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Introduction
Hypercholesterolemia is a causal factor of atherosclerosis,
a process histologically characterized by lesions progress-
ing from fatty streaks to fibrous plaques, ultimately
occluding the lumen of the affected artery (1, 2). Before the
appearance of any ultrastructural change in the vessel wall,
however, chronic elevations in serum cholesterol are often
associated with an impaired endothelium-dependent
vasodilation (3, 4). This primitive hallmark of endothelial
dysfunction is thought to result from an imbalance
between the influence of vasodilator and vasoconstrictor
autacoids involved in the regulation of vascular tone. Thus,
defects in the L-arginine/nitric oxide (NO)/cyclic guano-
sine monophosphate (cGMP) pathway have progressively
emerged as an initiating step in the proatherogenic alter-
ation of the vascular endothelium, leading to the unop-
posed influence of thrombogenic and proliferative factors
on the vessel wall (5–10). While initial studies suggested
that native low-density lipoprotein (LDL) might inhibit
endothelium-dependent relaxation through inactivation
of NO (11, 12), oxidized forms of LDL were recently
demonstrated to specifically impair NO-dependent arteri-
al relaxation through a variety of mechanisms, including a

decrease in endothelial nitric oxide synthase (eNOS)
expression, the uncoupling of Gi protein–dependent sig-
nal transduction, or a reduction in eNOS substrate avail-
ability (reviewed in refs. 9, 10). However, because most of
these studies were done with high concentrations of LDL
chemically oxidized in vitro, the relevance of any of these
different mechanisms to the pathogenesis of endothelial
dysfunction remains controversial (13, 14).

In peripheral cells, exposure to elevated plasma choles-
terol results in the selective uptake of free cholesterol (FC)
from native LDL and in the stimulation of FC efflux (15).
Discrete plasmalemmal microdomains termed caveolae
were recently shown to actively increase the rate and speci-
ficity of FC efflux to high-density lipoprotein (HDL)
(reviewed in ref. 15). Moreover, Fielding and coworkers
(16, 17) have recently reported that in human fibroblasts,
the cellular FC level regulates the transcription of the gene
encoding caveolin, the structural protein of caveolae.
Interestingly, the recent discovery that eNOS is compart-
mentalized into caveolae (18, 19) introduced a new frame-
work  for the understanding of the molecular mechanisms
whereby exposure to high LDL cholesterol (LDL-C) may
alter NO production. Specific interactions between the
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cholesterol-binding protein caveolin and signal-trans-
ducing proteins, including eNOS and various kinases, are
known to repress the catalytic activity of these enzymes
(reviewed in ref. 20). Accordingly, the activity of eNOS was
shown to be regulated through its reversible inhibitory
interaction with caveolin (19, 21–23), a process that could
be competed by calmodulin (CaM) in the presence of Ca2+

(21, 24, 25). As a corollary, the activity of eNOS in
endothelial cells can theoretically be influenced by
changes in the equilibrium between these two
protein–protein interactions upon stoichiometric changes
in the abundance of either of these partners. We therefore
postulated that exposure to high cholesterol concentra-
tions could decrease NO production through an upregu-
lation of caveolin abundance that would enhance its
inhibitory heterocomplex formation with eNOS and
attenuate its activation by Ca2+-mobilizing agonists.

To test these hypotheses, we incubated endothelial cells
with human serum from normocholesterolemic (NC) and
hypercholesterolemic (HC) volunteers, as well as with the
different purified lipoprotein subfractions. Through com-
bined measurements of caveolin–eNOS interaction (by
coimmunoprecipitation) and NO production in intact
cells (using an NO-selective microprobe) in resting condi-
tions and after agonist stimulation, we established a quan-
titative correlation between serum cholesterol level, cave-
olin–eNOS association, and impaired NO release. Finally,
we identified serum LDL-C as the subfraction triggering
the upregulation of caveolin abundance that leads to the
stabilization of its complex formation with eNOS and to
inactivation of the enzyme. 

Methods
Human serum and cell culture. Blood was collected from hyper-
lipemic patients and normolipemic donors who had fasted
overnight, and plasma was obtained by centrifugation (2,000 g,
10 min, 2–4°C). None of the hyperlipemic (or normolipemic)
subjects had received any hypolipemiant drug in the past 6
weeks before blood collection. Lipoprotein subfractions and
lipoprotein-deprived serum (LPDS) were isolated by density

gradient ultracentrifugation and dialyzed overnight as
described (26). Cholesterol levels of total plasma and lipopro-
tein subfractions were routinely determined using colorimetric
methods according to the manufacturer’s instructions (CHOL
and HDL-C; Boehringer Mannheim, Mannheim, Germany).
Freshly prepared serum and lipoprotein subfractions from dif-
ferent donors were always used in separate experiments.

Bovine aortic endothelial cells (BAEC) were cultured to 60%
confluence in 3.5-cm dishes in DMEM containing 10% FBS
and were serum-starved for 24 h. Cell monolayers were then
transferred to 50% (vol/vol) human serum in DMEM for 48 h;
the resulting dilution approximates the lipoprotein concentra-
tion to which endothelial cells are exposed in vivo. In some
experiments, native serum was replaced by LPDS resupple-
mented with one of the lipoprotein subfractions. In others,
incubations with NC or HC serum or LDL-containing medium
were carried out in the presence of 25 µM N-acetyl-leu-leu-nor-
leucinal (ALLN) (Boehringer Mannheim), a cysteine protease
inhibitor, or antioxidants such as 50 µM diethylenetriamine
pentaacetic acid (DTPA), 20 µM butylated hydroxytoluene
(BHT), or 100 µg/ml Cu/Zn superoxide dismutase (SOD); in
the latter experiments, a stock lipoprotein-containing medium
was used to replace the incubation medium every 6–8 h. In
addition, aliquots of freshly prepared or incubated lipoprotein-
containing medium were assayed by ELISA (27) for the pres-
ence of malondialdehyde-modified LDL, which remained
below detection levels in all cases (<0.1 mg/dl).

Coimmunoprecipitation and immunoblotting. Endothelial cells
were extensively washed with PBS, harvested, pelleted by cen-
trifugation, resuspended in the octylglucoside (OG) buffer con-
taining 60 mM OG, 50 mM Tris-HCl (pH 7.4), 125 mM NaCl, 2
mM dithiothreitol, 100 µM EGTA, and protease inhibitors (1
mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mM phenymethysul-
fonyl fluoride), and sonicated as described previously (19).
Aliquots of cell homogenates were incubated with a rabbit cave-
olin-1 polyclonal antibody (lot 5; Transduction Labs, Lexington,
Kentucky, USA). After 1 h at 4°C, protein G–Sepharose beads (50
µl of a 50% slurry) were added to the supernatant for a further 1-
h incubation at 4°C. Bound immune complexes were washed
three times with OG buffer and then once with 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl. In some experiments, the supernatant
fraction (remaining after pelleting of the protein G–Sepharose
immune complexes) was immunoprecipitated by a rabbit anti-
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Figure 1
Caveolin and eNOS expression in endothelial cells exposed to normocholesterolemic and hypercholesterolemic human serum. (a) Mean (± SEM, n = 10)
cholesterol concentrations of human plasma fractions divided into three categories and used in the experiments discussed below. Hatched areas cor-
respond to LDL-C as a fraction of total plasma cholesterol. (b) Caveolin (top) and eNOS (bottom) immunoblots from endothelial cells exposed to the
corresponding fractions of human plasma. This experiment was repeated four times with equivalent results. (c) The caveolin immunoblots from endothe-
lial cells exposed to NC or HC serum in the presence or absence of the cysteine protease inhibitor ALLN (25 µM). This experiment was repeated two times
with equivalent results. ALLN, N-acetyl-leu-leu-norleucinal; eNOS,endothelial nitric oxide synthase; HC, hypercholesterolemic; IC, intermediate; LDL-C,
low-density lipoprotein cholesterol; NC, normocholesterolemic. 



eNOS or anti–caveolin-1 polyclonal antibody (Transduction
Labs). The immunoprecipitates were eluted by boiling in
Laemmli sample buffer. Protocols for SDS-PAGE on 7.5%–12.5%
polyacrylamide gels, immunoblotting with eNOS or caveolin
antibodies (Transduction Labs), and chemiluminescent detec-
tion were performed as described previously (19). 

NO detection and eNOS activity. BAEC grown on gelatin-coated
35-mm dishes were preincubated in Krebs-Ringer buffer
(adjusted to pH 7.4) composed of 136 mM NaCl, 5.4 mM KCl,
1.8 mM CaCl2, 0.8 mM MgSO4, 1.0 mM Na2HPO4 , 10 mM
HEPES, and 55 mM glucose. The buffer was supplemented
with 7.5 U/ml SOD (Sigma Chemical Co., St. Louis, Missouri,
USA). NO release was monitored with an NO-selective micro-
probe (World Precision Instruments; Aston, United Kingdom),
as used previously by our group (28). A micromanipulator
attached to the stage of an inverted microscope allowed posi-
tioning of the probe sensor (200-µm diameter) ∼ 0.1 mm above
the cell surface. NO production was measured at 5-min inter-
vals in the presence or absence of 5 µM A23187 in a fixed vol-
ume of buffer, normalized for the amount of protein in the
dish, and expressed as the amount of NO produced per minute
and milligram of protein; adequate controls using either vehi-
cle or NOS inhibitors are routinely performed in parallel, as
described previously (28, 29). Calibration of the electrode was
performed using different concentrations of the NO donor S-
nitroso-N-acetyl-DL-penicillamine (SNAP), as recommended by
the manufacturer (World Precision Instruments). In some
experiments, maximal eNOS activity was determined in cave-
olin immunoprecipitates by measuring the conversion of
[3H]arginine to [3H]citrulline, as described previously (21). The
results were calculated as cpm/µg protein/min after subtrac-
tion of the background signal obtained in the immunoprecip-
itate with an irrelevant IgG1. Data are presented for conven-
ience as mean ± SEM, and statistical analyses were made using
Student’s t test or one-way ANOVA, where appropriate.

[3H]cholesterol–labeled LDL preparation and uptake measurements.
LDL was labeled to a final specific activity of 1–5 ×104 cpm/µg by
equilibration with 1,2-[3H]cholesterol–albumin–agarose complex,
and the influx of LDL-derived [3H]cholesterol into BAEC mono-
layers was measured as reported by Fielding et al. (16). Briefly, cells
were incubated at 37°C for 10 min with DMEM–LPDS contain-
ing 100–200 mg/dl [3H] cholesterol–labeled LDL-C. Cells were
then washed with ice-cold PBS, and adsorbed labeled LDL was suc-
cessively displaced with an excess of unlabeled LDL-C with PBS
containing 5 mg/ml albumin and with PBS alone; recovery of label
was >95%, and influx was linear under these conditions. Cells were
solubilized with liquid scintillation cocktail, and radioactivity was
measured in a scintillation counter.

Results
Serum cholesterol levels and caveolin expression. Total choles-
terol (TC) and LDL-C concentrations were determined in
the plasma of normolipemic and untreated dyslipidemic
volunteers. The values were distributed between three
groups, identified as follows (Fig. 1a): normocholes-
terolemic (NC; n = 10, TC < 200 mg/dl, and LDL-C < 130
mg/dl); hypercholesterolemic (HC; n = 10, TC > 240
mg/dl, and LDL-C > 160 mg/dl); and an intermediate
group (IC; n = 10). Nonconfluent BAEC were exposed to
Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 50% human serum and were grown for 48 hours. No
significant modification in the abundance of eNOS pro-
tein was observed after incubation with the NC, IC, or HC
serum (Fig. 1b, bottom), in agreement with the absence of
changes in the cell number or total amounts of proteins
between these three conditions (not shown). By contrast,
caveolin abundance was dose-dependently augmented in
endothelial cells exposed to increasing concentrations of
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Figure 2
High plasma cholesterol levels stabilize the caveolin–eNOS interaction and decrease NO production in endothelial cells. Endothelial cells exposed to
normocholesterolemic (NC; 179 ± 10 mg/dl) or hypercholesterolemic (HC; 298 ± 14 mg/dl) human serum were incubated for 5 min in the presence
or absence of the calcium ionophore A23187 (5 µM) and either tested for NO production or collected, lysed, and solubilized as described in the text.
(a) Cell extracts were immunoprecipitated with anti–caveolin-1 antibody (lanes 1–8) or irrelevant IgG1 (lanes 9–10), as indicated. Both the immuno-
precipitate and supernatant fractions were then separated on SDS-PAGE and immunoblotted with two different antibodies. Top: Immunoblot with
an anti-eNOS antibody of caveolin immunoprecipitates (IP) and of the remaining supernatant (S). Note that to obtain the S fraction, the super-
natants from the IP were immunoprecipitated with eNOS antibody in order to detect quantitatively the amount of eNOS left behind the initial cave-
olin IP. Note also that the sum of eNOS protein detected in the caveolin IP and supernatant is equal for the different conditions. Bottom: Immunoblot
with an anti–caveolin-1 antibody of caveolin immunoprecipitates (IP) and of the remaining supernatant fractions (S). Note that to obtain the S frac-
tions, the supernatants from the caveolin IP were again immunoprecipitated with anti–caveolin-1 antibody in order to detect quantitatively the amount
of caveolin left behind the initial IP. These experiments were performed three times with similar results. (b) A bar graph (mean ± SEM, n = 9) illus-
trating the NO production (measured with a microsensor) at the basal level (open bars) and after exposure to A23187 (filled bars) in cultures of
endothelial cells treated with NC or HC human serum; the data are expressed as percent of NO production in nonstimulated cells exposed to NC
serum. *P < 0.05 vs. basal, NC condition. #P < 0.01 vs. stimulated NC condition. NO, nitric oxide.



serum cholesterol by 1.7-fold and 2.5-fold in IC and HC
groups (P < 0.01, n = 6), respectively (Fig. 1b, top). Increas-
es in caveolin abundance required at least 16–18 hours of
exposure to high cholesterol levels and reached statistical
significance after 30 hours of exposure.

In some experiments, cells were exposed to serum cho-
lesterol in presence of the cysteine protease inhibitor N-
acetyl-leu-leu-norleucinal (ALLN) in order to inhibit the
catabolism of the soluble fragment of sterol regulatory
element binding protein (SREBP) (16, 30). Figure 1c
shows that ALLN reduced caveolin expression in NC
serum–treated endothelial cells and also inhibited the
caveolin upregulation induced by HC serum exposure.

Serum cholesterol levels and the caveolin–eNOS heterocomplex.
The increase in caveolin abundance prompted us to inves-
tigate the influence of high cholesterol exposure on the
interaction between eNOS and caveolin. Figure 2a (lanes
1 and 3) shows that in the absence of agonist exposure
(basal state), caveolin antibodies immunoprecipitated
both more caveolin (bottom) and more eNOS (top) from
the lysates of endothelial cells exposed to high cholesterol
levels. The absence of caveolin in the supernatant of these
immunoprecipitations (IPs) (bottom, lanes 2 and 4) con-
firmed that the increase in immunoprecipitated caveolin
from HC serum–treated cells quantitatively correspond-
ed to the upregulation of the caveolin pool in these cells.
By contrast, analysis of the eNOS fraction recovered in the
IP supernatant (top, lanes 2 and 4) revealed significant dif-
ferences between the two groups: despite the absence of
any change in the total eNOS abundance between the dif-
ferent conditions (Fig. 1b), in extracts from NC
serum–treated cells ∼ 20% of eNOS was recovered in the IP
supernatant. However, there was no detectable signal for
eNOS in the supernatant of the caveolin IP obtained from
lysates of HC serum–treated cells. This suggested that at
the basal level, the formation of the caveolin–eNOS com-
plex, as measured by the fraction of immunoprecipitated
eNOS, was quantitatively higher in endothelial cells
exposed to high cholesterol concentrations. This observa-
tion was corroborated by the results obtained with

endothelial cells treated with the calcium ionophore
A23187, a receptor-independent agonist known to pro-
mote the binding of Ca2+-activated CaM to eNOS and the
enzyme dissociation from caveolin (31). While in the NC
serum–treated cells, all eNOS was now recovered in the
supernatant of caveolin IP (Fig. 2a, top, lane 6), there was
only a very small fraction (∼ 5%–10%) of eNOS detected in
the IP supernatant recovered from lysates of HC
serum–exposed cells (Fig. 2a, top, lane 8). The specificity of
the caveolin IP in our experimental conditions was con-
firmed by the absence of immunoblotting signal for cave-
olin (and eNOS) when an irrelevant IgG1 was used for the
IP (Fig. 2a, right). We have also found that in the endothe-
lial cell type used in this study, most eNOS can be recov-
ered in Percoll-isolated plasma membrane fractions (not
shown). Using this detergent-free subfractionation tech-
nique in cells treated with A23187, the recovery of eNOS
in the plasmalemmal pool was reduced to 10% in NC
serum–treated cells, while in cells exposed to HC serum
>80% of eNOS remained at the plasma membrane. Final-
ly, repeating the caveolin–eNOS coimmunoprecipitation
experiments with the Percoll-isolated plasmalemmal frac-
tions instead of total cell lysates consistently resulted in
the same findings as presented in Fig. 2a (not shown).

Serum cholesterol levels and the inhibitory caveolin–eNOS inter-
action. Because the interaction of caveolin with eNOS was
shown to maintain the enzyme in its inactivated state
(21–25), we next examined how this cholesterol-evoked
increase in caveolin expression modulates NO production
in endothelial cells. Quantification of NO release was
obtained by direct measurement of NO concentration
using an NO-specific amperometric probe positioned 0.1
mm above the cell monolayer. The calibration was per-
formed on each experimental day, using SNAP as an NO
donor; the calibration curve showed a linear relationship
(r2 = 0.993) between NO concentration and the redox cur-
rent (pA), with an average sensitivity of 13.2 ± 1.1 nM
NO/pA (not shown). NO release in the incubation media
was determined over a 5-min period in the absence or pres-
ence of the calcium ionophore A23187 (5 µM). In the non-
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Figure 3
Release of eNOS from the caveolin immune complex by Ca2+–CaM. Endothelial cells exposed for 48 h to 50% normocholesterolemic (NC) or hyper-
cholesterolemic (HC) human serum were collected, lysed, and solubilized as described in the text. (a) A bar graph (mean ± SEM, n = 3) illustrating
the maximal eNOS enzyme activity, measured by the conversion of [3H]arginine in [3H]citrulline in the corresponding cell extracts immunoprecipi-
tated with anti–caveolin-1 antibody. The data are expressed as percent of total eNOS activity in the immunoprecipitate obtained from cells exposed
to NC serum. (b) Immunoblot with an anti-eNOS antibody of the same extracts immunoprecipitated with anti–caveolin-1 antibody and exposed, in
presence of Ca2+, to increasing concentrations of exogenous CaM: 0, 0.1, 1, 10, 100 µg/ml. The immune complexes bound to protein G–Sepharose
beads were extensively washed in OG buffer, and the beads were then equally distributed in five separate aliquots. After 1 h incubation at 4°C in the
presence of the indicated amounts of CaM, the beads were repelleted, the supernatant discarded, and the immune complex processed for SDS-PAGE
and immunoblot analysis. These experiments were performed three times with similar results. CaM, calmodulin; OG, octylglucoside.



stimulated conditions, the basal production of NO
amounted to 23 ± 4 pmol/min/mg protein (n = 9). As
shown in Fig. 2b, NC serum–treated endothelial cells
showed a significantly higher basal level of NO production
compared with cells incubated with the HC serum (P <
0.05, n = 9). Similarly, the effect of A23187 strikingly dif-
fered between the two conditions; in NC serum–treated
cells, the NO production after A23187 stimulation
amounted to 230 ± 15% of the basal level. In cells exposed
to HC serum, the A23187-evoked increase in NO produc-
tion was attenuated to 60% over the basal level, a value cor-
responding to about half of the level reached in cells
exposed to NC serum (P < 0.01, n = 9).

Serum cholesterol levels and the allosteric regulation of cave-
olin–eNOS interaction by Ca2+–CaM. Although a high-
order structure probably accounts for caveolin inhibi-
tion of eNOS activity, caveolin or peptides derived from
its scaffolding domain are known to dramatically alter
the enzyme’s affinity constant for CaM (21, 24). We
therefore examined whether the increase in caveolin
abundance in HC serum–treated cells altered the titra-
tion of the caveolin–eNOS immune complex by
Ca2+–CaM (Fig. 3). To attribute potential differences
between the NC and HC treatments exclusively to
changes in caveolin abundance, conditions were select-
ed to ensure that caveolin immunoprecipitates con-
tained similar absolute levels of eNOS; i.e., starting the
IP protocol with ∼ 20% more lysates from NC
serum–treated cells allowed the recovery of a similar
amount of eNOS immunoprecipitated by caveolin anti-
bodies. Figure 3a shows that when maximal eNOS activ-
ity was determined by citrulline assay in the presence of
a large excess of cofactors and CaM (to fully dissociate
the heterocomplex), there was no significant difference

in the enzyme activity of caveolin immunoprecipitates
from extracts of NC or HC serum–treated cells. In these
experimental conditions, however, striking differences
were revealed in the titration of the caveolin–eNOS com-
plex by CaM, as quantitated after caveolin IP from NC
and HC serum–treated cell extracts. In the NC serum
conditions (Fig. 3b), eNOS was completely displaced
from caveolin with 10 µg/ml CaM, whereas a 10-fold
higher concentration (100 µg/ml) was required to disso-
ciate the complex formed in HC serum–treated cells.

Lipoprotein subfractions and the caveolin–eNOS interaction.
We next sought to determine which lipoprotein sub-
fraction was responsible for the increase in both caveolin
abundance and its inhibitory effect on eNOS enzyme
activity. A density gradient ultracentrifugal procedure
was used to isolate very-low-density lipoprotein (VLDL),
LDL, HDL2, and HDL3 from human serum. Lipoprotein-
deficient human HC serum (LPDS) was also obtained
from the same step gradient (see Methods) and was sup-
plemented separately with each of the isolated lipopro-
tein subfractions in the same amount as originally pres-
ent in the HC serum. As shown in Fig. 4a, the
caveolin–eNOS association presented the same charac-
teristics in endothelial cells exposed for 48 hours to 50%
HC serum or 50% LPDS supplemented with 210 mg/dl
LDL-C. Indeed, in both conditions eNOS appeared
quantitatively associated with caveolin at the basal level
(top, lanes 1 and 5) and was barely dissociated when cells
were previously stimulated by the calcium ionophore
A23187 (bottom, lanes 1, 2, 5, and 6 ). By contrast, when
coimmunoprecipitation experiments were performed
from endothelial cells exposed to VLDL, HDL2, and
HDL3 (top and bottom, lanes 3, 4, 7–10), we observed that
the caveolin–eNOS interaction was similar to that
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Figure 4
LDL, but not HDL or VLDL, fractions account for the caveolin-mediated attenuation of NO production in endothelial cells exposed to hypercholes-
terolemic human serum. Endothelial cells were exposed for 48 h to 50% hypercholesterolemic human serum or to 50% of LPDS supplemented with
the indicated isolated lipoprotein fraction (cholesterol content: VLDL, 25 mg/dl; LDL, 210 mg/dl; HDL2, 15 mg/dl; HDL3, 25 mg/dl). After a 5-min
incubation in the presence or absence of the calcium ionophore A23187 (5 µM), cells were either tested for NO production or collected, lysed, and
solubilized as described in the text. (a) Cells’ extracts were immunoprecipitated with anti–caveolin-1 antibody, and both the immunoprecipitate (IP)
and supernatant (S) fractions were then separated on SDS-PAGE and immunoblotted with anti-eNOS antibody. Top: Immunoblot of IP and S frac-
tions from nonstimulated cells. Bottom: Immunoblot of IP and S fractions from cells stimulated with A23187. Note that to obtain the S fractions, the
supernatants from the IP were immunoprecipitated with anti-eNOS antibody in order to detect quantitatively the amount of eNOS left behind the
initial caveolin IP. (b) Shown is a bar graph (mean ± SEM, n = 3) illustrating the NO production (measured with a microsensor) at the basal level
(open bars) and after exposure to A23187 (filled bars) in cultures of endothelial cells exposed to hypercholesterolemic (HC) human serum or to spe-
cific lipoprotein fractions as indicated; the data are expressed as percent of NO production in nonstimulated cells exposed to NC serum. *P < 0.05
vs. basal conditions with NC, VLDL, HDL2, and HDL3. #P < 0.01 vs. stimulated conditions with NC, VLDL, HDL2, and HDL3. HDL, high-density lipopro-
tein; LPDS, lipoprotein-deficient human serum; VLDL, very-low-density lipoprotein.



observed in the NC serum-exposed cells (Fig. 2): eNOS
was only partially associated to caveolin at the basal level
and was completely dissociated from the caveolin com-
plex after A23187-evoked Ca2+ increase.

We next measured the NO production in cells exposed to
LPDS supplemented with each lipoprotein subfraction
(Fig. 4b). Measurements of NO release revealed that the
LDL subfraction alone mimicked the effect obtained with
the HC serum: basal and stimulated NO production were
inhibited when compared with the results obtained from
endothelial cells exposed to the NC serum or to LPDS sup-
plemented with any of the non-LDL subfractions (Fig. 4b).
The ratio of stimulated vs. basal NO production, which
was 2.1:1 in cells exposed to NC serum, was attenuated to
1.6:1 and 1.5:1 in cells exposed to HC and to the corre-
sponding LDL subfraction, respectively. 

Dose dependence for the stabilization of the caveolin–eNOS
inhibitory complex by LDL. By exposing endothelial cells to
LPDS containing increasing concentrations of LDL-C
(100–200 mg/dl), we next examined the dose dependence
in both the stabilization of the caveolin–eNOS complex as
well as the inhibitory effect on NO release. We found that
while eNOS expression was not altered by the different LDL
treatments (Fig. 5a, bottom), caveolin abundance was dose-
dependently increased by LDL-C (Fig. 5a, middle). In paral-
lel to the increase in caveolin expression, we found that in
nonstimulated cells the association between both proteins,
as reflected by the fraction of eNOS immunoprecipitated
by caveolin antibodies, augmented proportionally with the
LDL content in the culture medium (Fig. 5a, top left). As a
corollary, less eNOS was dissociated from caveolin (i.e., a
higher fraction of eNOS was recovered in the caveolin IP)
after A23187 stimulation in endothelial cells exposed to
higher (>150 mg/dl) LDL concentrations (Fig. 5a, top right).

We next examined the correlation between the cave-
olin–eNOS heterocomplex formation and NO produc-
tion after treatment of endothelial cells with LDL. NO
production from cells treated with 100 mg/dl LDL-C (i.e.,
the minimal LDL concentration in our experimental con-
ditions) was augmented by 2.2-fold after A23187 stimu-
lation when compared with the basal release of NO (Fig.
5b). Increasing LDL-C concentrations led to a dose-
dependent decrease in basal and A23187-stimulated NO
production (Fig. 5b); after incubation with 200 mg/dl
LDL-C (i.e., the maximal LDL concentration in our exper-
imental conditions), the ratio of stimulated vs. nonstim-
ulated NO release was reduced to 1.5 (P < 0.01). 

Using the same protocol of cell exposure to increasing
doses of LDL-C, we next examined the correlation
between caveolin abundance and cholesterol uptake in
BAEC. Cholesterol uptake was measured by exposing the
cells for 10 minutes to DMEM–LPDS containing 100–200
mg/dl [3H]cholesterol–labeled LDL-C . Figure 5c shows a
linear correlation (r2 = 0.964) between the increase in cho-
lesterol uptake and the expression of caveolin.

To more directly assess the importance of LDL’s 
oxidizing ability as a determinant of the responses
observed in our model, we tested the effects of antioxi-
dant treatments on the upregulation of caveolin and
caveolin–eNOS interaction in cells treated with LDL-C.
As illustrated in Fig. 5d (top), cotreatment of endothelial
cells with the antioxidant DTPA for the entire LDL incu-

bation time had no effect on the upregulation of cave-
olin abundance induced by high LDL-C. Also, DTPA
treatment had no effect on the pattern of eNOS associ-
ation to caveolin, as assayed by coimmunoprecipitation
in extracts of endothelial cells stimulated with A23187
at 100 or 200 mg/dl LDL-C (Fig. 5d, bottom; compare
with Fig. 5a, top, in the absence of DTPA). High LDL-C
treatment, which did not alter the eNOS abundance, still
increased the fraction of eNOS immunoprecipitated by
anti-caveolin antibodies (reflecting increased cave-
olin–eNOS heterocomplex formation), despite the Ca2+

ionophore treatment. Similar results were obtained by
using 20 µM BHT or 100 µg/ml copper/zinc superoxide
dismutase (Cu/Zn SOD) instead of DTPA.

Discussion
Hypercholesterolemia is associated with an impaired
endothelial NO production, and as a consequence, alter-
ations in eNOS abundance and activity were proposed
to constitute early events in the development of athero-
sclerosis (5–14). In this study, we provide biochemical
and functional evidence that high levels of LDL-C
decrease the production of NO in endothelial cells by
upregulating the abundance of the structural protein
caveolin and promoting its inhibitory interaction with
eNOS. Our results identify caveolin as a cholesterol-sen-
sor protein linking the plasma concentration of LDL-C
to the basal- and agonist-stimulated production of NO.

Based on several independent experimental approach-
es (21–25, 31, 32), a model for the eNOS activation–deac-
tivation process was recently proposed for the agonist
stimulation of NO production in endothelial cells.
According to this model, when intracellular Ca2+ concen-
tration is increased, a caveolin–eNOS regulatory cycle (25,
31) is initiated wherein (a) Ca2+–CaM activates eNOS by
disrupting the heteromeric complex formed between
eNOS and caveolin; (b) activated eNOS translocates from
caveolae; and (c) Ca2+ returns to basal levels, and CaM dis-
sociates from eNOS, which may then reform a complex
with caveolin and is retargeted to plasmalemmal caveo-
lae. Thus, this dynamic equilibrium could be modulated
by any stimulus mobilizing Ca2+ in the vicinity of caveo-
lae, as well as by changes in the abundance of either of
the two enzyme’s partners, namely caveolin and CaM. In
the current report, caveolin–eNOS coimmunoprecipita-
tion experiments provided evidence that the upregula-
tion of caveolin in native endothelial cells promoted the
displacement of this dynamic equilibrium toward the
stabilization of the inhibitory caveolin–eNOS complex.
Furthermore, CaM titration of the caveolin–eNOS
immune complex showed that more Ca2+–CaM was
required to compete with the higher amounts of caveolin
interacting with eNOS in endothelial cells exposed to
HC serum. The CaM dose-dependent release of eNOS
from the caveolin immunoprecipitate is in agreement
with the model of mutually exclusive interaction of cave-
olin and Ca2+–CaM with eNOS. Thus, although other
components of the caveolin heterocomplex, such as
hsp90 (33), have been identified as modulators of eNOS
activity and targeting, the competition between CaM
and caveolin appears to be a major determinant of the
alteration of eNOS properties by high cholesterol after
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calcium mobilization, at least in our cell model. Impor-
tantly, the use of the NO-selective microprobe allowed
us to demonstrate that upon small changes in the extra-
cellular LDL concentrations, limited but significant vari-
ations in the cellular caveolin content could have pro-
found effects on basal and stimulated NO release
through stabilization of the caveolin–eNOS inhibitory
complex. In the endothelial cells used in this study, most
of eNOS is located at the plasma membrane (see Results
and ref. 34), implicating this caveolar pool of eNOS as a
main target for inhibitory interaction with caveolin. In
other experimental models, however, caveolin and eNOS
are found both in plasmalemmal and nonplasmalemmal
cell compartments (35), suggesting that the proportion
of the caveolin–eNOS heterocomplex within caveolae
may vary according to the cell origin and/or phenotype.
These limitations aside, this study is, to our knowledge,
the first demonstration that the inhibitory interaction

with an enzyme (eNOS) occurs upon such changes in
caveolin abundance as those induced by pathophysio-
logically relevant interventions in intact cells, i.e., expo-
sure to high cholesterol levels. 

Several lines of evidence indicate that the upregulation
of caveolin abundance in endothelial cells exposed to
high levels of native LDL-C directly results from the
increase in caveolin gene transcription induced by the
increased cell content in cholesterol. Bist et al. (17) had
identified two sterol regulatory element (SRE)–like
sequences in the caveolin promoter that mediate the
inhibition of caveolin transcription upon binding of
SREBP-1 fragments. Because FC inhibits the cleavage of
SREBP (required for its activation), these authors
showed that exposure of fibroblasts to an ∼ 10-fold
increase in extracellular cholesterol content results in an
∼ 4-fold increase in caveolin mRNA levels (16, 17). Simi-
larly, we observed a strong correlation between choles-
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Figure 5
Dose-dependent increase in caveolin expression and stabilization of the caveolin–eNOS interaction by LDL fractions. Endothelial cells were exposed
for 48 h to 50% LPDS with the indicated concentrations of LDL-C. After 5-min incubation in the presence or absence of the calcium ionophore
A23187 (5 µM), cells were either tested for NO production or collected, lysed, and solubilized as described in the text. (a) Top: Extracts from A23187-
treated and untreated cells were immunoprecipitated with anti–caveolin-1 antibody, and the IP fraction was separated on SDS-PAGE and
immunoblotted with an anti-eNOS antibody. The extracts from the corresponding cells were also separated on SDS-PAGE and immunoblotted
with either an anti-caveolin (middle) or anti-eNOS antibody (bottom). Note that longer exposure of the same blot also reveals detectable caveolin
at 100 mg/dl LDL-C. These experiments were performed two times with similar results. (b) A bar graph (mean ± SEM, n = 3) illustrating the NO
production (measured with a microsensor) at the basal level (open bars) and after exposure to A23187 (filled bars) in cultures of endothelial cells
previously incubated in presence of the indicated amounts of LDL; the data are expressed as percent of NO production in nonstimulated cells
exposed to 100 mg/dl LDL-C. #P < 0.01 vs. basal 100 mg/dl LDL and 125 mg/dl LDL conditions. *P < 0.05, **P < 0.01 vs. stimulated 100 mg/dl
LDL and 125 mg/dl LDL conditions. (c) Relationship between cholesterol uptake and caveolin abundance. Individual values were obtained from
endothelial cells exposed to 100, 125, 150, 175, and 200 mg/dl LDL-C. (d) Top: Extracts from cells incubated with 100 or 200 mg/dl LDL-C in pres-
ence of an antioxidant, DTPA (50 µM), and acutely treated with 5 µM A23187 were separated on SDS-PAGE and immunoblotted with anti-caveolin
antibody (two lanes per condition). Bottom: The corresponding extracts were also immunoprecipitated with anti-eNOS (lanes 1 and 3) or anti-cave-
olin antibody (lanes 2 and 4), and the IP fraction was separated on SDS-PAGE and immunoblotted with an anti-eNOS antibody. These experiments
were performed two times with similar results. DTPA, diethylenetriamine pentaacetic acid.



terol uptake and caveolin abundance over the range of
LDL-C (100–200 mg/dl) used in our experiments (Fig.
5c). Moreover, using the cysteine protease inhibitor
ALLN to reduce the catabolism of SREBP, we demon-
strated its superinhibitory role on caveolin gene tran-
scription in our endothelial cell model. Altogether, our
experiments confirm the cholesterol-dependent upreg-
ulation of caveolin at the protein level and provide evi-
dence that pathological alterations of the caveolin pool
in endothelial cells may have dramatic consequences on
the regulation of eNOS and potentially other signaling
molecules known to bind caveolin.

Numerous studies exploring the proatherogenic risk
factors in human and animal vessels have focused on the
decrease in bioavailability of NO because of its augment-
ed degradation by superoxide, a species known to be ele-
vated in various cardiovascular disease states (reviewed in
refs. 9, 10). Hypercholesterolemia is known to be associ-
ated with an elevation in superoxide production from var-
ious sources, including xanthine oxidase, NADPH-oxi-
dase, and eNOS itself (6, 9). In this study, NO detection
was performed in the presence of an excess of superoxide
dismutase, thereby excluding the oxidative stress as a
potential cause of the impairment in NO production by
HC serum–treated cells in our experimental conditions.
Aside from the inactivation of NO by reactive oxygen
species, several studies examined the relationship between
dyslipidemia and endothelial dysfunction through a
direct modulation of eNOS expression and/or activation;
they identified defects in the coupling of the receptor–G
protein interaction leading to eNOS stimulation (6, 36)
and effects of oxidized LDL (oxLDL) on the steady-state
mRNA levels of the enzyme (13, 14). In the present study,
these mechanisms are unlikely to account for the impair-
ment in eNOS activity observed in endothelial cells
exposed to HC serum or to high concentrations of isolat-
ed LDL. First, we examined the stimulation of eNOS by a
receptor-independent agonist (i.e., the calcium ionophore
A23187) to exclude the G protein–coupled receptor sig-
naling cascade (leading to eNOS activation) as a potential
target of the high cholesterol treatment. Second, the use
of LDL subfractions isolated from either HC or NC
human serum led to the same dose-dependent inhibition
of NO release, indicating that at least the oxidizability of
LDL does not account for the differences observed, as cor-
roborated by direct measurements of minimally modified
LDL in our fractions. Third, Fielding et al. (16) demon-
strated that caveolin mRNA levels are upregulated by FC
but downregulated by oxysterols in cell cultures. Accord-
ingly, exposure of our endothelial cell cultures to high
concentrations of LDL-C consistently produced an upreg-
ulation of caveolin expression that we have demonstrated
to be abrogated by an inhibitor of SREBP catabolism (see
above), suggesting that products derived from LDL oxi-
dation have negligible effects on caveolin protein in our
experimental conditions. Moreover, the use of extracellu-
lar antioxidants such as DTPA, BHT, or Cu/Zn SOD,
which were maintained during the whole cell exposure to
high cholesterol levels, had no effect on the increase in
caveolin abundance or stabilization of the caveolin–eNOS
interaction as observed in the absence of antioxidants.

In conclusion, this study provides a new pathogenic

mechanism linking high LDL-C levels to the decrease in
basal and stimulated NO production through alter-
ation in eNOS activity. Importantly, this impairment in
NO release by endothelial cells occurs in the absence of
any change in eNOS abundance and may, therefore, be
one of the early events among the proatherogenic
processes induced by hypercholesterolemia. According-
ly, the primitive deficit in peripheral artery vasodilation
associated with high plasma cholesterol is generally
observed in the absence of changes in eNOS protein lev-
els (6, 37) or structural alterations of the vascular wall
(3, 4). Therefore, regulation of eNOS activity at the post-
translational level appears to play a prominent role in
these early steps of atherogenesis. More generally, this
study identifies a key role for variations of caveolin
abundance in modulating the catalytic activity of sig-
naling enzymes and provides new perspectives for ther-
apeutic interventions that may arise from a better
understanding of the regulation of caveolin expression
in various cardiovascular diseases.
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