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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 FC content of cells cultured in normal (lipoprotein-  correlated with FC effluxg, 9). A homeostatic mechanism
containing) media, when cellular LDL receptors are down- was recently proposed such that if cell FC levels are
regulated, appears to be mainly determined by a balanceincreased, for example, via increased extracellular levels of
between the uptake of low-density lipoprotein (LDL) FC and LDL FC, preformed caveolin moves from intracellular pools
the efflux of FC to high-density lipoprotein (HDLJ). A to the cell surface, caveolin synthesis is upregulated tran-
minor, lipid-poor fraction of HDL, with prebeta-electro- scriptionally, and caveolae, caveolar FC, and FC efflux all
phoretic mobility (prebeta-HDL) and containing as protein increase as the level of cell FC is normaliz&@)( Consistent
only apolipoprotein A-1 (apo A-1), has been identified as a with this, FC efflux and caveolin expression were both
major initial acceptor of cell-derived FC,(3) and phos- reduced following the S phase in synchronized human skin
pholipid (PL) @). Prebeta-HDLs are enriched in the suben- fibroblasts (1). In cells with few caveolae, such as lym-
dothelial space, particularly in the area of atherosclerotic phocytes and many human cancer cell lines, the same
lesions B), suggesting an active role for the FC efflux function may be played by cell surface lipid “rafts” with a
pathway in the vascular bedfflux of FC to HDL was similar lipid composition {2). However, many features of
responsive to cell FC level$). This response was linked the transfer of FC and PL from the cell surface to lipid-poor
to caveolae, microdomains rich in FC and sphingolipids at apo A-1 lipoprotein particles remain unclear. These include
the surface of most cells, and enriched on endothelial cellswhether transfer of FC and PL takes place simultaneously,
(7). Caveolins are major structural proteins of caveolae, and if the same or different pathways are utilized, and if efflux
the expression of a major caveolin (caveolin-1) was positively involves the simultaneous transfer of preformed complexes
of plasma membrane lipids (“microsolubilization”) or the
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ously reported to be active in the secretion of iodide and determine lipid phosphorus masx). The specific activity
interleukin-3 and in the phagocytosis of apoptotic cell was calculated assuming a mean PL molecular weight of
ghosts by macrophage®1—23). Tangier cells are defective  750. More prolonged (48 h) equilibration with either e
in PL and FC efflux 24), but a direct role for ABC-1 inthe  or 2P label was without effect on subsequent lipid specific
secretion of either lipid has not been demonstrated. The activities, indicating that equilibration had been reached under
recent report of selective inhibitors of ABC-1 transporter the conditions described here.
activity (19, 21) offered a novel approach to determining Whole blood was labeled with®fi]JFC as previously
whether the PL and FC efflux mechanisms were the same.described 4). The erythrocyte fraction was purified by
Because of the significance of FC efflux in regulating cell centrifugation (three times at 209@r 30 min) and finally
surface properties, particularly in vascular cel®S)( the resuspended in a phosphate-buffered saline solution (pH 7.4).
formation of HDL particles from apo A-1 by endothelialand ~ PL Efflux. Efflux was assayed as the rate of transfer of
vascular smooth muscle cells was investigated. The resultsthe [F?P]- or [cholineH]PL label from cells into culture
suggest that a two-step mechanism involving sequential medium containing 2 mg/mL BSA in the presence of lipid-
contributions of the ABC-1 transporter and caveolae could free apo A-1 24). Assays were carried out in the presence

mediate much of HDL formation from these cell lines. of 10 ug/mL apo A-1 except where indicated. Under these
conditions, the efflux of PL was linear for at lédsh at 37
EXPERIMENTAL PROCEDURES °C. After incubation, the medium was centrifuged to remove

any dissociated cells and then extracted with chloroform and

Materials. Apo A-1, glyburide (glibenclamide), and oka- i athanol as described above. Portions of the chloroform
daic acid were purchased from CalBiochem. Bovine serum phase were assayed by liquid scintillation spectrometry to

albumin (BSA), egg phosphatidylcholine, and FC were from ¢, antitate the PL label. Efflux into EBM-BSA without apo
Sigma (St. Louis, MO). Unlabeled FC and egg phosphati- _; yas subtracted from values obtained with complete assay
dylcholine ‘were from the same source. Human aortic negiym in some experiments, BSA was replaced with high-

endothelial cells (HAEC), human umbilical vein endothelial . Jiacular weight dextran (0.25 mg/mL) without any effect
cells (HUVEC), and human aortic smooth muscle cells . ihe rate of apo A-1-dependent efflux.

(SMC) were from Clonetics (San Diego, CA). SMC were ¢ g,y Efflux from [*H]FC-labeled cells was assessed

from a 2-year-old male donor; HUVEC were derived from e the conditions described above for PL, except that the

(rjnale and female newfborns, an?j.;'AEC were frqr; fe?a(;e solvent extraction step was omitted. To compare efflux rates
onors (56-55 years of age). No differences were identified ¢ 11y |ipid classes between experiments, efflux rates were

n thg I'p'd ef.fl.ux properties of HUVEC and HAE.C in the in each case calculated as the number of picomoles of FC
studies identified below. Erythrocytgs were obtained from o p| yransferred per hour per microgram of cell FC. In some

the blOOd of fasting normal donors. [1,_EI]ChoI¢_asteroI,{H]- experiments with endothelial cells, phosphatidylcholine or

choline, [*P]phosphate*-labeled sodium iodide, ané’P]- mixtures of phosphatidylcholine and FC dried undefidm

dCTP were all from NEN (Boston, MA). High—molgcular an ethanolic solution were dispersed by sonicatfi prior
weight dextran (dextran T-500) was from Pharmacia (Par- ¢ inclusion in EBM. in the absence of apo A-1, at a

sippany, N). Polyorthovanadate was prepared from sodium ¢, cenration indicated in individual experiments. In other

vanadate Z6). ~ experiments, dishes of unlabeled SMC were incubated (5 h
Cell Culturg.HAEC, HUVEC, anq SMC were grownin gt 37 °C) with apo A-1 (10ug/mL) (“preconditioned
EBM (Clonetics) supplemented with fetal bovine serum medium”) in the presence or absence of inhibitor as indicated
(FBS). Normal human skin fibroblasts were grown in DMEM o individual experiments. This medium was then transferred
and 10% FBS. For individual experiments, cells were plated to endothelial cells prelabeled witBH]JFC, and its effects

in 3.5 cm Corning dishes, and grown to near90%) on EC efflux were determined.
confluence. _ Thin-Layer Chromatographylo characterize the contri-
In some experiments, cells were labeled wih]FC (2—5 butions of different phospholipids to total efflux, chloroform

uCi per dish) for 24 h. They were then incubated for an extracts of labeled PL were fractionated by thin-layer
additional 24 h in DMEM or EBM with 2 mg/mL BSA. To  chromatography (TLC) on Whatman LK6 silica gel plates
determine the FC specific activity, basal (unloaded) or FC- developed in a chloroform/methanol/2-propanol/0.25% aque-
loaded washed cells were solubilized with 0.1 N NaOH and ous KCl/triethylamine mixture (30/9/25/6/18, vi31). 32P-
extracted with chloroform and methanol. Portions of the labeled lipids were visualized by autoradiography using
chloroform phase were collected for liquid scintillation Kodak X-OmatAR film and quantitiated with a computerized
spectrometry, and for enzymatic determination of FC mass scanning densitometer (ImageQuant, Molecular Dynamics,
(27). In some cases, the cells had been FC-loaded (24 h) inSunnyvale, CA). Individual lipid classes were identified from

EBM containing 2 mg/mL albumin and 3@y/mL FC @8). their comigration with pure standards of major cellular and
In other studies, cells were labeled for 24 h in phosphate- plasma phospholipids.
free medium together with-210 uCi of [3?P]phosphate or The recovery of each PL class through the extraction

with 2 uCi of [®*H]choline. Dishes were then transferred to procedure was determined by fractionating total PL 8

BSA (2 mg/mL) in the same medium for 24 h. To determine labeled cells by TLC as described above. Each was recovered
the P?P]PL specific activity, washed cells were solubilized from the gel with a chloroform/methanol/water mixture (65/
with NaOH and extracted with chloroform and methanol, in  35/5, v/v), and the phases were separated in the presence of
the presence of 10 mM Callo facilitate partition of PL 10 mM CacC} as described above. On average, 98.9% of
into the chloroform phase. Portions of the chloroform phase the total PL label was recovered in the chloroform phase.
were collected for liquid scintillation counting and to Recovery of individual phospholipid classes varied from



Cholesterol and Phospholipid Efflux to Apo A-1

Table 1: PL Efflux from Human Fibroblasts and Vascular Cells
PL efflux [ng bt (ug of cell FC)™]

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

aValues 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 wasglO
mL in all experiments. Glyburide (20@M) or vanadate (1 mM) was
included as indicated. Assays were linear over the coursehoat 37

°C. Values in parentheses represent the proportion of original activity
retained in the presence of the inhibitor shown.

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% agarese
formaldehyde gels. Following electrophoresis, it was trans-
ferred to 2um pore nylon screens by capillary blotting. To
detect and quantitate ABC-1 mRNA, full-length mouse
ABC-1 transporter cONAZ3) was subcloned into pcDNA3
(In Vitrogen, Carlsbad, CA)3?P-labeled random primed
cDNA was hydribized with the blots, and ABC-1 mRNA
was quantitated densitometrically after autoradiography.

RESULTS

PL Efflux from Fibroblasts and SMCPL efflux was
assayed from*fP]- or [*H]choline-labeled cells equilibrated
as described in Experimental Procedures (Table 1). Efflux
was linear over th 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 (2@/), an
inhibitor of ABC-1-mediated transpor2l). 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)
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Ficure 1: Concentration dependence of inhibition of phospholipid
efflux by glyburide ©) and vanadate®). Incubations were carried
out with SMC fa 5 h at 37°C as described in Experimental
Procedures in the presence of apo A-1 4t0mL) and inhibitor as
indicated. Values are means of duplicate assays.

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 (20@) 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
guantitatively 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-

on the basal rate of PL efflux which occurred in the absence Phatidylcholine represented about 50% of the additional PL

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 82), was without significant effect{5% inhibi-
tion, three experiments) on PL efflux from either SMC or
fibroblasts, also in agreement with previous repot$).(
When the level of stimulation of PL efflux was determined

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 HUVECIn contrast to the
effects seen with fibroblasts and SMC, apo A-1 did not

as a function of medium apo A-1 concentration, the apparentstimulate additional PL efflux from HAEC (Table 1).

Kmnwas 0.3+ 0.1ug/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,

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

much of the label released to the culture medium comigratedwas without effect on the efflux of?P-labeled PL from

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

endothelial cells (Figure 2, right).

FC Efflux from Fibroblasts and SM@&po A-1 promoted
efflux of both PL and FC from SMC and fibroblasts. The

of phosphatidylinositol was also enhanced, although to a rate of FC efflux was about 15-fold lower than that of PL in

lesser extent. By contrast, the level of phosphatidylinositol

fibroblasts and about 7-fold lower in SMC. The rate of FC
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Ficure 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 FBShfat 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 (MImL) only, and medium, apo A-1, and glyburide (20d). (Center)
Phospholipids transferred from SMC in the presence or absence of apo A-1. The cell$’R«#abeled, incubated, extracted, and
chromatographed as described for the left panel. From left to right: BSA medium only (no apo A-1), medium and apo/&/m{1)0

and medium, apo A-1, and glyburide (28®). (Right) Phospholipids transferred from HAEC in the presence or absence of apo A-1. The
cells were®?P-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 (1@y/mL), and medium, apo A-1, and glyburide (20D1).

Fibroblasts . Smc Table 2: FC Efflux from Human Fibroblasts and Vascular CGells
FC efflux [ng b (ug of cell FC) 1]

60— N apo A-1 and apo A-1 and
cell type apo A-1 only glyburide vanadate

fibroblasts 2.4t 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

20 - aValues 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
0= = in parentheses represent the proportion of original activity retained in

PE PA PS PC SPH LPC PE PA PS PC SPH LPC SETTL
o o the presence of the inhibitor shown.

Ficure 3: Changes in the proportions of different?H]PLs
transferred to the medium from fibroblasts (left) or SMC (right): FC efflux from both SMC and fibroblasts to apo A-1 was

black bars, (BSA mediumt apo A-1) minus (BSA medium- strongly inhibited (95t 2%) in the presence ofdM okadaic
apo A-1); and white bars, (BSA mediutnapo A-1) minus [BSA acid %y_ 3) ( ) P ofdM
medium+ apo A-1+ glyburide (200uM)]. After incubation for 7 .

5 h at 37°C, the medium was extracted with chloroform and FC Efflux from HAEC and HUVECApo A-1 did not

methanol. TLC were carried out on portions of the chloroform phase significantly stimulate the efflux of FC from endothelial cells,
as described in Experimental Procedures. After autoradiography,in contrast to its effect with fibroblasts and SMC, nor was
the level of each lipid present was expressed in densitometric units.inare any effect of vanadate (Table 2). These data indicated
Changes in the lipid pattern are expressed as a percentage of th(teh t SMC and fibroblast ted A-ld dent effl
total change observed between each pair of experimental conditions. a and tiproblasts p_romo ed apo ependent efiiux
of both PL and FC, while HAEC and HUVEC lacked
detectable levels of either activity.

FC Efflux from Erythrocytes=C efflux from these cells
is considered to occur by diffusion without involvement of
cell surface lipid-binding proteins8g). The transfer ofJH]-
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 (10ug/mL). No effect of apo A-1 was observed,

807

40 ~

Percentage

efflux was about 5-fold lower in fibroblasts than in SMC in
these experiments (Table 2JH]FC efflux, like that of PL,
was strongly (86-90%) 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

medlu/m apo A-1 concentration, the apparptwas 1.5+ nor did the inclusion of glyburide (200M) or vanadate (1

0.2 ug/mL (53+ 7 nM). mM) modify the rate of efflux observed in the presence of
In previous studies, FC efflux was significantly inhibited DME and albumin medium.

by okadaic acid, an inhibitor of protein phosphatases that These data suggest that the mechanism of FC efflux from

downregulates caveolin expressid@®); Unlike PL efflux, erythrocytes differs significantly from that seen in fibroblasts,

which was unaffected<{3% inhibition, three experiments), SMC, and endothelial cells. The same conclusion was
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Ficure 4: Northern blots of mMRNA 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 3@g/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 with*?P-labeled full-length murine ABC-1 cDNA. The
labeled complexes were visualized by autoradiography and quan
titated by densitometry. Glyceraldehyde-3-phosphate dehydrogenas
(GAPDH) mRNA as an internal standard was visualized with a
GAPDH probe under the same conditio$)( In overexposed gels,

a faint endothelial cell signal was visible but not upregulated by
FC.

reached previously with respect to FC efflux to native plasma
4.

ABC-1 mRNA Leels.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
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é:IGURE 5: Incubation of H]FC-labeled HAEC with preconditioned
medium from unlabeled SMC. Dishes of SMC were incubated in
BSA medium with apo A-1 fo5 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 (208M) was added
either to the unlabeled SMC or after preincubation directly to the
HAEC. Vanadate (1 mM) or okadaic acid (iM) 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.

could not be detected using the same mass of endothelialadditional efflux of PL 3% stimulation of efflux in the

cell total RNA.

ABC-1 mRNA expression is strongly upregulated by
cholesterol loading in both macrophag8d)(and immortal-
ized fibroblasts 19). When the FC content of fibroblasts was
raised 2-fold by preincubation with the F@lbumin com-
plex, ABC-1 mRNA levels were upregulated +02-fold.

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 téH]FC-labeled HAEC, a
significant stimulation of the rate of FC efflux was observed

Under the same conditions, there was a smaller (2-fold) (Figure 5). The same result was obtained with HUVEC (data
increase in the level of expression of this message in SMC, not shown). The rates of FC efflux that were obtained were
so the level in FC-loaded fibroblasts was about one-half of about one-half of the rates observed withi]FC-labeled
that in FC-loaded SMC. No detectable ABC-1 message wasSMC, and about 2 times greater than those measured with
observed in RNA from FC-loaded HAEC and HUVEC. fibroblasts (Tables 1 and 2). Inclusion of glyburide in the

PL and FC Transport into Conditioned Mediuithe data initial incubation with unlabeled SMC inhibited the subse-
above indicate that both endothelial cell lines substantially quent release of labeled FC from endothelial cells (Figure
lack ABC-1 mRNA as well as ABC-1-dependent PL and 5). In contrast, when SMC-conditioned medium was trans-
FC efflux activities, despite earlier observations that FC ferred to labeled endothelial cells, and glyburide added at
efflux from human endothelial cells into native plasma was that time, there was no inhibition of FC efflux from these
both rapid and apo A-1-dependefBB). This might indicate cells. Vanadate added with apo A-1 to unlabeled SMC, and
that the ABC-1 transporter promoted the efflux of both FC then removed by dialysis, did not reduce the rate of FC efflux
and PL from fibroblasts and SMC, while FC efflux from from HAEC [4.8 + 0.2 vs 5.0+ 0.1 ng h! (ug of cell
endothelial cells was via a distinct, ABC-1-independent FC) Y. In contrast, when either vanadate or okadaic acid
pathway. Alternatively, FC efflux from endothelial cells was added to SMC-conditioned medium in the presence of
might represent the second of two steps in which apo A-1 endothelial cells, FC efflux was strongly inhibited (Figure
first bound to PL derived from ABC-1 transporter activity 5). The stimulation of FC efflux from HAEC by medium
from other cells, such as SMC or fibroblasts. from control and FC-loaded SMC was equivalent.

To distinguish these possibilities, dishes of unlabeled SMC  To determine whether the stimulation of FC efflux from
(containing 10+ 1 ug of cell FC) were incubated with apo  HAEC by SMC-conditioned medium depended solely on its
A-1in the presence or absence of glyburide. The conditioned PL content, PL sonicated vesicles were added in EBM in
medium was then transferred t8R]PL- or PH]FC-labeled the absence of apo A-1 at a concentration ofigfnL, the
HAEC or HUVEC monolayers, in the presence or absence mean PL level assayed in conditioned medium after incuba-
of glyburide, okadaic acid, or vanadate. tion for 5 h with SMC (92.4x 5 x 10 ng/mL) (Table 1).

Apo A-1 in SMC-conditioned medium, like apo A-1 added The stimulation of FC efflux from HAEC over basal rates
directly to endothelial cells labeled withP, did not promote ~ was <5% of that assayed under the same conditions with
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transmembrane phosphatidylserine distribution was recently

three experiments). To determine whether the stimulation describedZ3). In our studies, little or no apo A-1-dependent

of [3H]JFC efflux into conditioned medium reflected an

movement of this lipid into the medium was detected. This

exchange reaction, the experiment described above wassuggests that the action of ABC-1 to redistribute phosphati-
repeated with PL vesicles containing FC at a concentration dylserine to the exofacial leaflet of the bilayer does not

of 0.5 ug/mL, the mean FC level assayed in SMC-
conditioned medium containing apo A-1 (1285 x 10

involve transfer of this PL out of the membrane bilayer. This
PL could increase the affinity of apo A-1 for the cell surface,

ng/mL) (Table 2). Under these conditions, there was also either via proteir-protein interaction19) or by modifying

no significant stimulation of®H]FC efflux from HAEC (1

+ 3% of the rates with conditioned medium, four experi-
ments). fH]FC efflux from HAEC to FC/PL vesicles in the
presence of vanadate (1 mM) was similar432% of the
rates with conditioned medium).

the distribution of charged lipids on the cell surfa28)( A
similar indirect action for MDR-2, a related transporter, has
been suggeste®®). 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

These findings suggested that FC efflux from endothelial (37). In the case of fibroblasts but not of SMC, a significant

cells was promoted by apo A-1 only after this protein had
first been primed with PL as the result of the ABC-1

amount of phosphatidylinositol was also recovered when apo
A-1 was present in the medium. This difference, like the

transporter activity of SMC. More generally, they suggested predominance of phosphatidylcholine in both cell lines, may

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 Actity. Preloading with FC signifi-
cantly increased the level of expression of ABC-1 mRNA

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

in fibroblasts and, more modestly, increased its already has not previously been described, although the protein is
substantial level of expression in unloaded SMC. The effects Widely distributed among tissues and cultured cell lirgs (

of FC loading on PL and FC efflux, and on inhibition of

38). Data presented here strongly suggest an almost complete

these fluxes by glyburide and vanadate, were determined@bsence of ABC-1 mRNA and activity in both HUVEC and
under the same conditions described above for unloaded cellsHAEC. Unlike the situation in SMC and fibroblasts, expres-

Equilibration between cellular pools withifH]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 0:28).04

of that of the cell FC specific activity in the same experimen
(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+{2014)-
fold in SMC and (8.7+ 0.2)-fold in fibroblasts if = 3).
This is comparable to the 2- and -102-fold increase
observed in ABC-1 mRNA levels (Figure.4)nder the same
conditions of FC loading, FC efflux was enhanced (8
0.7)-fold in SMC and (14.0+ 1.2)-fold in fibroblasts. In
these experiments, FC efflux was inhibited £66% by 1
mM vanadate and 79 2% by 200uM glyburide in
unloaded SMC. It was inhibited 78 6% by 1 mM vanadate
and 81+ 2% by 200 uM 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

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

t fibroblasts 89, 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
apparenk, 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 pools4®). It also reduces
transcriptionally the level of expression of caveolin, a major
caveolar structural protein, by inhibiting formation of a

Data from several studies now indicate that the promotion nucleoprotein transcription complex containing transcription

of lipid efflux to lipid-free apo A-1 involves the active
participation of cell surface proteins. In the case of PL efflux,

factors E2F and p534Q). Vanadate is a specific inhibitor
of P-type ATPases and of protein phosphotyrosine phos-

the essential role of ABC-1 transporter activity was recently phatases26, 44). Ca"-ATPase, one of the major P-type

identified (L6—19) and is confirmed in the study presented

ATPases of the plasma membrane, is localized almost

here. The PL specificity of ABC-1-dependent transport has exclusively within caveolae4b, 46). In addition, it was

not been previously identified. A role for this transporter in

recently shown that vanadate downregulated the expression
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Ficure 6: Model illustrating PL and FC efflux from the cell surface
to apo A-1.
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of caveolae at the cell surfacel® 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 diffusi@s), (
vanadate was without effect. This conclusion is also con-
sistent with the inability of phosphatidylcholine vesicles to
replace apo A-+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-BBY

and P-glycoprotein 50), may also be involved in FC
homeostasis in different cell§1, 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.
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