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ABSTRACT: Smooth muscle and endothelial cells in vivo are quiescent yet exposed to high levels of
lipoprotein lipids. Phospholipid (PL) and free cholesterol (FC) efflux maintain homeostasis. Smooth muscle
cells (SMC) expressed high levels of ABC-1 transporter mRNA, and glyburide-dependent PL and FC
efflux to apolipoprotein A-1 (apo A-1), the major protein of high-density lipoprotein. FC efflux was
inhibited by vanadate and okadaic acid, while PL efflux was not. Phosphatidylcholine was the major PL
transferred by both cell types. Stimulation of phosphatidylserine efflux, redistributed within the membrane
by this transporter, was only minimally increased. Umbilical vein and aortic endothelial cells expressed
little ABC-1 mRNA, nor did these cells promote either PL or FC efflux in response to the presence of
apo A-1. To investigate the mechanism of ABC-1-dependent lipid efflux from these cells, apo A-1 was
preincubated in the presence of unlabeled SMC or fibroblasts, and the conditioned medium was then
transferred to endothelial cells. This medium catalyzed the efflux of FC but not of PL from endothelial
cells. Such FC efflux was resistant to glyburide but inhibited by okadaic acid and vanadate. The data
suggest that ABC-1-dependent PL efflux precedes FC efflux to apo A-1 and that the complex of apo A-1
and PL is a much better acceptor of FC than apo A-1 itself. Inhibition of FC but not PL efflux by vanadate
and okadaic acid suggests these transfers involve different mechanisms.

The FC1 content of cells cultured in normal (lipoprotein-
containing) media, when cellular LDL receptors are down-
regulated, appears to be mainly determined by a balance
between the uptake of low-density lipoprotein (LDL) FC and
the efflux of FC to high-density lipoprotein (HDL) (1). A
minor, lipid-poor fraction of HDL, with prebeta-electro-
phoretic mobility (prebeta-HDL) and containing as protein
only apolipoprotein A-1 (apo A-1), has been identified as a
major initial acceptor of cell-derived FC (2, 3) and phos-
pholipid (PL) (4). Prebeta-HDLs are enriched in the suben-
dothelial space, particularly in the area of atherosclerotic
lesions (5), suggesting an active role for the FC efflux
pathway in the vascular bed. Efflux of FC to HDL was
responsive to cell FC levels (6). This response was linked
to caveolae, microdomains rich in FC and sphingolipids at
the surface of most cells, and enriched on endothelial cells
(7). Caveolins are major structural proteins of caveolae, and
the expression of a major caveolin (caveolin-1) was positively

correlated with FC efflux (8, 9). A homeostatic mechanism
was recently proposed such that if cell FC levels are
increased, for example, via increased extracellular levels of
LDL FC, preformed caveolin moves from intracellular pools
to the cell surface, caveolin synthesis is upregulated tran-
scriptionally, and caveolae, caveolar FC, and FC efflux all
increase as the level of cell FC is normalized (10). Consistent
with this, FC efflux and caveolin expression were both
reduced following the S phase in synchronized human skin
fibroblasts (11). In cells with few caveolae, such as lym-
phocytes and many human cancer cell lines, the same
function may be played by cell surface lipid “rafts” with a
similar lipid composition (12). However, many features of
the transfer of FC and PL from the cell surface to lipid-poor
apo A-1 lipoprotein particles remain unclear. These include
whether transfer of FC and PL takes place simultaneously,
if the same or different pathways are utilized, and if efflux
involves the simultaneous transfer of preformed complexes
of plasma membrane lipids (“microsolubilization”) or the
sequential transfer of individual lipid molecules from dif-
ferent microdomains of the cell surface to the same acceptor
(13, 14).

The plasma membrane contains a number of ABC family
lipid transporters (15). One of these (ABC-1) was recently
shown to be defective in human Tangier disease (16-19).
Plasma HDL cholesterol and PL were both almost completely
absent in this inherited disorder (20). On the basis of this, it
has been concluded that ABC-1 transported both PL and FC
across the plasma membrane. ABC-1 has also been previ-
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ously reported to be active in the secretion of iodide and
interleukin-1â and in the phagocytosis of apoptotic cell
ghosts by macrophages (21-23). Tangier cells are defective
in PL and FC efflux (24), but a direct role for ABC-1 in the
secretion of either lipid has not been demonstrated. The
recent report of selective inhibitors of ABC-1 transporter
activity (19, 21) offered a novel approach to determining
whether the PL and FC efflux mechanisms were the same.

Because of the significance of FC efflux in regulating cell
surface properties, particularly in vascular cells (25), the
formation of HDL particles from apo A-1 by endothelial and
vascular smooth muscle cells was investigated. The results
suggest that a two-step mechanism involving sequential
contributions of the ABC-1 transporter and caveolae could
mediate much of HDL formation from these cell lines.

EXPERIMENTAL PROCEDURES

Materials.Apo A-1, glyburide (glibenclamide), and oka-
daic acid were purchased from CalBiochem. Bovine serum
albumin (BSA), egg phosphatidylcholine, and FC were from
Sigma (St. Louis, MO). Unlabeled FC and egg phosphati-
dylcholine were from the same source. Human aortic
endothelial cells (HAEC), human umbilical vein endothelial
cells (HUVEC), and human aortic smooth muscle cells
(SMC) were from Clonetics (San Diego, CA). SMC were
from a 2-year-old male donor; HUVEC were derived from
male and female newborns, and HAEC were from female
donors (50-55 years of age). No differences were identified
in the lipid efflux properties of HUVEC and HAEC in the
studies identified below. Erythrocytes were obtained from
the blood of fasting normal donors. [1,2-3H]Cholesterol, [3H]-
choline, [32P]phosphate,125I-labeled sodium iodide, and [32P]-
dCTP were all from NEN (Boston, MA). High-molecular
weight dextran (dextran T-500) was from Pharmacia (Par-
sippany, NY). Polyorthovanadate was prepared from sodium
vanadate (26).

Cell Culture.HAEC, HUVEC, and SMC were grown in
EBM (Clonetics) supplemented with fetal bovine serum
(FBS). Normal human skin fibroblasts were grown in DMEM
and 10% FBS. For individual experiments, cells were plated
in 3.5 cm Corning dishes, and grown to near (>90%)
confluence.

In some experiments, cells were labeled with [3H]FC (2-5
µCi per dish) for 24 h. They were then incubated for an
additional 24 h in DMEM or EBM with 2 mg/mL BSA. To
determine the FC specific activity, basal (unloaded) or FC-
loaded washed cells were solubilized with 0.1 N NaOH and
extracted with chloroform and methanol. Portions of the
chloroform phase were collected for liquid scintillation
spectrometry, and for enzymatic determination of FC mass
(27). In some cases, the cells had been FC-loaded (24 h) in
EBM containing 2 mg/mL albumin and 30µg/mL FC (28).

In other studies, cells were labeled for 24 h in phosphate-
free medium together with 2-10 µCi of [32P]phosphate or
with 2 µCi of [3H]choline. Dishes were then transferred to
BSA (2 mg/mL) in the same medium for 24 h. To determine
the [32P]PL specific activity, washed cells were solubilized
with NaOH and extracted with chloroform and methanol, in
the presence of 10 mM CaCl2 to facilitate partition of PL
into the chloroform phase. Portions of the chloroform phase
were collected for liquid scintillation counting and to

determine lipid phosphorus mass (29). The specific activity
was calculated assuming a mean PL molecular weight of
750. More prolonged (48 h) equilibration with either the3H
or 32P label was without effect on subsequent lipid specific
activities, indicating that equilibration had been reached under
the conditions described here.

Whole blood was labeled with [3H]FC as previously
described (4). The erythrocyte fraction was purified by
centrifugation (three times at 2000g for 30 min) and finally
resuspended in a phosphate-buffered saline solution (pH 7.4).

PL Efflux. Efflux was assayed as the rate of transfer of
the [32P]- or [choline-3H]PL label from cells into culture
medium containing 2 mg/mL BSA in the presence of lipid-
free apo A-1 (24). Assays were carried out in the presence
of 10 µg/mL apo A-1 except where indicated. Under these
conditions, the efflux of PL was linear for at least 5 h at 37
°C. After incubation, the medium was centrifuged to remove
any dissociated cells and then extracted with chloroform and
methanol as described above. Portions of the chloroform
phase were assayed by liquid scintillation spectrometry to
quantitate the PL label. Efflux into EBM-BSA without apo
A-1 was subtracted from values obtained with complete assay
medium. In some experiments, BSA was replaced with high-
molecular weight dextran (0.25 mg/mL) without any effect
on the rate of apo A-1-dependent efflux.

FC Efflux.Efflux from [3H]FC-labeled cells was assessed
under the conditions described above for PL, except that the
solvent extraction step was omitted. To compare efflux rates
of both lipid classes between experiments, efflux rates were
in each case calculated as the number of picomoles of FC
or PL transferred per hour per microgram of cell FC. In some
experiments with endothelial cells, phosphatidylcholine or
mixtures of phosphatidylcholine and FC dried under N2 from
an ethanolic solution were dispersed by sonication (30) prior
to inclusion in EBM, in the absence of apo A-1, at a
concentration indicated in individual experiments. In other
experiments, dishes of unlabeled SMC were incubated (5 h
at 37 °C) with apo A-1 (10 µg/mL) (“preconditioned
medium”) in the presence or absence of inhibitor as indicated
for individual experiments. This medium was then transferred
to endothelial cells prelabeled with [3H]FC, and its effects
on FC efflux were determined.

Thin-Layer Chromatography.To characterize the contri-
butions of different phospholipids to total efflux, chloroform
extracts of labeled PL were fractionated by thin-layer
chromatography (TLC) on Whatman LK6 silica gel plates
developed in a chloroform/methanol/2-propanol/0.25% aque-
ous KCl/triethylamine mixture (30/9/25/6/18, v/v) (31). 32P-
labeled lipids were visualized by autoradiography using
Kodak X-OmatAR film and quantitiated with a computerized
scanning densitometer (ImageQuant, Molecular Dynamics,
Sunnyvale, CA). Individual lipid classes were identified from
their comigration with pure standards of major cellular and
plasma phospholipids.

The recovery of each PL class through the extraction
procedure was determined by fractionating total PL from32P-
labeled cells by TLC as described above. Each was recovered
from the gel with a chloroform/methanol/water mixture (65/
35/5, v/v), and the phases were separated in the presence of
10 mM CaCl2 as described above. On average, 98.9% of
the total PL label was recovered in the chloroform phase.
Recovery of individual phospholipid classes varied from
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96.3% (phosphatidylethanolamine) to 100% (phosphati-
dylserine and sphingomyelin).

Northern Blotting.Total RNA was extracted from cell
dishes using RNeasy kits (Qiagen, Chatsworth, CA). Five
micrograms of total RNA was applied to 1% agarose-
formaldehyde gels. Following electrophoresis, it was trans-
ferred to 2µm pore nylon screens by capillary blotting. To
detect and quantitate ABC-1 mRNA, full-length mouse
ABC-1 transporter cDNA (23) was subcloned into pcDNA3
(In Vitrogen, Carlsbad, CA).32P-labeled random primed
cDNA was hydribized with the blots, and ABC-1 mRNA
was quantitated densitometrically after autoradiography.

RESULTS

PL Efflux from Fibroblasts and SMC.PL efflux was
assayed from [32P]- or [3H]choline-labeled cells equilibrated
as described in Experimental Procedures (Table 1). Efflux
was linear over the 5 h assay. Under equivalent conditions,
PL efflux was approximately 2.5-fold more rapid from SMC
than from fibroblasts.

The stimulation of PL efflux observed in the presence of
apo A-1 was strongly inhibited by glyburide (200µM), an
inhibitor of ABC-1-mediated transport (21). The extent of
inhibition by glyburide was similar with fibroblasts and SMC
(90 ( 7 vs 98( 3%, Table 1). In contrast, glyburide was
without significant effect (<5% inhibition, three experiments)
on the basal rate of PL efflux which occurred in the absence
of apo A-1. Vanadate had a much smaller effect on PL efflux
than glyburide (Figure 1), consistent with previous reports
(21). Okadaic acid (OKA), an inhibitor of FC efflux from
fibroblasts (32), was without significant effect (<5% inhibi-
tion, three experiments) on PL efflux from either SMC or
fibroblasts, also in agreement with previous reports (21).
When the level of stimulation of PL efflux was determined
as a function of medium apo A-1 concentration, the apparent
Km was 0.3( 0.1µg/mL (10.5( 3.0 nM, three experiments).

The extent of apo A-1-dependent stimulation on the efflux
of individual PL species from fibroblasts and SMC, and its
level of inhibition by glyburide, was determined following
TLC (Figure 2, left and center). In the absence of apo A-1,
much of the label released to the culture medium comigrated
with lysophosphatidylcholine. In contrast, in the presence
of apo A-1, phosphatidylcholine was the major PL whose
efflux was stimulated. In the case of fibroblasts, the efflux
of phosphatidylinositol was also enhanced, although to a
lesser extent. By contrast, the level of phosphatidylinositol

in medium from SMC incubated with apoA-1 was much
lower (Figure 2, center).

The effect of apo A-1 on the efflux of each PL fraction
was determined by comparing its recovery after incubation
in the presence or absence of apo A-1. The data were
expressed in percentage terms. The effect of glyburide on
the efflux of each PL fraction was determined from the
recovery of that PL after incubation with apo A-1 in the
presence or absence of glyburide (200µM) and expressed
in the same way. The specificities among PL fractions of
the effects of apo A-1 activation and glyburide inhibition
were then compared (Figure 3).

In the case of both fibroblasts and SMC, glyburide
quantitatively reversed the effect of apo A-1 in terms of not
only the total PL efflux but also the pattern of PL species
released. Seventy percent of the additional PL label released
from SMC in the presence of apo A-1 was phosphatidyl-
choline. The remaining label was recovered in sphingomyelin
and lysophosphatidylcholine. When glyburide was added
together with apo A-1, the changes made by apo A-1 alone
were almost quantitatively reversed. For fibroblasts, phos-
phatidylcholine represented about 50% of the additional PL
label released in the presence of apo A-1. This increase was
also reversed when glyburide was present along with apo
A-1 (Figure 3). These data indicate that glyburide reverses
the effect of apo A-1 in terms of individual PL classes
released into the medium as well as total PL.

PL Efflux from HAEC and HUVEC.In contrast to the
effects seen with fibroblasts and SMC, apo A-1 did not
stimulate additional PL efflux from HAEC (Table 1).
Comparable data were obtained with HUVEC. The PL
released into the medium, like that of SMC and fibroblasts
in the absence of apo A-1, was mainly lysophosphatidyl-
choline. Inclusion of apo A-1 in the extracellular medium
was without effect on the amount of released PL. Glyburide
was without effect on the efflux of32P-labeled PL from
endothelial cells (Figure 2, right).

FC Efflux from Fibroblasts and SMC.Apo A-1 promoted
efflux of both PL and FC from SMC and fibroblasts. The
rate of FC efflux was about 15-fold lower than that of PL in
fibroblasts and about 7-fold lower in SMC. The rate of FC

Table 1: PL Efflux from Human Fibroblasts and Vascular Cellsa

PL efflux [ng h-1 (µg of cell FC)-1]

cell type apo A-1 only
apo A-1 and
glyburide

apo A-1 and
vanadate

fibroblasts 37.2( 6.9 (1.0) 0.6( 0.3 (0.02) 34.2( 5.0 (0.9)
SMC 92.4( 6.6 (1.0) 10.6( 8.8 (0.1) 65.5( 9.8 (0.7)
HAEC 0.2( 0.1 0.0 0.1( 0.1

a Values are means( one standard deviation of triplicate determina-
tions. Values in parentheses are rates relative to apo A-1 only. Rates
that are shown are for unloaded cells, labeled and assayed as described
in Experimental Procedures. The apo A-1 concentration was 10µg/
mL in all experiments. Glyburide (200µM) or vanadate (1 mM) was
included as indicated. Assays were linear over the course of 5 h at 37
°C. Values in parentheses represent the proportion of original activity
retained in the presence of the inhibitor shown.

FIGURE 1: Concentration dependence of inhibition of phospholipid
efflux by glyburide (O) and vanadate (b). Incubations were carried
out with SMC for 5 h at 37 °C as described in Experimental
Procedures in the presence of apo A-1 (10µg/mL) and inhibitor as
indicated. Values are means of duplicate assays.

Cholesterol and Phospholipid Efflux to Apo A-1 Biochemistry, Vol. 39, No. 46, 200014115



efflux was about 5-fold lower in fibroblasts than in SMC in
these experiments (Table 2). [3H]FC efflux, like that of PL,
was strongly (80-90%) inhibited by glyburide. In contrast
to its smaller effect on PL efflux, 1 mM vanadate strongly
(∼80%) inhibited FC efflux from both SMC and fibroblasts.
When the rate of FC efflux was measured as a function of
medium apo A-1 concentration, the apparentKm was 1.5(
0.2 µg/mL (53 ( 7 nM).

In previous studies, FC efflux was significantly inhibited
by okadaic acid, an inhibitor of protein phosphatases that
downregulates caveolin expression (32). Unlike PL efflux,
which was unaffected (<3% inhibition, three experiments),

FC efflux from both SMC and fibroblasts to apo A-1 was
strongly inhibited (95( 2%) in the presence of 1µM okadaic
acid (n ) 3).

FC Efflux from HAEC and HUVEC.Apo A-1 did not
significantly stimulate the efflux of FC from endothelial cells,
in contrast to its effect with fibroblasts and SMC, nor was
there any effect of vanadate (Table 2). These data indicated
that SMC and fibroblasts promoted apo A-1-dependent efflux
of both PL and FC, while HAEC and HUVEC lacked
detectable levels of either activity.

FC Efflux from Erythrocytes.FC efflux from these cells
is considered to occur by diffusion without involvement of
cell surface lipid-binding proteins (33). The transfer of [3H]-
FC from erythrocytes to DMEM (pH 7.4) containing 2 mg/
mL serum albumin was assessed in the presence and absence
of apo A-1 (10µg/mL). No effect of apo A-1 was observed,
nor did the inclusion of glyburide (200µM) or vanadate (1
mM) modify the rate of efflux observed in the presence of
DME and albumin medium.

These data suggest that the mechanism of FC efflux from
erythrocytes differs significantly from that seen in fibroblasts,
SMC, and endothelial cells. The same conclusion was

FIGURE 2: (Left) Phospholipids transferred from human skin fibroblasts to extracellular medium in the presence or absence of apo A-1.
32P-labeled cells were incubated in the presence of BSA medium (without FBS) for 5 h at 37°C. The medium was extracted with chloroform
and methanol. Portions of the chloroform phase were fractionated by TLC as described in Experimental Procedures, together with lipid
standards. Component labeled phospholipids were visualized by autoradiography and then quantitated by scanning densitometry. From left
to right: BSA medium only (no apo A-1), medium and apo A-1 (10µg/mL) only, and medium, apo A-1, and glyburide (200µM). (Center)
Phospholipids transferred from SMC in the presence or absence of apo A-1. The cells were32P-labeled, incubated, extracted, and
chromatographed as described for the left panel. From left to right: BSA medium only (no apo A-1), medium and apo A-1 (10µg/mL),
and medium, apo A-1, and glyburide (200µM). (Right) Phospholipids transferred from HAEC in the presence or absence of apo A-1. The
cells were32P-labeled, incubated, extracted, and chromatographed as described for the left panel. From left to right: BSA medium only (no
apo A-1), medium and apo A-1 (10µg/mL), and medium, apo A-1, and glyburide (200µM).

FIGURE 3: Changes in the proportions of different [32P]PLs
transferred to the medium from fibroblasts (left) or SMC (right):
black bars, (BSA medium+ apo A-1) minus (BSA medium-
apo A-1); and white bars, (BSA medium+ apo A-1) minus [BSA
medium+ apo A-1+ glyburide (200µM)]. After incubation for
5 h at 37 °C, the medium was extracted with chloroform and
methanol. TLC were carried out on portions of the chloroform phase
as described in Experimental Procedures. After autoradiography,
the level of each lipid present was expressed in densitometric units.
Changes in the lipid pattern are expressed as a percentage of the
total change observed between each pair of experimental conditions.

Table 2: FC Efflux from Human Fibroblasts and Vascular Cellsa

FC efflux [ng h-1 (µg of cell FC)-1]

cell type apo A-1 only
apo A-1 and
glyburide

apo A-1 and
vanadate

fibroblasts 2.4( 0.5 (1.0) 0.5( 0.2 (0.2) 0.5( 0.2 (0.2)
SMC 12.8( 0.6 (1.0) 1.3( 0.3 (0.1) 2.9( 0.1 (0.2)
HAEC 0.1( 0.0 0.0 0.0

a Values shown are means( one standard deviation of triplicate
determinations. Values in parentheses are rates relative to apo A-1 only.
Assay conditions are as described in the footnote of Table 1. Values
in parentheses represent the proportion of original activity retained in
the presence of the inhibitor shown.
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reached previously with respect to FC efflux to native plasma
(4).

ABC-1 mRNA LeVels.ABC-1 mRNA was easily detected
by Northern blotting in SMC extracts. The level of expression
of ABC-1 in fibroblasts was 10-fold lower, but still detectable
(Figure 4). In contrast, under the same conditions, ABC-1
could not be detected using the same mass of endothelial
cell total RNA.

ABC-1 mRNA expression is strongly upregulated by
cholesterol loading in both macrophages (34) and immortal-
ized fibroblasts (19). When the FC content of fibroblasts was
raised 2-fold by preincubation with the FC-albumin com-
plex, ABC-1 mRNA levels were upregulated 10-12-fold.
Under the same conditions, there was a smaller (2-fold)
increase in the level of expression of this message in SMC,
so the level in FC-loaded fibroblasts was about one-half of
that in FC-loaded SMC. No detectable ABC-1 message was
observed in RNA from FC-loaded HAEC and HUVEC.

PL and FC Transport into Conditioned Medium.The data
above indicate that both endothelial cell lines substantially
lack ABC-1 mRNA as well as ABC-1-dependent PL and
FC efflux activities, despite earlier observations that FC
efflux from human endothelial cells into native plasma was
both rapid and apo A-1-dependent (35). This might indicate
that the ABC-1 transporter promoted the efflux of both FC
and PL from fibroblasts and SMC, while FC efflux from
endothelial cells was via a distinct, ABC-1-independent
pathway. Alternatively, FC efflux from endothelial cells
might represent the second of two steps in which apo A-1
first bound to PL derived from ABC-1 transporter activity
from other cells, such as SMC or fibroblasts.

To distinguish these possibilities, dishes of unlabeled SMC
(containing 10( 1 µg of cell FC) were incubated with apo
A-1 in the presence or absence of glyburide. The conditioned
medium was then transferred to [32P]PL- or [3H]FC-labeled
HAEC or HUVEC monolayers, in the presence or absence
of glyburide, okadaic acid, or vanadate.

Apo A-1 in SMC-conditioned medium, like apo A-1 added
directly to endothelial cells labeled with32P, did not promote

additional efflux of PL (<3% stimulation of efflux in the
absence of apo A-1, four experiments). There was no effect
of glyburide, vanadate, or okadaic acid when these were
included with the conditioned medium. In contrast, when
apo A-1 medium preconditioned by incubation with either
fibroblasts or SMC was added to [3H]FC-labeled HAEC, a
significant stimulation of the rate of FC efflux was observed
(Figure 5). The same result was obtained with HUVEC (data
not shown). The rates of FC efflux that were obtained were
about one-half of the rates observed with [3H]FC-labeled
SMC, and about 2 times greater than those measured with
fibroblasts (Tables 1 and 2). Inclusion of glyburide in the
initial incubation with unlabeled SMC inhibited the subse-
quent release of labeled FC from endothelial cells (Figure
5). In contrast, when SMC-conditioned medium was trans-
ferred to labeled endothelial cells, and glyburide added at
that time, there was no inhibition of FC efflux from these
cells. Vanadate added with apo A-1 to unlabeled SMC, and
then removed by dialysis, did not reduce the rate of FC efflux
from HAEC [4.8 ( 0.2 vs 5.0( 0.1 ng h-1 (µg of cell
FC)-1]. In contrast, when either vanadate or okadaic acid
was added to SMC-conditioned medium in the presence of
endothelial cells, FC efflux was strongly inhibited (Figure
5). The stimulation of FC efflux from HAEC by medium
from control and FC-loaded SMC was equivalent.

To determine whether the stimulation of FC efflux from
HAEC by SMC-conditioned medium depended solely on its
PL content, PL sonicated vesicles were added in EBM in
the absence of apo A-1 at a concentration of 4.6µg/mL, the
mean PL level assayed in conditioned medium after incuba-
tion for 5 h with SMC (92.4× 5 × 10 ng/mL) (Table 1).
The stimulation of FC efflux from HAEC over basal rates
was <5% of that assayed under the same conditions with

FIGURE 4: Northern blots of mRNA from fibroblasts, SMC, and
HAEC. Cells had been either grown in normal medium as described
in Experimental Procedures (-) or preloaded (24 h) with 2 mg/
mL BSA complexed with 30µg/mL FC (+). FC loading increased
the cell FC content by 1.9-fold (fibroblasts), 2.7-fold (SMC), and
2.3-fold (HAEC). Five micrograms of total RNA was applied to
each lane. After electrophoretic fractionation, hybridization was
carried out with32P-labeled full-length murine ABC-1 cDNA. The
labeled complexes were visualized by autoradiography and quan-
titated by densitometry. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA as an internal standard was visualized with a
GAPDH probe under the same conditions (11). In overexposed gels,
a faint endothelial cell signal was visible but not upregulated by
FC.

FIGURE 5: Incubation of [3H]FC-labeled HAEC with preconditioned
medium from unlabeled SMC. Dishes of SMC were incubated in
BSA medium with apo A-1 for 5 h at 37°C. The SMC-conditioned
medium was then transferred to washed HAEC. After incubation
for an additional 5 h, the HAEC medium was assayed for FC
radioactivity. Some dishes of labeled HAEC were incubated directly
with apo A-1 in BSA medium. Glyburide (200µM) was added
either to the unlabeled SMC or after preincubation directly to the
HAEC. Vanadate (1 mM) or okadaic acid (1µM) was added
directly to the HAEC. A representative experiment (of five) is
shown. As described in the Results, conditioned medium prepared
from SMC in the presence of vanadate, and then dialyzed overnight,
did not inhibit FC efflux from HAEC.
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SMC-conditioned medium containing apo A-1 (3( 1%,
three experiments). To determine whether the stimulation
of [3H]FC efflux into conditioned medium reflected an
exchange reaction, the experiment described above was
repeated with PL vesicles containing FC at a concentration
of 0.5 µg/mL, the mean FC level assayed in SMC-
conditioned medium containing apo A-1 (12.8× 5 × 10
ng/mL) (Table 2). Under these conditions, there was also
no significant stimulation of [3H]FC efflux from HAEC (1
( 3% of the rates with conditioned medium, four experi-
ments). [3H]FC efflux from HAEC to FC/PL vesicles in the
presence of vanadate (1 mM) was similar (3( 2% of the
rates with conditioned medium).

These findings suggested that FC efflux from endothelial
cells was promoted by apo A-1 only after this protein had
first been primed with PL as the result of the ABC-1
transporter activity of SMC. More generally, they suggested
that glyburide inhibited ABC-1-dependent PL efflux but that
its effect on FC efflux was indirect, while vanadate inhibited
FC efflux via a pathway distinct from that mediating the
efflux of PL.

Effects of FC Preloading on SMC and Fibroblasts on the
Properties of ABC-1 ActiVity. Preloading with FC signifi-
cantly increased the level of expression of ABC-1 mRNA
in fibroblasts and, more modestly, increased its already
substantial level of expression in unloaded SMC. The effects
of FC loading on PL and FC efflux, and on inhibition of
these fluxes by glyburide and vanadate, were determined
under the same conditions described above for unloaded cells.

Equilibration between cellular pools within [3H]FC-labeled
loaded cells was first determined by comparing the specific
activity of total cell FC with that of FC effluxed into the
medium. The medium FC specific activity was 0.98( 0.04
of that of the cell FC specific activity in the same experiment
(n ) 3). This result indicates full equilibration between cell
surface and internal FC pools under the conditions used in
the assay.

The effects of FC loading on PL and FC efflux were then
determined. Compared to efflux in unloaded cells under the
same assay conditions, PL efflux was enhanced (2.1( 0.4)-
fold in SMC and (8.7( 0.2)-fold in fibroblasts (n ) 3).
This is comparable to the 2- and 10-12-fold increase
observed in ABC-1 mRNA levels (Figure 4). Under the same
conditions of FC loading, FC efflux was enhanced (1.8(
0.7)-fold in SMC and (14.0( 1.2)-fold in fibroblasts. In
these experiments, FC efflux was inhibited 76( 6% by 1
mM vanadate and 79( 2% by 200 µM glyburide in
unloaded SMC. It was inhibited 78( 6% by 1 mM vanadate
and 81 ( 2% by 200 µM glyburide in loaded SMC
(differences not significant). Comparable results were ob-
tained with fibroblasts. These data indicate that the properties
of lipid efflux from normal and FC loaded cells were similar.

DISCUSSION

Data from several studies now indicate that the promotion
of lipid efflux to lipid-free apo A-1 involves the active
participation of cell surface proteins. In the case of PL efflux,
the essential role of ABC-1 transporter activity was recently
identified (16-19) and is confirmed in the study presented
here. The PL specificity of ABC-1-dependent transport has
not been previously identified. A role for this transporter in

transmembrane phosphatidylserine distribution was recently
described (23). In our studies, little or no apo A-1-dependent
movement of this lipid into the medium was detected. This
suggests that the action of ABC-1 to redistribute phosphati-
dylserine to the exofacial leaflet of the bilayer does not
involve transfer of this PL out of the membrane bilayer. This
PL could increase the affinity of apo A-1 for the cell surface,
either via protein-protein interaction (19) or by modifying
the distribution of charged lipids on the cell surface (23). A
similar indirect action for MDR-2, a related transporter, has
been suggested (36). The major PL transported out of the
cell in our studies was phosphatidylcholine. This is a major
component of the exofacial leaflet of the membrane bilayer
(37). In the case of fibroblasts but not of SMC, a significant
amount of phosphatidylinositol was also recovered when apo
A-1 was present in the medium. This difference, like the
predominance of phosphatidylcholine in both cell lines, may
reflect the lipid specificity of the ABC-1 transporter.
However, in view of the otherwise similar properties of
ABC-1 in the two cell types, it is more likely to reflect
differences in the PL composition of the membrane domain
where ABC-1 is localized at the surface of the plasma
membrane.

ABC-1 transporter expression in SMC and endothelial cells
has not previously been described, although the protein is
widely distributed among tissues and cultured cell lines (34,
38). Data presented here strongly suggest an almost complete
absence of ABC-1 mRNA and activity in both HUVEC and
HAEC. Unlike the situation in SMC and fibroblasts, expres-
sion was not upregulated when the cells were comparably
FC-loaded. It had been reported previously that rat SMC were
almost deficient in FC efflux to delipidated apo A-1, while
the rate of PL efflux was similar to that of normal skin
fibroblasts (39, 40). Very recently, it was reported that human
SMC, unlike the same cells in rodents, showed significant
rates of FC efflux (41). The data in this research may help
explain these disparate observations, by illustrating the
independent regulation of PL and FC transport to apo A-1.

In contrast to current ideas on the function of the ABC-1
transporter, the study presented here strongly suggests that
the transfers of PL and FC from the cell represent distinct
pathways and that while PL efflux is directly dependent upon
ABC-1 transporter activity, most FC efflux is not. The
apparentKm for FC efflux was significantly greater than that
for PL. FC efflux was inhibited by okadaic acid and by
vanadate, while PL efflux was not. Glyburide directly
inhibited PL efflux, but did not reduce the rate of FC efflux
when added with SMC-conditioned medium to endothelial
cells. The effects of both okadaic acid and vanadate may be
linked to the origin of FC in caveolae. Okadaic acid reduces
the level of expression of caveolae at the cell surface by
promoting surface flattening and redistribution of preformed
caveolin to the intracellular pools (42). It also reduces
transcriptionally the level of expression of caveolin, a major
caveolar structural protein, by inhibiting formation of a
nucleoprotein transcription complex containing transcription
factors E2F and p53 (43). Vanadate is a specific inhibitor
of P-type ATPases and of protein phosphotyrosine phos-
phatases (26, 44). Ca2+-ATPase, one of the major P-type
ATPases of the plasma membrane, is localized almost
exclusively within caveolae (45, 46). In addition, it was
recently shown that vanadate downregulated the expression
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of caveolae at the cell surface (47, 48). Under these
conditions, phosphocaveolin accumulated intracellularly.
Taken together, these data appear to be most consistent with
the conclusion that the vanadate-sensitive component of FC
efflux, representing approximately 80% of the total efflux
from vascular cells, depends on one or more cell surface
proteins other than ABC-1. This component of efflux appears
to be distinct from simple diffusion. In erythrocytes, where
FC efflux has been considered to represent diffusion (33),
vanadate was without effect. This conclusion is also con-
sistent with the inability of phosphatidylcholine vesicles to
replace apo A-1-PL complexes in conditioned medium
formed as the result of ABC-1 transporter activity. The
finding that the effects of okadaic acid and vanadate on FC
efflux were the same in fibroblasts and SMC (which express
ABC-1 activity) and endothelial cells (which do not) is also
consistent with the model of lipid efflux presented here.
However, the possibility that a minor vanadate-resistant
component of total FC efflux reflects cotransport with PL
down the ABC-1-dependent pathway has not been ruled out
by our experiments. Further research will also be required
to establish additional details of the vanadate-dependent FC
efflux pathway. Recent data indicate that several cell surface
proteins which localize to caveolae, including SR-BI (49)
and P-glycoprotein (50), may also be involved in FC
homeostasis in different cells (51, 52).

In summary, studies of the initial lipidation of apo A-1 in
fibroblasts, SMC, and endothelial cells suggest that the efflux
of PL and FC reflects different pathways for the most part
and that PL efflux normally precedes the binding of FC.
These steps are likely to have a significant influence on the
conversion of lipid-free apo A-1 to HDL. A model illustrating
this hypothesis is shown in Figure 6.

ACKNOWLEDGMENT

Excellent technical assistance was provided by Ms. Lu
Escoto.

REFERENCES

1. Fielding, C. J., and Fielding, P. E. (1998) inIntracellular
Cholesterol Trafficking(Chang, T.-Y., and Freeman, D. R.,
Eds.) pp 273-288, Kluwer, Boston, MA.

2. Castro, G. R., and Fielding, C. J. (1988)Biochemistry 27, 25-
29.

3. Huang, Y., von Eckardstein, A., and Assmann, G. (1993)
Arterioscler. Thromb. 13, 445-458.

4. Kawano, M., Miida, T., Fielding, C. J., and Fielding, P. E.
(1993)Biochemistry 32, 5025-5028.

5. Smith, E. B., Ashall, C., and Walker, J. E. (1984)Biochem.
Soc. Trans. 12, 843-844.

6. Fielding, C. J., and Fielding, P. E. (1995)Biochemistry 34,
14237-14244.

7. Peters, K. R., Carley, W. W., and Palade, G. E. (1985)J. Cell
Biol. 101, 2233-2238.

8. Fielding, C. J., Bist, A., and Fielding, P. E. (1997)Proc. Natl.
Acad. Sci. U.S.A. 94, 3753-3758.

9. Hailstones, D., Sleer, L. S., Parton, R. G., and Stanley, K. K.
(1998)J. Lipid Res. 39, 369-379.

10. Fielding, C. J., and Fielding, P. E. (1997)J. Lipid Res. 38,
1503-1521.

11. Fielding, C. J., Bist, A., and Fielding, P. E. (1999)Biochemistry
38, 2506-2513.

12. Simons, K., and Ikonen, E. (1997)Nature 387, 569-572.
13. Gillotte, K. L., Davidson, W. S., Lund-Katz, S., Rothblat, G.

H., and Phillips, M. C. (1998)J. Lipid Res. 39, 1918-1928.
14. Rothblat, G. H., de la Llera-Moya, M., Atger, V., Kellner-

Weibel, G., Williams, D. L., and Phillips, M. C. (1999)J.
Lipid Res. 40, 781-796.

15. Broccardo, C., Luciani, M. F., and Chimini, G. (1999)Biochim.
Biophys. Acta 1461, 395-404.

16. Bodzioch, M., Orso, E., Klucken, J., Langmann, T., Bottcher,
L., Diederich, W., Drobnik, W., Barlage, S., Buchler, C.,
Porsch-Ozcurumez, M., Kaminski, W. E., Hahmann, H. W.,
Oette, K., Rothe, G., Aslanidis, C., Lackner, K. J., and Schmitz,
G. (1999)Nat. Genet. 22, 347-351.

17. Brooks-Wilson, A., Marcil, M., Clee, S. M., Zhang, L. H.,
Roomp, K., van Dam, M., Yu, L., Brewer, C., Collins, J. A.,
Molhuizen, H. O. F., Loubser, O., Ouelette, B. F. F., Fichter,
K., Ashbourne-Excoffon, K. J. D., Sensen, C. W., Scherer,
S., Mott, S., Denis, M., Martindale, D., Frohlich, J., Morgan,
K., Koop, B., Pimstone, S., Kastelein, J. J. P., Genest, J., and
Hayden, M. R. (1999)Nat. Genet. 22, 336-345.

18. Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette,
J. C., Deleuze, J. F., Brewer, H. B., Duverger, N., Denefle,
P., and Assmann, G. (1999)Nat. Genet. 22, 352-355.

19. Lawn, R. M., Wade, G. P., Garvin, M. R., Wang, X. B.,
Schwartz, K., Porter, J. G., Seilhammer, J. J., Vaughan, A.
M., and Oram, J. F. (1999)J. Clin. InVest. 104, R25-R31.

20. Assmann, G., von Eckardstein, A., and Brewer, H. B. (1995)
in The Metabolic and Molecular Bases of Inherited Disease
(Scriver, C. R., Beaudet, A. L., Sly, W. S., and Valle, D., Eds.)
pp 2053-2072, McGraw-Hill, New York.

21. Becq, F., Hamon, Y., Bajetto, A., Gola, M., Verrier, B., and
Chimini, G. (1997)J. Biol. Chem. 272, 2695-2699.

22. Hamon, Y., Luciani, M. F., Becq, F., Verrier, B., Rubartelli,
A., and Chimini, G. (1997)Blood 90, 2911-2915.

23. Marguet, D., Luciani, M. F., Moynault, A., Williamson, P.,
and Chimini, G. (1999)Nat. Cell Biol. 1, 454-456.

24. Francis, G. A., Knopp, R. H., and Oram, J. F. (1995)J. Clin.
InVest. 96, 78-87.

25. Feron, O., Dessy, C., Moniotte, S., Desager, J. P., and
Balligand, J. L. (1999)J. Clin. InVest. 103, 897-905.

26. Gordon, J. A. (1991)Methods Enzymol. 201, 477-482.
27. Heider, J. G., and Boyett, R. L. (1978)J. Lipid Res. 19, 514-

518.
28. Oram, J. F. (1986)Methods Enzymol. 129, 645-659.
29. Bartlett, G. R. (1959)J. Biol. Chem. 234, 466-468.
30. Huang, C. (1969)Biochemistry 8, 344-352.
31. Touchstone, J. C., Chen, J. C., and Beaver, K. M. (1980)Lipids

15, 61-62.
32. Fielding, P. E., and Fielding, C. J. (1995)Biochemistry 34,

14288-14292.
33. Lange, Y., Molinaro, A. L., Chauncey, T. R., and Steck, T.

L. (1983)J. Biol. Chem. 258, 6920-6926.
34. Langmann, T., Klucken, J., Reil, M., Liebisch, G., Luciani,

M. F., Chimini, G., Kaminski, W. E., and Schmitz, G. (1999)
Biochem. Biophys. Res. Commun. 257, 29-33.

35. Fielding, P. E., Davison, P., Karasek, M. A., and Fielding, C.
J. (1982)J. Cell Biol. 94, 350-354.

36. Gottesmann, M. M., and Paston, I. (1993)Annu. ReV. Biochem.
62, 687-717.

37. Cullis, P. R., Fenske, D. B., and Hope, M. J. (1996) in
Biochemistry of Lipids, Lipoproteins and Membranes(Vance,
D. E., and Vance, J., Eds.) pp 1-33, Elsevier, Amsterdam.

FIGURE 6: Model illustrating PL and FC efflux from the cell surface
to apo A-1.

Cholesterol and Phospholipid Efflux to Apo A-1 Biochemistry, Vol. 39, No. 46, 200014119



38. Luciani, M. F., Denizot, F., Savary, S., Mattei, M. G., and
Chimini, G. (1994)Genomics 21, 150-159.

39. Komaba, A., Li, Q., and Yokoyama, S. (1992)J. Biol. Chem.
267, 17560-17566.

40. Li, Q., Komaba, A., and Yokoyama, S. (1993)Biochemistry
32, 4597-4603.

41. Francis, G. A., Tsujita, M., and Terry, T. L. (1999)Biochem-
istry 38, 16315-16322.

42. Parton, R. G., Joggerst, B., and Simons, K. (1994)J. Cell Biol.
127, 1199-1215.

43. Bist, A., Fielding, C. J., and Fielding, P. E. (2000)Biochemistry
39, 1966-1972.

44. Solioz, M., and Vulpe, C. (1996)Trends Biochem. Sci. 21,
237-241.

45. Fujimoto, T. (1993)J. Cell Biol. 120, 1147-1157.
46. Schnitzer, J. E., Oh, P., Jacobson, B. S., and Dvorak, A. M.

(1995)Proc. Natl. Acad. Sci. U.S.A. 92, 1759-1763.
47. Aoki, T., Nomura, R., and Fujimoto, T. (1999)Exp. Cell Res.

253, 629-636.
48. Nomura, R., and Fujimoto, T. (1999)Mol. Biol. Cell 10, 975-

986.
49. Babitt, J., Trigatti, B., Rigotti, A., Smart, E., Anderson, R. G.

W., Xu, S., and Krieger, M. (1997)J. Biol. Chem. 272,
13242-13249.

50. Lavie, Y., Fiucci, G., and Liscovitch, M. (1998)J. Biol. Chem.
273, 32380-32383.

51. Kellner-Weibel, G., de la Llera-Moya, M., Connelly, M. A.,
Stoudt, G., Christian, A. E., Haynes, M. P., Williams, D. L.,
and Rothblat, G. (2000)Biochemistry 39, 221-229.

52. Luker, G. D., Nilsson, K. R., Covey, D. F., and Piwnica-
Worms, D. (1999)J. Biol. Chem. 274, 6979-6991.

BI0004192

14120 Biochemistry, Vol. 39, No. 46, 2000 Fielding et al.


