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ABSTRACT——The modulation of endothelin (ET) release from endothelial cells was investigated as a function of cell density. The
present study examined the release of ET from bovine pulmonary artery endothelial cells (BPAEC) and bovine aortic endothelial cells
(BAEC) at various cell densities, as well as the effects of phosphoramidon, thiorphan and pepstatin on ET release at different densities. ET
release from BPAEC and BAEC decreased as cell density increased. This cell density effect was not observed with prostacyclin release from
either BPAEC or BAEC. Phosphoramidon (1 mM) inhibited ET release at every density examined for both BPAEC and BAEC.
Thiorphan (1 mM) inhibited ET release from BPAEC weakly at low density and had no effect on ET release from BAEC. Pepstatin (1
mM) slightly inhibited ET release in BPAEC at the lowest density and had no effect at any other cell density for either cell type. These
protease inhibitors had no effect on cell viability as determined by trypan blue exclusion and a 3-(4,5-dimethylthiazol-2-yl)-2,5-dipbeny}-
tetrazolium bromide conversion assay. This study supports the concept that ET release is modulated by endothelial cell density. In
addition, these data demonstrate that phosphoramidon, which presumably inhibits the endothelin converting enzyme, can inhibit ET release
over a range of cell densities without affecting cell viability.

INTRODUCTION

The vascular endothelium plays an active role in maintaining the integrity of the vasculature. This continuous monolayer of endothelial
cells (EC) not only serves as a barrier between the blood and tissue, but also regulates the exchange of molecules between plasma
components and underlying tissue. EC have been shown to modulate vascular resistance by producing vasodilators such as endothelium-
derived relaxing factor (EDRF) and prostacyclin, as well as vasoconstrictors such as endothelium-derived constricting factors (EDCF) and
endothelin (ET) [1-3).

The isolation and identification of ET from cultured porcine EC by Yanagisawa ¢t al. [3] led to much reseasch focusing on ET release
from EC in an effort to define the possible physiological and pathophysiological roles of this peptide. It has been proposed that cell to celt
contact may modulate ET release from EC [4). It is suggested [5] that damaged EC may release higher levels of ET. It is possible that ET
may be released to stimulate the growth of new EC. In this connection, ET has been reported to be a mitogen for vascular smooth muscle
[6-8], fibroblast [9] and glomerular [10] cells. Thus, looking at ET release from non-confluent EC may provide a model of regenerating
EC after physical damage. The present study examined this concept and demonstrated that as ccll density increased, ET release from both
bovine pulmonary artery endothelial cells (BPAEC) and bovine aortic endothelial cells (BAEC) decreased. This increase in EC density had
no effect on the release of the potent vasodilator, prostacyclin. In addition, phosphoramidon was found to inhibit ET release independent of
cell density as has been reported for confluent EC {11). Although phosphoramidon was used at high concentration, the ET release
inhibition was not due to effects on cell viability. Furthermore, thiorphan and pepstatin had little if any inhibitory effect at the cell

densities tested.
MATERIALS AND METHODS

BPAEC were obtaincd from American Type Cell Culture (Catalog No. CCL209). BAEC were a gift from Dr. Jane Chin (VA Medical
Center, Palo Alto, CA). BPAEC werce grown in modified Eagle's medium (MEM, Irvine Scientific, Santa Ana, CA), and BAEC were
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grown in Dulbecco's modified Eagle’s medium (DMEM), both containing 10% fetal bovine serum in 150 cm? flasks at 37° in a 95% air
and 5% CO7 incubator. Once confluent (10.6 x 106 cells/150 cm? flask) the cells were subcultured onto 24 well plates at various densities
(11.6x 1031070 x 103 oells/cmz) and used within 3 days after subculturing.

The endothelin releasc assay was initiated by removing growth medium from the cells and adding 200 pL of serum-free medium
containing 0.1% bovine serum albumin (BSA) in the absence or presence of phosphoramidon (1 mM), thiorphan (1 mM) or pepstatin (100
uM) (Sigma Chemical Co., St. Louis, MO). After 24 hr, the media were collected, spun at 12,000 g for 5 min to remove cell debris,
transferred to a separate microfuge tube and stored at -20° until assayed for immunoreactive ET or the stable inactive metabolite of
prostacyclin, 6-keto-PGF] alpha-

ET present in media samples was determined by radicimmunoassay (RIA) using standard ET-1 (human, porcine; American Peptide,
Santa Clara, CA), anti-ET antibody (prepared as described below) and 3»[‘2511i0dotyrosyl-l3-endothelin (porcine; Amersham, Arlington
Heights, IL).

Antiserum specific for ET-1 was prepared using a conjugate of the ET-1 C-terminal pentapeptide (Leu-Asp-Ile-Ile-Trp) with
thyroglobulin as immunogen. Pentapeptide (1 mg) and 10 mg bovine thyroglobulin (Sigma) were coupled in 1.5 mL of phosphate-
buflered saline (PBS) with 7.5 uL of 25% glutaraldehyde (Sigma) for 18 hr at room temperature. Conjugate (0.2 mL) was emulsified with
1.8 mL PBS and 2 mL Complete Freund's Adjuvant and used to immunize two New Zealand white rabbits at approximately ten intradermal
sites. The animals were boosted with an emulsion of 0.1 mL conjugate, 1.9 mL PBS and 2.0 mL Incomplete Freund's Adjuvent after 5
weeks; antisera were prepared 2 weeks subsequently. Additional boosts were performed at 2- to 4-month intervals.

The RIA was as follows: briefly, ET-1 standard in PBS containing 0.1% BSA, 0.1% Triton X-100, 1 mM EDTA, and 0.01% NaN3
(PBS RIA buffer) or sample (25 pL) was incubated with antiserum (50 pL at 1:10,000 dilution) at 4° for 24 br. (125)ET-1 (10,000
cpm/50 pL) was added and incubated at 4° for an additional 24 hr. Antibody bound and free [1251JET-1 were separated by adding 50 uL. goat
antirabbit immunoglobulin and normal rabbit serum (Peninsula Laboratories, Belmont, CA) for 2 hr at room temperature. The reaction
was terminated by adding 250 pL of cold PBS RIA buffer and centrifuging samples at 3000 rpm for 20 min. The supematant buffer was
aspirated and the activity in the pellet analyzed using a Gamma counter. The ET-1 specific RIA had an EC5g of 100 fmol/tube and less
than 0.01% cross-reactivity with big ET-1.

Prostacyclin present in the media samples was determined by measuring 6-keto-PGF]alpha using an RIA system from Amersham. The
media samples (150 puL) were assayed undiluted.

Cell viability was determined morphologically by trypan blue exclusion and cell counting. A second functional assay was employed in
which the dehydrogenase activity in viable cells converts 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetrazolium bromide (MTT) to an
insoluble formazan which can be solubilized with dimethyl sulfoxide (DMSO) yielding a purple color [12]. The optical density of this
color reaction was read at 570 nm. The data are expressed as MTT conversion (% of control) and were analyzed using the One Group

Student's #-test (Statview II, Abacus Concepts, Berkeley, CA).
RESULTS

ET release from BPAEC decreased with increasing cell number as shown in Fig. 1. Immunoreactive ET in the medium decreased from
69 fmol/10% cells at a subconfluent density of 52,500 cells/cm? o 7.5 fmol/104 cclls at a confluent density of 177,813 cells/cm2. As EC
density increased, prostacyclin release did not change and remained between 18 and 21 pg/ 104 cells.

The effect of protease inhibitors on ET release from BPAEC at different cell densities was also examined (Fig. 1). ET release was
inhibited by 1 mM phosphoramidon (between 61 and 100%) at every cell density examined. Thiorphan (1 mM) was found to inhibit ET
release weakly by 43 and 46% but only at subconfluent cell densities of 52,500 and 75,625 celis/em?, respectively. Thiorphan had no
apparent effect on ET release as cell densities approached confluence (155,000 cells/cmz). Pepstatin (100 uM) appeared to slightly inhibit
ET release at the lowest cell density but had no effect at any of the higher cell densities examined.

The effect of cell density on ET release from BAEC was also investigated and data are summarized in Fig. 2. As with BPAEC, ET
release from BAEC decreased as cell density increased (i.e. from 61.3 fmol/ 104 cells at a subconfluent density of 52,422 cells/cm? to 4.2
fmol/104 cells at a confluent density of 520,938 cells/em2). In BAEC, prostacyclin release remained at 1.1 pg,/l()4 cells as EC density
increased. In these cells, phosphoramidon inhibited ET release (71-94%) at every ccll density examined. Thiorphan and pepstatin had no

effect on ET release at any cell density.
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Fig. 1. Endothelin release from BPAEC. Cells were incubated with serum-free medium containing 0.1% BSA (vehicle) alone, or in the
presence of | mM phosphoramidon, 1 mM thiorphan or 100 tM pepstatin, and ET released afier 24 hr was determined by RIA. Data are

presented as fmol/104 cells (mean +/- SE, N=6) as a function of cells/cm2.
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Fig. 2. Endothelin release from BAEC. Cells were incubated with seruni-free medium containing 0.1% BSA (vehicle), 1| mM
phosphoramidon, 1 mM thiorphan or 100 UM pepstatin, and ET released after 24 hr was determined by RIA. Data are presented as

fmol/104 cells (mean +/- SE, N=6) as a function of cells/cmZ.

Inhibition of ET refease with phosphoramidon was found to be concentration-dependent for both BPAEC and BAEC as shown in Fig. 3.
At 1 uM phosphoramidon, no effect on ET release was observed. As the concentration of phosphoramidon was increased from 10 uM to 1
mM, ET release was inhibited from 7.4 10 83.9% and from 8.7 to 85.4% in BPAEC and BAEC, respectively.

Although phosphoramidon is thought to affect release by inhibiting the putative endothelin converting enzyme, it is possible that
phosphoramidon may affect ET release by an alternative mechanism such as altering cell viability. To examine this possibility we
evaluated the viability of BPAEC and BAEC following incubation with phosphoramidon as well as with thiorphan and pepstatin. Cell

viability was assessed morphologically using trypan blue exclusion, and using an MTT conversion assay |12]. Figure 4 shows the amount
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of MTT conversion (expressed as percent of control) following treatment with each of the above protease inhibitors. We found that
phosphoramidon and thiorphan had no effect on BPAEC viability since the conversion of MTT to the formazan was the same as in the
controls. Pepstatin on the other hand appears to slightly inhibit MTT conversion in BPAEC (P<0.01). However, neither
phosphoramidon, thiorphan nor pepstatin had any effect on BPAEC viability when assessed by trypan blue exclusion (data not shown), In

BAEC, none of the protcase inhibitors had any effect on cell viability as determined by both MTT conversion and trypan blue exclusion.
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Fig. 3.  Phosphoramidon inhibition of ET release in BPAEC and BAEC. Cells were incubated with serum-free medium containing
0.1% BSA in the absence or presence of 1 pM, 10 uM, 100 pM or | mM phosphoramidon, and ET release was measured at 24 hr. Values
are means+/-SE, N=8.
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Fig. 4. MTT conversion in BPAEC and BAEC. BPAEC and BAEC were incubated with serum-free medium containing 0.1% BSA in
the absence and presence of 1 mM phosphoramidon, 1 mM thiorphan or 100 tM pepstatin. After 24 hr media were collected for R1A.
Cells were washed with fresh medium and MTT (1 mg/mL) in DMEM was added to the cells and incubated at 37" for 4 hr. After removal
of MTT and incubation with DMSO for 15 min, optical density was read at 570 nm. The optical density for MTT conversion in control
BPAEC and BAEC was different in each experiment but averaged 0.6 and 0.5, respectively. The data are expressed as MTT conversion (%
of control), and was analyzed using One Group Student's ¢-test (*P < 0.01). Values are means+/-SE, N=5,
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DISCUSSION

ET-1 was first identified as a potent vasoconstrictor produced by EC [3). It is also produced by tracheal epithelial cells [13], renal
cpithelial cells [14), and neural epithelial cells [15] as well as vascular smooth muscle cells [16]. Subsequent in situ hybridization studies
have demonstrated that ET mRNA is distributed in organs where ET receptors have also been identified (i.e. brain, lung, kidney and
intestine) {17, 18]. The observations that ET specific receptors have been identified in a variety of tissues [17, 19] and cultured cells [20-
22] suggest that ET may have diverse physiological functions. In this connection, ET has not only been found to be a potent
vasoconstrictor in a number of vessels [3, 23] but has also been reported to stimulate the proliferation of rat vascular smooth muscle cells
[6-8], fibroblasts [9], and glomerular mesangial cells [10], and to stimulate the expression of c-fos and c-myc [6]. Thus, ET may act as a
paracrine factor.

In endothelial cells, ET may also act in an autocrine fashion to stimulate growth [24]. Our data support this concept since we observed
that when EC density is subconfluent, ET levels are higher, possibly to stimulate their growth. As EC density approaches a confluent
monolayer, ET levels arc lower, possibly in an effort to slow proliferation. Its role as an autocrine factor has also been suggested in rat
cultured mesangial cells [25] and parathyroid cells [26]. It has been shown that damaged EC release ET [5], and that ET can act
synergistically with growth factors such as epidermal growth factor and transforming growth factor alpha to stimulate vascular smooth
muscle proliferation [16] and c-fos and c-myc mRNA [6]. It is possible that regenerating EC may release ET to stimulate their own
growth as well as vascular smooth muscle proliferation in an effort to repair the site of vascular injury. However, such stimulation may
also be deleterious, since continued cell proliferation may lead to vessel wall thickening and atherosclerotic plaque formation which could
contribute to the development of vascular disorders.

Our study agrees with previous observations by Sugimoto et al. [4] that ET release is inversely proportional to EC density. We also
observed that a completely different vasoactive substance, prostacyclin, release was independent of cell density. In addition, we found that
only phosphoramidon, which presumably inhibits the endothelin converting enzyme, blocked ET release at every cell density examined for
both BPAEC and BAEC. This study supports the idea that ET may act in an autocrine fashion to regulate its own release from EC and
possibly to regulate EC proliferation. Thus, endothelin converting enzyme inbibitors may have a clinical utility in managing

vasoproliferative disorders.
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