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Abstract Prior studies provide data supporting the notion
that ATP binding cassette transporter Al (ABCAl) pro-
motes lipid efflux to extracellular acceptors in a two-step
process: first, ABCAl mediates phospholipid efflux to an
apolipoprotein, and second, this apolipoprotein-phospho-
lipid complex accepts free cholesterol in an ABCAl-inde-
pendent manner. In the current study using RAW264.7 cells,
ABCAl-mediated free cholesterol and phospholipid efflux
to apolipoprotein A-I (apoA-I) were tightly coupled to each
other both temporally and after treatment with ABCAL1 in-
hibitors. The time course and temperature dependence of
ABCAl-mediated lipid efflux to apoA-I support a role for
endocytosis in this process. Cyclodextrin treatment of
RAW264.7 cells partially inhibited 8Br-cAMP-induced efflux
of free cholesterol and phospholipid to apoA-L.HE ABCAIl-
expressing cells are more sensitive to cell damage by high-
dose cyclodextrin and vanadate, leading to increased lactate
dehydrogenase leakage and phospholipid release even in
the absence of the acceptor apoA-I. Finally, we could not re-
produce a two-step effect on lipid efflux using conditioned
medium from ABCAl-expressing cells pretreated with cyclo-
dextrin.—Smith, J. D., W. Le Goff, M. Settle, G. Brubaker,
C. Waelde, A. Horwitz, and M. N. Oda. ABCAl mediates
concurrent cholesterol and phospholipid efflux to apolipo-
protein A-L J. Lipid Res. 2004. 45: 635-644.

Supplementary key words lipid efflux ¢« ATP binding cassette trans-
porter Al « Tangier disease ® reverse cholesterol transport ¢ endocyto-
sis ® cyclodextrin

Cellular expression of ATP binding cassette transporter
Al (ABCAI) promotes the efflux of both free cholesterol
(FC) and phospholipids (PLs) to extracellular acceptors
such as apolipoprotein A-I (apoA-I); however, the mecha-
nism of this efflux is not understood. Fielding et al. (1)
proposed a two-step mechanism in which ABCAI medi-
ates PL efflux to apoA-l, which in turn can then pick up
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FC in an ABCAl-independent autocrine or paracrine
manner. This conclusion was based on two types of experi-
ments: 1) PL efflux from vascular smooth muscle cells to
apoA-I is less sensitive to vanadate inhibition than FC ef-
flux, and 2) medium containing apoA-I that is condi-
tioned on smooth muscle cells can lead to FC efflux from
vascular endothelial cells that do not express ABCAI (1).
Wang et al. (2) provided evidence for the two-step path-
way by demonstrating that I) a 30 min pretreatment of
ABCAl-expressing cells with 20 mM 2-hydroxypropyl-
B-cyclodextrin reduced FC efflux to apoA-I without reduc-
ing PL efflux, and 2) medium containing apoA-I that is
conditioned on cyclodextrin-pretreated ABCAl-express-
ing cells could lead to FC efflux from cells that do not
express ABCAl. These experiments and others from
Chimini and colleagues (3, 4), who demonstrated that
ABCAI could mediate phosphatidylserine translocase ac-
tivity, have led to the notion that the primary activity of
ABCALI is the assembly of PL onto acceptors and that FC
efflux follows passively by a mechanism not dependent on
ABCAL.

We demonstrate here that FC and PL efflux to apoA-I is
concurrent in the RAW264.7 murine macrophage cell
line, in which ABCA1 expression is inducible by cAMP an-
alogs (5, 6). ABCAl-mediated lipid efflux has delayed ki-
netics and is abolished at room temperature, results that
are consistent with the need for endocytosis and vesicular
trafficking for efflux to occur. We can further explain
some of the observed effects of high-dose cyclodextrin
and vanadate as a result of cell damage, as ABCAl-express-
ing cells are sensitized to both of these treatments, which
result in lactate dehydrogenase (LDH) and PL release by
a mechanism independent of extracellular lipid accep-

Abbreviations: AcLDL, acetylated LDL; DGGB, DMEM supple-
mented with 20 mM glucose, 2 mM glutamine, and 0.2% BSA; FC, free
cholesterol; PL, phospholipid.
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tors. In the case of cyclodextrin pretreatment, the re-
leased PL is associated with membrane shedding. It cer-
tainly remains possible that various treatments, such
as cyclodextrin, FC loading (7), or the expression of
stearoyl-CoA desaturase (8), can alter the ratio of FC to
PL efflux mediated by ABCA1; thus, ABCAl-mediated FC
and PL efflux can be uncoupled under certain condi-
tions. However, our data support the hypothesis that
ABCALI can directly and concurrently mediate the assem-
bly of PL and FC onto apolipoprotein acceptors to gener-
ate nascent lipoproteins. In RAW264.7 and HEK293 cells,
we find no evidence that conditioned medium from
ABCAl-expressing cells can act as a subsequent acceptor
of cellular lipids in an ABCAl-independent manner.
Thus, we find no evidence to support the two-step path-
way of lipid efflux.

EXPERIMENTAL PROCEDURES

Cell culture and lipid efflux assays

RAW264.7 cells were obtained from the American Type Cul-
ture Collection and cultured in DMEM supplemented with
10% fetal bovine serum. The general protocols for lipid efflux
are as follows, with specific alterations noted in the figure leg-
ends. [3H]Cholesterol (Amersham) was dried down and dis-
solved in ethanol at 1 mCi/ml. On day 1, cells were plated in
24-well dishes with 200,000 cells per well. On day 2, the cells
were cholesterol labeled and loaded by incubation overnight in
serum-free DMEM supplemented with 50 mM glucose, 2 mM
glutamine, and 0.2% BSA (DGGB) and containing 50 pg/ml
acetylated LDL (AcLDL) and 0.3 pnCi/ml [®*H]cholesterol. On
day 3, the labeling medium was removed and the cells were
treated for 16-24 h in DGGB in the presence or absence of
0.1-0.3 mM 8Br-cAMP (Sigma) to induce ABCAl. On day 4,
the cells were chased for the specified times in DGGB in the
presence or absence of apoA-I (Biodesign, Saco, ME) or methyl-
B-cyclodextrin (Sigma catalog no. C-4555; estimated molecular
weight = 1,320). Radioactivity in medium aliquots was deter-
mined after a 30 s spin in a microfuge to pellet debris. Cell ra-
dioactivity was determined by extraction in hexane-isopro-
panol (3:2) and evaporation of the solvent in a scintillation
vial. The percentage FC efflux was calculated as 100 X (me-
dium dpm)/(medium dpm + cell dpm). To measure FC and
choline PL efflux, the cells were labeled as described above
using ['*C]cholesterol (Amersham) and [methyl-*H]choline
(Amersham) such that the labeling medium contained 0.5
wCi/ml [*C]cholesterol and 2 wCi/ml [3H]choline. Radioac-
tivity in the chase medium was determined after lipid extrac-
tion in 1 volume of methanol and 2 volumes of CHCls. The sol-
vents were dried down in scintillation vials before determining
radioactivity. All samples were counted in a Beckman LS6500
using quench and dual-label spill corrections. A 100 mM or-
ange-colored stock of sodium decavanadate was prepared from
sodium orthovanadate (Sigma) by boiling at pH 10 to produce
the colorless sodium mono-orthovanadate, placing on ice, and
adjusting the pH to 4.0. Cholesterol efflux from wild-type or
ABCAl-green fluorescent protein (GFP) stably transfected
HEK293 cells (9) was as described above with the following
changes. Cells were plated onto collagen-coated 24-well dishes
at a density of 200,000 cells per well. Cells were labeled by over-
night incubation with 1 nCi/ml [*H]cholesterol in DMEM con-
taining 10% FBS.
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ApoA-I cellular uptake assay

His-tagged apoA-I with a cysteine replacement (L218C) was
prepared as previously described (10). The single cysteine resi-
due was labeled with tetramethylrhodamine iodoacetamide (Mo-
lecular Probes), repurified by nickel column chromatography,
and dialyzed against phosphate-buffered saline. Time-of-flight
mass spectrometry confirmed a single rhodamine substitution
per apoA-I with a labeling efficiency of ~66%. This labeled
apoA-I was fully functional as an ABCAl-dependent acceptor of
cellular FC (data not shown). RAW264.7 cells were plated in 35
mm dishes and treated overnight in the presence or absence of
0.3 mM 8Br-cAMP to induce ABCAl. A total of 5 wg/ml
rhodamine-labeled L.218C apoA-I in DGGB was added to the
cells for a 1 h uptake period at 37°C or 21°C. After fixation in
10% phosphate-buffered formalin, Vectorshield with 4',6-diami-
dino-2-phenylindole (DAPI; Vector Laboratories) was applied to
mount a glass coverslip. Using constant settings for each fluoro-
phore, rhodamine and DAPI epifluorescent photographs were
taken using a 63X oil-immersion lens.

LDH release fluorometric assay

LDH activity was assessed in RAW264.7 cells in 0.5 ml of
DGGB. At the end of the incubation period, 275 pl of condi-
tioned medium was removed and the cells were lysed by the addi-
tion of 25 wl of 10X lysis reagent from the CytoTox-ONE assay kit
(Promega). A total of 50 ul of the conditioned medium or 2 ul
of the cell lysate plus 50 pl of DGGB was placed in wells of a 96-
well dish and equilibrated to 22°C. Fifty microliters of the recon-
stituted CytoTox-ONE assay reagent was added and incubated in
the dark at 22°C for 10 min. Then, 50 pl of the stop reagent was
added, and fluorescence was measured in a 96-well fluorescence
plate reader with excitation at 560 nm and emission at 590 nm.
Total LDH activity in the medium and lysate was calculated based
on the total volumes and the assay volumes, and the percentage
LDH released was calculated as 100 X (medium LDH)/(medium
LDH + lysate LDH).

Transmission electron microscopy

RAW264.7 cells were cholesterol loaded by overnight incuba-
tion with 50 wg/ml AcLDL in DGGB and then treated overnight
in the presence or absence of 0.1 mM 8Br-cAMP in DGGB. The
cells were treated for 30 min in the presence or absence of 20
mM methyl-B-cyclodextrin in DGGB, washed, and replenished
with DGGB, and 0.1 mM 8Br-cAMP was readded to the cells that
were initially treated. Four hours later, the medium was aspi-
rated, and the cells were washed once gently in prewarmed phos-
phate-buffered saline and fixed in prewarmed 2.5% glutaralde-
hyde. A small section of the tissue culture dish was cut out, and
adherent cells were stained with 1% osmium tetroxide and 1%
uranyl acetate. After dehydration, the samples were embedded
in Epon, and 85 nm sections were cut perpendicular to the tissue
culture dish surface for viewing on a Philips CM-12 electron mi-
croscope. For each condition, at least six cells were photo-
graphed, and the entire experiment was repeated once with sim-
ilar results.

Statistics

All graphs were made and statistical analyses were performed
using Prism software (GraphPad, San Diego, CA). All data are
shown as means * SD. Comparison of two samples was per-
formed by a two-tailed ttest, and for three or more samples,
ANOVA was performed with either Dunnett’s multiple compari-
son posttest (for each group versus control) or Newman-Keuls
multiple comparison posttest (for all groups versus each other).
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RESULTS

ABCAL has been proposed to mediate a two-step assem-
bly of PL and FC onto apolipoprotein acceptors (1, 2); if
this is true, one would expect that PL efflux would pre-
cede FC efflux. To address this, we examined the early
time course of FC and PL efflux to apoA-I from RAW264.7
cells pretreated overnight in the absence or presence of
0.3 mM 8Br-cAMP (Fig. 1A, B), which induces lipid efflux
to apolipoprotein acceptors via a greater than 50-fold in-
duction of ABCA1 mRNA in these cells (11). Comparing
RAW264.7 cells with or without 8Br-cAMP pretreatment to
induce ABCAI, there was a time lag of ~15 min before
the effects of ABCA1 could be observed on the efflux of
either FC or PL. This time lag is consistent with our hy-
pothesis that endocytosis and resecretion of apoA-I may
play a role in ABCAl-mediated lipid efflux. Subtracting
the efflux to apoA-I from cells pretreated in the absence
of 8Br-cAMP, it is clear that 8Br-cAMP-dependent PL ef-
flux did not precede FC efflux, even at the 15 and 20 min
time points, the first to show any significant ABCAI-
induced lipid efflux (Fig. 1C). The 8Br-cAMP-dependent
lipid efflux rate did not appear linear over the first 90
min, with the rate increasing after 60 min. In contrast, the
rate of cholesterol efflux to 1 mM methyl-B-cyclodextrin
was most rapid during the first 5 min (Fig. 1D). For the 5
min time point, FC efflux to methyl-B-cyclodextrin was
equivalent from cells treated in the presence or absence
of 8Br-cAMP, whereas there was significantly increased FC
efflux from the 8Br-cAMP-treated cells expressing ABCA1
only at the 20 and 30 min time points (23% higher for the
30 min time point; P < 0.01). The lack of an 8Br-cAMP-
mediated effect on FC efflux to methyl-B-cyclodextrin at
the initial 5 min time point suggests that ABCAI expres-
sion did not lead to an increase in the steady-state level of
FC on the cell surface. There was evidence that ABCAl
could mobilize more FC in a pool that was accessible to
the methyl-B-cyclodextrin only after 15 min, when vesicu-
lar trafficking could play a role.

ApoA-I uptake as well as lipid efflux to apoA-I and
methyl-B-cyclodextrin were also examined at 21°C, a tem-
perature at which receptor-mediated endocytosis for
many ligands is dramatically reduced (12). We first exam-
ined fluorescently labeled apoA-I uptake by RAW264.7
cells at 37°C, and as we previously observed (9), 8Br-cAMP
pretreatment led to a large increase in the uptake of
apoA-l into intracellular vesicles (Fig. 2A, B). However,
when apoA-I was added to cells at 21°C, there was evi-
dence of an 8Br-cAMP-induced increase in cell surface
binding, but not of internalization into intracellular vesi-
cles (Fig. 2C, D). There was practically no FC efflux to
apoA-I at 21°C from 8Br-cAMP-pretreated cells (Fig. 3A).
These data are consistent with our hypothesis that endocy-
tosis and resecretion of apoA-I may play a role in ABCAl-
mediated lipid efflux. In contrast, efflux to 10 mM methyl-
B-cyclodextrin was robust at 21°C, indicating that the
initial removal of cholesterol from the plasma membrane
by methyl-B-cyclodextrin is not dependent on endocytosis
and vesicular trafficking (Fig. 3B). There was no effect of
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Fig. 1. Early time course of lipid efflux to apolipoprotein A-I
(apoA-I) and cyclodextrin at 37°C. A—C: RAW264.7 cells were dou-
ble labeled with [!4C]cholesterol and [*H]choline, and free choles-
terol (FC) and phospholipid (PL) efflux to 5 pg/ml apoA-I over 90
min was assessed in cells pretreated overnight in the presence (cir-
cles) or absence (squares) of 0.3 mM 8Br-cAMP to induce ATP
binding cassette transporter Al (ABCA1), as described in Experi-
mental Procedures. A: FC efflux. B: Choline PL efflux. C: FC (closed
circles) and PL (open circles) efflux to apoA-I from 8Br-cAMP-
treated cells minus the efflux to control treated cells. D: FC efflux to
1 mM methyl-B-cyclodextrin (MBCD) from cells pretreated in the
presence (circles) or absence (squares) of 0.3 mM 8Br-cAMP.
* P < 0.05 compared with the absence of 8Br-cAMP treatment; n =
4 for A-C and n = 3 for D. Error bars are mean * SD.

ABCALI induction during the initial 5 min efflux of FC to
10 mM methyl-B-cyclodextrin at 21°C. At later time points,
there were only small increases in FC efflux from the 8Br-
cAMP-treated cells.
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Fig. 2. Cell uptake of apoA-I at 37°C and 21°C. Rhodamine-labeled apoA-I was incubated with RAW264.7
cells for 1 h, and nuclei were stained with 4',6-diamidino-2-phenylindole. A: Cells pretreated in the absence
of 8Br-cAMP and incubated with labeled apoA-I at 37°C. B: Cells pretreated in the presence of 8Br-cAMP and
incubated with labeled apoA-I at 37°C. The inset shows an enlargement of one cell demonstrating vesicular
uptake of apoA-I. C: Cells pretreated in the absence of 8Br-cAMP and incubated with labeled apoA-I at 21°C.
D: Cells pretreated in the presence of 8Br-cAMP and incubated with labeled apoA-I at 21°C.

We then examined the effects of glyburide and decavan-
adate on ABCAl-dependent FC and PL efflux to apoA-I. In
contrast to the results from Fielding et al. (1), who used to
demonstrate vascular smooth muscle cells that decavana-
date inhibited FC efflux to a greater extent than PL ef-
flux, we found that decavanadate decreased FC and PL ef-
flux to apoA-I with approximately the same dose response
(Fig. 4A), similar to what we observed for glyburide (Fig.
4B). Thus, we could not replicate in RAW264.7 cells the
finding that FC and PL efflux could be uncoupled by the
use of decavanadate. The data in Fig. 4A, B were calcu-
lated by subtracting FC or PL efflux in the absence of
apoA-I from the efflux in the presence of apoA-I. We also
noted that PL efflux from 8Br-cAMP-treated cells chased
in the absence of apoA-I was significantly increased by ei-
ther 1 mM decavanadate (1.33-fold) or glyburide (1.54-fold)
(Fig. 4C). Because decavanadate had been used by Fielding
etal. (1) to demonstrate a dissociation of FC and PL efflux,
we examined the effect of decavanadate in RAW264.7 cells
on LDH release as a measure of cellular integrity. We found
that LDH release from 8Br-cAMP-pretreated RAW264.7
cells was increased from 1.5 *+ 0.4% to 3.2 *+ 0.2% of total
cellular LDH content by treatment with 1 mM decavana-
date (n = 6 £ SD, P< 0.0001). Thus, the increased PL re-
lease from decavanadate-treated ABCAl-expressing cells
even in the absence of apoA-I might be attributable to cell
damage and the release of cellular debris.

Increasing doses of methyl-B-cyclodextrin were assayed
for their effects on FC and PL efflux during a 30 min

638  Journal of Lipid Research Volume 45, 2004

chase period in cells pretreated with or without 8Br-cAMP.
FC efflux to 1 mM methyl-B-cyclodextrin was increased
compared with that in the absence of methyl-B-cyclodex-
trin and was 15% higher in cells pretreated with 8Br-
cAMP, a result comparable to that observed in Fig. 1D
(Fig. 5A). 8Br-cAMP treatment boosted FC efflux to 15
mM and 20 mM methyl-B-cyclodextrin, 18% and 48% (P <
0.05), respectively. In contrast, there was no appreciable
PL efflux to 1 mM methyl-B-cyclodextrin (Fig. 5B). Fifteen
and 20 mM methyl-B-cyclodextrin chases led to significant
PL efflux, and this efflux was also boosted by 8Br-cAMP
pretreatment, such that there was a 3-fold increase in PL
efflux to 20 mM methyl-B-cyclodextrin (P = 0.005). The
same cells were then evaluated for FC and PL efflux to
apoA-I during a subsequent 4 h chase (Fig. 5C, D). 8Br-cAMP-
induced FC efflux to apoA-I was reduced in a dose-depen-
dent manner by methyl-B-cyclodextrin pretreatment (over-
all ANOVA, P < 0.0001). In the absence of 8Br-cAMP
induction of ABCAI, the basal FC efflux was also reduced
in a dose-dependent manner by methyl-B-cyclodextrin
pretreatment, decreasing from 0.78% (control) to 0.28%
after pretreatment with 20 mM methyl-B-cyclodextrin
(Fig. 5C). 8Br-cAMP-induced PL efflux to apoA-I was also
reduced by the methyl-B-cyclodextrin pretreatment (over-
all ANOVA, P = 0.004); however, this reduction was maxi-
mal at 15 mM methyl-B-cyclodextrin, and 20 mM methyl-
B-cyclodextrin yielded a smaller reduction in PL efflux
(Fig. 5D). In this experiment, 8Br-cAMP mediated 11.6-
and 4.2-fold inductions of FC and PL efflux, respectively,
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Fig. 3. Early time course of FC efflux to apoA-I and cyclodextrin
at 21°C. A: FC efflux to 3 pg/ml apoA-I from cells pretreated in
the presence (circles) or absence (squares) of 0.1 mM 8Br-cAMP
to induce ABCA1 (n = 3). B: FC efflux to 10 mM methyl-f-cyclo-
dextrin (MBCD) from cells pretreated in the presence (circles) or
absence (squares) of 0.1 mM 8Br-cAMP (n = 3). Error bars are
mean * SD.

in the absence of methyl-B-cyclodextrin pretreatment. We
then calculated the 8Br-cAMP-mediated fold induction of
lipid efflux at each dose of methyl-B-cyclodextrin and
plotted the percentage inhibition of FC and PL efflux
compared with the control value (Fig. 5E). This plot dem-
onstrates that 1 mM methyl-B-cyclodextrin inhibited FC
and PL efflux to an equal extent, but at high doses, FC ef-
flux was inhibited to a greater extent than was PL efflux.
The inhibition of ABCAl-dependent efflux of PL was
markedly reversed by the 20 mM methyl-B-cyclodextrin
pretreatment, whereas the inhibition of efflux to FC was
only moderately reversed at this dose (Fig. 5E).

We hypothesized that the apparent recovery of 8Br-
cAMP-mediated PL efflux at high doses of methyl-B-cyclo-
dextrin might be an artifact of ABCAl-expressing cells
being more susceptible to cell damage by this treatment,
resulting in the release of PL-rich cell debris. We tested
the effect of a 30 min 15 mM methyl-B-cyclodextrin or
control pretreatment on PL efflux during a subsequent
4 h chase period in the absence of the apoA-I acceptor
and found that this methyl-B-cyclodextrin treatment in-
creased PL efflux only in cells pretreated with 8Br-cAMP
to induce ABCAI (Fig. 6A; P < 0.01 compared with all
other treatments by ANOVA posttest). Cell integrity was
measured in a similar experiment by assaying LDH re-
lease. RAW264.7 cells were treated overnight in the pres-
ence or absence of 8Br-cAMP to induce ABCA1 and then
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Fig. 4. Effects of decavanadate and glyburide on FC and PL efflux.
A and B: FC (squares) and PL (circles) efflux over 4 h to 5 pg/ml
apoA-I minus efflux in the absence of apoA-I from RAW264.7 cells
pretreated with 0.3 mM 8Br-cAMP in the presence of increasing con-
centrations of decavanadate (A) or glyburide (B). C: Effect of 1 mM
decavanadate or glyburide on PL efflux for 4 h in the absence of
apoA-I from RAW264.7 cells pretreated with 0.3 mM 8Br-cAMP. * P <
0.001 versus control by ANOVA (n = 3). Error bars are mean * SD.

for 30 min in the presence or absence of methyl-B-cyclo-
dextrin to determine if these treatments led to the subse-
quent release of LDH during the next 24 h (Fig. 6B). Pre-
treatment with 8Br-cAMP alone had no effect on LDH
release. The 30 min treatment with 20 mM methyl-B-cyclo-
dextrin led to a 1.6fold increase in LDH release versus un-
treated cells, but this difference was not significant. How-
ever, the combined 8Br-cAMP pretreatment and the 20
mM methyl-B-cyclodextrin treatment led to a 3.0-fold in-
crease in LDH release compared with that in untreated
cells, which was significantly different from all other con-
ditions (P < 0.001 by ANOVA posttest). This assay pro-
vides direct evidence that the 8Br-cAMP-pretreated cells
were significantly more susceptible to cellular damage
caused by methyl-B-cyclodextrin treatment. We also exam-
ined these cells by transmission electron microscopy at 4 h
after methyl-B-cyclodextrin treatment. Compared with un-
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mM 8Br-cAMP pretreatment to varying doses of methyl-B-cyclodextrin during a 30 min chase period. C and
D: FC and PL efflux, respectively, from the same cells after methyl-B-cyclodextrin treatment to 5 pg/ml
apoA-I for 4 h. E: Percentage inhibition of FC (closed circles) and PL (open circles) efflux to apoA-I by in-
creasing doses of methyl-B-cyclodextrin, calculated from the data in C and D by comparing the 8Br-cAMP-
mediated fold effect on efflux to apoA-I at each dose of methyl-B-cyclodextrin compared with cells treated
without methyl-B-cyclodextrin. For all panels, the cholesterol-loaded and double-labeled cells were treated
on day 3 overnight in the presence (circles) or absence (squares) of 0.3 mM 8Br-cAMP, as described in Ex-
perimental Procedures. On day 4, the cells were chased for a 30 min period to assess efflux to varying doses
of methyl-B-cyclodextrin. The medium was replaced and the cells were then chased for an additional 4 h with
apoA-I (n = 3; * P < 0.05, ** P = 0.005 compared with cells treated in the absence of 8Br-cAMP). Error bars

are mean * SD.

treated cells, neither 0.1 mM 8Br-cAMP nor 20 mM
methyl-B-cyclodextrin treatment alone had a noticeable
effect on the cholesterol-loaded RAW264.7 cells (Fig. 7A—
C). However, the cells treated with both 8Br-cAMP and
methyl-B-cyclodextrin had evidence of extracellular debris
that consisted of membranes and organelles (Fig. 7D, E).
These experiments could not distinguish whether the
LDH and organelle release occurred from dying cells or
from cells that had transient interruptions of membrane
integrity and subsequently survived.

Conditioned medium experiments were performed to
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determine whether ABCAI could mediate the assembly of
apoA-I particles that could act as acceptors on cells lack-
ing ABCAI expression. We first performed this experi-
ment with ABCAl-inducible RAW264.7 cells, in which me-
dium was conditioned on the unlabeled A plates and
tested for efflux ability on the [*H]cholesterol-labeled B
plates. Fig. 8A, lane 1, shows the result of a positive con-
trol experiment in which apoA-I was conditioned on an
untreated A plate and placed onto a B plate that had been
pretreated with 8Br-cAMP to induce ABCALI, resulting in
robust FC efflux. In the test conditions, the A plates were

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

N
PR

[*HICholine lipid efflux &>
(% of total)

none cA CcD cA+CD
Treatment
B ., ul
8_
2=
© S
99 6]
[ -t
-
T ©
aX 4
_‘ -
24
0_
none cA CD cA+CD
Treatment

Fig. 6. Effect of methyl-B-cyclodextrin (CD) on PL efflux and lac-
tate dehydrogenase (LDH) release in the absence of an acceptor. A:
PL efflux over 4 h without apoA-I acceptor. Cholesterol-loaded cells
were labeled with [?H]choline and treated overnight in the pres-
ence or absence of 0.1 mM 8Br-cAMP (cA), as described in Experi-
mental Procedures. On day 4, the cells were incubated for a 30 min
pretreatment period with or without 15 mM methyl-3-cyclodextrin
just before the 4 h efflux period (n = 3; * P < 0.01 versus all other
treatments by ANOVA). B: Cells were pretreated in the presence or
absence of 0.3 mM 8Br-cAMP and then exposed to 20 mM methyl-
B-cyclodextrin or control, as described in Experimental Proce-
dures. Cell damage was assessed by the release into the medium of
LDH, as assayed as the percentage of total LDH activity in the cells
plus medium (n = 6; * P < 0.001 versus all other treatments by
ANOVA). Error bars are mean = SD.

subjected to varying treatments and efflux was measured
on the B plates that were not induced and thus lacked
ABCAL expression. No combination of ABCAI induction
by overnight 8Br-cAMP pretreatment, a 30 min 20 mM
methyl-B-cyclodextrin pretreatment, or inclusion of apoA-I
in the medium being conditioned on the A plates led to
significant FC efflux on the B plate (Fig. 8A, lanes 2-9).
We then performed a similar experiment using wild-type
and ABCA1-GFP stably transfected HEK293 cells (Fig. 8B)
(9). As a positive control, apoA-I-containing medium that
was were conditioned on wild-type cells on an A plate led
to robust FC efflux from ABCA1-GFP-expressing cells on
the B plate (Fig. 8B, lane 1). However, no significant FC
efflux was observed from the B plates when incubated
with apoA-I-containing medium conditioned on A plates
of wild-type or ABCA1-GFP cells, with or without 20 min
pretreatment with 15 mM methyl-B-cyclodextrin (Fig. 8B,
lanes 2-5). Thus, we were not able to detect ABCAl-inde-
pendent cholesterol acceptor activity of the apoA-I-condi-
tioned medium from ABCAl-expressing RAW264.7 or
HEK293 cells, even when the cells were pretreated with
methyl-3-cyclodextrin.

Smith et al.

Fig. 7. Transmission electron micrographs of cell debris at 4 h af-
ter cells were pretreated sequentially with or without 8Br-cAMP
and/or 20 mM methyl-B-cyclodextrin. A: Cell without pretreat-
ment. B: Cell with 0.1 mM 8Br-cAMP pretreatment alone. C: Cell
with methyl-B-cyclodextrin pretreatment alone. D and E: Cells pre-
treated with 8Br-cAMP and methyl-B-cyclodextrin. Magnifications
are 15,000X (A-D) and 25,000X (E). These results are representa-
tive of two independent experiments in which six randomly chosen
cells were photographed for each condition.

DISCUSSION

There is much debate about the mechanism of ABCA1-
mediated lipid efflux to apolipoprotein acceptors. For ex-
ample, protein cross-linking data directly support the no-
tion that apolipoprotein ligands bind directly to ABCA1
(5, 13, 14), whereas other studies support the notion that
ABCALI alters the membrane PL and FC composition, al-
lowing apoA-I to bind and absorb membrane lipids (3, 4,
15). It seems logical that ABCAl-mediated lipid efflux
may occur at the plasma membrane; however, we previ-
ously proposed and provided evidence to support the hy-
pothesis that ABCAl-mediated lipid efflux to apolipo-
proteins involves endocytosis of the apolipoprotein and
subsequent resecretion of the nascent lipoprotein particle
(9, 16). Finally, it has been proposed that ABCAl may
function in a two-step manner, with efflux of PL to the
apolipoprotein acceptor occurring first, followed by the
efflux of FC via a mechanism that can be ABCAl-indepen-
dent (1, 2). The current series of experiments is discussed
in light of some of these controversies.

We previously presented several types of data to support
the hypothesis that endocytosis may be required for
ABCAl-mediated lipid efflux (9, 16): I) ABCAI can me-
diate the binding, uptake, and resecretion of apoA-I and
apoE; 2) apoA-I uptake by ABCAl-expressing cells occurs
in coated pits; 3) inhibitors of endocytosis reduce ABCA1-
mediated lipid efflux; 4) extracellular Ca?" is required for
apoA-I uptake and lipid efflux at 37°C but not for ABCAI-
induced apoA-I binding at 4°C; and 5) apoA-I taken up
by ABCAl-expressing cells is colocalized with ABCA1
in intracellular vesicles. In addition, the laboratories of
Yokoyama (17) and Tall (18) independently reported that
intracellular pools of cholesterol are the preferred source
for ABCAl-mediated FC efflux to apoA-I. Neufeld et al.
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Fig. 8. FC efflux to conditioned medium. A: Using RAW264.7
cells, medium was conditioned by cells on the A plates that were
pretreated, as displayed, in the presence or absence of 0.1 mM 8Br-
cAMP for 16 h and then treated for 30 min in the presence or ab-
sence of 20 mM methyl-B-cyclodextrin (MBCD). The A plate cells
were washed twice, and conditioned medium was prepared by incu-
bation for 24 h with DMEM supplemented with 20 mM glucose, 2
mM glutamine, and 0.2% BSA (DGGB) in the presence or absence
of 5 wg/ml apoA-I and 8Br-cAMP as indicated. FC efflux into this
conditioned medium was assayed for 4 h on the cells on the B
plates that had been cholesterol loaded and labeled, and in lane 1
previously treated overnight with 0.1 mM 8Br-cAMP to serve as a
positive control (n = 3; * P < 0.001 versus all other conditions by
ANOVA). B: Wild-type (WT) or ABCAl-green fluorescent protein
(GFP) stably transfected (ABCA1) HEK293 cells were used on the
A plates, which were pretreated for 20 min in the presence or ab-
sence of 15 mM methyl-B-cyclodextrin as indicated. The plates were
washed twice, and conditioned medium was prepared by incuba-
tion for 24 h with DGGB containing 5 g/ml apoA-l. FC efflux into
this conditioned medium was assayed for 4 h on the cells on the B
plates of stably transfected ABCA1-GFP cells (lane 1) or wild-type
HEK293 cells (lanes 2-5) (n = 4; * P < 0.001 versus all other condi-
tions by ANOVA). Error bars are mean = SD.

(19) demonstrated bidirectional transport of ABCA1 be-
tween the plasma membrane and intracellular vesicles, ev-
idence that is consistent with the endocytosis hypothesis.
Our current data add further support to the hypothesis of
the endocytic mechanism of ABCAl-mediated lipid efflux.
We found a 15 min time lag before any ABCAl-mediated
FC or PL efflux could be observed (Fig. 1), consistent with
the previously observed time that is required for one
round of transferrin endocytosis and resecretion (20). We
also found that lipid efflux to apoA-I through this pathway
was abolished at room temperature (21°C), which simulta-
neously interfered with the cellular uptake of apoA-l
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(Figs. 2 and 3). In contrast, FC efflux to methyl-B-cyclo-
dextrin was both rapid, fastest in the initial 5 min (Fig. 1),
and robust at room temperature (21°C) (Fig. 3), implying
that the direct stripping of plasma membrane FC can oc-
cur at a temperature that does not support endocytosis
and ABCAl-mediated lipid efflux. We speculate that en-
docytosis may be required in the ABCA1 lipid efflux path-
way to allow the nascent lipoprotein to dissociate from
ABCAI and cell membranes, analogous to the acidifi-
cation-induced release of iron from transferrin during
its endocytic recycling. Gillotte-Taylor et al. (7) exam-
ined the initial time course of FC and PL efflux from FC-
loaded and control fibroblasts to 50 pg/ml apoA-I (10-fold
higher than the highest level used in our study) and ob-
served an increased efflux from the FC-loaded cells by the
first time point at 3 min. Although FC loading of these
cells was shown to increase ABCA1 mRNA levels by ~12-
fold, it is not clear what other effects the FC loading had.

There are several lines of evidence that ABCAI may act
primarily as a PL transporter, with FC following in an
ABCAl-dependent manner, thus resulting in a two-step
mechanism for FC efflux. Fielding et al. (1) reported that
FC efflux from endothelial cells to apoA-I is more sensi-
tive to vanadate inhibition. They also performed condi-
tioned medium experiments showing robust FC efflux
from endothelial cells that do not make ABCA1 when
incubated with apoA-I that had been conditioned on
ABCAl-expressing smooth muscle cells. Wang et al. (2)
used high-dose cyclodextrin treatment (20 mM) and
found that ABCAl-transfected HEK293 cells subsequently
released PL but not FC to apoA-I. Medium conditioned in
this way then led to effective FC efflux in HEK293 cells
lacking ABCA1 expression, also supporting the two-step
hypothesis (2).

During our early time course study, we observed con-
current FC and PL efflux from ABCAl-expressing cells af-
ter the 15 min lag (Fig. 1). This finding could be used to
support the notion that ABCAI can mediate the transfer
of both of these lipids to apoA-I; however, these data can-
not rule out the possibility that ABCAl mediates the ef-
flux of PL only, which is followed by a rapid (seconds
rather than minutes) association of FC in an ABCA1-
dependent or independent manner. Also, in contrast to
the findings of Fielding et al. (1) in endothelial cells, we
found a parallel reduction of ABCAl-mediated FC and PL
efflux from RAW264.7 cells by the inhibitors glyburide
and decavanadate (Fig. 4). These inhibitors also increased
PL efflux from ABCAl-induced cells in the absence of
apoA-I acceptor. This nonspecific efflux of PL could be at-
tributable to cell damage, as we observed an increase in
PL release and LDH release from decavanadate-treated,
ABCATl-expressing RAW264.7 cells, even in the absence of
the apoA-I acceptor. If a similar phenomenon occurred in
smooth muscle cells, it might account in part for the ob-
servations of Fielding et al. (1) that decavanadate inhib-
ited FC efflux to a greater extent than PL efflux.

We did not observe any significant level of FC efflux
when apoA-I-containing conditioned medium from ABCAI-
expressing RAW264.7 cells or ABCA1-GFP-expressing HEK293
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cells, regardless of methyl-B-cyclodextrin pretreatment,
were incubated with cells that did not express ABCAL
(Fig. 8). Thus, the nascent HDL assembled from apoA-I
and cell lipids via ABCA1 did not have the capacity to ac-
cept more FC in an ABCAl-independent manner from ei-
ther RAW264.7 or HEK293 cells. Our conditioned me-
dium findings do not agree with those of Wang et al. (2),
who reported that a 20 mM cyclodextrin pretreatment of
the ABCAI-transfected HEK293 cells before conditioning
of apoA-I-containing medium led to the generation of PL-
rich and FC-poor conditioned medium that could accept
FC in an ABCAl-independent manner. Recently, Wang et
al. (21) reported that they could not reproduce their orig-
inal conditioned medium findings and speculated that
the previously reported effects of the conditioned me-
dium were attributable to carryover of residual cyclodex-
trin from the treated cells. Vaughan and Oram (15) per-
formed a similar conditioned medium experiment using
transfected BHK cells treated with a high dose of cyclo-
dextrin and found no cholesterol-accepting activity of the
apoA-I-containing conditioned medium when tested on
BHK cells that do not express ABCAI, in agreement with
the results in the current study and the recent results re-
ported by Wang et al. (21). The discovery that the related
ABC transporter ABCA7 promotes robust PL efflux to
apoA-I, without much FC efflux, also seems to cast doubt
on the two-step model of PL and FC efflux mediated by
ABCALI (21). Thus, ABCAI apparently mediates the simul-
taneous assembly of both FC and PL onto apolipoprotein
acceptors. However, we see no reason why ABCAl-derived
nascent HDL could not have additional capacity to accept
FC via SRBI1 (22), and this activity may explain the results
from Fielding et al. (1), who found that apoA-I-containing
smooth muscle-conditioned medium evoked FC efflux
from endothelial cells.

We performed additional experiments to examine
more closely the lipid efflux effects of methyl-B-cyclodex-
trin, which is widely believed to specifically remove FC
from cells. In fact, we found that a 30 min treatment with
15 or 20 mM methyl--cyclodextrin led to significant re-
lease of both FC and PL, whereas the 1 mM methyl-B-cyclo-
dextrin treatment was specific for FC release (Fig. bA, B).
The 20 mM methyl-3-cyclodextrin treatment removed
more FC and particularly PL from ABCAl-expressing cells
versus cells without ABCA1 expression. We suspected that
this dramatic increase in PL efflux from ABCAl-express-
ing cells might be attributable to cell damage, and we con-
firmed this by observing ABCA1- and cyclodextrin-depen-
dent increases in the release of the cytoplasmic protein
LDH (Fig. 6) and membranous cell debris (Fig. 7). Thus,
our data support the hypothesis that ABCA1 induction al-
ters RAW264.7 cells so that they are more sensitive to the
adverse effects of high-dose methyl-B-cyclodextrin treat-
ment; thus, caution should be used in the interpretation
of experiments that rely on high doses of cyclodextrin.

The methyl-B-cyclodextrin experiments are also rele-
vant to the nature of ABCAl-mediated changes in the
plasma membrane. Chimini’s group (3, 4) initially re-
ported, and we (9) have confirmed, that ABCAl-express-
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ing cells have increased phosphatidylserine (PS) on their
surface, as measured by annexin V binding, although we
(9) demonstrated that increased cell surface PS alone
could not account for the ABCAl-mediated effects on cel-
lular binding of apoA-I and lipid efflux to apoA-I. On the
other hand, Vaughan and Oram (15) have demonstrated
that overexpression of ABCAIl in transfected cells, to a
level ~10-fold greater than that observed in cAMP-treated
murine macrophage cell lines, is associated with an in-
crease in the FC content of a lipid pool accessible to treat-
ment with cholesterol oxidase and a lipid pool that serves
as a substrate for ACAT. These observations are consistent
with the conclusion that ABCAIl expression alters either
the cellular distribution of cholesterol (i.e., increased FC
in the plasma membrane) or its flux through cellular
pools (15). Furthermore, these cholesterol pools are de-
pleted by ABCAl-mediated lipid efflux to apoA-l (15).
The cholesterol oxidase result implies that ABCAI in-
creases plasma membrane FC, but it is difficult to recon-
cile this observation with previous results that demon-
strate that ABCA1 preferentially promotes the efflux of
intracellular rather than plasma membrane FC (17, 18).
In the current study, we found that induction of endoge-
nous ABCA1 in RAW264.7 cells had no effect on the initial
5 min efflux of FC to 1 mM methyl-B-cyclodextrin (Fig. 1).
We believe that the initial FC efflux to a low dose of cyclo-
dextrin is a good indicator of plasma membrane FC con-
tent; thus, we think that ABCAl-mediated lipid efflux to
apoA-l is not dependent on an increase in plasma mem-
brane FC. At later time points, we observed increased FC
efflux to cyclodextrin, which could be attributable to in-
creased mobilization of cellular FC via increased vesicular
trafficking. The work of Zha and colleagues (23, 24) has
validated this notion by determining that ABCAI alters
both endocytic and secretory vesicular trafficking.

Several groups (5, 13, 14) have shown that apoA-I can
be specifically cross-linked to ABCAI, supporting the no-
tion of a receptor-ligand interaction between ABCA1 and
apoA-I. However, if this is a ligand-receptor interaction, it
has low specificity, as ABCAl can use a variety of ex-
changeable amphipathic apolipoproteins as acceptors as
well as specific synthetic amphipathic peptides (25, 26). In
addition, Remaley et al. (25) demonstrated that synthetic
amphipathic peptides made from p-isomer amino acids
also appear to act as ABCAl-mediated lipid acceptors.
This finding is difficult, but not impossible, to reconcile
with a receptorligand interaction; perhaps the pattern
presented by an amphipathic a-helix is sufficient for re-
ceptor binding. The current study may offer an alternative
explanation for the observed lipid-acceptor activities of
synthetic amphipathic peptides. The L and b synthetic
peptides that promoted cholesterol efflux in an ABCAI-
dependent manner also have significant detergent-like ac-
tivity and promote robust PL and modest FC release even
in cells lacking ABCA1 expression (25). We speculate that
cells expressing ABCA1 bear an altered plasma membrane
composition, which may sensitize them to the detergent-
like activity of the L and b synthetic peptides. The effects
observed with high doses of cyclodextrin in ABCAl-express-
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ing cells may represent an analogous mechanism whereby
high levels of PL are released into the medium along with
the release of LDH and cell debris.

We demonstrate here that ABCAl-mediated efflux of
FC and PL from RAW264.7 cells to apoA-I is concurrent
and that the time course and temperature dependence of
FC and PL efflux are consistent with a role for endocytosis
in this process. Methyl-B-cyclodextrin, which can absorb
FC from cells, has been used as a tool to study cholesterol
pools as well as the effects of depleting cells of FC. Our re-
sults show that methyl-B-cyclodextrin-mediated lipid ef-
flux from cells differs greatly in its time course and tem-
perature dependence from ABCAl-mediated lipid efflux
from apoA-l. Furthermore, we found that high doses of
methyl-B-cyclodextrin also lead to PL efflux, and when
given to ABCAl-expressing cells, methyl-B-cyclodextrin
could lead to increased cell damage. Thus, studies relying
on high-dose cyclodextrin treatment should be examined
for these potential adverse effects. il
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