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Abstract

The concentration of HDL in the blood inversely correlates
with the incidence of cardiovascular disease, probably related
to the ability of these lipoproteins to efflux cholesterol from
vascular cells. It is also possible that HDLaffect the produc-
tion or action of vasoactive peptides implicated in the develop-
ment of vascular diseases. Therefore, we determined the effects
of human HDLon the production and secretion of endothelin-1
(ET-1 ) from cultured bovine aortic endothelial cells. HDLpro-
duced a highly significant stimulation of endothelin secretion
(maximum 240% of control), even at very low levels of lipopro-
teins (1 ,gg/ml). HDLalso stimulated the translation of ET-1
by twofold in the bovine aortic endothelial cells. In contrast,
HDL had no significant effect on steady state mRNAlevels,
transcript degradation, or transcription. Stimulation of ET-1
secretion by HDLwas dependent on protein kinase C activa-
tion. Purified apo A-I, the major apoprotein of HDL, increased
ET-1 secretion and translation - 85% as potently as HDL.
Our results indicate that low concentrations of human HDL
strongly stimulate the production of ET-1, a powerful vasocon-
strictor and mitogen for the vascular smooth muscle cell. We
propose that HDLmay participate in the regulation of vasomo-
tor tone through this potentially important effect in the vascula-
ture. (J. Clin. Invest. 1994. 93:1056-1062.) Key words: en-
dothelin high density lipoprotein * apolipoprotein A-I * tran-
scription * translation

Introduction

The development of atherosclerosis is a complex process in-
volving the production and action of proteins and other fac-
tors. Early events include the disruption of the endothelium, at
which time lipid-laden fibrous plaque accumulates within the
endothelial lining of arteries, and smooth muscle cells prolifer-
ate and migrate into the intima ( 1 ). The process of incorpora-
tion of cholesterol into the plaque is opposed by the efflux
promoted by HDL(2). It is believed that the strong association
between high plasma levels of HDLand a decreased incidence
of cardiovascular disease is related to this ability of HDL to
effect reverse cholesterol transport (3, 4). However, it is also
conceivable that HDLmight interact with important vascular
hormones or growth factors to influence the development of
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atherosclerosis or to modulate other aspects of blood vessel
function. Someof these interactions may actually promote ath-
erosclerosis. For instance, HDL has been shown to act as a
strong mitogen for vascular cells, particularly in conjunction
with other growth factors (5, 6). Also, insulin, IGF- 1 (7), and
PDGF(8) can decrease HDL-mediated efflux of cholesterol
from cells. These functions provide a mechanism whereby pro-
tein growth factors can interact with HDL and theoretically
potentiate the atherosclerotic process. One recently discovered
peptide produced in endothelial cells, endothelin- 1 (ET- 1 ), 'is
a powerful endogenous vasoconstrictor and mitogen for the
vascular smooth muscle cell (9, 10). ET- 1 has been implicated
in the pathogenesis of both acute and chronic vascular disease
( 10-12) including the development of atherosclerosis ( 13).
Thus, it would be important to determine possible interactions
between ET- 1 and HDL to better understand the dynamic
events regulating vasomotor tone and the development of vas-
cular disease. In these studies, we determined whether human
HDL can affect the production and secretion of ET- 1, what
part of the HDLmoiety might be responsible, and the mecha-
nism of HDLaction.

Methods

Endothelial cell cultures and experiments. Bovine aortic endothelial
cell (BAEC) cultures were prepared as described previously ( 14, 15).
Cells were seeded at a density of 77,000 cells/cm2 on 100-mm or 6-well
culture plates, passaged once after treatment with trypsin, replated and
cultured in DMEwith 10%FBS, and then used for experiments - 1 wk
after cell preparation. The cells displayed the expected morphologic
characteristics of endothelial cells, and virtually all cells showed posi-
tive fluorescence with an antibody to Factor VIII, indicating the homo-
geneity of the cultures. The cultures were devoid of any cells having the
appearance of smooth muscle cells.

For experiments, subconfluent cells were incubated in DMEmedia
without serum for various times (time course) up to 8 h, in the presence
or absence of different concentrations (0.1-50 ,ug/ml) of HDLor apo
A-I protein (Sigma Immunochemicals, St. Louis, MO). The media was
frozen for subsequent radioimmunoassay of ET- 1, and the RNAwas
extracted from both control (no HDL) and the various experimental
plates (four per condition) as described previously ( 14, 15). For assess-
ment of protein kinase C (PKC), cells were incubated with the PKC
inhibitor ( 16), calphostin C, 50 nM, for 30 min before HDLaddition.
In further experiments, the BAECwere incubated with the phorbol
ester, PMA(1 tM), for 24 h (to downregulate cytosolic PKC) before
HDLaddition.

HDLpurification. Fasting human serum was subjected to sequen-
tial flotation ultracentrifugation ( 17), and a narrow density cut of
HDL3 (d = 1.12-1.21 g/ml) was further processed. The preparation
was then dialyzed against 0. 1 MPBS (pH 7.4) and 0.5 MNaCl over-
night at 40C, with two changes of dialysate. The purity of the resulting
HDLwas determined by SDS-PAGEwhich showed that > 80%of the

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cells; ET, endothelin; PKC, protein kinase C.
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total apoprotein was apo A-I, with minor apo A-II, apo E, and apo C,
but no apo B present. The isolated HDLshowed a single a-migrating
lipoprotein band by agarose gel electrophoresis. HDLprotein was then
used for all experiments.

ET radioimmunoassay. ET immunoreactivity was measured by a
sensitive double-antibody, nonequilibrium assay, as described previ-
ously ( 14, 15). The sensitivity of the assay was 2-3 pg/tube, and the
intra- and interassay coefficients of variation were always < 10%.

SI nuclease protection. The extracted RNAwas hybridized with a
32P-labeled cRNA probe made from an EcoRI template of a human
cDNAfor ET- I (provided by Dr. Ken Bloch, Harvard Medical School)
( 18). The cDNA was subcloned into a Hind3-EcoRl orientation in
PBS, and antisense and sense cRNA probes were promoted using T7
and 3,5,3'-triiodothyronine RNApolymerase, respectively. The cRNA
probe spans parts of exons 5 and 4 from nucleotide 718 to 1 182 of the
human ET- I gene ( 18), but because of the different sequences in the
human and bovine ET- 1 mRNAs, a transcript of 196 bases was pro-
tected. Hybridization, SI nuclease digestion, and electrophoretic sepa-
ration were carried out as described previously ( 14, 15). A HindIII-di-
gested and 32P-labeled cRNAfor H-ras served as an RNA-loading stan-
dardization probe. The gel was opposed to film with intensifying
screens for 24 h, and the autoradiographic bands were compared by
laser densitometry (LKB Instruments Inc., Bromma, Sweden). Sense
probes produced no hybridization.

Nuclear runoff transcription. BAECwere grown in DMEwith 10%
FBS. For experiments, BAECwere incubated in the presence of HDL
50 ,g/ml for 2, 4, and 6 h, while control cells were incubated in the
absence of HDL. Wealso incubated cells for 4 h in the presence or
absence (control) of HDLor the phorbol ester PMA, l0-7 M, a known
stimulator of ET- 1 transcription. The cells from each experimental
treatment or control were washed and then were lysed in NP-40 lysis
buffer. The nuclei were isolated after centrifugation and resuspension
in NP-40 buffer, followed by freezing in glycerol storage buffer until
use. Transcription studies were carried out as we described previously
(15): the thawed nuclei (5 x 107 cells) were added to equal volume
reaction buffer with 4 mMATP, GTP, and CTP plus 10 ,l of [32P]-
UTP. After a 30-min incubation, DNAwas digested with DNase, fol-
lowed by proteinase K digestion. The newly formed, 32P-labeled RNA
was then purified and transferred onto GFA filters (Whatman Inc.,
Clifton, NJ), and an aliquot was counted. To detect the presence of
ET-l RNAand the effects of HDL or PMA, equal counts of labeled
nuclear RNAwere hybridized with the cDNA for ET- 1, and were spot-
ted onto nitrocellulose filters (using a slot blot apparatus). Comparison
was made using a cDNA for fl-actin. After 36 h of hybridization, the
filters were washed, were RNase treated, and then were exposed to
x-ray film for 1-3 d.

ET-I mRNAhalf-life studies. Endothelial cells were incubated in
the presence of actinomycin D, 10 -6 M, for 15, 30, or 60 min, at which
times total RNAwas extracted. In parallel, daughter cells were coincu-
bated with actinomycin Dplus ET- 1, 10 -6 M, for identical times. After
solution hybridization and SI nuclease digestion, the hybridized RNA
samples were separated on denaturing polyacrylamide gel, and a half-
life for the ET- 1 transcript was calculated from the density ofthe autora-
diographic bands at each time point, in the presence or absence of
HDL. Data from three experiments were combined. The times selected
were based upon the known half-life of ET- I in BAEC, which we deter-
mined previously ( 14).

In vivo translation studies. BAECwere cultured for 10 d, and then
were incubated in methionine-free DMEmedium with dialyzed 10%
FBS (or no FBS in some experiments) for 1 h before experimentation
( 14). The cells were then incubated in the presence or absence of HDL
50 or 1 ,g/ml or apo A-I 50 ,ug/ml, and 250 MCi of [35S] methionine for
2 h. The media were aspirated and saved, and the cells were then
washed free of unincorporated labeled methionine and were lysed in a
buffer containing 1% Triton X-100/1% bovine hemoglobin/ 1 mM
iodoacetamide and aprotinin (protease inhibitor) 0.2 U for 1 h at 4°C.
The lysate and secretion media were then precleared with normal rab-
bit serum. Specific labeled ET-1 protein was immunoprecipitated us-

ing polyclonal antibody to ET-l and anti-IgG second antibody ( 14).
Antibody which was preabsorbed with ET-1, 10-6 M, for 12 h before
use in the immunoprecipitation procedure served as a specificity con-
trol. The immunoprecipitated protein was then solubilized in SDSsam-
ple buffer and was heated to 100IC for 5 min. The labeled protein was
then resolved on a 4% stacking/ 10% spacing/ 16.5% separating poly-
acrylamide gel and was separated by electrophoresis at 30-50 mAand
constant voltage using a tricine buffer system. The size of the protein
bands was compared with molecular weight markers resolved under
the same circumstances. The gel was then stained and destained and
was subjected to fluorography and then autoradiography for 10-21 d.
Each translation experiment was performed four times.

Statistics. Data from secretion studies were combined (n = 1 1-12
wells/condition) and then were analyzed by calculating a mean and
standard error for each treatment or group. Data from the different
conditions were compared by ANOVA; a multiple range test
(Scheffe's) was used for significant F values (P < 0.05). All secretion
studies were carried out at least three times. RNAcomparisons were
quantified by laser densitometry of autoradiographs, and data were
normalized for RNAloading by creating a ratio of the density of the
experimental RNAhybridized with the ET- 1 probe, divided by the
same amount of RNAhybridized with H-ras. A ratio was then estab-
lished by comparing normalized experimental RNAwith normalized
control RNAwhich was extracted from nontreated endothelial cells. A
value of 1 was arbitrarily assigned to the control. This resulted in values
expressing the relative densities of the experimental conditions com-
pared with the control. Protein bands were also compared by laser
densitometry.

Results

ET-I secretion. HDL, 50 ,gg/ml, caused a significant increase
in the secretion of ET- 1 which was first observed by 2 h and
persisted for the entire 8 h of the in vitro experiments (Fig. 1 ).
HDLcaused a peak increase of secretion at 4-8 h, significantly
greater than BAECincubated in the absence of HDL (mean
control secretion at 4 h 492±70 [SEM] pg/ml; mean HDL-in-
cubated secretion 1,028+23 pg/ml, n = 11). In a dose-related
fashion, HDLmaximally stimulated ET- 1 by more than two-
fold at the highest concentrations used (50 and 100 Ag/ml) and
significantly increased ET- 1 secretion at a concentration as low
as 1 Ag/ml in studies carried out over 4 h of incubation (Fig. 1
B). The similar stimulation of ET-l secretion at 50 and 100
,ug/ml of HDL suggests that the process is receptor mediated
and saturable at - 50 ,ug/ml. Wepreviously determined that
the ET- 1 immunoreactivity detected by radioimmunoassay in
the secretion media from the cultured BAECis ET- 1, by HPLC
and immunoassay criteria ( 15).

The secretion of ET- 1 was also significantly stimulated by
the major apoprotein moiety of HDL, apo A-I (Fig. 1 C). At 50
,qg/ml, apo A-I significantly stimulated the secretion of ET- 1
from the BAEC(mean control secretion 642±21 pg/ml; mean
apo A-I-stimulated secretion 1,061 ± 18 pg/ml) which was 83%
comparable with the stimulation caused by HDLat this same
concentration (mean HDL-stimulated secretion 1,271 ± 12 pg/
ml, n = 11 from three experiments combined). This suggests
that this apoprotein was mainly responsible for the stimulation
of ET- 1 secretion by HDL. This conclusion is supported by our
finding that the purified HDL we prepared from human
plasma contained predominantly apo A-I.

Translation studies. In vivo translation studies within the
BAECrevealed the intracellular production of prepro-ET- 1
(24,000 Mr), and a large molecular weight ( 18,000) form of
ET which probably represents a novel intermediate, processed
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Figure 1. (A) Time course of the effects of HDL, 50 ,g/ml, on ET- I
secretion from cultured BAEC. * is basal secretion of ET-I in the
absence of HDL; o is secretion in response to HDL. (B) ET-1 secre-
tion from BAECin response to varying concentrations of HDLafter
4 h of incubation. (C) Comparison of the effects of HDLor apo A-I
on ET- 1 secretion. In these figures, each data point or bar represents
the mean±SEMsecretion from 1 1-12 wells of BAEC, combined from
three separate experiments. *P < 0.05 by ANOVAplus Scheffe's test
for HDLor apo A-I vs control.

form of prepro-ET- 1, which we described previously ( 14) (Fig.
2). Wedid not see Big endothelin (pro-ET- 1) or the fully
processed, 21 -amino acid ET- 1 (2,500 Mr) in the cell lysate. In
contrast, the secretion media contained both Big ET- 1 and ET-
1, forms which are known to be secreted and which circulate in
plasma. This indicates that the processing of the preprohor-
mone to the pro-(Big) protein is likely to occur in the cyto-
plasm of the BAEC. This is followed rapidly by the partial
processing of the prohormone to the mature ET-1 peptide in
our cell culture system and probably occurs just within the
cytosol or at the cell membrane just before secretion of ET- 1.
In vivo, serum proteases are felt to contribute to the processing
of the prohormone to the mature, 21-amino acid ET- 1. We
found predominantly the 2 1-amino acid ET- 1 in our cell secre-

tion media, which lacks serum-processing enzymes. This sug-

gests that the majority of processing of the precursor forms is
accomplished by the endothelial cell itself.

The moieties detected are consistent with the processing of

prepro-ET- 1 from BAECinduced by atrial natriuretic peptide
( 14), except that the antibody we used in these studies detects
all three described forms of ET- 1. Most importantly, we found
that HDL, in dose-related fashion, significantly stimulated the
translation of all three forms of the ET- 1 peptide (Fig. 2). For
instance, HDL, at a concentration of 50 Asg/ml, caused a

2.1 3±0. 11 -fold increase over the control production of prepro-

ET- 1 (density of bands). The immunoprecipitated bands were

identified as ET- 1 or its precursors; this was established by
using an antibody which was preabsorbed with ET- 1 and hence
could no longer bind and precipitate ET-l-related protein in
the cell lysate or secretion media. In our studies, the preab-

sorbed antibody precipitated the same bands in control cells
< 8%as well as nonabsorbed antibody (Fig. 2 A or B, lane 1 vs

5). Equal amounts of apo A-I were 80±4% as effective as HDL
in increasing ET- 1 production, by densitometry (Fig. 2). As
summated in Table I, HDLcaused a twofold increase in both
precursor ET- 1 (cell lysate) or the 21-amino acid, ET-1 pep-
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l 2 3 4 5 6 BAECimmunoprecipi-
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indicate labeled proteins of - 4,300 and 2,500 mol wt, compatible
with Big ET- 1 and ET-1. The experiment was repeated an additional
three times, and autoradiography was performed three times. The
density values or comparisons in the text are derived from the
mean±SEMfrom three experiments combined.

tide production (secretion media), compared with basal syn-
thesis. Apo A-I was also potent in this regard, stimulating in-
creased prepro and ET-1 protein synthesis by 85±5 (lysate)
and 93±4% (secretion) comparably with HDL(Table I). This
indicates that apo A-I probably is responsible for the great ma-
jority of this action of HDL.

Messenger RNA studies. Incubation of the BAEC for
various amounts of time over 6 h induced no significant change
in the steady state mRNAlevels, shown by protection assay

Table I. Incorporation of [35SIMethionine into
Immunoprecipitated, Newly Translated, ET-J-related Protein

Experimental condition Incorporated (cpm)

% of control

Intracellular lysate Control 100
HDL50 ,g/ml 21 1±5*
HDL5 tg/ml 137±11*
Apo A-I 50 ,g/ml 180±9*
Control-preabs 11±2*

Secretion media Control 100
HDL50 ,gg/ml 200±9*
HDL5 jig/ml 142±20*
Apo A-I 50 ,g/ml 186±5*
Control-preabs 12±3*

Each value is the mean±SEMof data from four separate experiments,
results combined. The counts per minute for each experimental
condition are expressed as percentage of [35S]methionine incorpora-
tion into immunprecipitable ET- 1-related proteins from cells that
were incubated without lipoprotein (Control). * P < 0.05 by ANOVA
plus Scheffe's test for condition vs control. The control-preabs are
counts from control cells, the lysate or secretion media immunopre-
cipitated with antibody preabsorbed overnight with ET- 1 protein.

(Fig. 3 A, top). There was a slight increase in ET- 1 message of
only 22±4% at 4 h. Because steady state mRNAexpression
reflects both transcription and transcript degradation, weexam-
ined both of these issues. The half-life of the ET- 1 mRNA,
which was - 15 min, was not altered by HDL(Fig. 3 B). From
the nuclear run-on studies, HDLhad no detectable effect on
ET- 1 transcription at either 2 or 6 h (data not shown). HDL
stimulated ET- 1 transcription maximally by only 26±6% at 4
h, compared with control cells and after normalization for
RNA loading (Fig. 3 C). By comparison, phorbol ester in-
duced a 2.1±0.4-fold increase in ET- 1 transcription at 4 h (Fig.
3 C). Weconclude that the ability of HDL to increase the
production of ET-1 resides mainly at a posttranscriptional
level, specifically by inducing increased translation, followed
by increased secretion of the peptide.

PKC. Incubation of the BAECwith the relatively specific
PKC inhibitor, calphostin C, 50 nM, completely reversed the
increased secretion of ET-l caused by HDL, 10 ,g/ml (Fig. 4).
After 4 h of incubation, HDLstimulated the secretion of ET- 1
from control levels of 352±8-539±16 pg/ml; this was reversed
by preincubation with calphostin C, followed by HDL(361±8
pg/ml, n = 7, P < 0.05). Calphostin Calone, at the concentra-
tion used, had little effect by itself (355±6 pg/ml). Addition-
ally, we downregulated cytosolic PKCby incubating the cells
with a phorbol ester (PMA, 1 ktM) for 24 h. The secretion from
control cells incubated in the presence of PMAwas not signifi-
cantly different from the secretion from cells incubated in the
absence of this phorbol ester (352±8 vs 380±13 pg/ml). PMA
preincubation almost completely reversed the HDL-stimu-
lated ET-l secretion (539±16 vs 388±16 pg/ml, n = 7, P
< 0.05). These studies indicate that the ability of HDLto stim-
ulate ET- 1 secretion is dependent on PKC activation. This
mechanism of HDL's action is presumably related to the phos-
phorylation by PKC of key substrate proteins necessary for
ET- 1 production (translation).
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of the effects of HDL 50 mg/ml or phorbol ester (PMA) 10' Mon
ET-I transcription after 4 h of incubation with the BAEC. fl-actin
transcription was also determined for comparison. This experiment
was repeated two additional times; densitometry values in the text
are derived from the three experiments combined.
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Cal-C PMA experimental condi-
tion), representative of

a third study. *P < 0.05 by ANOVAplus Scheffe's test for control
vs HDL, tP < 0.05 for HDLvs HDLplus calphostin C, or HDLplus
PMA.

Discussion

Our findings indicate that HDLstimulates the production and
secretion of ET- 1 from cultured BAEC, as a result of stimulat-
ing the translation of this protein. There was no significant
effect of HDLon the ET mRNAsteady state levels, new tran-
scription, or transcript degradation in these cells. The actions
of HDL occur at low concentrations and therefore could be
relevant to the in vivo action of this lipoprotein. It has been
shown, for instance, that HDLbinds cells with high affinity to
promote cholesterol effilux and that these actions saturate at
HDL protein concentrations of 20 gg/ml ( 19, 20). This
would indicate, based upon our studies, that HDLshould in-
teract with the endothelium in vivo to regulate the production
of vasoactive peptides, such as ET- 1. ET- 1 is a potent vasocon-
strictor and hence plays a role in the modulation of vasomotor
tone (9). Excessive secretion and subsequent action of this
peptide have been implicated in the development of both acute
and chronic vascular disease, including atherosclerosis ( 12, 13,
21), and therefore understanding the regulation of ET-l by
other vascular factors is important.

The action of HDL is probably mediated through its pre-
dominant apoprotein, apo A-I. Wefound that this apoprotein
potently stimulates ET-1 production and secretion - 85%
comparably with HDLand therefore could predominantly ac-
count for the increased concentration of ET- 1 caused by this
lipoprotein. It has recently been shown that apo A-I binds to
membranes prepared from BAECwith high affinity and capac-
ity (22). In fact, the calculated binding Kd in these studies (44
,gg/ml) is comparable with the concentrations of HDLused in
our study, concentrations which significantly augment ET-1
production. Apo A-I presumably binds to a transmembrane
receptor protein (which has not been isolated) and induces a
second messenger signal, which leads to its actions on the endo-
thelial cell such as stimulating the secretion of ET- 1. The HDL-
generated signal which is necessary to stimulate ET- I secretion
from BAECappears to involve the activation of PKC. In our
studies, both PKCdownregulation or antagonism prevented
this action of HDL. It has previously been shown that HDL-de-
pendent efflux of cholesterol from cells is mediated by the stim-
ulation of diacylglycerol production and PKCactivation (23,
24). Thus, another potentially important action of HDLin the
endothelium could occur through this mechanism.

Other lipoproteins might also modulate endothelin secre-
tion. Recently, two groups have studied the action of LDL on
ET- 1 production and secretion from cultured BAEC. Bou-
langer and associates (25) found that oxidized, but not native,
LDL increased the mRNAand release of ET-l from cultured
human and porcine endothelial cells or intact blood vessels,
through a PKC-related mechanism. This effect probably oc-
cuffed through the scavenger receptor, since acetylated LDL
also stimulated ET- 1, while dextran sulfate, a scavenger recep-
tor antagonist, inhibited the LDL stimulation. In contrast, Jou-
gasaki et al. (26) found that oxidized LDL inhibited ET- 1 se-
cretion from cultured porcine or human endothelial cells, an
effect probably mediated through the lysophosphatidylcholine
moiety of the oxidized LDL. Thus, it is unclear as to what are
the interactive effects of LDL with ET- 1 production. Overall,
these studies, including ours, indicate there may be important
interactions between cholesterol processing and action and ET-
1 production in the vasculature.
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The mechanism by which HDL stimulates ET-I produc-
tion appears to result mainly from the regulation oftranslation.
Wecould find little important influence of HDLon ET- I tran-
scription, steady state mRNAexpression, or transcript degrada-
tion, despite extensive studies. This is perhaps surprising since
the ET- 1 gene promoter contains a phorbol ester-responsive
AP-l site and is transcriptionally stimulated by PMA(27). We
confirm the fact that phorbol ester can stimulate the transcrip-
tion of ET- 1 and speculate that HDLmight induce a repressor
or other inhibitory mechanism that interferes with the ability
of PKC to transactivate the ET- 1 gene. Alternatively, HDL-
stimulated PKCactivation in cultured endothelial cells may
not be equivalent to kinase activation by phorbol esters.

The regulation of any important vasoactive peptide by an-
other protein, primarily at the level of translation, has not been
previously reported and is certainly unique for the modulation
of endothelin production. In fact, it is uncommon in general
for protein synthesis to be modulated primarily at the level of
translation. The best characterized example of this phenome-
non is the regulation of the ferritin protein by iron (28).
Klausner and Harford (28) have shown that the ferritin
mRNAcontains a cis-acting element, the IRE (28). An IRE-
binding protein acts at this site on the ferritin mRNAas a
repressor (29) and is functionally enhanced by a lack of iron,
leading to decreased ferritin translation (30, 31 ). The mecha-
nism by which HDLaffects ET- I translation cannot be deter-
mined from the studies reported here. Based upon our findings,
however, we speculate that the activation of PKCmay lead to
the phosphorylation and activation of a regulatory protein that
enhances the translation of the mature, cytoplasmic ET- 1
mRNA. Recently, we reported that atrial natriuretic peptide
inhibits the translation and secretion of ET- 1 from cultured
endothelial cells and prevents the degradation of the ET-I tran-
script ( 14). These two events are probably related and perhaps
result from the inhibition of the synthesis of an enzyme
(RNAse) or critical amino acid sequence necessary for tran-
script degradation (32, 33). The regulation of ET-I by HDL
and atrial natriuretic peptide thus provides a model to under-
stand the events and interactions governing ET- 1 translation
and transcript processing.

HDL is a well recognized inhibitor of the development of
atherosclerosis, and this action is attributable to its role as a
cholesterol scavenger and promoter of cholesterol efflux from
the cell (2-4). Our results suggest that the vascular protective
nature of HDLcan occur despite potentially deleterious effects
mediated through ET-I production and subsequent action, if
these interactions occur chronically in the in vivo state. How-
ever, it has recently been shown that HDLwhich contains both
apo A-I and apo A-II is much less antiatherogenic than HDL
which contains only apo A-I (34). In these studies, the two
subfractions were not separated.

It is certainly possible that HDLmight also influence the
vasoconstrictor or other actions of ET (9), apart from stimulat-
ing the production of ET. As a precedent for this type of inter-
action, we recently showed that insulin can strongly increase
ET- I production, secretion, and mitogenic action, in vitro and
in vivo ( 15 ). The interaction of HDLwith other growth factors
in the vascular endothelium is well recognized. For instance,
HDLstrongly stimulates DNAsynthesis in cultured vascular
endothelial cells (5, 35), perhaps through the activation of
PKC, c-fos and c-myc (36-38), and the mitogenic effect of

HDLis increased by fibroblast growth factor (5). Our findings
lead us to propose that it is the stimulation of ETproduction by
HDLthat might ultimately play a role in the actions of ET- 1.
Concerning this, we have recently found in preliminary studies
that HDL is a potent but slowly acting vasoconstrictor on iso-
lated aortic rings and that this effect is lost after denuding the
endothelium. Experiments are in progress to determine
whether HDL-induced stimulation of ET secretion, and hence
action, underlies these effects, based upon what we report here
in vitro.

In summary, we found that human HDLstrongly stimulate
the production of ET-I from cultured endothelial cells. This
effect of HDLuniquely results mainly from the modulation of
protein translation. This probably happens via the apo A-I apo-
protein and through the activation of PKC. Thus, dynamic
interactions of lipoproteins and vasoactive peptides probably
occur at several levels, including production. Understanding
these effects in vivo should provide important insights into the
function of the normal vasculature and the development of
arterial disease.
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