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1 The ability of the putative chymase product of big endothelin-1 (big ET-1), ET-1(1 ± 31), to
constrict isolated endothelium-denuded preparations of human coronary and internal mammary
artery was determined.

2 pD2 values in coronary and mammary artery respectively were 8.21+0.12 (n=14) and 8.55+0.11
(n=12) for ET-1, 6.74+0.11 (n=16) and 7.10+0.08 (n=16) for ET-1(1 ± 31) and 6.92+0.10 (n=15)
and 7.23+0.11 (n=12) for big ET-1. ET-1(1 ± 31) was signi®cantly less potent than ET-1 (P50.001,
Student's t-test) and equipotent with big ET-1.

3 Vasoconstrictor responses to 100 ± 700 nM ET-1(1 ± 31) were signi®cantly (P50.05, Student's
paired t-test) attenuated by the ETA antagonist PD156707 (100 nM).

4 There was no e�ect of the ECE inhibitor PD159790 (30 mM), the ECE/NEP inhibitor
phosphoramidon (100 mM) or the serine protease inhibitor chymostatin (100 mM) on ET-1(1 ± 31)
responses in either artery.

5 Radioimmunoassay detected signi®cant levels of mature ET in the bathing medium of coronary
(1.6+0.5 nM, n=14) and mammary (2.1+0.6 nM, n=14) arteries, suggesting that conversion of ET-
1(1 ± 31) to ET-1 contributed to the observed vasoconstriction.

6 ET-1(1 ± 31) competed for speci®c [125I]-ET-1 binding to ETA and ETB receptors in human left
ventricle with a pooled KD of 71.6+7.0 nM (n=3).

7 Therefore, in human arteries the novel peptide ET-1(1 ± 31) mediated vasoconstriction via
activation of the ETA receptor. The conversion of ET-1(1 ± 31) to ET-1, by an as yet unidenti®ed
protease, must contribute wholly or partly to the observed constrictor response. Chymase generated
ET-1(1 ± 31) may therefore represent an alternative precursor for ET-1 production in the human
vasculature.
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Introduction

The potent vasoconstrictor peptide endothelin-1 (ET-1)
(Yanagisawa et al., 1988) is synthesized in human endothelial

cells by cleavage of its precursor, big ET-1, by unique
endothelin converting enzyme(s) (ECE) (for review see
Russell & Davenport, 1999). Endothelial cells secrete both

ET-1 and big ET-1 (Plumpton et al., 1994) via the
constitutive and stimulated synthetic pathways and we
hypothesize that released big ET-1 may undergo further

processing by the underlying smooth muscle cells or may act
as a circulating hormone in plasma, being converted to a
biologically active form at its target organ. We have

demonstrated that human blood vessels, denuded of their
endothelium, are capable of converting big ET-1 to
vasoactive ET-1, implying the presence of ECE activity on
vascular smooth muscle cells (Maguire et al., 1997a; Maguire

& Davenport, 1998). Indeed the observation that the pro-
in¯ammatory cytokines tumour necrosis factor-a and g-
interferon induce ET-1 production by cultured human

vascular smooth muscle cells supports the hypothesis that
these cells may become an important site of ET-1 production

in disease (Woods et al., 1999).
The possibility that an alternative synthetic pathway for

vasoconstrictor ET peptides exists was ®rst suggested by the

®nding that cathepsin G cleaved big ET-1 to produce a novel
vasoconstrictor peptide of between 27 and 31 amino acids
(Patterson et al., 1990). This was subsequently con®rmed as

ET-1(1 ± 31) by electrospray-mass spectrometry (Kaw et al.,
1992). More recently, incubation of big ET-1 with membrane
fractions of human lung led to the identi®cation of ET-1(1 ± 31)
as a major hydrolysis product (Hanson et al., 1997). In this
tissue, the peptide was generated by chymostatin- and
soybean trypsin inhibitor-sensitive enzymatic activity that
appeared to be independent of the phosphoramidon-sensitive

conversion of big ET-1 to ET-1. Importantly ET-1(1 ± 31) was
shown to have vasoconstrictor activity, although it was
approximately 100 times less potent than ET-1 in isolated

rabbit pulmonary arteries. At the same time it was reported
that incubation of big ET-1 with puri®ed human connective
tissue mast cell chymase resulted in the formation of
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ET-1(1 ± 31) (Nakano et al., 1997; Kido et al., 1998)
implicating this enzyme as the unidenti®ed serine protease
activity in human lung. In this instance ET-1(1 ± 31) reportedly

exhibited comparable constrictor activity to ET-1 without
further degradation (Nakano et al., 1997; Kishi et al., 1998)
and these authors also reported that tissue concentrations of
ET-1(1 ± 31) were higher than those of ET-1 suggesting that the

alternative processing of big ET-1 to ET-1(1 ± 31) may be
physiologically important. ET-1(1 ± 31) generation may also
contribute signi®cantly to ET-1 mediated pathophysiological

processes as human chymase is known to be up-regulated in,
for example, coronary artery disease (Kaartinen et al., 1994).
Therefore our aim was to assess the importance of

ET-1(1 ± 31) as a vasoconstrictor peptide in human arteries
and to clarify whether ET-1(1 ± 31) acts directly on smooth
muscle to elicit vasoconstriction or acts as an intermediate

which is subsequently broken down to ET-1 for biological
activity. We compared the response of human epicardial
coronary and internal mammary arteries to ET-1, its
precursor big ET-1 (which must be converted to ET-1 for

activity) and to ET-1(1 ± 31). In these vessels (including
atherosclerotic coronary artery) ETA receptors prodominate
on the smooth muscle cells (Dashwood et al., 1994;

Davenport et al., 1995; Bacon et al., 1996) and are
responsible for the majority of the ET-mediated vasocon-
strictor response observed both in vitro (Bax et al., 1994;

Maguire & Davenport, 1995; Holm & Franco-Cereceda,
1996; Opgaard et al., 1996) and in vivo (Kyriakides et al.,
2000). This is consistent with the observation that infusion of

the ETA receptor antagonist BQ123 will completely block the
reduction in forearm blood ¯ow produced by ET-1 and
indeed BQ123 alone elicits vasodilatation (Haynes & Webb,
1994). Infusion of the ETB antagonist BQ788 produces

vasoconstriction in human forearm (Verhaar et al., 1998;
Strachan et al., 1999). This occurs in both healthy volunteers
and heart failure patients (Love et al., 2000). The conclusion

from these studies is that the ETA receptor is important for
vasoconstriction in human arteries and the main function of
vascular ETB receptors is to produce vasodilatation via

release of endothelium-derived vasodilators such as nitric
oxide. From our functional studies it would not be possible
to determine if ET-1(1 ± 31) had signi®cant e�ects on smooth
muscle ETB receptors. Therefore to determine if ET-1(1 ± 31)
also has a�nity for this subtype, competition binding assays
were carried out in sections of human left ventricle, a tissue
chosen as it contains both ETA and ETB receptors.

Preliminary data have been presented to the British
Pharmacological Society (Maguire & Davenport, 1999).

Methods

Tissue collection

Human tissue was collected with local ethical approval. Human
coronary arteries were from recipient hearts of patients

transplanted for cardiomyopathy (four male, one female, 40 ±
57 years of age), ischaemic heart disease (®ve male, one female,
52 ± 58 years of age) or donor hearts for which there were no

suitable recipients (three male, two female, 18 ± 61 years of age).
Arteries from cardiomyopathy patients were histologically
normal (Dec & Fuster, 1994) whereas those from patients with

ischaemic heart disease had visible atheroma. Mammary
arteries were from 16 patients (15 male, one female, 45 ± 89
years of age) receiving coronary artery bypass grafts. Blood

vessels were transported to the laboratory in cold, Krebs'
solution. Human heart left ventricle was from three patients
transplanted for dilated cardiomyopathy (twomale, one female,
25 ± 53 years of age). Drugs included nitrates, angiotensin

converting enzyme inhibitors, calcium antagonists, anti-
arrhythmics, cardiac glycoside, diuretics and anticoagulants.

In vitro pharmacology

Human coronary and mammary arteries were cleaned of

connective tissue and cut into 4 mm rings. The luminal side
of each ring was gently rubbed with a pair of blunt metal
forceps to disrupt the endothelium and this was veri®ed

histologically as previously described (Maguire et al., 1997a).
Rings were transferred to 5 ml organ baths containing
oxygenated Krebs' solution maintained at 378C and set up
for isometric force recordings using F30 transducers (Hugo

Sachs Elektronik, Freiburg, Germany). Output was to a chart
recorder (Graphtec Corporation, Yokohama, Japan) and
data was also recorded using the MP100 data acquisition

system (Biopac Systems Inc., CA, U.S.A.) for subsequent
analysis. Arteries were allowed to equilibrate for 60 min and
optimum resting tension for each ring was determined by

recording the response to 100 mM KCl at incrementally
increasing levels of basal tension. When subsequent KCl
responses were of similar magnitude tissues were allowed to

re-equilibrate for a further 60 min. One vessel ring from each
patient was used for each agonist response curve. Cumulative
concentration-response curves were constructed to ET-1
(1610710 ± 361077 M), ET-1(1 ± 31) (1610710 ± 761077 M)

and big ET-1 (1610710 M ± 761077 M) and when no further
increase in response was obtained the experiment was
terminated by the addition of 100 mM KCl, to determine

the maximum possible constrictor response of tissue from
each patient. Agonist contractions were expressed as a
percentage of this terminal KCl response (%KCl). In

additional experiments cumulative concentration-response
curves to ET-1(1 ± 31) were repeated in the presence of the
ECE/neutral endopeptidase (NEP) inhibitor phosphoramidon
(100 mM), the ECE inhibitor PD159790 (30 mM) (Ahn et al.,

1998), the serine-protease inhibitor chymostatin (100 mM) or
the ETA receptor antagonist PD156707 (100 nM) (Doherty et
al., 1995; Reynolds et al., 1995).

Bath contents from the control experiments were collected
for subsequent analysis by radioimmunoassay.

Radioimmunoassay

Bathing medium was assayed for the presence of mature ET

using a speci®c radioimmunoassay that detects the common
C-terminal sequence of the three endogenous endothelin
peptides but does not cross react with the ET-1 precursor
peptide big ET-1 (Plumpton et al., 1996). Cross reactivity of

the assay was determined for ET-1(1 ± 31). Brie¯y, aliquots
(100 ml) of ET-1 (4 pM± 10 nM) and ET-1(1 ± 31) (1 nM±
10 mM) standards and bath contents from the in vitro

experiments were incubated in duplicate with 100 ml of
antiserum (®nal dilution 1 : 30,000) for 16 ± 24 h at 48C.
[125I]-ET-1 (15,000 c.p.m.) was then added and the tubes
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incubated for a further 16 ± 24 h at 48C. Bound [125I]-ET-1
was separated from free using 250 ml Amerlex-M reagent
(Amersham Pharmacia Biotech., Bucks., U.K.) and counted

in a Cobra II gamma counter (Canberra Packard, Berks.,
U.K.). The concentration of mature ET in ET-1(1 ± 31)
standards and bathing medium samples was determined from
the resulting ET-1 standard curve. Comparison of curves for

ET-1 and ET-1(1 ± 31) determined the extent of cross-reactivity
of ET-1(1 ± 31) for the ET-1 radioimmunoassay.

Competition binding experiments

Cryostat-cut sections (10 mm thick) of human heart left

ventricle were incubated for 2 h at room temperature (238C)
with 0.1 nM [125I]-ET-1 and increasing concentrations of ET-
1(1 ± 31) (2610712 ± 161075 M). Non-speci®c binding was

de®ned by inclusion of 1 mM ET-1. Sections were washed
brie¯y and counted for radioactive content. Data were
analysed using the iterative curve-®tting suite of programmes
KELL (Biosoft, Cambridge, U.K.) to determine values of KD.

Materials

ET-1, ET-1(1 ± 31) and big ET-1 were from the Peptide
Institute (Osaka, Japan) and were stored as aliquots of
1074 M stock solution (in 0.1% acetic acid) at 7208C until

required. [125I]-ET-1 (2000 Ci mmol71) was from Amersham
Pharmacia Biotech. (Bucks., U.K.). PD156707 and PD159790
were gifts from Parke-Davis Pharmaceutical Research,

U.S.A. Modi®ed Krebs' solution had the following composi-
tion (mM): NaCl 90, KCl 5, MgSO4.7H2O 0.5, Na2HPO4 1,
NaHCO3 45, CaCl2 2.25, glucose 10, Na pyruvate 5, fumaric
acid 5, L-glutamic acid, 5.

Results

Vasoconstrictor response to ET peptides in human arteries

For the arterial rings used to compare ET-1, ET-1(1 ± 31) and
big ET-1, responses to 100 mM KCl were 67+8, 81+8 and
77+8 mN (F=0.83, P40.05, one-way analysis of variance)
respectively in coronary artery and 31+5, 53+7 and

52+9 mN (F=2.84, P40.05, one-way analysis of variance)
respectively in mammary artery. For each agonist, in both
arteries, these terminal KCl responses were not signi®cantly

di�erent from the KCl responses determined before the
cumulative concentration response curves to the ET peptides
(data not shown). There was, therefore, no evidence either of

toxicity or of sensitization of the contractile proteins by any
of the three test peptides.
ET-1 constricted human coronary and mammary arteries

with comparable pD2 values of 8.21+0.12 (n=14) and
8.55+0.11 (n=12), respectively (Figure 1). In both arteries,
ET-1(1 ± 31) and big ET-1 were signi®cantly (P50.001,
Student's two-tailed t-test) less potent than ET-1 but not

signi®cantly (P40.05) di�erent from each other. ET-1(1 ± 31)
contracted coronary artery with a pD2 value of 6.74+0.11
(n=16) and big ET-1 with a pD2 value of 6.92+0.10 (n=15).

In mammary artery the pD2 value for ET-1(1 ± 31) was
7.10+0.08 (n=16) and for big ET-1 was 7.23+0.11 (n=12)
(Figure 1). Maximum responses for the three peptides were

not di�erent in mammary artery (ET-1 85.4+4.7%; big ET-1
80.9+5.2%; ET-1(1 ± 31) 73.5+4.0%), however in coronary
artery the maximum response to ET-1(1 ± 31) (58.7+6.0%) was

signi®cantly (P50.05, Student's two-tailed t-test) lower than
that to ET-1 (78.8+5.7%) but not di�erent from that to big
ET-1 (75.2+5.9%).

Effect of ETA antagonist PD156707 on ET-1(1 ± 31)
vasoconstriction

In the presence of 100 nM PD156707 the response to higher
concentrations of ET-1(1 ± 31) (5100 nM) were signi®cantly
attenuated (P50.05, Student's paired t-test) in both coronary

artery (Figure 2A) and mammary artery (Figure 2B) such
that the curves were incomplete at 700 nM, the maximum
concentration obtainable in the 5 ml organ bath from the

1074 M stock solution of peptide.

Figure 1 Concentration-response curves to ET-1, ET-1(1 ± 31) and big
ET-1 in (A) human coronary artery (n=14± 15) and (B) human
internal mammary artery (n=12± 14) in vitro. Values are mean+
s.e.mean and n values are the number of patients from whom blood
vessels were obtained.

Figure 2 Concentration-response curves to ET-1(1 ± 31) in the absence
and presence of 100 nM PD156707 in (A) human coronary artery (n=6)
and (B) human internal mammary artery (n=4). Values are mean+
s.e.mean and n values are the number of patients from whom arteries
were obtained. *P50.05; **P50.01 Student's paired t-test.
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Effect of enzyme inhibitors

Vasoconstrictor responses to ET-1(1 ± 31) in both arteries were

una�ected by the ECE inhibitor PD159790 (30 mM), which
we have previously shown blocks ECE conversion of big ET-
1 to ET-1 in human coronary artery (Maguire et al., 1999). In
coronary artery pD2 values for ET-1(1 ± 31) were 6.49+0.22 in

the absence and 6.90+0.17 in the presence of PD159790
(n=4, P40.05, Student's 2-tailed t-test). For mammary
artery pD2 values for ET-1(1 ± 31) were 7.02+0.15 in the

absence and 6.94+0.12 in the presence of PD159790 (n=5,
P40.05, Student's 2-tailed t-test) (Figure 3A,C).
There was also no e�ect of the ECE/NEP inhibitor

phosphoramidon (100 mM) on ET-1(1 ± 31) constrictor re-
sponses either in coronary artery (control pD2=6.67+0.29,
with phosphoramidon pD2=6.34+0.49, n=5 P40.05 Stu-

dent's 2-tailed t-test) or in mammary artery (control
pD2=6.99+0.19, with phosphoramidon pD2=6.86+0.25,
n=4, P40.05, Student's 2-tailed t-test) (Figure 3B,D). In
coronary artery, additional experiments were carried out with

the serine protease inhibitor chymostatin. The pD2 value for
ET-1(1 ± 31), 7.00+0.24, n=5, was not signi®cantly di�erent in
the presence of 100 mM chymostatin, 7.08+0.08, n=5.

Radioimmunoassay

Using the speci®c radioimmunoassay that recognizes the C-
terminal hexapeptide sequence of ET-1, ET-2 and ET-3, we
determined the cross reactivity of the antibody for ET-1(1 ± 31).

The competition curves for ET-1 and ET-1(1 ± 31) were parallel
with the ET-1(1 ± 31) curve displaced to the right (Figure 4).

The concentration of ET-1 required to reduce the binding of
[125I]-ET-1 to the antibody by 50% was 92.8 pM (95% C.I.
5.5 pM± 1.6 nM) (n=3) whilst that for ET-1(1 ± 31) was

307.9 nM (95% C.I. 1.1 ± 8.7 nM) (n=3) indicating cross-
reactivity of ET-1(1 ± 31) with the mature ET-1 radioimmu-
noassay of 50.04%. These data indicate that at the highest
concentration of ET-1(1 ± 31) added to the bathing medium for

the in vitro experiments (700 nM) the radioimmunoassay
would report 0.3+0.1 nM (n=3) mature ET present in the
sample due to cross-reactivity. However levels of mature ET

Figure 3 Cumulative concentration-response curves to ET-1(1 ± 31) in
the absence and presence of either 30 mM PD159790 or 100 mM
phosphoramidon in human coronary artery (A, n=4; B, n=5) or
internal mammary artery (C, n=5; D, n=4). Values are mean+
s.e.mean. n-values are the number of patients from whom blood
vessels were obtained.

Figure 4 Competition curves for ET-1 and ET-1(1 ± 31) standards in
the mature ET radioimmunoassay. Cross-reactivity of ET-1(1 ± 31) was
50.04%. Points are mean+s.e.mean from three separate assays.

Figure 5 Inhibition of speci®c [125I]-ET-1 binding to human heart
left ventricle by increasing concentrations of ET-1(1 ± 31) (n=3).
Values are mean+s.e.mean, n-values are the number of patients
from whom tissue was obtained.
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actually detected in the bathing medium following addition of
ET-1(1 ± 31) were signi®cantly greater than this at 2.1+0.6 nM
(n=14) for mammary artery and 1.6+0.5 nM (n=14) for

coronary artery (P50.01 Student's 2-tailed t-test). These were
comparable to levels of mature ET in the bathing medium
following addition of up to 700 nM big ET-1 that were
1.9+0.6 nM (n=12) and 2.5+0.7 nM (n=15) respectively.

Competition experiments

The data were analysed for one, two or three site ®t both
individually and by pooling data ®les. A one-site ®t model
was preferred. ET-1(1 ± 31) competed for speci®c [125I]-ET-1

binding in sections of human left ventricle with a pooled KD

value of 71.6+7.0 nM (n=3), indicating that ET-1(1 ± 31) does
not distinguish between the ETA and ETB receptors present

in this tissue (Figure 5).

Discussion

We have shown that ET-1(1 ± 31) has vasoconstrictor activity
in human coronary and mammary artery that is comparable

to that of big ET-1 but 30 ± 40 times less than that of ET-1.
The relative potency of ET-1(1 ± 31) and ET-1 appears to vary
with the smooth muscle preparation studied. ET-1(1 ± 31) has

comparable potency to ET-1 in rat trachea (Nakano et al.,
1997; Goldie et al., 2000) and human umbilical artery (Takeji
et al., 2000); is approximately 10 times less potent than ET-1

in porcine coronary artery (Kishi et al., 1998, Niwa et al.,
2000) and rat aorta (Kishi et al., 1998) and almost 100 times
less potent in rabbit pulmonary artery (Hanson et al., 1997).
If the e�ect of ET-1(1 ± 31) is direct, these variations may imply

di�erences in the receptors for the two agonists. If ET-1(1 ± 31)
is cleaved to ET-1 for biological activity the relative potency
of ET-1(1 ± 31) may correlate to the activity of the converting

enzyme in the di�erent tissues. Our additional experiments
attempted to clarify this observed variability.
We have previously demonstrated that the ET-mediated

constrictor response in human coronary and mammary
arteries is mediated predominantly via the ETA receptor
(Maguire & Davenport, 1995). We found that the response to
ET-1(1 ± 31) was blocked by the ETA selective antagonist

PD156707 (Doherty et al., 1995; Maguire et al., 1997b)
implying that ET-1(1 ± 31) also mediates vasoconstriction via
this receptor subtype. In vascular smooth muscle cells ETA

receptor antagonists also inhibit ET-1(1 ± 31)-mediated in-
creases in intracellular calcium signalling (Yoshizumi et al.,
1998a; Inui et al., 1999; Nagata et al., 2000) and cell

proliferation (Yoshizumi et al., 1998b; Nagata et al., 2000).
To determine if ET-1(1 ± 31) has selectivity for the ETA

receptor compared to the ETB receptor we carried out

competition binding assays in sections of human left ventricle
that contain both receptor subtypes. ET-1(1 ± 31) competed in a
monophasic manner for [125I]-ET-1 binding, therefore
ET-1(1 ± 31) was unable to distinguish between the two

subtypes. This is in agreement with the recent observation
that [125I]-ET-1(1 ± 31) binds to both BQ123-sensitive (ETA) and
sarafotoxin 6c-sensitive (ETB) sites in rat lung (Goldie et al.,

2000) in the presence of the protease inhibitor phenylsulpho-
nyl ¯uoride. ETB mediated functional e�ects of ET-1(1 ± 31)

have also been reported including nitric oxide production and
increased intracellular Ca2+ levels in cultured porcine
coronary artery endothelial cells (Niwa et al., 2000) and

vasoconstrictor responses in rat aorta (Kishi et al., 1998).
Where the e�ects of peptidase inhibitors on ET-1(1 ± 31)

e�ects have been investigated it was concluded that the
peptide's biological activity was not dependent on further

cleavage to ET-1 (Nakano et al., 1997; Kido et al., 1998; Inui
et al., 1999). Indeed extracts of human granulocytes show the
presence of immunoreactive ET-1(1 ± 31), ET-2(1 ± 31) and ET-

3(1 ± 31) (Okishima et al., 1999). Only one recent investigation
has shown attenuation of ET-1(1 ± 31) responses by the ECE/
NEP inhibitor phosphoramidon and the selective NEP

inhibitor thiorphan (Hayasaki-Kajiwara et al., 1999) implying
a role for NEP in conversion of ET-1(1 ± 31) to ET-1. In
agreement with initial reports, we were unable to detect any

e�ect on ET-1(1 ± 31)-mediated vasoconstriction by the ECE
inhibitor PD159790, the ECE/NEP inhibitor phosphorami-
don or the serine protease inhibitor chymostatin. The lack of
e�ect of PD159790 supports the observation that puri®ed

ECE from porcine aortic endothelium requires Trp21 and the
carboxy-terminal sequence His27-Gly34 for enzyme activity
(Ohnaka et al., 1993). Therefore our functional data

suggested that either ET-1(1 ± 31) does act directly on ETA

receptors to elicit human vascular smooth muscle contraction
or it was metabolized to ET-1 by an enzyme other that ECE,

NEP or serine proteases such as chymase. To con®rm that
ET-1(1 ± 31) was acting directly without further degradation to
ET-1 we determined whether mature ET was present in the

bathing medium following addition of ET-1(1 ± 31). We
detected signi®cant amounts of mature ET in the bathing
medium that was present at comparable concentration to that
obtained following addition of big ET-1. Since we know that

big ET-1 must be converted to ET-1 for biological activity,
this suggests that this may also be the case for ET-1(1 ± 31) in
these tissues. The enzyme responsible for this conversion is

yet to be determined. Interestingly a recent report suggests
that an endopeptidase other than ECE-1 is responsible for
the conversion of big ET-1 to ET-1 in bovine pulmonary

artery smooth muscle cells (Barker et al., 2001) and it is
known that measurable levels of ET-1 remain in ECE-1 and
ECE-2 knockout animals (Yanagisawa et al., 1998; 2000).
Therefore there is likely to be a signi®cant role for, as yet,

unidenti®ed proteases in the processing of big ET-1, and
potentially ET-1(1 ± 31), to ET-1.

In conclusion, we have demonstrated the ability of the novel

peptide ET-1(1 ± 31) to potently contract human coronary and
mammary artery via activation of the ETA receptor. Competi-
tion binding experiments con®rm that, like ET-1, this peptide

does not distinguish between human ETA and ETB receptors.
Contrary to earlier reports we suggest that the vasoconstrictor
activity of ET-1(1 ± 31) in human arteries is due, at least in part,

to cleavage to ET-1 by an as yet unidenti®ed protease activity.
The presence of ET-1(1 ± 31) in human granulocytes may suggest
that chymase generated ET-1(1 ± 31) may act as an alternative
paracrine precursor for ET-1 in humans.

Supported by grants from the British Heart Foundation, Royal
Society and Isaac Newton Trust. We are grateful to Jean
Chadderton and sta� at Papworth Hospital for their assistance.

British Journal of Pharmacology vol 134 (6)

ET-1(1 ± 31) constriction of human arteriesJ.J. Maguire et al1364



References

AHN, K., SISNEROS, A.M., HERMAN, S.B., PAN, S.M., HUPE, D., LEE,

C., NIKAM, S., CHENG, X.-M., DOHERTY, A.M., SCHROEDER,

R.L., HALEEN, S.J., KAW, S., EMOTO, N. & YANAGISAWA, M.

(1998). Novel selective quinazoline inhibitors of endothelin-
converting enzyme-1. Biochem. Biophys. Res. Commun., 243,
184 ± 190.

BACON, C.R., CARY, N.R.B. & DAVENPORT, A.P. (1996). Endothelin
peptide and receptors in human atherosclerotic coronary artery
and aorta. Circ. Res., 79, 794 ± 801.

BARKER, S., KHAN, N.Q., WOOD, E.G. & CORDER, R. (2001). E�ect
of an antisense oligodeoxynucleotide to endothelin-converting
enzyme-1c (ECE-1c) on ECE-1c mRNA, ECE-1 protein and
endothelin-1 synthesis in bovine pulmonary artery smooth
muscle. Mol. Pharmacol., 59, 163 ± 169.

BAX, W.A., AGHAI, Z., VAN TRICHT, C.L.J., WASSENAAR, C. &

SAXENA, P.R. (1994). Di�erent endothelin receptors involved in
endothelin-1 and sarafotoxin S6B-induced contractions of the
human isolated coronary artery. Br. J. Pharmacol., 113, 1471 ±
1479.

DASHWOOD, M.R., ALLEN, S.P., LUU, T.N. & MUDDLE, J.R. (1994).
The e�ect of the ETA receptor antagonist, FR139317, on [125I]-
ET-1 binding to the atherosclerotic human coronary artery. Br. J.
Pharmacol., 112, 386 ± 389.

DAVENPORT, A.P., O'REILLY, G. & KUC, R.E. (1995). Endothelin
ETA and ETB mRNA and receptors expressed by smooth muscle
in the human vasculature: majority of the ETA sub-type. Br. J.
Pharmacol., 114, 110 ± 116.

DEC, G.W. & FUSTER, V. (1994). Idiopathic dilated cardiomyopathy.
New. Engl. J. Med., 331, 1564 ± 1575.

DOHERTY, A.M., PATT, W.C., EDMUNDS, J.J., BERRYMAN, K.A.,

REISDORPH, B.R., PLUMMER, M.S., SHAHRIPOUR, A., LEE, C.,

CHENG, X-M., WALKER, D.M., HALEEN, S.J., KEISER, J.A.,

FLYNN, M.A., WELCH, K.M., HALLAK, H., TAYLOR, D.G. &

REYNOLDS, E.E. (1995). Discovery of a novel series of orally
active non-peptide endothelin-A (ETA) receptor-selective an-
tagonists. J. Med. Chem., 38, 1259 ± 1263.

GOLDIE, R.G., D'APRILE, A.C., SELF, G.J., RIGBY, P.J. & HENRY, P.J.

(2000). In¯uence of endothelin-1(1 ± 31) on smooth muscle tone
and cholinergic nerve-mediated contraction in rat isolated
trachea. J. Cardiovasc. Pharmacol., 36 (Suppl. 1), S228 ± S231.

HANSON, G.C., ANDERSSON, K.E., GYLLSTEDT, E., HOGESTATT,

E.D. & LINDBERG, B.F. (1997). Hydrolysis of big endothelin-1 by
a serine protease in the membrane fraction of human lung.
Regulatory Peptides, 68, 63 ± 69.

HAYASAKI-KAJIWARA, Y., NAYA, N., AHIMAMURA, T., IWASAKI,

T. & NAKAJIMA, M. (1999). Endothelin generating pathway
through endothelin1 ± 31 in human cultured bronchial smooth
muscle cells. Br. J. Pharmacol., 127, 1415 ± 1421.

HAYNES, W.G. & WEBB, D.J. (1994). Contribution of endogenous
generation of endothelin-1 to basal vascular tone. Lancet, 344,
852 ± 854.

HOLM, P. & FRANCO-CERECEDA, A. (1996). Tissue concentrations
of endothelins and functional e�ects of endothelin receptor
activation in human arteries and veins. J. Thorac. Cardiovasc.
Surgery, 112, 264 ± 272.

INUI, D., YOSHIZUMI, M., OKISHIMA, N., HOUCHI, H., TSUCHIYA,

K., KIDO, H. & TAMAKI, T. (1999). Mechanism of endothelin-1-
(1-31)-induced calcium signalling in human coronary artery
smooth muscle cells. Am. J. Physiol., 276, E1067 ± E1072.

KAARTINEN, M., PENTTILA, A. & KOVANEN, P.T. (1994).
Accumulation of activated mast cells in the shoulder region of
human coronary atheroma, the predilection site of atheromatous
rupture. Circulation, 90, 1669 ± 1678.

KAW, S., HECKER, M., SOUTHAN, G.J., WARNER, T.D. & VANE, J.R.

(1992). Characterization of serine protease-derived metabolites
of big endothelin in the cytosolic fraction from human
polymorphonuclear leukocytes. J. Cardiovasc. Pharmacol., 20
(Suppl. 12), S22 ± S24.

KIDO, H., NAKANO, A., OKISHIMA, N., WAKABAYASHI, H., KISHI,

F., NAKAYA, Y., YOSHIZUMI, M. & TAMAKI, T. (1998). Human
chymase, an enzyme forming novel bioactive 31-amino acid
length endothelins. Biol. Chem., 379, 885 ± 891.

KISHI, F., MINAMI, K., OKISHIMA, N., MURAKAMI, M., MORI, S.,

YANO, M., NIWA, Y. & KIDO, H. (1998). Novel 31 amino-acid-
length endothelins cause constriction of vascular smooth muscle.
Biochem. Biophys. Res. Commun., 248, 387 ± 390.

KYRIAKIDES, Z.S., KREMASTINOS, D.T., BOFILIS, E., TOUSOULIS,

D., ANTONIADIS, A. &WEBB, D.J. (2000). Endogenous endothelin
maintains coronary artery tone by endothelin type A receptor
stimulation in patients undergoing coronary arteriography.
Heart, 84, 176 ± 182.

LOVE, M.P., FERRO, C.J., HAYNES, W.G., PLUMPTON, C., DAVEN-

PORT, A.P., WEBB, D.J. & MCMURRAY, J.J.V. (2000). Endothelin
receptor antagonism in patients with chronic heart failure.
Cardiovasc. Res., 47, 166 ± 172.

MAGUIRE, J.J., AHN, K. & DAVENPORT, A.P. (1999). Inhibition of
big endothelin-1 (big ET-1) responses in endothelium-denuded
human coronary artery by the selective endothelin converting
enzyme-1 (ECE-1) inhibitor PD159790. Br. J. Pharmacol., 126,
U102.

MAGUIRE, J.J. & DAVENPORT, A.P. (1995). ETA receptor-mediated
constrictor responses to endothelin peptides in human blood
vessels in vitro. Br. J. Pharmacol., 115, 191 ± 197.

MAGUIRE, J.J. & DAVENPORT, A.P. (1998). Increased response to
big endothelin-1 in atherosclerotic human coronary artery:
functional evidence for up-regulation of endothelin-converting
enzyme activity in disease. Br. J. Pharmacol., 125, 238 ± 240.

MAGUIRE, J.J. & DAVENPORT, A.P. (1999). In vitro vasoconstrictor
activity of novel peptide endothelin-1(1-31) is due to conversion
to endothelin-1(1-21) in human internal mammary artery by an
enzyme other than endothelin-converting enzyme. Br. J.
Pharmacol., 128, U35.

MAGUIRE, J.J., JOHNSON, C.M., MOCKRIDGE, J.W. & DAVENPORT,

A.P. (1997a). Endothelin converting enzyme (ECE) activity in
human vascular smooth muscle. Br. J. Pharmacol., 122, 1647 ±
1654.

MAGUIRE, J.J., KUC, R.E. & DAVENPORT, A.P. (1997b). A�nity and
selectivity of PD156707, a novel non-peptide endothelin
antagonist, for human ETA and ETB receptors. J. Pharmacol.
Exp. Therap., 280, 1102 ± 1108.

NAGATA, N., NIWA, Y. & NAKAYA, Y. (2000). A novel 31-amino-
acid-length endothelin, ET-1(1-31), can act as a biologically
active peptide for vascular smooth muscle cells. Biochem.
Biophys. Res. Commun., 275, 595 ± 600.

NAKANO, A., KISHI, F., MINAMI, K., WAKABAYASHI, H., NAKAYA,

Y. & KIDO, H. (1997). Selective conversion of big endothelins to
tracheal smooth muscle-constricting 31-amino acid-length en-
dothelins by chymase from human mast cells. J. Immunol., 159,
1987 ± 1992.

NIWA, Y., NAGATA, N., OKA, M., TOYOSHIMA, T., AKIYOSHI, H.,

WADA, T. & NAKAYA, Y. (2000). Production of nitric oxide from
endothelial cells by 31-amino-acid-length endothelin-1, a novel
vasoconstrictive product by chymase. Life Sci., 67, 1103 ± 1109.

OHNAKA, K., TAKAYANAGI, R., NISHIKAWA, M., HAJI, M. &

NAWATA, H. (1993). Puri®cation and characterisation of a
phosphoramidon-sensitive endothelin-converting enzyme in
porcine aortic endothelium. J. Biol. Chem., 268, 26759 ± 26766.

OKISHIMA, N., HAGIWARA, Y., SEITO, T., YANO, M. & KIDO, H.

(1999). Speci®c sandwich-type enzyme immunoassays for smooth
muscle constricting novel 31-amino acid endothelins. Biochem.
Biophys. Res. Commun., 256, 1 ± 5.

OPGAARD, O.S., CANTERA, L., ADNER, M. & EDVINSSON, L. (1996).
Endothelin-A and -B receptors in human coronary artery and
veins. Regulatory Peptides, 63, 149 ± 156.

PATTERSON, K., MACNAUL, R., RUBANYI, G.M. & PARKER-

BOTELLO, L.H. (1990). Separation and biological activity of the
chymotrypsin and cathepsin G cleavage products of big
endothelin(1-39) [Abstract]. FASEB J., 4, A909.

PLUMPTON, C., ASHBY, M.J., KUC, R.E., O'REILLY, G. & DAVEN-

PORT, A.P. (1996). Expression of endothelin peptides and mRNA
in the human heart. Clin. Sci., 90, 37 ± 46.

British Journal of Pharmacology vol 134 (6)

ET-1(1 ± 31) constriction of human arteriesJ.J. Maguire et al 1365



PLUMPTON, C., KALINKA, S., MARTIN, R.C., HORTON, J.K. &

DAVENPORT, A.P. (1994). E�ects of phosphoramidon and
pepstatin A on the secretion of endothelin-1 and big endothe-
lin-1 by human umbilical vein endothelial cells: measurement by
two-site enzyme-linked immunosorbent assays. Clin. Sci., 87,
245 ± 251.

REYNOLDS, E.E., KEISER, J.A., HALEEN, S.J., WALKER, D.M.,

OLSZEWSKI, B., SHROEDER, R.L., TAYLOR, D.G., HWANG, O.,

WELCH, K.M., FLYNN, M.A., THOMPSON, D.M., EDMUNDS, J.J.,

BERRYMAN, K.A., PLUMMER, M., CHENG, X-M., PATT, W.C. &

DOHERTY, A.M. (1995). Pharmacological characterization of
PD156707, an orally active ETA receptor antagonist. J.
Pharmacol. Exp. Therap., 273, 1410 ± 1417.

RUSSELL, F.D. & DAVENPORT, A.P. (1999). Secretory pathways in
endothelin synthesis. Br. J. Pharmacol., 126, 391 ± 398.

STRACHAN, F.E., SPRATT, J.C., WILKINSON, I.B., JOHNSTON, N.R.,

GRAY, G.A. & WEBB, D.J. (1999). Systemic blockade of the
endothelin-B receptor increases peripheral vascular resistance in
healthy men. Hypertension, 33, 581 ± 585.

TAKEJI, T., NAKAYA, Y., KAMADA, M., MAEDA, K., SAIJO, Y.,

MITANI, R., IRAHARA, M. & AONO, T. (2000). E�ect of novel
vasoconstrictor endothelin-1(1-31) on human umbilical artery.
Biochem. Biophys. Res. Commun., 270, 622 ± 624.

VERHAAR, M.C., STRACHAN, F.E., NEWBY, D.E., CRUDEN, N.L.,

KOOMANS, H.A., RABELINK, T.J. & WEBB, D.J. (1998).
Endothelin-A receptor antagonist mediated vasodilatation is
attenuated by inhibition of nitric oxide synthesis and by
endothelin-B receptor blockade. Circulation, 97, 752 ± 756.

WOODS, M., MITCHELL, J.A., WOOD, E.G., BARKER, S., WALCOT,

N.R., REES, G.M. & WARNER, T.D. (1999). Endothelin-1 is
induced by cytokines in human vascular smooth muscle cells:
evidence for an intracellular endothelin-converting enzyme. Mol.
Pharmacol., 55, 902 ± 909.

YANAGISAWA, H., HAMMER, R.E., RICHARDSON, J.A., EMOTO, N.,

WILLIAMS, S.C., TAKEDA, S.-I., CLOUTHIER, D.E. & YANAGI-

SAWA, M. (2000). Disruption of ECE-1 and ECE-2 reveals a role
for endothelin-converting enzyme-2 in murine development. J.
Clin. Invest., 105, 1373 ± 1382.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y.,

KOBAYASHI, M., MITSUI, Y., YAZAKI, Y., GOTO, K. & MASAKI,

T. (1988). A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature, 332, 411 ± 415.

YANAGISAWA, H., YANAGISAWA,M., KAPUR, R.P., RICHARDSON,

J.A., WILLIAMS, S.C., CLOUTHIER, D.E., DE WIT, D., EMOTO, N.

& HAMMER, R.E. (1998). Dual genetic pathways of endothelin-
mediated intercellular signalling revealed by targeted disruption
of endothelin converting enzyme-1 gene. Development, 125, 825 ±
836.

YOSHIZUMI, M., INUI, D., OKISHIMA, N., HOUCHI, H., TSUCHIYA,

K., WAKABAYASHI, H., KIDO, H. & TAMAKI, T. (1998a).
Endothelin-1-(1-31), a novel vasoactive peptide, increases
[Ca2+]i in human coronary artery smooth muscle cells. Eur. J.
Pharmacol., 348, 305 ± 309.

YOSHIZUMI, M., KIM, S., KAGAMI, S., HAMAGUCHI, A., TSU-

CHIYA, K., HOUCHI, H., IWAO, H., KIDO, H. & TAMAKI, T.

(1998b). E�ect of endothelin (1-31) on extracellular signal-
regulated kinase and proliferation of human coronary artery
smooth muscle cells. Br. J. Pharmacol., 125, 1019 ± 1027.

(Received July 12, 2001
Revised September 6, 2001

Accepted September 10, 2001)

British Journal of Pharmacology vol 134 (6)

ET-1(1 ± 31) constriction of human arteriesJ.J. Maguire et al1366


	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xref
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39
	bib_xrefR40
	bib_xrefR41
	bib_xrefR42
	bib_xrefR43
	bib_xrefR44
	bib_xrefR45
	bib_xrefR46

