and CSF irET-1 levels
are significantly elevated in patients with SAH (Lev-
esque et al.,, 1990; Mosaoka et al., 1989; Shigeno and
Mima, 1990; Suzuki et al., 1990a,b, 1992a; Fujimoto et
al., 1992; Kraus et al., 1991; Lam et al., 1991) and in the
canine two-stage model of SAH (Yamaura et al., 1992;
Shigeno and Mima, 1990; Matsumura et al., 1991c); (b)
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inhibition of ET-1 biosynthesis (e.g., by phosphorami-
don; Matsumura et al., 1991c), monoclonal antibodies
against ET-1 (Yamaura et al., 1992), and administration
of the ET, receptor antagonist BQ-123 (Clozel and Wa-
tanabe, 1993) significantly reduced/prevented vasospasm
following SAH in dogs; (c) injection of exogenous ET-1
mimics cerebral vasospasm after SAH (Asano et al., 1990;
Ide et al., 1989; Kobayashi et al., 1991; Hunrich et al.,
1991); (d) ET-1 is a potent vasoconstrictor in isolated
basilar arteries (most common site of vasospasm) of
several species, including human, and the reactivity of
cerebral blood vessels to ET-1 increases significantly
after SAH (Nakagomi et al., 1989; Alafaci et al., 1990,
1991; Papadopoulos et al., 1990; Ide et al., 1989; Asano
et al., 1990; Willette and Sauermilch, 1990); and (e)
hemoglobin stimulates the synthesis/release of ET-1
from cultured endothelial cells (Ohlstein and Storer,
1992).

In patients with SAH plasma irET-1 is elevated for 2
weeks after the onset of disease; the plasma level was
higher in patients with cerebral vasospasm (Suzuki et
al., 1992a). In contrast, no change was observed in the
irET-1 level in CSF in the first 3 days following hemor-
rhage. In patients with vasospasm, CSF irET-1 level
increased significantly on days 5 to 7 after hemorrhage,
coinciding with the onset of cerebral vasospasm. In SAH
patients in whom vasospasm did not develop, no change
in the CSF irET-1 level was observed (Suzuki et al.,
1992a).

Kraus et al. (1991) demonstrated significant elevation
of irET-3 level in CSF only in patients with SAH and
vasospasm but not in healthy volunteers or in patients
with head injury or epilepsy. Similarly, the CSF irET-3
level elevation was demonstrated in patients with SAH
but not in patients with cerebral infarction, subdural
hematoma, or brain tumor (Suzuki et al., 1990a,b).

In the two-stage dog model of SAH, irET-1 in plasma
of basilar artery was elevated only on day 2, but not on
day 7, following SAH (Ikuya et al., 1992). Interestingly,
topical application of anti-ET-1 monoclonal antibody
effectively prevented basilar artery vasospasm when ap-
plied on day 2 but not on day 7. These data suggested
that ET-1 may play the role of initiation of vasospasm
in the early stages of the disease in this animal model.

Intraarterial injection of ET-1 (1 nmol/kg) and big
ET-1 (10 nmol/kg) cause SAH in anesthetized rabbits
(in the distal part of the basilar artery vascular bed)
(Huneidi et al., 1991). Although angiotensin II infusion
caused a greater increase in systemic blood pressure, it
did not initiate SAH in this model (Huneidi et al., 1991).
Intracisternal application of BQ-123 (10 nmol) com-
pletely prevented cerebral vasospasm following SAH in
the rat, but intravenous injection (3 mg/kg) had no effect
(Clozel and Watanabe, 1993). The mixed ET, + ETj
receptor antagonist Ro 46-2005 (3 mg/kg, intravenously)
significantly attenuated a decrease in cerebral blood flow

30, 60, and 120 minutes following SAH in rats (Clozel et
al., 1993a).

However, there are an equal number of studies that do
not support the concept that ET-1 plays an important
role in the pathogenesis of cerebral vasospasm after SAH.
These studies found that, in patients and dogs with SAH,
irET plasma and CSF levels did not correlate with the
development of cerebral vasospasm (Shigeno and Mima,
1990). Phosphoramidon did not prevent cerebral vaso-
spasm in dogs (Shigeno and Mima, 1990). Intracerebro-
ventricular administration of BQ-123 (10™* M) or phos-
phoramidon (2 X 10™* M) did not prevent SAH-induced
cerebral vasospasm in canine basilar arteries exposed to
autologous blood (Cosentino et al., 1993).

3. Raynaud’s disease. Raynaud’s disease is a progres-
sive vascular disorder that is provoked by exposure to
cold and is characterized by frequent and sudden de-
creases in blood flow to the fingertips. It is postulated
that excessive and long-lasting contraction (spasm) of
arteries in the fingers leads to these symptoms. Endo-
thelial cell dysfunction (i.e., reduced synthesis/release of
such vasodilator substances as PGI; and NO) and/or
augmented synthesis/release of endothelium-derived
vasoconstrictor factors (e.g., ET-1) were suggested to
play an important role in the pathogenesis of this disease
(Cimminiello et al., 1991). Indeed, the irET-1 level was
found to be elevated in patients with Raynaud’s disease
(Biondi et al., 1991). Zamora et al. (1990) reported a 3-
fold elevation of plasma irET-1 in these patients com-
pared to healthy volunteers (5.3 vs. 1.7 pg/ml, respec-
tively). Cooling of the hands caused a moderate elevation
of plasma irET-1 in healthy subjects (from 1.7 to 2.7 pg/
ml), whereas a significant increase was detected in pa-
tients with Raynaud’s disease (from 5.3 to 10.3 pg/ml),
a finding that correlated well with cooling-induced vaso-
spasm (Zamora et al., 1990). Elevated ET levels were
found in the cutaneous vasculature of patients with
Raynaud’s disease (Dowd et al., 1990). Plasma irET-1
levels were also significantly elevated in patients with
systemic sclerosis and diffuse scleroderma (Yamane et
al., 1991, 1992).

B. Hypertension

At the time of the discovery of the ETSs, the first
clinical syndrome in which a pathological role for the
peptide was postulated was hypertension (Hickey et al.,
1985; Yanagisawa et al., 1988a,b). Irrespective of the
etiology of the disease (e.g., essential, renal), hyperten-
sion is characterized by a general increase in peripheral
vascular resistance, which is due, in part, to an elevated
vascular tone and also to structural alterations of the
blood vessel wall. The sometimes fatal consequences of
hypertension (e.g., acute myocardial infarction and
stroke), on the other hand, are caused by tissue ischemia
and vascular disorders in specific regions of the body.
Because ET is the most potent vasoconstrictor substance
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known both in vitro and in vivo, and several of its
biological actions may cause elevated peripheral vascular
resistance or local vascular disorders, it was postulated
that the peptide is, indeed, involved in the pathogenesis
of hypertension and its sequelae. However, to date the
evidence for ET’s involvement in mild to moderate hy-
pertension is controversial. In contrast, its role in ful-
minant forms or stages of the disease and its renal,
myocardial, and cerebral complications is supported by
convincing evidence.

1. Vascular production and circulating levels of endo-
thelin in hypertension. Increased basal and stimulated
release of ET from the vasculature was reported in
animal models of hypertension. The mesenteric artery of
the SHR releases more peptide under basal conditions
than do the same arteries from WKY rats (Miyamori et
al., 1991). In prehypertensive, salt-sensitive Dahl rats,
ouabain stimulates more ET production than in normo-
tensive controls (Goligorsky et al., 1991). In desoxycor-
ticosterone acetate hypertensive rats, the plasma clear-
ance of ET-1 is prolonged (Yokokawa et al., 1992).

The circulating plasma levels of irET-1 are not signif-
icantly altered in rats with various forms of experimental
hypertension (Suzuki et al., 1991b; Vemulapalli et al.,
1991), unless malignant forms of hypertension were stud-
ied (Kohno et al., 1991a).

In some studies of patients with essential hyperten-
sion, moderately elevated plasma irET levels were found
(Kohno et al., 1990b; Saito et al., 1991; Shichiri et al.,
1990; Lerman et al., 1991a), whereas in other studies no
elevation could be observed (Haak et al., 1992; Davenport
et al., 1991; Predel et al., 1990; Schiffrin and Thibault,
1991). These inconclusive data could mean that circulat-
ing irET levels are not elevated in mild to moderate
human essential hypertension but could also be due to
problems with the techniques of detection (e.g., cross-
reactivity between ET isoforms, big ET and their deg-
radation products) and/or due to the fact that vascular
endothelial cells may release the peptide preferentially
toward the underlying vascular wall and circulating levels
do not represent accurately the local production of the
peptides that act predominantly in a paracrine/autocrine
fashion at their site of release rather than in an endo-
crine-signaling mode.

In contrast, consistently elevated circulating irET was
demonstrated in patients with malignant hypertension
(Yokokawa et al., 1991b,c, 1992) and in severe hyperten-
sion with end-organ complications, such as renal failure
(Widimsky et al., 1991), advanced arteriosclerosis
(Luscher et al., 1990), or preeclampsia (Taylor et al.,
1990; Florijn et al., 1991).

2. Altered responsiveness to endothelin in hypertension.
The observed changes in pressor responsiveness in ani-
mals with hypertension or in vasoconstrictor reactivity
of isolated blood vessels are inconclusive. In the SHR,
the pressor responses to ET are reported to be moder-

ately elevated (Miyauchi et al., 1989), reduced (Winquist
et al., 1989a), or not altered (Hirata et al., 1989b). In
isolated aorta of SHR the sensitivity to ETs (compared
to aortas isolated from WKY rats) was reported to be
enhanced (Clozel, 1989; Vemulapalli et al., 1991), reduced
(Ashida et al., 1991; Dohi and Luscher, 1991), or un-
changed (Criscione et al., 1990). Reduced responsiveness
was demonstrated in the aorta and mesenteric arteries
of desoxycorticosterone acetate salt hypertensive (Ngu-
yen et al., 1992; Deng and Schiffrin, 1992) and renovas-
cular hypertensive (two-kidney, one clip) rats (Dohi et
al., 1991). Reduced responsiveness does not necessarily
argue against a role of ETs in the development of hyper-
tension. It may reflect previous exposure of these blood
vessels to elevated levels of ET-1, leading to receptor
downregulation, tachyphylaxis, or sustained receptor oc-
cupancy. Indeed, in contrast to adult animals, resistance
arteries of young prehypertensive rats are very sensitive
to the vasoconstrictor effect of ET-1 (Dohi and Luscher,
1991). In contrast to the inconclusive results with the
direct responsiveness, the potentiating effect of subpres-
sor or subthreshold concentrations of ET on vasocon-
striction induced by other agonists is increased in hyper-
tension (Tabuchi et al., 1989; Dohi and Luscher, 1991;
Yang et al., 1990c; Dohi et al., 1992).

Renal arteries isolated from SHR show increased re-
activity to ET (Tomobe et al., 1988). Based on its im-
portance in blood pressure regulation, alteration of ET
responsiveness in the renal vascular bed may play an
important role in the long-term regulation (elevation) of
systemic blood pressure.

In addition to the direct smooth muscle responsive-
ness, ET-induced vasoconstriction can be increased by
impaired endothelial generation of counterbalancing
vasodilator substances [e.g., PGI; and EDRF (NO)].
Indeed, in several animal models of hypertension (e.g.,
SHR, desoxycorticosterone acetate) endothelium-de-
pendent relaxation is impaired (for review, see Luscher,
1991). Endothelium-dependent relaxation of resistance
arterioles from hypertensive animals to ET-1 is signifi-
cantly reduced (Dohi and Luscher, 1991), suggesting that
endothelial protection against ET-1-induced vasocon-
striction is depressed in hypertension.

It is unknown, whether other regulatory mechanisms
(e.g., ET-1 inactivation by SMCs or PMNs) are also
altered in hypertension.

3. Effect of endothelin biosynthesis inhibitors and en-
dothelin receptor antagonists on blood pressure in hyper-
tension. Phosphoramidon, a nonselective, neutral metal-
loendopeptidase inhibitor and an effective inhibitor of
ET-1 production (Sawamura et al., 1990a,b, 1991; Mat-
sumura et al., 1990) was reported to decrease blood
pressure in SHR (McMahon et al.,, 1991a), suggesting
that ET-1 production contributes to increased peripheral
vascular resistance in SHR. In contrast, anti-ET anti-
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body had no effect on blood pressure in SHR (Takagi et
al., 1991b).

The selective ET, receptor antagonist BQ-123 inhib-
ited the pressor effect of an intravenous injection of ET-
1 in rats (Bazil et al., 1992). BQ-123 significantly de-
creased blood pressure in stroke-prone, but not in nor-
mal, SHR (Nishikibe et al., 1993), suggesting that ETs
may contribute to the elevation of blood pressure and
probably also to its complications (atherosclerosis, myo-
cardial and cerebral ischemia, renal failure, etc.) espe-
cially in malignant forms of hypertension. However, even
in stroke-prone SHR, BQ-123 caused only partial reduc-
tion in blood pressure. This finding may be due to the
fact that ET's play only a minor role or that blockade of
ET  receptors is insufficient to totally prevent the effect
of ET's. A recent study with the orally active mixed ET,
+ ET3 receptor antagonist, Ro 46-2005, was highly ef-
fective in decreasing blood pressure in rats (Clozel et al.,
1993a), demonstrating that ETs may play an important
role in this disease and that both ET, and ETp receptor
subtypes may be involved.

4. Hypertension associated with endothelin-secreting
hemangioendothelioma. The pathophysiological role for
ET-1 in hypertension was supported by the clinical find-
ings of Yokokawa and colleagues (1991b,c, 1992). Two
cases of hemangioendothelioma, a rare malignant tumor
associated with hypertension and elevated plasma ET-1
levels, were reported. Blood pressure and plasma irET-1
were decreased in both cases after surgical excision of
the tumor, and in one patient recurrence was associated
with redevelopment of hypertension and elevated circu-
lating ET levels. In one case, tumor content of ET-1 and
ET-1 mRNA was shown to be higher than in normal
skin. Plasma ET levels in these patients were 15- to 20-
fold higher than in normal subjects which, considering
the rapid clearance of ET-1 from the circulation, suggests
profound secretion of ET-1 by the tumor.

C. Pregnancy-associated Hypertension (Preeclampsia)

Progressive hypertension developing during pregnancy
(preeclampsia, toxemia) is associated with a generalized
endothelial cell activation (dysfunction) in the maternal
circulation, which results (among others) in overpro-
duction of ET-1, reduced production of EDRF (NO) and
PGI.;, and the acquisition of prothrombotic properties of
endothelial cells. These changes were postulated to con-
tribute to the symptoms of high blood pressure, inade-
quate tissue perfusion/oxygenation, and the syndrome of
disseminated intravascular coagulation.

Several clinical studies demonstrated significant ele-
vation of plasma irET-1 in preeclampsia (Clark et al.,
1992; Thara et al., 1991c; Mastrogiannis et al., 1991, 1992;
Nova et al., 1991; Schiff et al., 1992; Taylor et al., 1990;
Florijn et al., 1991; Otani et al., 1991). However, in some
studies no change of circulating irET-1 level was found
in the maternal plasma during preeclampsia (Benigni et

al., 1992; Lumme et al., 1992). That hypertension alone
is not the cause of increased production of ET-1 was
demonstrated by Ihara et al. (1991c) who found no
change in irET-1 in pregnant women with preexisting
hypertension.

Several studies showed good correlation between
symptoms of preeclampsia and circulating plasma irET-
1 levels. Magnesium infusion decreased blood pressure
and plasma irET-1 level in patients with preeclampsia
but had no affect on these parameters in preterm or term
(normal) pregnant women (Mastrogiannis et al., 1992).
Elevated plasma irET-1 levels returned to control values
within 48 hours following cesarean section, showing good
correlation with the time course of mean arterial blood
pressure reduction (Taylor et al., 1990). In patients with
preeclampsia and disseminated intravascular coagula-
tion, the plasma irET-1 level was significantly higher
than in patients with hypertension alone (Ihara et al.,
1991c). Plasma irET-1 levels in normal pregnant women
abusing cocaine were elevated similarly to those found
in women with preeclampsia (Samuels et al., 1993).

It is still unknown, however, whether the elevated
plasma irET-1 level is only the marker of endothelial
cell activation/dysfunction or rather the local overpro-
duction of ET-1 contributes to the pathogenesis of the
disease.

D. Pulmonary Hypertension and Hypoxic
Vasoconstriction

Measuring irET-1 concentrations in the arterial and
venous blood, Levy et al. (1990; Stewaer et al., 1991b)
found that the arterial to venous ratio was significantly
less than 1 in normal subjects, close to 1 in patients with
secondary pulmonary hypertension of various etiologies,
and significantly greater than 1 in patients with primary
pulmonary hypertension. It appears that the normal lung
clears ET from the circulation and that this clearance
function is decreased in secondary pulmonary hyperten-
sion which can contribute to elevated circulatory ET-1
levels in this condition (Levy et al., 1990; Stewart et al.,
1991b). In addition to decreased clearance, increased
production of ET-1 may occur in the lung of patients
with primary pulmonary hypertension. Increased expres-
sion of ET-1 mRNA in an animal model of primary
pulmonary hypertension (Stelzner et al., 1990) and in
patients with pulmonary hypertension (Giaid et al., 1993)
seems to support this hypothesis. In patients with sec-
ondary pulmonary hypertension due to valvular heart
disease, circulating plasma irET-1 level is significantly
elevated; these levels are reduced to normal after surgical
correction of valvular disease (Chang et al., 1993).

During pulmonary alveolar hypoxia, irET-1 in rat lung
is increased (Shirakami et al., 1991), and with prolonged
hypoxia, constrictor sensitivity to ET-1 increases and
vasodilation is lost (Eddahibi et al., 1991). These findings
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raise the possibility that ET-1 may be involved in sus-
taining chronic hypoxic pulmonary hypertension.
Normobaric hypoxia (10% O.) increased circulating
ET-1 levels and stimulated ET-1 gene expression in the
lung and right atrium but not in the organs supplied by
the systemic circulation of the rat (Elton et al., 1992).

E. Ischemia

The potent and long-lasting vasoconstriction produced
by ETs raised the possibility that the peptides may
contribute to a reduction of blood flow (ischemia) to
several organs, including the heart, brain, lung, and
kidney. Increased synthesis/release of ET-1 from the
endothelium during hypoxia and ischemia, combined
with findings of (a) elevated tissue and circulatory
plasma levels of ET-1, (b) enhanced reactivity of blood
vessels during ischemia/reperfusion, (¢) augmented bind-
ing of ET-1 to ischemic tissues, (d) sporadic reports of
prevention of ischemic tissue damage by ET antibodies,
and (e) ET biosynthesis inhibitors (e.g., phosphorami-
don) or ET, receptor antagonists (e.g., BQ-123), further
supports the potential role of ETs in the pathomechan-
ism of ischemic tissue injury.

1. Myocardial ischemia, reperfusion injury, and acute
myocardial infarction. Animal studies provided compel-
ling evidence for the potential involvement of ET in
myocardial damage during ischemia. Exogenously ad-
ministered ET-1 is a potent vasoconstrictor of large and
small coronary arteries leading to signs of myocardial
ischemia in dogs (Hori et al.,, 1991; Kurihara et al.,,
1989a,c; Hom et al., 1992; Muramatsu et al., 1991; Salvati
et al., 1991) and pigs (Adachi et al., 1991a; Ezra et al.,
1989). Coronary artery occlusion (ischemia) followed by
reperfusion causes significant facilitation of ET-1-in-
duced coronary artery vasoconstriction in the dog heart
in vivo and in vitro (Clozel and Sprecher, 1991; Saito et
al., 1992) and in the isolated perfused rat heart (Brunner
et al., 1992; Watts et al., 1992; Neubauer et al., 1991).
Exogenous ET-1 has direct proarrhythmic effects on the
myocardium in dogs in vivo and in vitro (Salvati et al.,
1991; Hom et al., 1992). '¥I-ET-1 binding to cardiac
membranes is increased following ischemia and reperfu-
sion in rat hearts (Liu et al., 1990; Nayler et al., 1992).
Ischemia/reperfusion stimulates ET-1 synthesis/release
from isolated rat heart (Brunner et al., 1992), from dog
heart in vivo (Tsuji et al., 1991), and from rat heart in
vivo (Watanabe et al., 1991). The ET-1 biosynthesis
(ECE) inhibitor phosphoramidon causes significant re-
duction of myocardial infarction size in anesthetized rats
24 hours after ischemia (Grover et al., 1992). The mono-
clonal antibody against ET-1 (Aw ET N 40; which antago-
nized the effect of ET-1 and ET-2, but not that of ET-3,
in vitro and in vivo) significantly reduced myocardial in-
farction size in anesthetized rats (Watanabe et al., 1991).

These findings in animal experiments are supported
by findings of a significant elevation of circulating

plasma irET-1 levels in patients with acute myocardial
infarction (Lam et al., 1991; Matsuyama et al., 1991;
Miyauchi et al., 1989, 1991a, 1992a; Naruse et al.,

1991a,b; Stewart et al., 1991a,c; Takahara et al., 1991; |

Yasuda et al., 1990).

a. ENDOTHELIN CAUSES MYOCARDIAL ISCHEMIA. In
anesthetized open-chest pigs and dogs, an intravenous
injection of both ET-1 and the Ca?* channel opener Bay
K 8644 causes coronary vasoconstriction and elevation
of mean arterial blood pressure (Adachi et al., 1991a;
Hom et al., 1992). However, although Bay K 8644 in-
creased, ET-1 decreased the maximal rate of force devel-
opment (Hom et al., 1992). Intracoronary injection of ET-1
caused myocardial ischemia, and Bay K 8644 did not.
Ca’* antagonists prevented the effect of Bay K 8644 but
not the coronary vasoconstrictor effect of ET-1; thus,
ET-1 must act via a different mechanism (Adachi et al.,
1991a).

In isolated rat heart ET-1 causes coronary vasocon-
striction and reduction of the maximal rate of force
development, which could be prevented by BQ-123, sug-
gesting that these effects are mediated by an ET, recep-
tor (Grover et al., 1992). ET-1 did not reduce the maximal
rate of force development, if coronary flow was main-
tained constant, indicating that its negative effect on
myocardial contractility is secondary to a reduction in
blood supply (Grover et al., 1992). Topical application of
low concentrations (pmol) of ET-1 on the epicardium of
dog hearts causes local ischemia (Hori et al., 1991). In
anesthetized dogs, intracoronary injection of 60 to 100
pmol ET-1 causes a reduction of coronary blood flow and
the maximal rate of force development, which are fol-
lowed by ST segment elevation, atrioventricular con-
ductance disturbances, and left ventricular fibrillation
(Muramatsu et al., 1991).

b. ISCHEMIA/REPERFUSION POTENTIATES CORONARY
VASOCONSTRICTION INDUCED BY ENDOTHELIN. Low per-
fusion pressure potentiates coronary vasoconstriction in-
duced by ET-1, but not that of angiotensin II, in the dog
heart in situ (Clozel and Sprecher, 1991). In the isolated
perfused rat heart, 30 minutes of coronary artery occlu-
sion (ischemia), followed by reperfusion, potentiated ET-
1 (0.04 to 400 pmol) induced coronary vasoconstriction,
probably via increased number/affinity of ET receptors
and absence of EDRF (NO) and vasodilator prostaglan-
din (PGI;) release from the endothelium (Neubauer et
al,, 1991). In contrast, hypoxia/reoxygenation suppressed
ET-1-induced coronary vasoconstriction in the same
preparation (Neubauer et al., 1991). In dog hearts in situ,
ischemia-reperfusion augmented ET-1-induced coronary
vasoconstriction and reduced endothelium-dependent re-
laxation (EDRF production) (Saito et al., 1992). Inter-
estingly, in isolated coronary arteries, the postischemic
potentiation could be observed only if activated PMNs
were added to the preparation (Saito et al., 1992). In
perfused rat heart ischemia/reperfusion augmented an
ET-2-induced increase in coronary vascular resistance.
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In perfused rat hearts, ischemia (30 minutes) and reper-
fusion potentiated ET-1-induced coronary vasoconstric-
tion (Watts et al., 1992). The potentiation was not ac-
companied by significant changes in *!-ET-1 binding,
suggesting that the potentiation is probably due to re-
duced synthesis/release of EDRF (NO) (Watts et al.,
1992).

Ischemia/reperfusion-induced increased ET-1 produc-
tion and myocardial infarction size were both signifi-
cantly attenuated by adenosine in anesthetized dogs (Ve-
lasco et al., 1993).

. CHANGE IN *’I-ENDOTHELIN BINDING IN ISCHEMIC
MYOCARDIUM. Conflicting results were reported concern-
ing changes in myocardial ET-binding sites following
ischemia. !**I-ET-1 binding to cardiac membranes in-
creased following 20 to 90 minutes of ischemia, and
further increased after reperfusion, in isolated rat hearts
(Liu et al., 1990; Nayler et al., 1992). In contrast, no
change in ET-1 binding was found in the ischemic rat
heart (Neubauer et al., 1991; Watts et al., 1992), except
for a receptor downregulation in the left atria (Neubauer
et al., 1991).

d. ISCHEMIA-REPERFUSION STIMULATES SYNTHESIS/
RELEASE OF ENDOTHELIN IN THE MYOCARDIUM. In the
isolated perfused rat heart, irET-1 release was reduced
by approximately 90% during ischemia, but it was in-
creased by approximately 400% during reperfusion
(Brunner et al., 1992). In anesthetized rats, ischemia
followed by 60 minutes of reperfusion caused a significant
elevation in plasma (approximately 4-fold) and myocar-
dial (approximately 7-fold) irET-1 (Watanabe et al.,
1990, 1991). The irET-1 level in the plasma of the
coronary central vein in the heart of anesthetized dogs
in situ did not change during 45 minutes of coronary
occlusion but increased 2-fold after 60 minutes of reper-
fusion (Tsuji et al., 1991).

€. PLASMA IMMUNOREACTIVE ENDOTHELIN LEVEL IN
PATIENTS WITH ACUTE MYOCARDIAL INFARCTION, AN-
GINA, AND PERCUTANEOUS TRANSLUMINAL CORONARY
ANGIOPLASTY. In patients with acute myocardial infarc-
tion, the plasma irET-1 level was reported to be approx-
imately 7-fold higher (3.43 + 1.03 pmol) than in healthy
volunteers (0.54 + 0.05 pmol) (Lam et al., 1991). Espe-
cially high plasma irET-1 levels are found in patients
with hemodynamic complications (Tomoda, 1993). In
patients with acute myocardial infarction plasma and
urine irET-1 and immunoreactive big ET-1 levels are
elevated, and a novel high molecular weight irET form
appears, suggesting that biosynthesis and/or degradation
of ET is changed as well (Naruse et al., 1991a). Naruse
et al. found that there is no change in circulating throm-
bomodulin level (endothelial cell activation/injury
marker) when irET-1 levels increase in patients with
acute myocardial infarction (Naruse et al., 1991b).
Plasma irET-1 level elevation was found to be an early
sign of acute myocardial infarction (Stewart et al.,
1991a). No change in irET-1 plasma level (coronary

sinus) occurs in patients with stable angina (i.e., myo-
cardial ischemia but no infarction) (Stewart et al.,
1991c). Yasuda et al. (1990) found elevated plasma irET-
1 levels in the acute phase of acute myocardial infarction;
the plasma level correlated well with the severity (extent)
of the infarction. No change in plasma irET-1 level was
found in patients with stable angina pectoris (Yasuda et
al.,, 1990). In patients following percutaneous translu-
minal coronary angioplasty, coronary sinus irET-1 is
significantly increased, whereas no change can be ob-
served in the plasma from the femoral artery (Tahara et
al., 1991).

2. Cerebral ischemia: stroke. Although there are less
experimental data available than for myocardial ische-
mia, the potential role of ETs in the pathomechanism of
cerebral ischemia is supported by both animal studies
and clinical observations in patients. The following ex-
perimental data support the potential involvement of
ETs in cerebral ischemia: (a) ETs are potent vasocon-
strictors of large and small cerebral arteries both in vivo
and vitro, and the long-lasting and extensive vasocon-
striction produced by exogenously administered peptides
causes tissue damage that is similar to that observed
following ischemia in rat, cat, and dog brain (Mima et
al., 1989; Agnati et al., 1991; Fuxe et al., 1992; Kurosawa
et al., 1991; Macrae et al., 1991a,b; Robinson et al., 1991);
(b) bilateral carotid artery occlusion (cerebral ischemia)
followed by reperfusion is associated with elevated
plasma irET-1 in gerbils (Willette et al., 1993); and (c)
in anesthetized rabbits intracerebroventricular injection
of ET-1 causes significant reduction of CSF production
via sustained vasoconstriction in the choroid plexus
(Schalk et al., 1992).

Transient forebrain ischemia reduced (by approxi-
mately 15%) ET receptor density and increased (approx-
imately 2-fold) irET-1 in gerbil brain (Willette et al.,
1993). Transient forebrain ischemia significantly aug-
mented ET-1- and ET-3-like immunoreactivity in the
hippocampus of stroke-prone SHR (Yamashita et al.,
1993).

In anesthetized rats, intravenous or intraarterial injec-
tion of ET-1 (100 to 300 pmol) causes cerebral vasocon-
striction and electroencephalographic signs of cerebral
ischemia (Willette et al., 1990). Intracerebroventricular
injection of ET-1 causes focal ischemia in the cortex of
rat brain (Agnati et al., 1991). Intracisternal injection of
ET-1 causes vasoconstriction leading to ischemic cere-
bral lesions developing 24 to 48 hours after the injection
(Fuxe et al.,, 1992). Occlusion of one common carotid
artery in gerbils for 30 minutes followed by reperfusion
causes an elevation of plasma irET-1 that persists for at
least 12 hours (Giuffrida et al., 1992). Intracisternal
injection of ET-1 (0.01 to 0.03 nmol) to conscious rats
causes reductions in blood flow and signs of ischemic
tissue damage in the brainstem (Macrae et al., 1991a).
Topical application of 0.25 nmol ET-1 to the middle
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cerebral artery in the rat in vivo causes a reduction in
blood flow and ischemic cell damage similar to that
observed after occlusion of the same arteries (Robinson
et al., 1991).

These findings in animal experiments were supported
by clinical studies demonstrating significant elevation of
plasma irET-1 in patients with cerebral ischemia/infarct
(stroke). In 16 patients with nonhemorrhagic cerebral
infarction, the plasma irET-1 level was elevated 4-fold
compared to healthy volunteers, whereas the plasma
irET-3 level showed no change (Ziv et al., 1992). Ziv et
al. postulated that excessive production of ET-1 may
cause vasoconstriction in the collateral circulation,
thereby enlarging the area of tissue damage (infarct size).

In addition to promoting ischemia through vasocon-
striction, ETs might contribute to the pathogenesis of
stroke by direct effects on neurons or glia. Damage
(death) to neurons after stroke is thought to result largely
from increases in [Ca?*]; (Choi and Rothman, 1990).
Indeed, ET-1 and ET-3 increase [Ca®*]; in cultured glia
and neuroblastoma cells (Yue et al., 1990; Marsault et
al.,, 1990). ETs might also contribute to ischemic neu-
ronal injury indirectly by stimulating the release of ex-
citatory amino acids (Lin et al., 1990c), which play a key
role in neuronal damage in stroke (Choi and Rothman,
1990).

Intrahippocampal injection of ibotenic acid increases
ET-like immunoreactivity in pyramidal neurons and as-
trocytes (Cintra et al., 1989). Intrathecal (Hokfelt et al.,
1989) and intrastriatal (Fuxe et al., 1989) injection of
ET-1 produces lesions characterized by neuronal loss,
which resemble those observed in ischemia.

3. Acute renal ischemia and nephrotoxic substances.
Acute renal failure following an ischemic episode or
caused by toxic substances (e.g., cyclosporin A, X-ray
contrast agents, endotoxin) is characterized by a revers-
ible, but severe, depression (sometimes complete cessa-
tion) of renal functions, frequently requiring hemodi-
alysis in these patients. The syndrome is usually accom-
panied by significant vasoconstriction and reduction of
renal plasma flow, GFR, and tubular functions, all of
which are reminiscent of the renal actions of exogenously
administered ETs. The renal vasculature is one of the
most sensitive vascular beds to the vasoconstrictor action
of ET-1. Indeed, systemic injection of subpressor doses
of ET-1 causes a reduction of RBF in conscious dogs
(Lerman et al., 1991c) and human volunteers (Gasic et
al., 1992).

Experimental evidence suggests the involvement of
ETs (especially ET-1) in the development of acute renal
failure following ischemia and in response to nephrotoxic
substances. Injection of exogenous ET-1 causes potent
and long-lasting renal vasoconstriction and mimics the
syndrome of acute renal failure (Kon et al., 1989; Shi-
bouta et al., 1990; Firth et al., 1988; McMurray et al.,
1992). '#¥I-ET-1-binding affinity and/or receptor number

on renal vasculature was found to be increased following
ischemia/reperfusion in rats (Clozel et al., 1991; Nambi
et al.,, 1993; Kon et al.,, 1992), although Wilkes et al.
(1991) found no change in ET-1-binding affinity or
receptor number in postischemic rat kidney. Ischemia
(45 minutes) and reperfusion (6 hours) significantly aug-
mented ET-1 mRNA but decreased ET-3 mRNA in the
kidney (Firth and Ratcliffe, 1992). These changes were
long lasting, persisting for days. These findings support
a role for ET-1 in postischemic renal vascular phenom-
ena and also demonstrate that the two ET genes are
differentially regulated. Ischemia/reperfusion-induced
and renal toxic substance-induced (cyclosporin A, X-ray
contrast media, endotoxin, amphotericin-B) acute renal
failure is associated with elevation of plasma and urine
levels of irET-1 in rats [Kon et al., 1992 (ischemia);
Lopez-Farre et al.,, 1991a (ischemia); Shibouta et al.,
1990 (ischemia); Heyman et al., 1992 (amphotericin-B);
Margulies et al., 1991 (X-ray contrast medium); Morel
et al., 1991 (endotoxin); Perico et al., 1990 (cyclosporin
A)]. A nonionic, low osmolar contrast agent (ioversol)
caused much smaller stimulation of ET-1 production in
the rat kidney in vivo and in cultured endothelial cells
than an ionic and high osmolar agents (e.g., iothalamate)
(Heyman et al., 1993).

Anti-ET-1 monoclonal antibody prevented renal vaso-
constriction following ischemia-, cyclosporin A-, and
endotoxin-induced acute renal failure in the rat (Kon et
al., 1992), postischemic renal failure and stimulated glo-
merular PAF production in the rat (Lopez-Farre et al.,
1991b), ischemia-induced tubular necrosis and Ca®* ac-
cumulation in necrotic tissue (Shibouta et al., 1990), and
cyclosporin A-induced renal vasoconstriction in isolated
perfused rat kidney and in rat kidney in situ (Perico et
al., 1990). However, ET-1 antibody was ineffective in
reversing or preventing postischemic renal failure in one
study (Takabatake et al., 1991). The selective ET', recep-
tor antagonist BQ-123 (0.5 mg/kg/min for 2.5 hours)
protected the rat kidney in situ against ischemia-induced
acute renal failure and tubular cell injury (Mino et al.,
1992). Ro 46-2005 (3 mg/kg, intravenously), a mixed
ETA + ETj3 receptor antagonist, significantly reduced
renal vasoconstriction following reperfusion (Clozel et
al., 1993a).,

Cyclosporin A contracted, in a dose-dependent man-
ner, isolated glomerular afferent and efferent arterioles
(Lanese and Conger, 1993). In afferent arterioles, BQ-
123 completely blocked the vasoconstriction, but in ef-
ferent arterioles, the ET, receptor antagonist had no
effect on cyclosporin A-induced vasoconstriction. Pen-
toxifylline attenuated cyclosporin A-induced ET-1 secre-
tion and vasoconstriction in autoperfused dog kidney
(Carrier et al., 1993).

Cyclosporin A stimulates ET-1 secretion from cultured
VSMCs (Takeda et al.,, 1993), suggesting a potential
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autocrine regulatory mechanism for cyclosporin-induced
vasoconstriction.

In good agreement with these findings, plasma irET-1
concentrations are significantly elevated in patients with
acute renal failure (Tomita et al., 1989).

F. Congestive Heart Failure

Congestive heart failure is characterized by low cardiac
output, sodium and water retention, and peripheral vaso-
constriction. Some of the well-documented biological
actions (vasoconstriction, reduction of cardiac output,
sodium retention, modulation of the renin-angiotensin-
aldosterone system) of ET suggest that it may be in-
volved in the development and/or progression of the
congestive heart failure syndrome.

Plasma irET level is elevated 2- to 3-fold above normal
in an experimental animal model of heart failure induced
by rapid ventricular pacing (Cavero et al., 1990; Margu-
lies et al., 1990). Elevated circulating plasma irET-1
levels were also reported in humans with heart failure
(Lerman et al., 1992a; Stewart et al., 1992). Although the
source of the elevated plasma ET level in congestive
heart failure is unclear, at least two mechanisms may be
responsible. The first possibility is increased production
of ET-1. Studies in vitro showed increased ET-1 secre-
tion by the endothelium in the presence of angiotensin
II or AVP (Resink et al., 1990a; Emori et al., 1989,
1991b). With both angiotensin II and AVP being elevated
in congestive heart failure, these may serve as stimuli for
ET production.

In addition to increased ET production, decreased
clearance of ET from the circulation may also occur in
congestive heart failure. Indeed, Cavero et al. (1990)
found that, after infusion of the same concentration of
ET-1, a 3-fold or greater increase in plasma irET-1
occurred in patients when compared to healthy controls.
This finding indicated decreased clearance of ET-1, at
least in this animal model of heart failure.

The selective ET, receptor antagonist FR-139317 re-
duced systemic blood pressure and peripheral resistance
in a dog model of chronic heart failure (Clavell et al.,
1994), suggesting that elevated endogenous ET contrib-
utes to the increase of systemic vascular resistance in
severe congestive heart failure.

Because congestive heart failure is a low cardiac output
state similar to that seen after hemorrhage, one may
speculate that ET-1 may be elevated in heart failure
because of the decrease in intravascular volume. Similar
to the sympathoadrenal and renin-angiotensin-aldoster-
one systems, the vasoconstricting effects of ET-1 may be
beneficial early in heart failure, augmenting preload via
venoconstriction, increasing systemic vascular resistance
to maintain perfusion pressure, and increasing plasma
volume by fluid and water retention. With time, however,
the chronic effects of ET-1 likely become excessive and

contribute to a continuing deterioration of cardiac func-
tion.

G. Shock Syndrome

The shock syndrome is characterized by decreasing
systemic blood pressure because the capacity of the vas-
culature exceeds the volume of circulating blood due to
either excessive vasodilation (septic shock), failure of the
heart to pump blood (cardiogenic shock), or loss of blood
(hemorrhagic shock) or plasma (burn). In the initial
stages neurohumoral mechanisms (e.g., sympathoadrenal
system, AVP) are activated to maintain blood pressure
via peripheral vasoconstriction. Stimulated synthesis/
release of ETs also was postulated to contribute to this
compensatory mechanism (see also section IX.C; fig. 15).
Indeed, significantly elevated circulating plasma irET-1
levels were reported in patients with acute cardiac failure
(cardiogenic shock) (Cernacek and Stewart, 1989) with
central hypovolemia following upright tilting or hemor-
rhage (Maten et al., 1992) and in patients with septic
shock syndrome (Weitzberg et al., 1991).

There is an approximately 5-fold increase of plasma
irET level in septic shock patients during the early stage
of this disorder, whereas in patients with anuria the
increase is approximately 10-fold (from 2.4 to 11.3 and
24 pmol/liter, respectively) (Weitzberg et al., 1991). Sim-
ilar to findings in patients, septic shock caused by injec-
tion of Escherichia coli bacterium or lipopolysaccharide
leads to a significant elevation of plasma irET-1 level in
sheep (Clozel et al., 1989; 1991), dogs (Nakamura et al.,
1991), pigs (Pernow et al., 1990), and rats (Vemulapalli
et al., 1991).

Studies with cultured endothelial cells demonstrated
that endotoxin is a potent stimulant of ET-1 production.
Lipopolysaccharide stimulates the release of ET-1 from
bovine pulmonary artery endothelial cells in culture
(Nakamura et al., 1991) and from human endothelial
cells and macrophages (Voerman et al., 1992). Tumor
necrosis factor, the cytokine mediating some of the tissue
damage caused by lipopolysaccharide, stimulates ET-1
mRNA expression and release of ET-1 from bovine aor-
tic, renal arterial, and glomerular capillary endothelial
cells in rats (Marsden and Brenner, 1992).

Endotoxin injection into pigs caused an approximately
7-fold elevation of plasma irET-1, which was caused
predominantly by release from the spleen, because it
could be prevented by splenectomy (Pernow et al., 1990;
Lundberg et al., 1991). The release of ET-1 from the
spleen correlated well with renal artery vasoconstriction.
It is postulated that local (i.e., in renal vasculature) and
systemic (i.e., spleen) production of ET-1 plays an im-
portant role in renal vasoconstriction and renal failure
in endotoxic shock.

H. Hypercholesterolemia and Atherosclerosis

The potential involvement of ETs in the progression
of atheromatous vascular disease is supported by the
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following findings: (a) plasma irET-1 level is increased
in patients with atherosclerosis and in animal models of
hypercholesterolemia; (b) expression of the ET-1 gene is
induced, the synthesis and release of ET-1 peptide in-
creased, and the binding of exogenous ET-1 enhanced in
the atheromatous vascular lesion; (c¢) oxidized LDL and
several cytokines (tumor necrosis factor «, interleukin-
18, TGFfS1), all involved in the vascular injury process,
stimulate ET-1 production by the endothelium and mac-
rophages; (d) ET-1 is a (weak) mitogen or comitogen in
vascular smooth muscle cells; and (e¢) ET-1-induced
vasoconstriction is potentiated in atherosclerosis.

1. Increased circulating immunoreactive endothelin lev-
els. Plasma irET-1 level increased significantly in rats
fed a high cholesterol diet (Horio et al., 1991a; Miyauchi
et al., 1992b). The lipid-lowering drug clinofibrate pre-
vented plasma irET-1 elevation (Horio et al., 1991a).
Elevation of plasma irET-1 occurred in cholesterol-fed
rats before any signs of atherosclerosis developed (Horio
et al., 1991a). Similar to the results of these animal
studies, elevated plasma irET-1 levels were found in
patients with hypercholesterolemia (Bath and Martin,
1991) and in patients with advanced symptomatic (an-
gina) coronary artery atherosclerosis (Lerman et al.,
1991b). In the latter patients, the plasma irET-1 level
correlated well with the number of atherosclerotic lesions
(Lerman et al., 1991b).

2. Stimulated production of endothelin. Oxidized LDL
(30 to 300 mg/ml) and acetylated LDL, but not native
LDL, stimulated the expression of prepro-ET mRNA
and the release of mature ET-1 in cultured human and
porcine endothelial cells and in isolated porcine aorta
(Boulanger et al., 1992). The LDL scavenger receptor
antagonist, dextran sulfate, inhibited the stimulation and
downregulation of PKC by pretreatment with phorbol
esters (Boulanger et al., 1992), suggesting that the effect
is mediated by the LDL scavenger receptor and activa-
tion of PKC in endothelial cells. In human macrophages,
modified, but not native, LDL stimulated ET-1 secretion
(oxidized LDL > acetylated LDL > native LDL) (Martin
Nizard, 1991).

In cultured porcine aortic endothelial cells, cytokines
(interleukin-18, tumor necrosis factor a), the growth
factor TGF; and thrombin stimulated the synthesis/
release of ET-1 (Maemura et al., 1992). The ET-1 gene
in these endothelial cells has tissue-specific “response
elements” for these factors (Maemura et al., 1992). Be-
cause all of these factors may be involved in the initia-
tion/progression of atheromatous vascular lesions, it was
postulated that local ET-1 release may also contribute
to the disease process. Immunohistochemistry revealed
the presence of irET-1 in smooth muscle and endothelial
cells at the lesion sites (Lerman et al., 1991b).

In comparison to normal human aorta, prepro-ET-1
mRNA expression is elevated, whereas ET, and ETg

receptor mRNA expressions decreased in human athero-
sclerotic lesions (Winkles et al., 1993).

3. Augmented vasoconstriction. ET-1 is a potent vaso-
constrictor of normal and atherosclerotic human coro-
nary arteries (Chester et al., 1992). ET-1 potentiates the
vasoconstrictor effect of serotonin only in diseased hu-
man coronary arteries (Chester et al., 1992). Intraarterial
injection of ET-1 to the hindlimb of cynomolgus mon-
keys caused vasoconstriction of the large arteries only in
animals fed an atherogenic diet (Lopez et al., 1990). Some
of the other biological actions of ET-1 (e.g., smooth
muscle mitogenesis, monocyte chemotaxis; see section
VIII) further support the postulated role of the peptide
in atherosclerosis.

I. Bronchial Asthma

ET production by bronchial epithelial cells, potent
bronchoconstriction by ETs in vitro and in vivo, and
stimulation of mucous secretion (see section VIII) sug-
gested that ETs may be involved in lung diseases, in-
cluding bronchial asthma. Indeed, significant elevation
of lung and bronchial lavage fluid irET content in animal
models and in patients during asthma attack suggests a
potential pathogenetic role of ETs in this disease.

Aerosolized ET-1 increases airway resistance in guinea
pigs in vivo (Kanazawa et al., 1992). Very low concentra-
tions (1072 M) of ET-1 potentiated histamine-induced
bronchoconstriction in this preparation. Because bronchi
isolated from asthmatic and nonasthmatic patients
showed similar reactivity to ET-1 in vitro (Goldie et al.,
1990), increased production, rather than augmented re-
sponsiveness, of bronchial smooth muscle may contrib-
ute to an asthma attack. Indeed, increased ET-1 produc-
tion in the lung was found in animal models and patients.
Repeated intratracheal instillation of Sephadex beads
induces long-lasting inflammation and a 3.5-fold increase
of ET-1 content in rat lungs (Andersson et al., 1992). A
novel glycocorticoid drug, budesonide, abolished the in-
flammation and reduced lung ET-1 levels approximately
70%.

IrET-1 level was significantly elevated in bronchoal-
veolar lavage fluid of patients during asthma attacks
compared to that of normal volunteers (Mattoli et al.,
1991a). No change in circulating plasma irET-1 was
observed. After 15 days of treatment with glycocorticoids
and S-adrenergic agonists, the patients became asymp-
tomatic and the irET-1 content of bronchial lavage fluid
decreased approximately 3-fold. In endobronchial biopsy
specimens, ET-1 could be detected immunohistochemi-
cally in 11 of 17 patients with bronchial asthma but in
only one of 11 controls (Springall et al., 1991).

J. Gastric Ulcer

Reduced gastric mucosal blood flow (local vasocon-
striction) was postulated to be involved in the pathogen-
esis of gastric ulcer. Experiments carried out on rat
stomach in vivo and in vitro suggest that mucosal vaso-
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constriction produced by local production or elevated
circulating levels of ET-1 may contribute to the devel-
opment of mucosal lesions and ultimately to gastric ulcer.
ET-1 potentiates the mucosal damage (ulcerogenic activ-
ity) of intragastric administration of ethanol, HCI, and
capsaicin (Peskar et al., 1992; Wallace et al., 1989a, b;
Whittle and Lopez Belmonte, 1991).

Intravenous infusion of 50 pmol/kg/min ET-1 for 10
minutes to rats caused no mucosal damage on its own
but significantly potentiated intragastric ethanol-in-
duced mucosal injury (Peskar et al., 1992). Although the
stable prostacyclin analog iloprost had no effect on vaso-
constriction induced by ET-1 in the isolated perfused rat
stomach, it prevented the ulcerogenic effect of intrave-
nously administered ET-1 in the rat stomach in situ
(Peskar et al., 1992). Inhibition of prostanoid synthesis
by pretreatment with indomethacin facilitated the ulcer-
ogenic action of intravenously or intraarterially infused
ET-1 (4 to 20 pmol/kg/min) in the rat stomach in situ
(Wallace et al., 1989a, b; Whittle and Lopez Belmonte,
1991). Similarly, depletion of sensory neuropeptides by
capsaicin or prevention of their release by morphine
potentiated the ulcerogenic effect of ET-1 in the in situ
rat stomach (Whittle and Lopez Belmonte, 1991). Intra-
venous or intraarterial injection of ET-1 increased the
gastric mucosal sensitivity to intragastric ethanol and
HCl (Wallace et al., 1989a,b) and caused hemorrhagic
and necrotic mucosal lesions (Whittle and Esplugues,
1988) in the rat stomach in situ.

The most direct evidence for the potential involvement
of endogenous ET-1 in the pathogenesis of gastric mu-
cosal damage was provided by studies of isolated perfused
rat stomach (Masuda et al., 1992). These experiments
showed that ethanol-induced mucosal vasoconstriction
and damage were associated with the release of ET-1.
Both the ethanol-induced vasoconstriction and mucosal
damage could be prevented by anti-ET-1 antibody (Ma-
suda et al., 1992).

K. Inflammatory Bowel Disease

Evidence exists that both immune hypersensitivity
and ischemia-reperfusion injury may play a role in the
pathogenesis of inflammatory bowel disease. At present,
no unifying hypothesis linking these two potential causes
exists. However, Murch et al. (1992) found that tissue
biopsies or resections from patients with either Crohn’s
disease or ulcerative colitis exhibited remarkably in-
creased local production of ET compared to control
samples, as assessed by immunohistochemical tech-
niques. In both disorders, the percentage of positively
staining cells in the lamina propria increased by 10- to
20-fold compared to controls. Perivascular ET immuno-
reactivity was prominent in the submucosa of Crohn’s
disease tissue samples, with many positively stained mac-
rophages. Although this was not observed in ulcerative
colitis, the irET levels in the supernatants of samples

from both diseases were about 12-fold higher than in
control supernatants. The finding of focal ischemia and
vascular obliteration noted in Crohn’s disease, which was
never fully reconciled with a strictly T-cell-mediated
process, further supports a pathogenic role of ET's in this
disease. The source of ET immunoreactivity in ulcerative
colitis could be activated monocytes or polymorphonu-
clear leukocytes stimulated by mucosal ingress of bacte-
rial lipopolysaccharide.

L. Diabetes and Its Complications

Several lines of evidence suggest that stimulated pro-
duction of ET-1 may contribute to diabetic vasculopa-
thies: (a) circulating plasma irET levels are elevated in
some patients with diabetes and in STZ-diabetic rats,
(b) high levels of glucose and insulin stimulate ET-1
production in endothelial cells, and (c) increased local
production and the relevant biological action of ET-1
make it a candidate in the development of diabetic com-
plications such as retinopathy, neuropathy, and neph-
ropathy.

1. Circulating plasma endothelin level in diabetes. Sev-
eral authors demonstrated an elevation in circulating
plasma irET-1 levels in diabetic patients (Collier et al.,
1992; Haak et al., 1992; Kawamura et al., 1992; Lam et
al., 1991; Takahashi et al., 1990a), whereas others found
no change in urinary or plasma irET-1 levels compared
to those of healthy volunteers (Totsune et al., 1991;
Predel et al., 1990; Kanno et al., 1991). Significant cor-
relation was found between plasma irET-1 level and
diabetic complications: irET-1 was higher in patients
with microalbuminia (nephropathy) in type I and type II
diabetic patients (Collier et al., 1992). IrET-1 increased
with advanced age (duration of disease), with the level
of glycosylated hemoglobin (Hb,,), and with the presence
of hypertension (Haak et al., 1992) in type II diabetic
patients only if proliferative retinopathy already existed
(Kawamura et al., 1992). In contrast, no correlations
were found between irET-1 plasma levels and age, renal
function, retinopathy, or hypertension in another study
of diabetic patients (Takahashi et al., 1990a). One study
demonstrated a reduced conversion of big ET-1 to ET-1
in patients with diabetes mellitus (Tsunoda et al., 1991).
Both significant elevation (Takeda et al., 1991) and no
change (Takahashi et al., 1991c) of plasma irET-1 levels
were reported in STZ-diabetic rats.

2. High glucose and insulin concentrations stimulate
endothelin production. Elevated glucose (from 5.5 to 11.1
or 22.2 mM) in the culture medium stimulated ET-1
secretion from bovine aortic endothelial cells (Yamauchi
et al., 1990). Aldose reductase inhibitors had no effect,
suggesting that the stimulation is not mediated by sor-
bitol (polyol) accumulation. In contrast, elevated glucose
(27.5 mM) reduced ET-1 release from cultured porcine
aortic endothelial cells under basal and stimulated (calf
serum) conditions (Hattori et al., 1991a).
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Insulin and insulin-like growth factor-1 stimulated
ET-1 production in these cells (Hattori at al., 1991a).
Similarly, in cultured bovine aortic endothehal cells,
insulin increased prepro-ET-1 mRNA expression (Oliver
et al., 1991; Hu et al., 1993). These experiments revealed
that insulin does not act via activation of PKC but
probably via an insulin-responsive element on the 5’-
region of the ET-1 gene in these cells (Oliver et al., 1991).
Basal ET-1 production in mesenteric arteries isolated
from STZ-diabetic rats is significantly higher than in
arteries from normal rats of the same strain (Takeda et
al., 1991).

3. Cardiovascular responsiveness to endothelin in dia-
betes. In general, reduced responsiveness to ET-1 was
reported in blood vessels of diabetic animals (with the
exception of the increased responsiveness of the renal
circulation). Reduced responsiveness to ET-1 was re-
ported in aorta isolated from STZ-diabetic rats (Fulton
et al., 1991; Hodgson and King, 1992) and in glomeruli
from STZ-diabetic rats (Awazu et al., 1991a). Although
the precise mechanism is not known, downregulation of
PKC due to sorbitol accumulation (Awazu et al., 1991a)
or the downregulation of ET receptors found in STZ-
diabetic rat heart muscle cell membranes (Nayler et al.,
1989¢) may explain it.

4. Diabetic retinopathy. ET-1 is produced by retinal
microvessel endothelial cells and contract adjacent peri-
cytes (Takahashi et al., 1989; De la Rubia et al., 1992).
Increased production of ET-1 in retinal capillary endo-
thelial cells during diabetes can have “toxic” effects on
pericytes, probably contributing to their loss and the
consequent retinopathy in diabetic patients.

5. Diabetic neuropathy. ET-1 causes a significant re-
duction in blood flow to peripheral sensory nerves (Zo-
chodne et al., 1992) in rats, similar to that observed after
STZ-induced diabetes (Cameron et al., 1992). The ische-
mia/hypoxia-induced neuropathy was similar in diabetic
and ET-1-treated animals, suggesting the involvement
of enhanced local production of ET-1 (or elevated cir-
culatory ET-1 levels) in the pathogenesis of diabetic
neuropathy.

6. Diabetic nephropathy. The high sensitivity of renal
vasculature to the vasoconstrictor effects of ET-1 in
normal animals is significantly augmented in STZ-dia-
betic rats in vivo (Kiff et al.,, 1991) and in perfused
kidneys isolated from STZ-diabetic rats (Tammesild et
al.,, 1992). However, in glomeruli isolated from STZ-
diabetic rats, ET-1 vasoreactivity was found to be sup-
pressed (Awazu et al., 1991b).

M. Kidney Diseases

1. Renal insufficiency and chronic renal failure. Circu-
lating plasma levels of irET were reported to be signifi-
cantly elevated in patients with advanced renal insuffi-

ciency and in patients with chronic renal failure receiving
dialysis (Koyama et al., 1989; Warrens et al., 1990; Deray

et al., 1992). Fractionation of plasma samples revealed
that the elevation in irET is not due to increases in irET-
1 levels but, rather, to marked increases in immunoreac-
tive big ET-1 degradation products (larger than ET-1)
(Saito et al.,, 1991). These findings suggest that the
primary deficiency is big ET-1 metabolism rather than
systemic overproduction or slowed clearance of ET-1 in
these diseases. Indeed, using radioimmunoassay, highly
specific for ET-1, Shichiri et al. (1990) found no differ-
ence in irET-1 plasma levels between healthy volunteers
and normotensive patients with renal insufficiency or
failure. However, significant elevation of plasma irET-1
was observed in patients with renal insufficiency and
hypertension (Shichiri et al., 1990).

Urinary excretion of irET-1 increased, rather than
decreased, in patients with renal insufficiency (Ohta et
al., 1991), suggesting that renal production of ET-1 in-
creases. Similarly, increased production of ET-1 by renal
tissues and elevated irET-1 urinary excretion was dem-
onstrated in renal mass ablation-induced renal insuffi-
ciency animal models (Benigni et al., 1991b; Brooks et
al.,, 1991).

Based on the known biological effects of ET-1 on
glomerular tissue (see section VIII), it was proposed that
increased renal production of ET-1 may play an impor-
tant role in functional and structural changes of the
glomeruli in response to injury caused by loss of func-
tional renal tissue or inflammation (Benigni et al., 1992;
Force and Bonventre, 1992; Simonson et al., 1992c).

2. Hepatorenal syndrome. Circulating venous plasma
levels of irET-1 are significantly (severalfold) elevated
in patients with liver cirrhosis (Moore et al., 1992) which
declines after liver transplantation (Kraus et al., 1992).
The plasma levels observed may be sufficient to induce
renal vasoconstriction (the most sensitive vascular bed
to ET-1-induced vasoconstriction), as suggested by ob-
servations in conscious animals (Lerman et al., 1991c)
and in healthy volunteers (Gasic et al., 1992) following
intravenous injection of small amounts of ET-1. It was,
therefore, postulated that renal vasoconstriction and in-
sufficiency in cirrhotic patients (hepatorenal syndrome)
may be caused (at least in part) by elevated circulating
ET-1 levels. Indeed, a good correlation was found be-
tween circulating irET-1 levels and renal (dys)function
in cirrhotic patients (Gross et al., 1993a; Uchihara et al.,
1992). Furthermore, the highest plasma irET-1 level
among patients with liver cirrhosis was found in those
with hepatorenal syndrome (Moore et al., 1992).

3. Other kidney diseases. At least circumstantial evi-
dence exists for the potential pathophysiological role of
ET in the following renal abnormalities: obstructive
nephropathy, i.e., severe vasoconstriction following re-
lease of obstruction (Kelleher et al., 1992); lupus nephri-
tis (Ida et al., 1990); systemic vasculitis (Kanno et al.,
1990); and vascular renal transplant rejection (Wat-
schinger et al., 1991). Treatment of anemia due to

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

ENDOTHELINS 393

chronic renal disease with recombinant erythropoietin
causes hypertension in some patients which was postu-
lated to be caused by erythropoietin-induced stimulation
of ET production (Carlini et al., 1993; Takahashi et al.,
1993; Takayama et al., 1991).

N. Carcinogenesis

Several cultured cell lines or tissues originating from
various tumors express prepro-ET mRNA, secrete ma-
ture ET peptides, contain ET receptors, and respond to
exogenously administered ETs.

Human parathyroid hormone adenoma tissue contains
ET, and ETp receptors and expresses prepro-ET-1
mRNA, and ET-1 inhibits parathyroid hormone secre-
tion under basal conditions. ET-2 expression was dem-
onstrated in a renal adenocarcinoma cell line (Ohkubo
et al., 1990b; Onda et al.,, 1991). ET-1 expression was
observed in human endometrial adenocarcinoma cells
(Pekonen et al., 1992). Several human cancer cell lines
produce and respond to ET-1 (Shichiri et al., 1991a,b).
Human renal adenocarcinoma cells express ET-2 and
phosphoramidon reduces conversion of the 38-amino
acid residue big (pro) ET-2 to ET-2 (Yorimitsu et al.,
1992).

Elevated tissue expression and circulating plasma lev-
els of ET were reported in several human tumors, in-
cluding adrenocorticotropic hormone-secreting bronchial
carcinoid (Murakami et al., 1993) and hepatocellular
carcinoma (Ishibashi et al., 1993). Circulating plasma
irET-1 and immunoreactive big ET-1 levels are signifi-
cantly elevated (from normal 9.4 to 30.3 pg/mL) in
patients with hepatocellular carcinoma (Parkes et al.,
1991; Ishibashi et al., 1993). The increase was more
pronounced than that observed in patients with liver
cirrhosis (22.1 pg/mL) and correlated well with the size
of the liver tumor. Because circulating thrombomodulin
levels were not elevated (a marker of generalized or local
endothelial cell activation/injury), the authors specu-
lated that the source of ET-1 may be the tumor cells
themselves (Parkes et al., 1991).

Tissue irET-1 level was significantly elevated in about
half of all human pheochromocytomas analyzed, and the
circulating plasma irET-1 level increased significantly in
these patients (Sone et al., 1991). In four patients with
the rare mammary phyllodes tumor, irET-1 was 18- to
27-fold higher in the tumor tissue than in mammary
fibroadenomas (Yamashita et al., 1992). ET-1 was local-
ized histochemically only in epithelial, but not in the
stromal, cells of these tumors. High expression levels of
ET-1 were detected in human breast cancer (Yamashita
et al., 1991b, 1992). The pathology associated with the
rare ET-1-secreting skin tumor hemangioendothelioma
(Yokokawa et al., 1991b,c, 1992) has been discussed in
section X.B.4.

Although not proven yet, some of these data suggest

that ETs may contribute to carcinogenesis in certain
tumors via autocrine/paracrine mechanisms.

O. Summary

The data available to date suggest, but do not prove,
that ET's may play an important pathophysiological role
in human diseases. All of the main criteria (i.e., increased
production of and/or reactivity to ET's and efficacy of an
ET receptor antagonist, antibody, or ECE inhibitor) have
not yet been met in any of the disease states listed. The
criteria fulfilled so far for the cardiovascular indications
reviewed in this paper are summarized in table 6. It is
expected that, with the use of the available and newly
discovered tools (receptor antagonists and ECE inhibi-
tors), this table will be filled soon. When this is achieved
for these and other diseases not listed in table 6, the true
significance of ETs in human diseases can and will be
determined.

XI. Conclusions and Perspectives

The discovery in 1985 and isolation in 1988 of a
peptidergic EDCF produced by cultured endothelial cells
generated worldwide interest and exponentially growing
research activity. The plethora of publications has re-
vealed important information about genes, gene expres-
sion, and potential biochemical processing of the ET
family of peptides. In addition, data about specific mem-
brane receptors, signal transduction pathways, and the
wide variety of biological actions of ETs are abundant.

These studies have also demonstrated that ET(s) can
be formed in many cells of the body, as well as the
endothelium, and thus have the potential for many of
the effects suggested by in vitro and in vivo studies. ET
appears to function predominantly as a local, rather than
a circulating, hormone. These autocrine and paracrine
actions suggest that ET has the potential to regulate
many organ functions, either directly or indirectly, by
interaction with neuroendocrine regulatory systems.
Based on data generated by in vivo binding and in situ
hybridization studies, by administration of exogenous
synthetic peptides, and by measuring changes in plasma
levels of irET, some hypotheses have been proposed
concerning the potential significance of ETs in health
and disease.

Despite these speculations, however, the physiological
and pathophysiological significance of ETs remains to
be established. Several key questions need to be analyzed
and answered. These include a better understanding of
the distribution and regulation of function of ET receptor
subtypes, the localization and isolation of ECE, and the
physiological and pathological significance of endoge-
nously produced ETs. For example, although receptor
antagonists are important tools in analyzing the poten-
tial role of ETs in the pathophysiology of diseases, it is
possible that ET, and ETp receptors are differently
regulated in different forms of diseases, at different
stages of the disease, and in different organs. Addi-
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TABLE 6
Criteria met to support pathophysiological role of ET in cardiovascular diseases*
Criteria
Disease ET levelst Reactivity to ET? ET antagonist effective
Animal Human Animal Human Animal Human
Cerebral vasospasm following subarachnoid + + + + + ?
hemorrhage
Hypertension (fulminant/complications) + + + + + ?
Acute renal failure + + + + + ?
Congestive heart failure + + + ? + ?
Coronary vasospasm + + + + ? ?
Myocardial ischemia (acute myocardial + + + ? +/- ?
infarction)
Atherosclerosis (hypercholesterolemia) + + + + ? ?
Eseential hypertension +/- +/- +/- ? +/- ?
Shock + + ? ? ? ?
Pulmonary hypertension + + ? ? ? ?

* Detailed review of these diseases can be found in section X. +, criteria tested and met; —, criteria tested but not met; ?, criteria not tested

yet.

tionally, lack of significant acute effects of a receptor
antagonist does not necessarily rule out a role for ETs,
because the tight binding to its receptors and long-lasting
effects may require administration of a more potent
antagonist than the presently available ones for a much
longer time. Additionally, ETs may be involved in the
development of disease symptoms only at an early stage
of the disease, and may have no importance at later
(more progressive) stages.

From the perspective of therapeutics, based on inhi-
bition of ET biosynthesis, the questions of how many
different types of enzymes can convert big ET to ET and
whether there are isoform- or tissue-specific ECEs are
particularly important. To answer these questions, ap-
propriate tools (specific antibodies, gene probes) will be
needed. Recent developments, however, raise the possi-
bility that these important questions will be answered in
the near future. Cloning of the ET receptors, character-
ization of ET-converting enzyme, and the availability of
specific receptor antagonists, monoclonal antibodies, and
converting enzyme inhibitors provided the long-awaited
necessary tools to study further the physiological and
pathological significance of this unique peptide family.

The discovery of potent ET receptor antagonists and
the recent demonstration of their effectiveness in several
pathological animal models provided convincing evi-
dence that endogenous ETs may indeed be of importance
in the pathogenesis of several diseases. Therefore, it is
expected that with the use of such tools many of the still
hypothetical mechanisms summarized in this review will
be tested in the future. Molecular biology has already
contributed significantly to the rapid progress of ET
research (e.g., discovery of ET isopeptides, cloning of the
receptor subtypes), and it is expected that this trend will
continue. For example, first attempts were made to de-
velop transgenic animals with ET gene-knockout (Ku-
rihara et al., 1993). Establishment of such models will

also significantly contribute to better understanding of
the true physiological and pathological significance of
the ET peptide family. Thus, research concerning ETs
can now enter into a new exciting phase, and we can
expect further breakthroughs in the coming years.
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