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ABSTRACT In confluent fibroblast monolayers, an in-
crease in the selective uptake of free cholesterol (FC) from
plasma low density lipoprotein (LDL) was accompanied by an
increase in FC eff lux. The rate of FC eff lux was proportional
to the FC content of the cell surface caveolae and to mRNA
levels of caveolin, an FC-binding protein of caveolae. Inhibi-
tors of LDL–FC internalization reduced the increase in caveo-
lin mRNA levels and FC eff lux. Oxysterols reduced caveolin
mRNA levels, as well as transport of FC to the cell surface and
FC eff lux. DNA antisense to caveolin reduced caveolin mRNA
and inhibited FC eff lux. These data suggest that regulation of
FC eff lux can contribute to cellular FC homeostasis when
LDL levels are modified over the physiological range, and they
link this regulation to caveolin.

In peripheral cells, including fibroblasts, high-affinity low
density lipoprotein (LDL) receptors are strongly down-
regulated in media containing even low concentrations of
plasma LDL (1). Few intact LDL particles are then taken up,
but free cholesterol (FC) is selectively transferred from LDL
into the cell (2). When extracellular LDL levels and the rate
of selective LDL–FC influx were increased, cellular choles-
terol mass changed only slightly, because FC efflux became
correspondingly greater. The only significant initial acceptor
of cell-derived FC in these experiments was plasma high
density lipoprotein (HDL) (3).
Caveolae are clathrin-free cell surface invaginations, rich in

FC and glycolipids. They are particularly abundant in adipo-
cytes, vascular smooth muscle, endothelium, and fibroblasts
(4). Several lines of evidence now identify caveolae as probable
intermediates in the HDL-specific FC efflux pathway. Only FC
within caveolae is a substrate for cholesterol oxidase in intact
cells, suggesting that these organelles contain a major part of
the FC directly accessible to the extracellular medium in the
plasma membrane bilayer (5). When fibroblasts were labeled
with 3H-FC from purified LDL, a large fraction of 3H-FC
became available for oxidation, indicating preferential transfer
of LDL-derived FC to the caveolae. The caveolar 3H-FC pool
decreased rapidly when native plasma or HDL was present in
the medium. LDL alone was an ineffective acceptor. In the
presence of okadaic acid, an inhibitor of caveolar expression at
the cell surface (6), FC efflux decreased (3).
Caveolin, a 22-kDa lipid-binding protein associated with

caveolae, is a member of a gene family broadly implicated in
transmembrane signaling and transport (4, 7). Its association
with bilayer membranes requires the presence of FC (8, 9).
Caveolin copurified with 3H-FC internalized from LDL (3).
Some cells, including lymphocytes, hepatocytes, and many
transformed cell lines, lack caveolin and caveolae (10–12). In
these cells, FC and glycolipids are considered to form lipid

‘‘rafts’’ mobile within the plane of the plasma membrane (11).
Transfection of lymphoid cells with caveolin cDNA confined
these lipid rafts into typical caveolar pits (13). When FC was
reduced in fibroblasts cultured in lipoprotein-deficient media,
caveolin disappeared from the cell surface (14). These data
suggested a functional relationship between caveolin, cellular
FC transport, caveolae, and FC efflux.
Oxysterols have also been implicated in the regulation of FC

efflux. These are formed from FC when it combines with
oxygen, spontaneously or in reaction with tissue lipoxygenases.
Cholesterol epoxides are the major oxysterols in minimally
modified LDL (15). 7-Ketocholesterol (7-KC) and 7a-
hydroxycholesterol (7aOH-C) are major components of the
oxysterols in human atherosclerotic lesions (16). 7-KC was
recently shown to reduce FC efflux from macrophages (17).
From the evidence linking caveolin and FC transport, it

seemed possible that FC and oxysterols couldmodify FC efflux
by means of opposite effects on the expression of caveolin. The
influx and efflux of FC from LDL by the selective pathway is
stimulated in confluent fibroblasts by increased medium LDL
concentration (2). This made these cells a convenient model in
which to study effects of caveolin on the regulation of FC
efflux.

EXPERIMENTAL PROCEDURES

Materials. FC and cholesterol a-epoxide (CaEP) were
purchased from Sigma. 7aOH-C and cholesterol b-epoxide
(CbEP) were from Research Plus (Bayonne, NJ). 7K-C was
from Steraloids (Wilton, NH). [1,2-3H]Cholesterol (40–55
Cizmmol21; 1 Ci 5 37 GBq) was from New England Nuclear.
Sterols were.98% homogeneous, as determined by thin-layer
chromatography on silica gel layers developed in petroleum
etherydiethyl etheryacetic acid (80y20y1, volyvol) or benzeney
ethyl acetate (3y2, volyvol). Cytochalasin D, included in some
incubations, was from CalBiochem.
Cell Culture. Normal skin fibroblasts were cultured to near

confluence in 3.5-cm plastic dishes in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (volyvol)
fetal bovine serum. Cell FC mass, measured fluorimetrically
(18) was 10–12 mg of FC per dish. Cholesteryl ester was
undetectable under these conditions. Twenty-four hours be-
fore use, the cells were transferred into DMEM containing 7%
(volyvol) normolipemic human plasma prelabeled with [1,2-
3H]cholesterol to a final specific activity of 2–63 104 cpmzmg21

(19).
Purification of LDL and LDL-Free Plasma. Blood was

collected into ice-cooled tubes from normolipemic donors who
had fasted overnight. These contained streptokinase (final
concentration of 150 international unitszml21) as anticoagu-
lant. LDL was affinity-purified from plasma as previously
described (20). All steps were carried out at 2–48C. Briefly,
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native plasma was passed through columns of heparin-agarose
(Sepharose 6B-heparin) (Sigma) equilibrated in Dulbecco’s
phosphate-buffered saline, pH 7.4 (PBS) (20). In the nonad-
sorbed fraction, .98% of FC was recovered with HDL within
density limits 1.063–1.21 gzml21. The adsorbed fraction con-
taining LDL was eluted with 3 M NaClyPBS (pH 7.4). In the
adsorbed fraction, .95% of FC was recovered within density
limits 1.019–1.063 gzml21. After dialysis overnight at 2–48C
and concentration into PBS containing 0.05 mM EDTA by
centrifugal dialysis (Filtron, Northborough, MA), LDL or the
nonadsorbed fraction containing HDL was used immediately
in individual experiments.
In some experiments, unlabeled FC or oxysterols (2–4

mgzml21 in ethanol solution) were added over 5–10 min to
native plasma at 378C, to a final concentration of 10% (wtywt)
relative to plasma FC. Final ethanol concentration was ,2%,
conditions shown previously to be without effect on cellular FC
transport (2). In other experiments, oxysterol was first com-
plexed with albumin-agarose covalent complex (19) then in-
cubated (60 min, 378C) with unlabeled isolated LDL from
heparin-agarose affinity chromatography. Oxysterol-modified
LDL prepared by either method had the same biological
properties in the assays described below. The distribution of
oxysterol between plasma lipoproteins, and its recovery in
LDL, were confirmed after thin-layer chromatography. In a
representative experiment, recovery of total CaEP in LDL
(70 6 2%) did not differ from recovery of FC (72 6 4%) in
the same fraction after affinity purification on heparin-
agarose.
Selective FC Transfer from LDL.Native plasma was labeled

with 3H-FC (19). Part was diluted to 7% (volyvol) with DMEM
to label fibroblast monolayers for 24 h at 378C. The remainder
was kept on ice. After 24 h, the cells were transferred to
DMEM containing 80% (volyvol) of the same labeled plasma
preparation for 0–12 h. In some experiments, LDL from the
same labeled plasma isolated by heparin affinity chromatog-
raphy, or the nonadsorbed fraction containing HDL but not
LDL, was used. This protocol ensured that the specific activ-
ities of FC in native plasma (7% or 80%) and cells were
equivalent. This was confirmed from the FC specific activities
of each, which were consistent 65% in the same experiment.
As a result, a change over time in the rate at which FC label
appeared in the medium reflected a proportional change in the
rate of FC efflux.
At intervals dishes were transferred into 80% plasma or its

fractions, and cells were processed to determine caveolar FC,
the level of caveolin mRNA, or FC efflux, using protocols
described below.
Measurement of Caveolar FC. Dishes of labeled cells were

washed four times at 2–48C with PBS. Each dish was incubated
with unlabeled LDL in PBS to exchange with cell-surface
3H-labeled LDL particles (21). The cells were washed again
with PBS containing human serum albumin (5 mgzml21;
Sigma) and finally four times with PBS. To determine the mass
of FC associated with the caveolae, cell monolayers were
incubated (4 h, 0–28C) with cholesterol oxidase (final concen-
tration 1 unitzml21). These conditions selectively modify
caveolar FC (21). The cells were dissolved in 0.1 M NaOH and
were extracted with chloroform and methanol. Portions of
chloroform phase were fractionated by thin-layer chromatog-
raphy to separate labeled cholest-4-en-3-one produced by
cholesterol oxidase from unmodified FC (3). FC mass acces-
sible to cholesterol oxidase was calculated from cholest-4-en-
3-one label, divided by cellular FC specific activity.
Measurement of FC Eff lux. Efflux was measured using cells

washed as described above, as the rate at which cellular 3H-FC
label was transferred to extracellular medium containing 80%
unlabeled native plasma and 20% DMEM (378C, 3 min). Over
this period FC efflux was linear (22). Samples of medium were
cooled in ice water, and immediately centrifuged (20003 g, 10

min, 48C). FC radioactivity was measured on portions of
supernatant by liquid scintillation spectrometry. Efflux rates
were calculated from medium label and cellular FC specific
activity.
In some experiments the fibroblast monolayers had been

preincubated with hyperosmotic medium in which the NaCl
concentration in PBS was raised to 350 mMby addition of solid
NaCl (23) or with cytochalasin D (40 mM) (21), 30 min prior
to and during incubation with labeled 80% (volyvol) native
plasma or LDL.
Cloning and Sequencing of Caveolin cDNA. A human lung

cDNA library (gift of Carol Basbaum, University of California,
San Francisco) was screened with a 25-mer synthetic oligonu-
cleotide antisense to the 59 and 39 termini of the published base
sequence of human caveolin (10). Four full-length clones were
identified. Sequencing was carried out by the dideoxynucle-
otide method (24). Three differences from the expected base
sequence were consistently found. In codon 16, GTT3 GCT
substituted Ala for Val. In codon 52, GTC 3 GTT was
conservative. In codon 144, ACC 3 ATC substituted Ile for
Thr. Both substitutions have been previously identified in the
caveolin sequence of other species. These changes probably
represent spontaneous mutations in the human caveolin se-
quence (25, 26).
Northern Blotting of Caveolin mRNA. Total RNA was

purified from fibroblast monolayers with RNeasy kits (Qiagen,
Chatsworth, CA). Cells in one 6-cm dish or three 3.5-cm dishes
yielded '20 mg of total RNA. For Northern blotting, either 4
or 6 mg of RNA was electrophoresed on a 1% agarosey
formaldehyde denaturing gel. An equal mass of RNA was
added to all lanes of a gel. After electrophoresis, RNA was
transferred to a nylon membrane by capillary blotting. Each
blot was hybridized to full-length random-primed 32P-labeled
caveolin cDNA. Both prehybridization and hybridization were
carried out at 658C. Blots were visualized on Kodak X-Omat
AR film and scanned with a computerized densitometer
(ImageQuant; Molecular Dynamics), under conditions where
the signal was linear with amount of sample applied. An-
nexin-6, a caveolar protein without known activity in FC
transport (27), served as control, and was invariant within all
experiments. A 30-mer oligonucleotide (59-GCCAATGC-
CCGAGATGGCATCTTTAATTTC-39) antisense to codons
100–109 of human annexin-6 (28) was labeled and used for
Northern blots as described above.
Effects of Antisense Oligonucleotides. A phosphorothioate-

substituted 24-mer (59-GTATTTGCCCCCAGACATGCT-
GGC-39) antisense to caveolin cDNA nucleotides 22–45 (10)
was synthesized by Operon Technologies (Alameda, CA). The
equivalent sense strand served as positive control. Approxi-
mately 107 fibroblasts from nearly confluent monolayers were
trypsinized, washed with DMEM, then suspended in 0.5 ml of
medium (OptiMEM I; GIBCOyBRL) containing 50 or 100 mg
of sense or antisense oligonucleotide. Control suspensions
contained cells without oligonucleotide. Electroporation was
carried out at 258C using a Gene Pulser II (Bio-Rad) at 220 V
and 960 mF. Treated cells were incubated at 378C for 4 days.
Monolayers were labeled to equilibration in medium contain-
ing 3H-FC plasma. Individual dishes were then used to deter-
mine either caveolin mRNA levels or FC efflux rates, using the
protocols described above.

RESULTS

Effects of Plasma Concentration on FC Eff lux. Native
plasma was labeled with 3H-FC as described in Experimental
Methods. Fibroblast monolayers were preequilibrated in 7%
(volyvol) 3H-FC labeled native plasmayDMEM, thus ensuring
that the specific activities of FC in whole plasma and cells were
equal. At zero time, the cells were washed with PBS and
transferred to medium containing 80% (volyvol) of the same
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labeled plasma. Under these conditions the transfer of label
from cells to medium reflects a proportional change in rate of
FC efflux at steady state.
At each time point indicated in Fig. 1Upper dishes of labeled

cells were washed and transferred to unlabeled 80% (volyvol)
plasma medium for 3 min at 378C, to determine the rate at
which cellular FC label was transferred out of the cell. As
previously described (3), under these conditions the FC efflux
was linear. Because the specific activities of cells and medium
were equivalent, the rate of appearance of 3H-FC in the
medium, divided by FC specific activity, reflected the rate at
which cellular FC was transferred to the medium.
At zero time, the rate of FC efflux into the unlabeled plasma

was 28 6 6 ngzmin21 (n 5 6), similar to values previously
reported (2). This rate increased '3.5-fold over 3 h after
transfer of the cells from 7% (volyvol) to 80% (volyvol) 3H-FC
labeled plasma. The increase at 4.5 h and 6 h was (2.9 6 0.5)-
and (2.9 6 0.3)-fold, respectively
Effects of Plasma Concentration on Caveolin mRNA Levels.

Using the same protocol as in the preceding section, we
determined caveolin mRNA levels as a function of time after
the cells were transferred from 7% (volyvol) to 80% (volyvol)
plasmayDMEM. As shown in Fig. 1 Lower, changes in caveolin
mRNA levels were similar in extent and followed a time course
parallel to the time course in FC efflux.
When affinity-purified LDL was added at 80% (volyvol)

relative to its concentration in plasma, in place of native
plasma, caveolin mRNA levels were increased [(3.0 6 0.6)-
fold, n 5 4]. On the contrary, when the cells were transferred

into 80% (volyvol) plasma from which LDL had been removed
with heparin-agarose, there was no detectable rise in caveolin
mRNA levels These results suggested that LDL was the major
plasma factor responsible for the up-regulation of caveolin
mRNA. Annexin-6 mRNA levels were not modified. For
example, at 3 h after transfer from 7% to 80% plasma medium,
annexin-6 mRNA levels were (1.1 6 0.1)-fold those measured
at zero time.
Inhibition of FC Eff lux and Caveolin mRNA. Inhibitors

previously shown to block the uptake of FC from LDL (2, 21)
were tested for their effects on the stimulation of caveolin
mRNA levels and on FC efflux. Both were measured 3 h after
transfer of the cells to 80% plasma medium. The increase in
caveolin mRNA levels and stimulation of FC efflux were
reduced when LDL was removed by affinity chromatography
from plasma in the extracellular medium. The induction of
caveolin mRNA and FC efflux was also inhibited by cytocha-
lasin D or hyperosmotic medium (Fig. 2A).
Effects of Caveolin Antisense DNA. Studies described above

showed an unexpected proportionality between caveolin mRNA
levels andFCefflux.A further test of the relationship betweenFC
transport and caveolin mRNA levels was made by selectively
inhibiting caveolin mRNA synthesis with antisense DNA. Caveo-
linmRNA levels andFCeffluxweremeasured in cells transfected
withDNA sense or antisense to the 59 end of the coding sequence
of caveolin. There was a significant reduction (242%6 5%, four
experiments) in the level of caveolin mRNA in these cells
compared with cells without nucleotide or transfected with the
same concentration of sense strand (Fig. 2B). Under the same
conditions, FC efflux from 3H-FC labeled, antisense-treated cells
was 20.46 2.0 ngzmin21, compared with 37.56 2.1 ngzmin21 for
sense-treated cells, a mean decrease of 247% 6 4% (four
experiments). These data suggest that FC efflux was limited by
caveolin mRNA levels under these experimental conditions.
Regulation of Caveolar FC. The relationship was deter-

mined between the mass of FC within the caveolae, assayed
with cholesterol oxidase, and the rate at which FC effluxed to
the medium under the same conditions. In view of evidence

FIG. 2. (A) Effects of inhibitors of LDL–FC selective transfer on
caveolin mRNA levels. Each lane contained 4 mg of total RNA.
Caveolin mRNA levels represent the following: 1, baseline in 7%
(volyvol) plasma; 2, 80% (volyvol) plasma without inhibitor (3 h,
378C); 3, 80% (volyvol) plasma in the presence of 40 mM cytochalasin
D; 4, 80% (volyvol) plasma in hyperosmotic PBS (22); and 5, 80%
(volyvol) plasma from which LDL had been selectively removed.
Relative caveolin mRNA masses determined by densitometry, ex-
pressed relative to baseline in 7% (volyvol) plasma medium, were 4.0,
1.2, 1.0, and 1.2 for lanes 2–5, respectively. Corresponding FC efflux
rates (relative to baseline) were 3.9-, 1.7-, 1.5-, and 1.5-fold increased,
respectively. (B) Effect of antisense DNA on caveolin mRNA levels
after incubation with 50 mg of sense DNA (lane 1) or antisense DNA
(lane 2). Each lane contained 4 mg of total RNA. FC efflux, deter-
mined under the conditions described in Fig. 1, was 38.9 ngzmin21 from
sense-DNA-treated cells and 21.0 ngzmin21 from antisense-treated
cells. mRNA in lane 2 was 0.58 relative to lane 1.

FIG. 1. Time course of the induction of caveolin mRNA and FC
efflux. Cells equilibrated in 3H-FC-labeled 7% (volyvol) plasmay
DMEM were transferred at zero time into labeled 80% (volyvol)
plasmamedium. At the intervals shown, monolayers were collected for
extraction of RNA and estimation of caveolin mRNA levels. At the
same intervals, cells were washed, then transferred into 80% (volyvol)
unlabeled plasma medium to measure FC efflux. (Upper) Hatched
bars, caveolin mRNA levels, relative to zero time, determined by
densitometry. Each lane contained 4 mg of total RNA. Solid bars, FC
efflux rates, relative to zero time. The correlation coefficient between
fold stimulation of FC efflux and mRNA was 0.91. (Lower) Northern
blots of caveolin mRNA over the same time course.
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that LDL was a major source of FC transferred to the cells (2),
the concentration of LDL in native plasma was varied by
incorporating additional LDL purified by affinity chromatog-
raphy into the extracellular medium. As LDL concentration
increased, so did the mass of FC associated with caveolae, until
saturation was approached at 2- to 3-fold native plasma LDL
concentrations (Fig. 3). At all concentrations, the rate of FC
efflux was proportional to caveolar FC mass.
Effects of Oxysterols on Cellular FC Transport. The effect

of different oxysterols on the LDL–FC selective transfer
pathway was determined. CaEP was incorporated into 3H-FC-
labeled LDL as described in Experimental Methods, at a weight
ratio (relative to FC) of 10%, comparable to conditions shown
to inhibit FC efflux from peritoneal macrophages (17). No
significant difference was detected in the rate at which FC
from LDL with or without 10% CaEP was taken into the cells
(33.5 6 2.1 vs. 28.9 6 3.6 ngzmin21, respectively). To study
oxysterol effects on intracellular FC transport, cells were
incubated at 158C with 3H-FC-labeled LDL with or without
10% (wtywt) CaEP. Under these conditions LDL-derived FC
is transported through clathrin-coated pits to an intermediate
densityytrans-Golgi network (TGN) vesicle fraction, but not
forwarded to the caveolae (21). When the cells were warmed
(3 min, 378C) to allow forward FC transport to the cell surface,
a significant ('50%) inhibition was observed in the 3H-FC
appearing in the caveolae in the presence of oxysterol. There
was a comparable decrease in FC efflux (Table 1). This
indicates that the decrease in FC efflux observed in the
presence of CaEP was the result of a defect, not in FC efflux
from the caveolae, but in delivery of FC to the caveolae from
the TGN.
The effect of other oxysterols on intracellular FC transport

was measured using similar techniques (Table 2). There was
comparable inhibition in each case of the rate at which FC
sensitive to cholesterol oxidase appeared at the cell surface.

Effects of Oxysterols on Caveolin mRNA Levels. Caveolin
mRNA levels are shown 3 h after the transfer of cells to 80%
plasma mediumyDMEM containing 10% (wtywt) oxysterol
relative to FC (Fig. 4). Each oxysterol reduced mRNA levels
to a similar extent ('50%) when present at 10% (wtywt)
relative to FC. These effects are comparable in magnitude to
the reductions in FC transport and efflux described above.

DISCUSSION

This study provides further evidence that FC efflux in quies-
cent fibroblast monolayers is dynamically regulated as part of
cellular FC homeostasis. In these cells, the major external
source of cellular FC was LDL, internalized by the selective
transfer pathway. When the external concentration of LDL
was increased, the rate of FC efflux adjusted so that cellular
FC, although slightly increased, remained close to its original
level (2). Data in the present study suggest that the increase in
FC efflux responds to, and is triggered by, the increased uptake
of LDL–FC. These experiments also show that FC efflux was
directly proportional to FC mass in the cell surface caveolae,
even though these microdomains make up only a small part
(3–5%) of plasma membrane FC (4). FC in caveolae is
transported from the intermediate densityyTGN compart-
ment by a pathway whose kinetic characteristics resemble
those by which FC-sphingolipid rich ‘‘rafts’’ carrying newly
synthesized proteins reach the cell surface (4, 11). The TGN,
with theGolgi stacks, has been proposed tomake up a standing
FC gradient which sorts newly synthesized proteins into lyso-
some- and cell surface-directed traffic (29). On the basis of
these concepts, we suggest that the selective FC transfer
pathway described here and previously (2, 21) may form an
integral part of the intracellular transport machinery for both
proteins and FC. The caveolar or HDL-specific eff lux pathway
contributes about 50% of FC efflux in confluent fibroblast

FIG. 3. Effects of the LDL content of plasma on FC accessible to
cholesterol oxidase at the cell surface, and on FC efflux. Cells
equilibrated in 7% (volyvol) 3H-FC labeled native plasma assayed
directly, or transferred for 3 h at 378C into 80% native plasma or
plasma from which LDL had been removed by heparin affinity
chromatography. In some dishes plasma LDL concentration was
increased to '2- or 3-fold original levels by addition of LDL purified
from the same 3H-FC-labeled plasma sample. After washing with
unlabeled LDL, albumin, and PBS, caveolar FC was determined with
cholesterol oxidase at 0–28C; it is expressed as FC mass. FC efflux was
determined after washing as the rate of transfer of cellular 3H-FC to
unlabeled 80% plasma medium.

Table 1. FC transport to the cell surface in the presence and
absence of CaEF

Measurement
CaEP
absent

CaEP
present Ratio

Caveolar FC,* ng 7,120 6 196 3,972 6 391 0.56 6 0.03
FC efflux,† cpm 4,490 6 368 2,823 6 220 0.62 6 0.04
Proportion of caveolar FC
transferred to medium 0.63 0.72

Values shown are means 6 SD (n 5 3).
*Determined with cholesterol oxidase as cholest-4-en-3-one.
†Determined over 3 min into unlabeled native plasma (80%, volyvol)
at 318C. Monolayers had been prelabeled with 3H-FC LDL (58
mgzml21FC) 6 10% (wtywt) CaEP for 60 min at 158C to selectively
label the intermediate densityyTGN vesicle fraction (21). The cells
were then brought to 318C for 3 min prior to determination of
caveolar FC label. Total cell-associated label was 15,162 6 817 and
15,348 6 1,724 cpm, respectively, for control and CaEP-modified
LDL.

Table 2. Effects of oxysterols on the transport of FC to the
cell surface

Added sterol Relative FC transport

FC 0.99 6 0.03
CaEP 0.41 6 0.07
CbEP 0.65 6 0.05
7K-C 0.49 6 0.06
7aOH-C 0.59 6 0.06

Fibroblast monolayers were preincubated with 3H-FC-labeled LDL
enriched with FC [10% (wtywt) relative to FC in native LDL] or the
same proportion of oxysterol for 60 min at 158C, then brought to 318C
for 3 min. 3H-FC accessible to cholesterol oxidase was measured over
4 h at 0–28C. Values shown are means (6SD) relative to unmodified
LDL.
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monolayers (22). These cells also express a ‘‘slow’’ or ‘‘non-
specific’’ component of eff lux (22, 30). Whether FC for slow
efflux originates in FC-glycolipid rafts unrecruited into caveo-
lae, or by transfer from the cytofacial leaflet of the plasma
membrane bilayer, presently remains unknown.
Caveolin is a key structural protein of caveolae. The present

study shows that caveolin mRNA levels are up-regulated when
increased FC enters the cell from LDL, probably mediated by
the small increase in cellular FC under these conditions, which
was observed earlier (2). The rate of FC efflux was up- or
down-regulated in parallel with caveolin mRNA levels under
several different conditions. Up-regulation occurred in the
presence of purified LDL (when no medium HDL acceptor
was present) to the same extent as in native plasma. This
finding suggests that mRNA levels are responding to FC influx,
and FC efflux follows from the increase in caveolin mRNA
levels. Antisense DNA reduced both caveolin mRNA levels
and FC efflux. These data are consistent with the suggestion
that regulation of FC efflux by the caveolar pathway is
mediated by caveolin mRNA.
7K-C is a major oxysterol of human atherosclerotic plaques

(16, 31). It was recently identified as an inhibitor of FC efflux
from macrophages (17). This observation has been confirmed
and extended with 7-KC and several other oxysterols in
confluent fibroblasts. Oxysterols did not affect the internal-
ization of FC from LDL, but inhibited both the induction of
caveolin mRNA and the transport of FC to the cell surface, in
each case opposing the action of FC. The effectiveness of
different oxysterols was generally similar in these studies.
Concentrations of oxysterol required to halve FC efflux from

fibroblasts were comparable to those shown to reduce efflux
from peritoneal macrophages (17), but further research is
needed to determine whether caveolin levels are reduced in
plaques, and if this contributes to the accumulation of FC in
lesions (31).
Modified sterols of several kinds have been reported to

inhibit the intracellular transport of FC. Several plant sterols,
oxysterols, and positively charged sterol analogs all induce FC
accumulation intracellularly (32–34). The opposing effects of
oxysterols and FC on caveolin mRNA levels and FC efflux
found in this study could be explained if FC were transported
from the intermediate density fractionyTGN to the endoplas-
mic reticulum prior to nucleoprotein-mediated regulation of
caveolin mRNA levels. A mechanism of this kind has been
proposed to explain the regulation of genes inhibited by FC
(35), but it could apply equally to genes whose expression is
up-regulated by FC, like caveolin. By this model, oxysterols
would inhibit the transport of FC both from the TGN to the
endoplasmic reticulum and between the TGN and the caveo-
lae, a transfer upon which FC efflux depends (21). A better
understanding of caveolin gene expression will be needed to
determine if this hypothesis is correct. The caveolin genomic
sequence has not yet been reported, nor have the contributions
of promoter-dependent or other effects on caveolin mRNA
levels been determined. Nevertheless, the present data provide
strong support for the hypothesis that caveolin has a central
role in cholesterol homeostasis in quiescent fibroblasts. The
up-regulation of caveolin expression may represent a protec-
tive mechanism against cellular cholesterol accumulation in
these cells.
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