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Abstract

Endothelin is a newly discovered, potent vasoconstrictor pep-
tide secreted by endothelial cells. The binding of endothelin
was studied on cultured human vascular smooth muscle cells
obtained from umbilical veins. A single specific binding site for
'25I-endothelin was identified, with an apparent Kd of 126 pM
and a maximal binding capacity of 10,000 sites per smooth
muscle cell. At room temperature the binding was saturable,
reached equilibrium at 2 h (using 20 pMendothelin), and was
slowly and only partially reversed by unlabeled endothelin.
The calcium antagonists nifedipine, nicardipine, and diltiazem
did not compete for the same binding site. Conditioned medium
from cultured human umbilical vein endothelial cells inhibited
the binding of '25I-endothelin dose dependently. This effect
was antagonized by anti-endothelin antiserum. Weconclude
that human umbilical vein smooth muscle cells possess specific
binding sites for endothelin, and that human endothelial cells
secrete an endothelinlike material.

Introduction

Endothelin is a potent vasoconstrictor peptide secreted by en-
dothelial cells (1). Humanendothelin, cloned from a placenta
cDNA library, and porcine endothelin, isolated from superna-
tant of cultured porcine endothelial cells, have identical se-
quences (2).

Endothelin is a 21 amino acid peptide with two disulfide
bridges that cannot be placed in any known family among the
mammalian peptides, but has a strong homology with sarafo-
toxin S6, a group of 21-residue cardiotoxic peptides isolated
from snake venom (3). Since it had also some homology with
neurotoxins acting on tetrodotoxin-sensitive Na+ channels,
which resemble the dihydropyridine-sensitive Ca2+ channels,
and since the vasoconstrictor activity of endothelin was inhib-
ited by nicardipine, it was suggested that endothelin might be
an endogenous agonist of the dihydropyridine-sensitive Ca2+
channels (1). In the present study we have identified and char-
acterized specific binding sites for endothelin on cultured
human smooth muscle cells. The binding of endothelin was
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inhibited by conditioned medium from human endothelial
cells, suggesting that human endothelial cells in culture secrete
an endothelinlike material.

Methods

Materials. Endothelin was purchased from Peninsula Laboratories,
Inc. (Belmont, CA). Endothelin was trace-labeled with carrier-free 1251
by the lactoperoxidase method at Anawa Laboratories (Wangen, Swit-
zerland). The nonoxidized mono-iodinated [3-('251)Tyr]-endothelin
was purified by HPLC. The specific radioactivity was 2,200 Ci/mmol.

All culture reagents were from Gibco Laboratories (Paisley, Scot-
land) and the culture flasks and plates from Costar (Cambridge, MA).
Collagenase (CLS II) was from Worthington Biochemical Corp. (Free-
hold, NJ). SDSand EDTAwere from Fluka AG(Buchs, Switzerland),
and Sep-Pak cartridges from Waters Associates (Milford, MA). The
anti-a-smooth muscle cell actin antibody was a kind gift of Dr. G.
Gabbiani (University of Geneva, Geneva, Switzerland), and fluores-
cein-conjugated goat anti-mouse antibody was from Dakopatts (Glos-
trup, Denmark). Nifedipine (Sigma Chemical Co., St. Louis, MO)was
dissolved in ethanol to a 10-2 Msolution; nicardipine and diltiazem
(Roche, Basle, Switzerland) were dissolved in DMSO. Further dilu-
tions were made in DME. Care was taken to protect nifedipine- and
nicardipine-containing solutions from light.

For immunoprecipitation, anti-endothelin rabbit antiserum was
obtained from Peptide Institute (Osaka, Japan) and Immunobead Sec-
ond Antibody Reagent from Bio-Rad Laboratories (Richmond, CA).

Cell culture. Humanendothelial cells were obtained from umbili-
cal veins and cultured as described by Jaffe (4). The cells were har-
vested after the vein had been filled for 12 min with collagenase (2
mg/ml) in HBSS. They were grown to confluence on plastic flasks in
RPMI 1640 supplemented with 20% FCS in a volume of -1 ml for 2
X 105 cells.

The conditioned medium was collected every 48 h. Conditioned
medium was centrifuged (1,000 g, 10 min) and concentrated by ex-
traction through a C18 Sep-Pak cartridge conditioned with acetonitrile
containing 5 mMtrifluoracetic acid. The retained material was eluted
with methanol, evaporated, and resuspended in binding medium. The
volumes given in the text and figures are the volumes of conditioned
medium before extraction.

Human vascular smooth muscle cells were obtained and cultured
as described (4, 5). Briefly, after a first incubation with collagenase to
remove endothelial cells, the umbilical vein was filled again with col-
lagenase for 45 min. Smooth muscle cells were grown to confluence in
plastic flasks or 24-well plates in DMEsupplemented with 10% FCS.

Smooth muscle cells were subcultured after trypsinization (the cell
detachment after trypsin-EDTA was followed by microscopy and the
trypsin was immediately neutralized by adding DME+ 10%FCS). The
cells were used between passages 4 and 6. They were identified by their
typical "hill-and-valley" morphology and by immunofluorescence
using a MAbagainst a-smooth muscle actin, which is a specific marker
of differentiated smooth muscle cells (6). Fluorescein-conjugated goat
anti-mouse antibody was used as a second antibody. All the cells were
labeled by the antibodies (Fig. 1).
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Binding studies. Confluent human smooth muscle cells in 16-mm-
diam wells (- 7 X I0' cells/well) were washed three times with DME
containing 2 mg/ml BSA and 25 mMHepes (binding medium), and
incubated at room temperature with 500 ,i binding medium contain-
ing radiolabeled endothelin. At the end of the incubation period the
cells were solubilized in 1% SDS with 0.5 Msodium hydroxide and
0.01 MEDTAat 370C, and the radioactivity of bound '251-endothelin
was measured. The radioactivity of unbound endothelin was calcu-
lated as radioactivity added minus radioactivity bound. Nonspecific
binding was determined in parallel and defined as binding in the pres-
ence of 100 nMunlabeled endothelin. Specific binding was calculated
as total binding minus nonspecific binding.

Immunoprecipitation. Extracts of conditioned medium were incu-
bated for 20 min with anti-endothelin rabbit antiserum at a final
dilution of 1: 1,000. Such a dilution of antiserum had been shown in
preliminary experiments to prevent the binding of 20 pM '25I-endoth-
elin by 70%. The Immunobead Second Antibody was then added (3.3
mg/500 ql of 1:1,000 dilution of antiserum) and incubated for 2 h at
370C. The immune complexes were precipitated by centrifugation (7
min at 1,000 g) and the supernatant was used in competition experi-
ments. Competition experiments with conditioned medium that had
not been treated with antiserum were performed in parallel.

Results
Kinetics of the binding. The binding of I251-endothelin to cul-
tured human smooth muscle cells reached an apparent equi-
librium after 2 h (Fig. 2 A). In all subsequent experiments,
therefore, the incubation time of smooth muscle cells with
labeled endothelin was 2 h. The binding of '251-endothelin was
only partially reversed by addition of 10 IAM unlabeled en-
dothelin. At 24 h the binding of '251-endothelin was still 53%of

maximal binding (Fig. 2 B). The dissociation of '251-endothelin
displayed a biphasic curve when analyzed by logarithmic
transformation and linear regression. Typical estimates of fast
and slow dissociation half-lives were 5 and 69 h, respectively.

Saturation experiments. The specific binding of '251-en-
dothelin to smooth muscle cells was saturable, as shown in Fig.
3. Scatchard analysis indicated the existence of a single popula-
tion of binding sites. The calculated equilibrium Kd was 126
pMand the maximal binding capacity was 16.9 fmol/106 cells,
i.e., 10,180 binding sites per cell.

Competition experiments. The binding of '251-endothelin
was inhibited by unlabeled endothelin, with a half-maximal
inhibition concentration of 212 pM (Fig. 4). Conditioned me-
dium from cultured human endothelial cells also completely
inhibited 1251-endothelin binding (Fig. 4). The volume of con-
ditioned medium (before extraction) that inhibited the binding
by 50% was 270 Al. Thus, the concentration of endothelinlike
material in conditioned medium from endothelial cells could
be calculated to be - 395 pM, or 1 ng/ml. To evaluate
whether the factor in conditioned medium that competed with
125i-endothelin for binding was immunologically related to
endothelin, immunoprecipitation with anti-endothelin rabbit
antiserum and Immunobead Second Antibody was per-
formed. After immunoprecipitation, the supernatant of con-
ditioned medium up to a volume of 200 ,ul did not compete
with the binding of 1251-endothelin (Fig. 4).

The binding of 125I-endothelin was inhibited neither by
nifedipine, nicardipine, nor diltiazem when added in concen-
trations up to 10 ,M (Fig. 5).

V~~~~~~~~~m"3''''

Figure 1. Immunofluorescent staining of human smooth muscle cells in culture with anti-a-smooth muscle actin antibody. Fluorescein-conju-
gated goat anti-mouse antibody was used as a second antibody. Stress fibers are clearly seen in the cells that form multilayers. Bar = 35 um.
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Figure 2. Association (A) and dissociation (B) curves of '25I-endothelin to human smooth muscle cells. (A) Cells were incubated with 20 pM
'25I-endothelin for various times with or without 100 nM unlabeled endothelin. The percentage of specific binding is shown as a function of
time. (B) After 2 h of incubation with 20 pM '251-endothelin, 10 MMunlabeled endothelin was added. The percentage of remaining specific
binding is given as a function of time. Each point in A and B represents the mean of duplicate experiments.

Discussion

The results of the present study show that human vascular
smooth muscle cells cultured from umbilical veins possess a
single class of specific binding sites for endothelin.

The binding of endothelin to human cultured smooth
muscle cells is of high affinity, specific, and saturable within 2
h. The dissociation of labeled endothelin after addition of un-
labeled endothelin is biphasic. The second and slow phase
might be due to a very tight binding and/or internalization of
the receptor.

Endothelin is able to constrict human mesenteric and pul-
monary arteries (1). In the present study we have not proven
that the binding sites we have characterized are the receptors
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by which endothelin exerts its potent vasoconstrictor effect.
However, the very strong interaction of endothelin with its
binding site (high affinity, slow displacement) might explain
[he extremely prolonged effect of endothelin in different vas-
qular beds (1, 7).

The binding site of endothelin to human smooth muscle
sells is not a binding site for dihydropyridines, since nifedipine
nd nicardipine did not compete with the binding of endothe-

Lin. This, however, does not rule out the possibility that en-
Jlothelin is an endogenous modulator of voltage-dependent

'2+a channels (1).
Endothelin has been isolated from supernatant of porcine

aortic endothelial cells (1), and its existence has been suggested
in supernatants of bovine aortic endothelial cells (8, 9).

Figure 3. Specific binding of '25I-en-
dothelin to smooth muscle cells as a
function of '251-endothelin concen-
tration. Smooth muscle cells were
incubated for 2 h with different
concentrations of '251-endothelin in
the presence or absence of 100 nM
unlabeled endothelin. (Inset) Scat-

l____________ chard analysis of '251-endothelin
12 1s6 20 specific binding gave a straight line

n (fmol/10 cells) (r = 0.99) from which the Kd and
maximum binding capacity were

--a calculated to be 126 pMand 16.9
600 fmol/106 cells, respectively. Each

point represents the mean of dupli-
cate experiments.
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Figure 4. Inhibition of the binding of '25I-endothelin to cultured
smooth muscle cells by unlabeled endothelin or conditioned medium
from cultured human endothelial cells. Smooth muscle cells were in-
cubated for 2 h with 20 pM '251-endothelin in the presence of in-
creasing concentrations of unlabeled endothelin (A) or of extracts of
increasing volumes of conditioned medium from endothelial cells
(-), or after the extracts had been subjected to immunoprecipitation
with anti-endothelin rabbit antiserum and Immunobead Second An-
tibody (i). Each point represents the mean of triplicate experiments.

Human endothelin has finally been cloned from a placenta
cDNA library (2). However, the secretion of endothelin by
human endothelial cells has not been reported until now. We
present here the first argument for the presence of an endothe-
linlike, immunoprecipitable material in conditioned medium
of cultured human endothelial cells.

While we were performing this study a paper was published
on the specific binding of endothelin on rat vascular smooth
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Figure 5. Effect of nifedipine (.- - .-. - -), nicardipine (- -), and
diltiazem (-- --) on the binding of 20 pM '25I-endothelin. The
three calcium entry blockers were added in increasing concentrations
at the same time as '251I-endothelin. Each point represents the mean

of triplicate experiments.

muscle cells in culture (10). Endothelin binds to these cells
with an apparent Kd of 200-400 pM and a maximal binding
capacity of 1 1,000-13,000 sites/cell. This suggests a close ho-
mology between human and rat smooth muscle cell receptor
for endothelin.

In conclusion, endothelin binds specifically to human vas-
cular smooth muscle cells. The binding site is distinct from the
dihydropyridine binding site. The mechanisms involved in the
potent vasoconstrictor effect of endothelin are still to be iden-
tified.
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